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Abstract. Increasing evidence supports the role of the tumor
microenvironment in modulating cancer behavior. Tissue
hypoxia, an important and common condition affecting the
tumor microenvironment, is well established as a resistance
factor in radiotherapy. Increasing evidence points to the
ability of hypoxia to induce the expression of gene products,
which confer aggressive tumor behavior and promote broad
resistance to therapy. These factors suggest that determining
the presence or absence of tumor hypoxia is important in
planning cancer therapy. Recent advances in PET hypoxia
imaging, conformal radiotherapy, and imaging-directed
radiotherapy treatment planning now make it possible to
perform hypoxia-directed radiotherapy. We review the bio-
logical aspects of tumor hypoxia and PET imaging
approaches for measuring tumor hypoxia, along with meth-
ods for conformal radiotherapy and image-guided treatment,
all of which provide the underpinnings for hypoxia-directed
therapy. As a case example, we review emerging data on PET
imaging of hypoxia to direct radiotherapy.
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Introduction: the biology of tumor hypoxia
and hypoxia imaging

Hypoxia as a feature of the tumor microenvironment

As tumors grow, a number of microenvironmental changes
evolve that are largely dictated by abnormal vasculature

and metabolism. This is primarily caused by unregulated
cellular growth, resulting in a greater demand on nutrients
for energy metabolism. One of the most important of such
microenvironmental changes is hypoxia, reduced oxygen-
ation in tissues. Levels of oxygen range across a continuum
from normal levels (euoxia or normoxia) to total lack of
oxygen (anoxia). The tissue oxygen levels, commonly
reported as PO2, can reach as low as 5 mmHg and cells can
still survive and adapt to the environment. Since
Thomlinson and Gray described the mechanistic basis of
hypoxia development as a function of distance from a
capillary [1], much research has gone in to circumventing
the cure-limiting influence of hypoxia. With technical
advances in hypoxia imaging and radiation therapy, the
time is ripe for actively revisiting the hypoxia problem and
to overcome its cure-limiting effects.

Biological consequences of hypoxia

In spite of high microvessel density, aggressive tumors can
have high levels of hypoxia [2]. 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 aggressive survival traits through expression of new
proteins. A number of hypoxia-related genes are respon-
sible for these changes and are mediated via downstream
transcription factors that have been identified [3–5] and are
relevant to treatment and imaging [6]. The primary cellular
oxygen sensing mechanism appears to be mediated by a
heme protein that uses O2 as a substrate to catalyze
hydroxylation of proline in a segment of the α-subunit of
hypoxia-inducible factor 1 (HIF1α). This leads to rapid
degradation of HIF1α under normoxic conditions [7]. In
the absence of O2, HIF1α accumulates and forms a
heterodimer with HIF1β 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 [8, 9].
Increased glucose transporter (GLUT) activity and in-
creased expression of glycolytic enzymes are responsible
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for much of the increased glucose uptake associated with
hypoxia, which can be as high as twofold [10, 11]. Al-
though glycolysis is increased by hypoxia, hypoxia and
glucose metabolism will not follow a simple relationship, a
fact that needs to be considered in the clinical and imaging
characterization of tumor biology and its treatment and that
compromises the utility of 18F-fluorodeoxyglucose (FDG)
positron emission tomography (PET) as a surrogate for
hypoxia [12].

Hypoxia and cancer therapy

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 prod-
ucts in tissues. In its absence, the free radicals formed by
ionizing radiation recombine without producing the antic-
ipated cellular damage [13–15]. As a result, radiation
oncologists have been confronted 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 to normoxic cells [15–17]. However, cancer
treatment schemes introduced to circumvent the cure-limit-
ing consequences of hypoxia have led to disappointing
results [18], mainly associated with problems of lack of
widespread availability or serious clinical toxicity, or have
simply been ineffective in human trials. While focal hyp-
oxia in a tumor can be treated with boost radiation using
conformal methods [19, 20], a more diffuse hypoxia will
benefit from hypoxic cell toxins/sensitizers, which are
hypoxia-activated pro-drugs that can exhibit synergistic
toxicity when used with radiation and chemotherapy [21,
22]. Lack of non-invasive and simple hypoxia assays has
delayed ready application of hypoxia-directed radiothera-
py. Nuclear imaging with hypoxia-specific tracers should
play an important role in selecting patients who might
benefit from this treatment [23].

PET radiopharmaceuticals for hypoxia imaging

To be maximally successful, hypoxia-directed imaging and
treatment should target both chronic hypoxia and hypoxia
resulting from transient interruption of blood flow [24].
The assay should reflect intracellular PO2 rather than blood
flow or some consequence of O2 on subsequent biochem-
istry. The observed temporal heterogeneity in tissue PO2
suggests that a secondary effect, such as intracellular redox
status, will not be as relevant to cancer treatment outcome
as the intracellular partial pressure of O2. Other desirable
characteristics for an ideal clinical hypoxia assay include:
(a) simple and non-invasive method, (b) non-toxic, (c)
rapid and easy to perform with consistency between labo-
ratories and (d) the ability to quantify without the need for
substantial calibration of the detection instrumentation.

PET hypoxia imaging satisfies all these criteria. Even
though both single-photon emission computed tomography
(SPECT) and PET radiopharmaceuticals have been devel-
oped for hypoxia imaging, PET technology provides the
advantage of better image quality and the ability to quantify
different aspects of hypoxia.

Misonidazole, a lipophilic 2-nitroimidazole derivative
initially used as a hypoxic cell sensitizer, binds covalently
to intracellular molecules at levels that are inversely pro-
portional to intracellular oxygen concentration below about
20 mmHg. It is a derivative whose uptake in hypoxic cells
is dependent on the sequential reduction of the nitro group
on the imidazole ring [25]. This mechanism requires that
the cell be alive and undergoing electron transport in order
to provide the electron that initiates the bioreduction. The
one-electron reduction product is an unstable radical anion
that will either give up its extra electron to O2 or pick up a
second electron. In the absence of an alternative electron
acceptor such as oxygen, the nitroimidazole continues to
accumulate electrons to form the hydroxylamine alkylating
agent and become trapped within the alive but O2-deficient
cell. 18F-fluoromisonidazole (FMISO) is a PET imaging
version [26] that is a highly stable and robust radiophar-
maceutical [27]. After extensive clinical validation, it re-
mains the most commonly used agent for hypoxia PET
imaging [5, 28–32].

A number of alternative 2-nitroimidazole derivatives
have been evaluated that affect the partition coefficient and
plasma clearance rate. These have ranged from a fluo-
roethyl version and ones with multiple F-atom substitutions
to carbohydrate derivatives [33]. 18F-FAZA is probably the
most widely studied of this group [34]. It is likely that these
2-nitroimidazoles will yield images similar to 18F-FMISO,
although the farther the partition coefficient is from unity,
the more likely blood flow will be a secondary factor in its
biodistribution kinetics, both uptake and washout.

Another hypoxia imaging PET tracer, Cu-ATSM, shows
retention in hypoxic areas [35–37], but through an entirely
different mechanism. This radiopharmaceutical 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 hyp-
oxia. This mechanism is distinct from that for the nitro-
imidazoles, in that the copper agent reflects a consequence
of hypoxia rather than the actual PO2. A recent study
evaluated the difference between 18F-FMISO and 64Cu-
ATSM in an animal model using micro-PET [38].

In evaluating different hypoxia tracers, it is important to
keep in mind that the intent is not tumor detection but
rather hypoxia measurement. Therefore, the utility of a
radiopharmaceutical should be judged not on the basis of
image quality but on its ability to quantify regional tissue
hypoxia without other complicating factors such as blood
flow. This implies that another imaging modality, such as
computed tomography (CT) as part of PET/CT or FDG
PET will be used to identify the tumor sites that should be
queried for the presence of hypoxia, rather than using the
hypoxia agent to both localize the tumor and determine
whether it is hypoxic.
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Image-guided radiotherapy directed at hypoxia

General concepts for image-guided radiotherapy

Imaging has always played a major role in radiation
treatment planning for delineating the target volume
(tumor) and critical normal tissues. The aim of radiation
treatment planning is to deliver the highest possible radia-
tion to the tumor with minimal radiation to critical normal
tissues in order to maintain the maximum therapeutic ratio.
The physical location and extent of the tumor are localized
as the gross tumor volume (GTV) with sufficient margins
to account for the biological extension of the tumor type,
largely based on clinical experience to account for the
biological behavior of cancer. This clinical target volume
(CTV) is used to generate the planning target volume
(PTV), which accounts for other uncertainties caused by
patient movement and radiation delivery. Historically, two-
dimensional imaging such as radiography and ultrasound
played important roles for this purpose. With the advent of
CT scanners, a quick transition was made and dedicated CT
simulators are now housed in most radiation oncology
departments.

Advances in radiation treatment planning and delivery

The explosive growth in computer-assisted three-dimen-
sional planning within the last decade has allowed radiation
oncologists to perform complicated treatment planning and
three-dimensional conformal radiation therapy (3DCRT)
and intensity-modulated radiation therapy (IMRT). Poten-
tial clinical improvements include less toxicity and the
promise of safely delivering higher doses of radiation with
sharper margins. Dose escalation has improved local con-
trol and survival [39, 40]. In principle, concomitant boost
can be delivered using a small ‘field-within-a-field’ tech-
nique if hypoxia is identified on pretherapy scans. Ad-
vances in IMRT permit dynamic shaping of the radiation
beam during treatment. Treatments using inverse planning
systems have the potential advantage of a more conformal
dose distribution and have the ability to deliver a much
higher tumor dose while limiting the normal tissue toxicity
[41].

The technical aspects of delivery of radiation therapy
have also undergone a revolution over the past two de-
cades. Three-dimensional treatment planning software
allows the physician to design radiation treatment beams
that conform to the shape of the tumor and reduce dose to
normal tissues [42]. Likewise, advances in computerized
beam delivery systems with 360° gantry rotations, patient
couch rotations, and multileaf collimators permit place-
ment of treatment beams from several directions, converg-
ing near the center of the tumor, with irregular beam edges
well defined by the multileaf collimators. Advances in
patient immobilization are allowing more reproducible
setup and alignment of the patient, reducing positional
uncertainty to a few millimeters.

Planning techniques such as 3DCRT and IMRT utilize
beams directed at the target from multiple angles with field
openings shaped to match the beam’s-eye view of the
target. IMRT adds a layer of refinement that can achieve
even greater conformity of dose than 3DCRT. In IMRT,
each beam is subdivided into beamlets, typically 1×1 cm2

or smaller in size, evenly distributed over the cross-section
of the beam. Each beamlet can have a different intensity,
and thereby create a complex, three-dimensional dose dis-
tribution within the patient. The clinician describes the
treatment goals in terms of dose objectives or constraints to
various parts of the body: targets to receive high doses and
organs at risk to receive low doses. A cost function is
defined by how close the computed doses are to the pre-
scription doses for the volumes. Optimization engines and
search routines iteratively alter the intensity of each beam-
let to minimize the total cost function. In this way, an
optimal set of beamlets is found and can be recreated for
the patient using a multileaf collimator system on the
treatment machine [43–47].

IMRT can produce sharp dose gradients between targets
and normal tissues and can even generate concave dose
distributions to avoid nearby or adjacent critical structures,
such as the spinal cord or optic nerves in head and neck
cases. This type of dose distribution is not possible with
standard planning or 3DCRT. This makes selective boost of
specific subvolumes such as hypoxic regions possible
without causing significant normal tissue damage. How-
ever, the sharp dose gradients that characterize IMRT plans
require that the targets be precisely and accurately defined
to avoid missing the tumor and compromising successful
radiation treatment [48, 49].

More accurate delineation of the target is needed. Cur-
rently treatment volumes are based on the tumor-induced
change in the contrast CT or magnetic resonance (MR)
images and on a subjective clinical judgement as to the
extension of microscopic disease. MR provides improved
information regarding normal soft tissue structures. PET
and MR spectroscopy hold out promise for localizing re-
gions that are biologically distinct, e.g., hypoxic regions or
regions with relatively high amounts of DNA replication.
Coregistration and fusion of these images with the CT
dataset used for radiation therapy planning provides unique
and complementary information. Further, this additional
biological information overlaid on the anatomic images of
the patient leads to the possibility of defining subvolumes of
the tumor that might be appropriate for treatment to a higher
dose [50]. IMRT-based planning can be used to safely
escalate the dose to these subvolumes without added
morbidity [51].

PET to guide radiotherapy

With rapid advances in molecular imaging and the avail-
ability of modern integrated units such as PET/CT, it is now
possible to use functional information to introduce another
dimension to radiation treatment planning beyond the phys-
ical information. This is the biological target volume (BTV)
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[52]. 3D treatment plans make it possible to perform
conformal treatment plans with abilities to deliver non-
uniform boost doses to smaller volumes within the GTV
based on biological imaging. A number of novel tracers are
available for PET imaging and include 18F-FDG, 18F-
fluorothymidine (FLT) and 18F-FMISO to evaluate metab-
olism, proliferation and hypoxia, respectively [53–55].
These molecular imaging methods provide us with the
ability to characterize tumor and its microenvironment and
plan individualized treatments. The most important of these
microenvironmental factors is tumor hypoxia, as discussed
above. Hypoxic cells require more radiation dose for the
same cytotoxic effect as normoxic cells [13] and hypoxic
cells acquire aggressive traits that contribute to poorer
prognosis [54, 56]. Thus, an additional boost dose of
radiation to hypoxic subvolumes might improve tumor
control and benefit the patient. The difficulties associated
with earlier hypoxia evaluation methods, such as oxygen
electrodes, are largely overcome by molecular imaging
methods to identify, localize, and quantify hypoxia in tu-
mors non-invasively. The advances in imaging and radia-
tion treatment planning provide a unique opportunity to
deliver a hypoxia-directed radiation boost.

Stand-alone PET scanners have played a pivotal role in
characterizing hypoxia. However, the problems associated
with image fusion limited their utility in radiation treatment
planning. Modern PET/CT scanners have the potential for
projecting functional target volume onto the treatment
planning CT scan and are obviating the image fusion dif-
ficulties seen with dedicated PET scanners. Concepts for
using the biological imaging information in designing a
radiation treatment plan are rapidly evolving [57–59], and
benefits from fused PET and CT images are maximized
when obtained in the same position in one sitting. These
co-registered images are then used to develop complex
treatment plans using IMRT [60].

Accurate target volume delineation is critical to success-
fully incorporate the information from molecular imaging
into radiation treatment planning. One approach uses quan-
titative information, e.g., threshold images or parametric
maps, that can increase the accuracy and has the potential
to eliminate the subjective aspects from this process [61,
62]. In order to use PET/CT images for radiation treatment
planning, the patient has to be imaged in the same position
for both CTand PETand ideally in the treatment position to
prevent errors in target volume placement. Immobilization
devices and the use of external room lasers during treat-
ment delivery further increase accuracy. The growing ex-
perience with FDG PET for directing treatment planning
provides the precedent for using other tracers for this
purpose [63]. An example of this is presented later in this
review. Traditionally, radiation treatment planning is based
on GTV information from pretherapy imaging studies.
However, as the tumor volume changes with continuing
treatment, it is important that the process of target delin-
eation and treatment modification should be a continuing
process. Thus a “plan-of-the-day” concept sounds attrac-
tive in achieving an optimal image-guided radiotherapy,
keeping the baseline study to start the treatment planning

process, but we recognize that this places a large burden on
both imaging and therapy planning and is probably some
time in the future.

Hypoxia-based IMRT boost

The ability of radiotherapy techniques to deliver higher
radiation doses to tissues at risk for failure is limited by
normal tissue tolerance when conventional field and frac-
tionation schemes are used. To circumvent this problem
and deliver “boost” radiation to resistant tumors, several
versions of boost radiation therapy based on this theme
have been used [64–66]. Concomitant boost using a field
within a field is one technique that has been used to boost
the total tumor dose in 53 patients with advanced head and
neck cancer. The authors achieved a 2-year regional control
rate of 65% and a survival of 55% as compared with
commonly reported results of 40% and 25%, respectively.
Knowledge of regional hypoxia can also help target radio-
therapy. Chao et al. successfully investigated the potential
use of hypoxia-guided IMRT using a custom-designed
anthropomorphic phantom and 64Cu-ATSM PET imaging
[20] but no human results have been reported. IMRT is
ideal for providing boost radiation without the toxicity seen
with earlier methods that precluded the routine clinical
application of boost radiotherapy [67].

Case example: PET imaging to direct glioma
radiotherapy

Hypoxia and gliomas

Studies of oxygen metabolism and blood flow in gliomas
with PET and [15O]O2, [

15O]H2O, and [15O]CO have con-
sistently shown that oxygen utilization is low relative to
normal cortex despite an adequate supply of oxygen at least
macroscopically, i.e., there are adequate blood flow and
blood oxygen levels to meet the metabolic demands of the
tumors[68–73]. The utilization of oxygen relative to that of
glucose, namely the metabolic ratio, is reduced in malig-
nant gliomas [71, 72]. In normal brain the metabolic ratio is
5.2 moles O2 per mole glucose while in gliomas it is 1.9
[71, 74]. This low metabolic ratio indicates that the tumor
breaks down glucose to lactate (glycolysis) and that non-
oxidative metabolism of glucose is occurring. In the face of
adequate blood flow and reduced oxygen extraction in
tumors, the reduced metabolic ratio indicates that glycol-
ysis is occurring under aerobic conditions [68].

The presence of hypoxia as a potential contributor to
resistance to radio- and chemotherapy in malignant gliomas
is now well established. Spontaneous necrosis observed in
both gross and microscopic specimens provides graphic
evidence for the presence of hypoxia [75, 76]. Rampling et
al. proved that malignant astrocytic gliomas contain hyp-
oxic regions by measurements with polarographic elec-
trodes [77]. The percent PO2 values <2.5 mmHg were 10–
69% with a median of 40% in glioblastomas. In anaplastic
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astrocytomas the percent PO2 values <2.5 mmHg were 9–
42% with a median of 20%.

Hypoxia imaging of gliomas

Reports of FMISO PET imaging of gliomas are emerging
[78–81]. Liu reported that FMISO was taken up in 14/18
brain tumors [79] and Bruehlmeier et al. found increased
uptake in 7/7 glioblastomas [78]. Scott’s group studied 13
newly diagnosed patients prior to surgery with both
FMISO and FDG PET [80]. There was a correlation
between FMISO uptake and tumor grade, and all high-
grade lesions showed uptake that was frequently hetero-
geneous. There was only partial overlap between regions of
FMISO uptake and FDG uptake. An example shown in
Fig. 1 demonstrates heterogeneous uptake that does not
show conformity to the FDG region of uptake in these co-
registered images.

These studies in aggregate show significant promise for
FMISO PET in gliomas but need to be extended to a larger
patient population examined at additional time points
through the clinical course. Only then will the potential
clinical value of this imaging method be determined. This
may prove useful for identifying the regional distribution of
hypoxia for planning tumor resections and targeting higher
doses of RT more precisely to hypoxic areas.

PET-guided glioma radiotherapy

Conventional conformal radiotherapy (RT) for malignant
gliomas consists of 1.8- to 2.0-Gy fractions administered to
a total of around 60 Gy. Despite these doses, nearly
inevitably there are in-field recurrences, progression and
death. Doses as high as 70–90 Gy have been studied with
the goals of overcoming resistance and providing better
results than with 60 Gy [82–85]. There was no improve-
ment in survival or local control, and recurrences developed
in the volumes that received the high doses [83]. Treatment
aimed at eradication of hypoxic tumor with RT plus hypoxic
cell-radiosensitizing drugs has been unsuccessful [86–88].
Also, the use of fast neutron RT to overcome resistance due
to hypoxia has proven to be too toxic to brain tissue [89].

From these studies it is obvious that a much better
understanding is needed of the role of hypoxia in the poor
response of gliomas to RT.

Some examples of using PET to direct glioma radio-
therapy are emerging. Gross and co-workers incorporated
FDG PET results with MRI for delineation of the three-
dimensional 60-Gy treatment volumes for 18 high-grade
gliomas [90]. The median survival of 310 days provided no
improvement compared with other reports. They concluded
that FDG PET did not add useful information for con-
ventional treatment planning but suggested that FDG PET
might prove useful to define a volume of tumor for a boost
dose of RT. Such a study was in fact underway simulta-
neously in which FDG PET was being used to define the
optimal volume for high-dose boost RT in glioblastoma
[91]. Patients received 59.4 Gy in 33 fractions followed by
an additional 20Gy in 10 fractions directed at the FDGPET-
defined volume of hypermetabolism plus a 0.5-cm margin.
Although the median survival for the 40 patients in this trial
was 70 weeks, this was not better than survival in historical
controls. This pilot study showed that experimental RT
protocols based on PET imaging are feasible and could in
the future be designed to target regions of hypoxia. Other
centers are beginning to explore the incorporation of FDG
PET targeting for simultaneous integrated boost in IMRT
[92] and for planning radiosurgery target volumes [93, 94].
Radiotherapy planning based on FDG PET or FMISO PET
will of course need to produce improved treatment out-
comes before it will be widely applied in clinical practice.

Case example: PET imaging to direct head
and neck radiotherapy

In our ongoing research on imaging and characterizing
hypoxia in head and neck cancer, we are investigating the
role of FMISO PET imaging in guiding therapy. The patient
in this example had biopsy-proven advanced carcinoma of
the head and neck. The patient underwent baseline head and
neck CT imaging. PET images were obtained at ∼90 min
following the injection of 0.1 mCi/kg of 18F-FMISO. The
patient also had whole-body FDG for staging and measure-
ment of glucose metabolism as well as for staging. PET/CT
image coregistration was achieved using the ADAC/

Fig. 1. Transaxial MR T1 Gd,
FDG PET and FMISO PET
images showing heterogeneous
uptake that does not show con-
formity in the tumor
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Pinnacle (Philips Medical Systems, Madison, WI, USA)
Syntegra fusion package (rigid body). The coregistered
images, as shown in Fig. 2, were used by the physician to
guide the delineation of gross tumor volumes (GTVs). The
FMISO PET images were used to determine hypoxic
subvolumes for boost planning. GTVs were expanded or
contracted, where appropriate, to form the planning target
volume (PTV). The critical structures of interest included the
parotid glands, spinal cord, and mandible. ADAC/Pinnacle
radiation treatment planning software was used to build
seven-beam IMRT treatment plans using 6-MV photon
beams and inverse-planning techniques. Initial IMRT treat-
ment prescribed 70 Gy to the PTV and 50 Gy to affected
nodes, with constraints on homogeneity. Dose volume
histogram (DVH) objectives follow the RTOG 00-22 trial
specifications. The IMRT boost plan escalated the dose to
the hypoxic subvolume by an additional 10 Gy. Target dose
limits for critical structures used to guide the inverse
planning included: spinal cord ≤45 Gy, mandible ≤70 Gy,
andmean dose to parotid glands <26Gywith ≤40Gy to 40%
of the volume of the ipsilateral gland and ≤20 Gy to 20% of
the contralateral gland.

The isodose display of the composite plan in Fig. 3
shows the conformal isodoses around the targets and the
sparing of critical structures and Fig. 4 presents the DVHs
for the two plans i.e., with and without boost radiation for
this patient. The hypoxic subvolume clearly receives the
intended 10-Gy boost while remaining within the maxi-
mum dose objectives of the critical structures.

Summary

Pitfalls of hypoxia-guided radiotherapy

While hypoxia-directed treatment alone is not the answer to
all causes of treatment failure, image-guided radiation dose

escalation would help to overcome hypoxia-induced treat-
ment resistance without the added toxicity of systemic
agents. Additionally, since tumor hypoxia is a dynamic
process that changes during the course of a treatment, it is
important to establish the significance of pretherapy hyp-
oxic subvolumes as well as changing hypoxic volumes
during therapy as the target for boost radiation. Again, the
need to provide margins around a target for delivery of
effective treatment will limit how small the boost target
volume should be. For smaller GTVs (e.g., 0.5-cm lymph
node) it might not be possible to demarcate the subvolume
with the GTV. Although the term BTV is used for a whole
gamut of cellular functions, current radiation therapy prac-
tices are limited in addressing individual biological pro-
cesses in an independent fashion. Even though dose
escalation has been used clinically, radiobiological evi-
dence for its role in controlling the hypoxic subvolume
needs to be established in large clinical studies.

Conclusions and future directions

Tissue hypoxia is common in solid tumors and leads to
cellular changes that confer aggressive behavior and
therapeutic resistance. Although hypoxia induces resis-
tance to a variety of treatments, the absence of oxygen is
especially critical for photon radiotherapy, which depends
upon the generation of free radicals for its cytotoxic effect.
Identifying regions of tissue hypoxia and targeting them for
higher doses of radiotherapy and possibly hypoxia-specific
systemic therapy is key to improving the treatment of
tumor types like glioblastoma , head/neck cancer, and
cervical cancer, where hypoxia is common.

Methods for detecting tissue hypoxia have traditionally
been invasive and required access to the tumor site, limit-
ing their use in clinical practice. Furthermore, electrode or
polarographic methods are subject to significant sampling

Fig. 2. Co-registration process.
a Corresponding transaxial slice
of CT, FDG PET, and fused CT/
PET. Note the FDG uptake of
the primary tumor (FD, arrow).
b Corresponding slices of CT,
FMISO PET, and fused CT/
PET. Note the FMISO uptake of
the hypoxic subvolume of the
primary tumor (FMIS, arrow)
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error in large and heterogeneous tumors. For these reasons,
imaging has been used to detect and quantify tumor
hypoxia with considerable initial success. A variety of
hypoxia radiopharmaceuticals have been designed to have
higher uptake in hypoxic versus non-hypoxic tumor. The
nitroimidazole, FMISO, was one of the earliest compounds
developed and has the largest existing body of experience
for hypoxia imaging.

A number of studies in the literature have tested hypoxia
imaging in preclinical animal models and in patients. A
wide variety of tumors including brain, head/neck, cervix,
lung, and breast have demonstrated significant hypoxia by
PET imaging. Studies are emerging that confirm imaging
measures of hypoxia as prognostic biomarkers, predictive
of patient outcome, underscoring their potential to direct
therapy. In general, neither clinical characteristics nor other
imaging modalities can reliably identify tissue hypoxia.
While hypoxia generally leads to increased glycolysis and

increased FDG uptake, FDG uptake is not a measure of
hypoxia.

Some examples are emerging that use functional PET
imaging, combined with anatomic imaging, to direct
radiotherapy. Most early efforts have used FDG PET to
help plan radiotherapy, but some more recent preliminary
studies are investigating the feasibility of radiotherapy
treatment planning using hypoxia-specific PET imaging.
The incorporation of biological imaging into radiotherapy
treatment planning represents an important advance and
future direction in cancer treatment. Clinical studies will
need to evaluate the value of hypoxia imaging in directing
radiotherapy. These studies will need to use both efficacy
and toxicity as endpoints, as functional imaging may lead
to improvements in either or both. This will call for new
approaches to clinical study design, incorporating hypoxia
imaging as a biomarker to direct tumor therapy.

Fig. 3. Isodose map in transaxial, sagittal, and coronal projections of
the composite IMRT plan. The primary PTV (green) was treated to
70 Gy, while the FMISO PTV (red) was treated with an additional
10-Gy boost in a consecutive plan. The ipsilateral parotid gland
(blue) receives no more than 40 Gy to 40% of its volume. The

contralateral parotid gland (yellow) receives no more than 20 Gy to
20% of its volume. The mandible (sky blue) is constrained to no
more than 70 Gy. The cord (pink) is constrained to no more than
45 Gy

Fig. 4. Caption for DVH dis-
play: DVH of the initial treat-
ment to 70 Gy (dashed lines)
and composite plan (solid lines),
including the boost of the
FMISO target to an additional
10 Gy
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