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Advances in technology have allowed extremely precise control
of radiation dose delivery and localization within a patient. The
ability to confidently delineate target tumor boundaries, how-
ever, has lagged behind. 18F-FDG PET/CT, with its ability to dis-
tinguish metabolically active disease from normal tissue, may
provide a partial solution to this problem. Here we review the cur-
rent applications of 18F-FDG PET/CT in a variety of disease sites,
including non–small cell lung cancer, head and neck cancer, and
pancreatic adenocarcinoma. This review focuses on the use of
18F-FDG PET/CT to aid in planning radiotherapy and the associ-
ated benefits and challenges. We also briefly consider novel ra-
diopharmaceuticals that are beginning to be used in the context
of radiotherapy planning.
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The tools of modern radiotherapy allow one to control
with increasing precision where within a patient a radiation
dose is deposited, the intent of which is to irradiate tumor
tissue (and areas at high risk of locoregional metastases)
while sparing nearby normal tissue. Intensity-modulated ra-
diotherapy (IMRT) is currently the most advanced tech-
nology available for photons (1–3). IMRT finely tailors
dose distributions by exploiting the many more degrees of
freedom that are possible with spatial intensity modulation
than with more traditional 3-dimensional conformal radio-
therapy approaches. Using IMRT in head and neck cases,
for example, the radiation oncologist can deliver concave
dose distributions that treat large regions of the neck
wrapping around the spinal cord and yet can limit the spinal
cord itself to receiving a relatively low dose, thus mini-

mizing cord damage (2). Also possible are spatially
restricted dose distributions that treat tumors in the lung
while sparing normal lung and heart, tumors in the brain
while avoiding optic nerves and optic chiasm, or tumors in
the prostate while sparing the adjacent rectum and bladder
(3–7). Several implementations of IMRT are readily avail-
able as commercial products (8), and under development
are improved approaches such as volumetric arcs, treat-
ments in which the whole volume of tumor is treated with a
continuous sweep of the gantry around the patient in one or
multiple arcs (9,10).

Coupled with these advances in dose delivery are new
ways of localizing the patient’s tumor and normal tissues
during treatment. Although traditional methods rely on laser-
based alignment of skin marks supplemented by periodic
orthogonal radiographs, a modern radiotherapy clinic can be
equipped with stereoscopic kilovoltage radiography capabil-
ities or integrated CT guidance that allows precise alignment
of patients with respect to the treatment beam (8,11,12).
Monitoring patient position and dynamic changes during
treatment is also possible with various technologies now
available (13–15). This general paradigm of actively using
imaging during treatment is referred to as image-guided
radiotherapy. Through it, one can approximately halve the
residual localization error of the structure defined as the
target in the treatment-planning process, as determined with
repeated imaging (16). Obviously, the degree to which
localization error can be reduced depends on the site being
treated, with intracranial tumors representing what is prob-
ably a best-case scenario, and a worse case being one with
much motion and difficult visualization, such as a gastroin-
testinal site.

Even with all this technology to precisely control the
delivery of a radiation dose, one is still left with the funda-
mental problem of determining what region of tissue needs
to be targeted. This aspect of designing radiotherapy is
often the most challenging. Interobserver variability using
CT scans is well appreciated and documented for a variety
of common disease sites, including cancer of the lung
(17,18) and cancer of the head and neck (19,20), and is
caused by difficulty in determining the exact boundary of a
tumor, even for expert observers with the best CT protocols.
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Without an accurate delineation of the tumor region in the
first place, precise control of dose distributions may not
provide much additional tumor control.

PET scans with the radiotracer 18F-FDG may be most
useful in this regard. In many common cancers, PET with
18F-FDG, or combined with CT, has greater sensitivity and
specificity for disease detection than does CT or MRI alone
(21). With its ability to distinguish metabolically active
disease, 18F-FDG PET/CT can provide important adjunc-
tive information in designing a treatment plan. Figure 1
shows an example case for a patient with pancreatic cancer.
In this case, a radiation oncologist has outlined the tumor re-
gion based on CT (yellow) and a nuclear medicine physi-
cian has outlined the tumor based on 18F-FDG PET/CT
(blue). The addition of 18F-FDG PET/CT provides clear evi-
dence of disease extending some 2 cm inferior to the boun-
dary delineated by CT alone. Although there can be modest
misregistrations between PET and CT due to breathing motion
(22), this separation between the two regions reflects a
real difference between apparent tumor locations on the
2 studies.

The present paper focuses on the use of 18F-FDG PET/
CT to improve target definition in IMRT planning. Of
course, this represents only one way in which 18F-FDG
PET is used in managing the care of cancer patients. Other
uses of 18F-FDG PET include better staging of disease to
determine whether curative radiotherapy is suitable (23,24)
and measurement of treatment response for further manage-
ment as used in a variety of disease sites (25–28). Although
most cancers are 18F-FDG–avid, some—such as mucinous
cancers of the colon, stomach, and other locations—may be
less so. Thus, regions for treatment should be drawn with
knowledge of the untreated tumor’s avidity for 18F-FDG.
This review focuses on disease sites in which tumors are
18F-FDG–avid and for which 18F-FDG PET/CT is currently
being most widely used for IMRT planning. We begin with
a discussion of several physical imaging issues that apply to
nearly all uses of this technology and then discuss each
disease site separately.

PHYSICAL ISSUES

Delineation of Tumor Boundaries

One key advantage of 18F-FDG PET in radiotherapy
planning is its potential for improving tumor boundary de-
lineation. 18F-FDG PET may offer a better indication of the
actual extent of disease and may also reduce interobserver
variability, thus making treatment volumes more standard
over a wide range of physicians and centers, a concept that
has been investigated by several authors (17,19,20,29,30).

The need for robust delineation of tumor boundaries be-
comes even more important in treatment schemes that deliver
a dose in relatively few, high-dose (10–30 Gy) fractions, such
as stereotactic body radiotherapy, which is being developed
to treat the lung (31) and pancreas (32), among other sites.
With high-dose schemes, smaller margins are used around
the tumor to spare surrounding normal tissue. When smaller
margins are used, however, there is less room for error. If the
actual tumor is not delineated appropriately, it will fall
outside the high-dose volume. In a standard fractionation
approach (e.g., 30 fractions of 2 Gy each), large margins of
approximately 1 cm are used around the tumor. A standard
definition (International Commission on Radiation Units and
Measurements, ICRU50) consists of a gross tumor volume
(GTV) that is the radiologically appreciable tumor extent,
expanded to a clinical target volume to account for micro-
scopic extension, and finally to a planning target volume
(PTV) to account for various physical uncertainties such as
motion during treatment or day-to-day variability in tissue
positions. In high-dose schemes, localization is strict and a
GTV-to-PTV margin of only a few millimeters is used; for
example, 2–3 mm would be used for stereotactic body
radiotherapy of the pancreas (33) or 5 mm axially for the
lung (31). With such strict localization, one must be confident
of the accuracy of delineation, and 18F-FDG PET/CT can
have an important role in this regard. One must also pay close
attention to the technical quality of the PET/CT scan to
minimize potential misregistration between the PET and CT
images, which are acquired sequentially and not simulta-
neously. One aspect of this is respiratory motion.

In the delineation of tumor boundaries using 18F-FDG
PET, there are several physical imaging issues that likely
apply to all treatment sites (34). Foremost is the delineation
method itself. There are two challenges to overcome here.
The first has to do with the spatial resolution of the PET
image, which as used in clinical practice is 7–9 mm after
reconstruction with many systems. Even if the distribution
of cancer cells were to abruptly end at some location, it
would be challenging to identify this edge in the 18F-FDG
image given that partial-volume effects will blur the edges.
Thus, deriving 1-mm boundaries from a technique with an
intrinsically much lower resolution is not expected to be
successful. PET excels at identifying the presence of tumor
but can fall short at determining the precise margins.

Nevertheless, for the purposes of radiotherapy planning,
some tumor edge must be delineated. The challenge is to

FIGURE 1. Pancreatic adenocarcinoma delineated on CT
alone by radiation oncologist (yellow) and on 18F-FDG PET/
CT by nuclear medicine physician (blue). Images are from
coronal cut of patient with CT (A) and 18F-FDG PET/CT
image fusion (B). Tick marks are 1 cm.
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identify the most appropriate method for delineation. The
problem is illustrated in Figure 2, which shows 18F-FDG
PET/CT images from a patient with base-of-tongue cancer.
If one uses a constant-threshold technique to delineate the
boundary of the tumor, the volume of tumor returned will
vary depending on the cutoff level that is chosen (Fig. 2B).
An equivalent way to state this is that the tumor boundary
will depend on the window and level setting chosen at the
time of delineation, a point that has often been made.

This is not a small effect. As shown in Figure 3, the vol-
ume returned can vary by a factor of 2 or more depend-
ing on what level is chosen (35). Lesions smaller than
approximately 5 cm3 appear to be particularly sensitive to
threshold changes because of the stronger influence of
partial-volume effects for smaller tumors (see the 2 curves
at the right in Fig. 3). Furthermore, delineation can also be
affected by the PET reconstruction algorithm used, the filter
size, and other physical parameters, which may not be well
controlled (36,37). The relative activity level of the tumor
and the background also clearly affects delineation, espe-
cially below source-to-background ratios of approximately
5 (37). These effects have been validated on phantoms in
controlled situations (35,37–39). Approaches in which a
percentage of a maximum value is used to define the edge
of the lesion may be quite reproducible among varying
operators, but it must be realized that varying implementa-
tions of the ‘‘maximum’’ value are in place. The maximum
standardized uptake value (SUV) or counts in an approx-
imately 1-cm2 region of interest is typically lower than that
in the one maximum voxel (28). Because the PTV often
extends a centimeter or more beyond the GTV, this effect
may not be as large clinically as it might initially appear,
however. The precise edge definition from PET remains
challenging.

18F-FDG–based delineation of tumor boundaries is thus
problematic. There have been some attempts to address this
issue and try to bring some standards to bear. One early
study used phantoms of a known size in an attempt to de-
fine a standard threshold cutoff in 18F-FDG PET voxel
values that would return the proper object size (40). This
study suggested that the threshold be set at 42% of the
maximum uptake, though the study considered only lesions
in the size range of 0.4–5.5 cm3, a range in which threshold
levels are extremely sensitive (Fig. 3). Another early ap-
proach that showed excellent accuracy in lung cancer size

delineation was to determine the normal tissue activity in
the healthy lungs and the variance. Tumor volume was
selected as a region of 18F-FDG avidity corresponding to
tumor whose uptake was over 3 SDs above the normal lung
background. This selection resulted in a generally excellent
delineation of tumor and a good correlation of tumor size
on CT and PET for untreated lung cancers (41). However,
this approach works best with large tumors with high
18F-FDG uptake in areas of low background activity. The
appropriate background choice and number of deviations
above that background appear to be tissue-specific.

In addition to these reports from the late 1990s, numer-
ous studies have examined other delineation methods, in-
cluding the use of different threshold values (36,39,42–47),
the possibility of using a set SUV for the threshold (34,36),
the use of iterative algorithms that take background into
account (36–38), and the possibility of gradient detection
techniques as an alternate approach to threshold contouring
(48). Some studies simply ignored all the above effects and
had treating physicians contour while using the window and
level setting that they found most appropriate (45,49). It is
reasonable to have a nuclear medicine physician or radiol-
ogist involved in each case for tumor delineation (34),
especially since the formal training that radiation oncolo-
gists receive on PET is typically limited.

FIGURE 2. CT (A) and 18F-FDG PET
(B) transverse slices for patient with
base-of-tongue cancer, and profile plot
of 18F-FDG signal along horizontal line
(C). Example 18F-FDG signal threshold
levels (red lines, C) demonstrate that
cutoff levels of 40% and 70% of max-
imum would result in very different
tumor volumes.

FIGURE 3. Size of GTV vs. threshold level of 18F-FDG PET
signal chosen for automatic contouring. Volumes are plotted
as percentage relative to CT-based volume. Data are shown
for 8 patients with head and neck cancer.
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With all these technical issues still unresolved, it is un-
clear how targets should best be delineated. One possibly
fruitful direction for resolving the controversies is to sys-
tematically correlate 18F-FDG distributions with pathologic
specimens, either in the form of gross tissue blocks from
resection or needle biopsies. Some studies have attempted
to do this. An early study by Wong et al. comparing 18F-
FDG PET, MRI, and CT in squamous cell carcinoma of the
head and neck incorporated histopathologic data via iden-
tification of anatomic landmarks (50). Daisne et al. did a
similar study with a much more detailed examination of
surgical specimens from 9 patients who had total laryngec-
tomies after imaging sessions with 18F-FDG PET, CT, and
MRI (51). Frozen sections were coregistered slice-by-slice
using a system of wooden rods; the resulting volumetric re-
construction was registered with each of the imaging mo-
dalities. Results indicate that 18F-FDG PET is the imaging
modality delineating contours that are the closest to the
actual specimen, though they are, on average, somewhat
larger. CT and MRI volumes are significantly larger yet.
Regions of nonoverlap were quantified, and on average,
13% of the pathologically suspect region was not included
by PET because of extralaryngeal extension. Stroom et al.
reported a similar study on non–small cell lung cancer
(NSCLC) patients who underwent CT and 18F-FDG PET
before lobectomy (52). As with the laryngeal study, both CT-
and 18F-FDG PET–derived volumes were larger than path-
ologic specimens when deformations were considered. The
report of van Baardwijk et al. (29) on NSCLC indicates the
opposite. The diameter of resection specimens was some-
what smaller than that derived from autocontouring 18F-FDG
PET images. As more such validation studies are performed,
the extent to which 18F-FDG PET describes actual tumor
extension in different disease sites will become more clear.

Given all the ambiguities in delineation, it is at present
uncertain how to best incorporate 18F-FDG PET/CT for
IMRT planning as it relates to precise definition of the lesion
margin. Clearly, additional lesions (which might not have
been identified as abnormal on CT alone) can be identified
by PET and PET/CT and can then be delineated by combi-
nation of the CTwith the PET. In addition, in some instances,
there is clear extension of the PET abnormality beyond the
region seen on CT, as in the example case shown in Figure 1.
Because the slope of the lesion edges on PET is quite sharp
in many instances, it is probable that a typical margin of 1 cm
beyond the lesion itself is adequate for standard use. Precise
1- to 2-mm delineation of the true edge of a tumor on PET,
which has an 8-mm reconstructed resolution, is not expected
to be successful. Thus, some extension beyond the visible
PET margins typically needs to be applied.

Registration of Images

The advent of PET/CT scanners obviated the registration
and display of PET and CT images from separate studies
(53). Given that all PET scanners sold today are of the com-
bined PET/CT type, the registration issue receives little

consideration. One registration issue that does need to be
considered, even with PET/CT technology, arises from the
fact that the CT scan is obtained over a short time while the
PET scan is obtained over a long time. Misregistration can
result, as, for example, with breathing artifacts. Image regis-
tration can also become an issue for radiotherapy applica-
tions because the PET/CT scan is often acquired separately
from the radiotherapy-planning CT scan, which has the spe-
cial features of laser localization, a flat tabletop to simulate
the treatment conditions, and customized devices to facil-
itate reproducible positioning of the patient. In principle,
the PET/CT scan could be repeated, after staging and workup,
with the patient in the treatment position. In practice, how-
ever, this is problematic because, although the first PET/CT
scan is reimbursable for the staging of many sites (NSCLC,
lymphoma, head and neck cancer, esophageal cancer, mela-
noma, and colorectal cancer), a second scan so soon after-
ward usually cannot be reimbursed (54). Image registration
may therefore be required to align the PET/CT scan with
the radiotherapy CT scan, with all the associated difficulties
(39). This practical consideration has greatly limited the
utility of 18F-FDG PET/CT for radiotherapy.

Artifacts from Respiration

A special class of artifacts important in the radiotherapy
context comes from the respiratory motion of the patient
during the PET/CT study. It is well appreciated that res-
piratory motion can have a strong effect on the inferred
activity distribution in 18F-FDG PET (55). Using a snapshot
with a fast CT scan, as opposed to older breathing-averaged
transmission scans, can result in artifactual mislocalization
of lesions (56). Cohade et al. (22) compared the location of
lung lesions in 244 patients on PET versus CT from PET/
CT. They measured an average mislocalization of 7.6 mm,
likely due to respiratory differences between the two scans.
A more recent analysis of 216 lung cancer patients quan-
tified the effect of using different CT scans for attenuation
correction and the resulting impact on the inferred distri-
bution of 18F-FDG (57). For small lesions (,50 cm3), the
effects were largest, and when this group (n 5 93) was
divided according to the distance from the diaphragm, the
mean mislocation of the GTV centroid ranged from 1.0 to
2.4 mm depending on how close the lesion was to the dome
of the diaphragm, whereas the mean GTV volume changed
by 16%2154% on average. Respiratory motion is expected
to affect the delineation of tumors in the abdomen as well
as in the lung. The degree of misregistration appears to be
greater in the abdomen than, for example, in the bone in
preliminary observations.

With the advent of respiration-correlated CT (4-dimen-
sional CT) 5 years ago (58,59), it became possible to
measure the motion of tumors. This same approach has
been used to create 4-dimensional PET (60), which can use
the 4-dimensional CT scan for attenuation correction. Early
studies with PET showed that if respiration can be con-
trolled or compensated for (via respiratory gating, for
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example), then the effects of motion in PET images can be
largely removed (55). The maximum lesion SUV is often in-
creased, as the activity is not spatially smeared by breathing
motion. Unfortunately, commercial solutions are not yet
sufficiently well developed to be used routinely (54). Re-
peated breath-holds have been shown to reduce or eliminate
breathing artifacts for diagnostic PET scans in patients who
can comply (61,62). Breath-hold PET studies, however, are
probably not relevant for most radiotherapy-planning pur-
poses, since treatment needs to duplicate the conditions of
the imaging study from which the target is defined: breath-
hold imaging would have to be followed by breath-hold
treatment at the same level of inspiration. Four-dimensional
PET could be used to plan free-breathing radiotherapy
under free-breathing conditions. If respiratory gating is used
for treatment, the gate window would have to be defined
around the appropriate imaging reference phase. If neither
4-dimensional PET/gating nor breath-hold treatment is
possible, appropriate target margins must be designed.

LUNG

Radiotherapy of NSCLC presents a difficult technical
challenge. There is much evidence that, at conventional
fractionation, doses above 70 Gy are necessary for local
control (63). Because of respiratory tumor motion and
general setup error, the treatment dose must be delivered to
a PTV that is significantly larger than the GTV if breathing
motion is anticipated. Traditional GTV-to-PTV margins in
the lung are 1–2 cm. Normal lung and spinal cord are the
major dose-limiting organs, and both have tolerance doses
for potentially lethal toxicities that are far below 70 Gy.
Treatment-planning studies show that IMRT can often esca-
late target dose while maintaining acceptable levels of
predicted normal-tissue toxicity (6,64). Despite reservations
in the literature about degradation of IMRT target coverage
due to respiratory motion, and potential lung toxicity from
increased lung volumes receiving low (10–20 Gy) doses (65),
neither of these effects is a necessary consequence of IMRT
lung treatment (66–68). And at least 2 single-institution
studies have shown encouraging outcomes for such treat-
ments (69,70).

For T1 and small T2 tumors, there is growing evidence
of surprisingly good local control by a new technique, ste-
reotactic body radiotherapy (71,72). This method uses ex-
treme hypofractionation schedules (e.g., 20 Gy · 3 fractions
or 12 Gy · 4 fractions (71)) together with strict target lo-
calization during treatment, which therefore allows for tight
(;0.5 cm) target margins. Compression is often used to
restrict respiratory motion. Although IMRT may be used,
most stereotactic body radiotherapy protocols achieve the
desired dose distributions by using multiple (;10), confor-
mally shaped noncoplanar beams. Increasingly, target lo-
calization involves in-room image guidance. The treatment
plans are designed so that the high-dose region conforms
tightly to the PTV, thereby protecting surrounding normal

tissues. Although the biologic mechanisms are incom-
pletely understood and could depend, for example, on
mechanisms such as vascular damage at high doses, with
2- to 3-y median follow-up local control is competitive with
surgery—far better than with even high doses at conven-
tional fractionation—and the incidence of normal-tissue
toxicity is low.

Accurate target definition is vital if these two delivery
methods are to reach their full potential. Because 18F-FDG
PET is significantly superior to CT in sensitivity and spec-
ificity for diagnosis and staging of NSCLC (73), there is
hope that 18F-FDG PET will also lead to more accurately
defined GTVs. Numerous studies show that, for NSCLC,
target volumes defined by a combination of PET and CT
(GTVPET 1 CT) differ from those defined by CT alone
(GTVCT) regardless of whether the planning CT and the PET
study are registered by software or by eye (44,49,74–77);
these and others are cited in recent reviews (78,79). A
Radiation Therapy Oncology Group (RTOG) protocol
(RTOG 0515) with the primary objective of studying the
effect of PET/CT fusion on 3-dimensional conformal radio-
therapy plans closed this year. The effect of respiratory
motion is particularly important in lung cancer treatment.
Even so, it has been suggested that a GTV defined with the
aid of PET, including a lower threshold for segmentation,
may map out the tumor’s excursion and allow delineation of
an internal target volume (80).

With the inclusion of 18F-FDG PET, both increased and
decreased tumor volumes have been observed. GTVPET 1 CT

is greater than GTVCT if, for example, the main effect of
PET is inclusion of a lymph node that was not apparent on
the planning CT scan (49,79); in such a case, PET can pre-
vent a geographic miss or can lead to a change in manage-
ment. For example, stereotactic body radiotherapy, in its
current form, is not appropriate for patients with medias-
tinal lymph nodes. GTVPET1CT is less than GTVCT if the
lack of PET activity allows the physician to exclude a
region of atelectasis from the GTV. In this case, it is easier
to deliver a high target dose while satisfying the normal-
tissue constraints. However, care is needed, as there is no
pathologic confirmation that these regions are sufficiently
tumor-free (79) or will receive enough incidental radiation
to prevent recurrence even if they are not explicitly within
the GTV.

18F-FDG PET may improve interobserver consistency in
target definition (17), especially if accompanied by com-
puterized image registration (30). However, it is unclear
whether PET truly improves the accuracy of target defini-
tion for NSCLC. Simple threshold-based segmentation
methods (e.g., including in the PET GTV any voxel with
SUV . 2.5, including any voxel with SUV . 40% of the
lesion maximum, or using other percentage maximum SUV
thresholds) have been shown to yield volumes that differ
greatly according to the threshold. When the tumor is
visible on CT, these can lead to either over- or under-
coverage (36,79). Some tissue-correlative studies have
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appeared for NSLC (29,52) but much more work is
required.

An often-cited strength of 18F-FDG PET is the inclusion
in the GTV of mediastinal nodes that might otherwise be
missed (49,74,79) and the appropriate exclusion, without
invasive procedures, of nodes without disease (81). Meta-
analysis indicates that PET is more sensitive and specific
than CT for mediastinal staging of NSCLC (24). However,
18F-FDG PET nodal targets do not always agree with pa-
thology (49,82), although the extent of disagreement has
still not been ascertained. PET cannot detect microscopic
disease, and PET often fails to detect disease that is less
than 5 mm in diameter (83). Imaging later after injection
may be advantageous, presumably because of more favor-
able pharmacokinetics at later times but still at a time when
the 18F-FDG activity is high (79). 18F-FDG PET is being
used to judge mediastinal involvement and is required as
part of the RTOG protocol (RTOG 0236) for stereotactic
body radiotherapy of stage I and II NSLC for staging and to
eliminate hilar lymph node involvement. It is encouraging
that one study (81) found that, with a minimum of 2 y of
follow-up, only 6 of 57 patients treated with stereotactic body
radiotherapy who were node-negative as assessed with 18F-
FDG PET had first failure in the nodes.

In summary, at present 18F-FDG PET must be used
cautiously in determining the target for lung cancer treat-
ment. Although 18F-FDG PET is excellent in identifying
tumor-involved areas and in excluding bulk tumor from other
areas, robust automatic segmentation methods are currently
not available on commercial treatment-planning or PET
workstations. There is imperfect agreement, whether the
comparison is with a phantom, CT-visible tumors, or (unfor-
tunately rarely) pathology. All these approaches have chal-
lenges, even direct tissue comparison, since fixation in
formalin causes tumor deformation. Segmentation by an
experienced radiation oncologist, with input from an expert
at identifying all foci of 18F-FDG–avid tumor on PET/CT
(and 18F-FDG–containing normal tissues), remains the best
choice. Modern delivery techniques—especially aided by
image guidance and respiration control—can deliver a high
dose to the prescribed volume. But ensuring that this volume
includes the complete clinical target volume without excess
normal tissue, even with the use of 18F-FDG PET, remains a
problem.

HEAD AND NECK

Head and neck cancer was one of the earliest disease
sites to which IMRT was applied, and the technique has
been particularly beneficial here (2,84). IMRT can deliver
complex dose distributions with multiple dose levels for
different risk regions and, with its high dose gradients, can
spare critical structures near the site of disease. One widely
used application is parotid gland sparing to preserve sali-
vary function, a common toxicity of radiotherapy for these
diseases (85). With this highly precise means of delivering

radiation dose comes the concomitant need for the often-
difficult accurate delineation of the intended region of
interest for IMRT planning (84). Though less well estab-
lished than its use in lung cancer IMRT planning, 18F-FDG
PET may also be useful in delineating disease in head and
neck cancers. The initial results with 18F-FDG PET have
appeared promising in terms of locoregional recurrence, but
study sizes have been relatively small and follow-up short
(86–90). Caution must be taken, since there are case reports
of recurrences in regions that, on the basis of 18F-FDG PET
indications, were not irradiated (91).

The main utility of 18F-FDG PET for head and neck
cancer appears to be in distinguishing metastatic nodal dis-
ease for inclusion in the IMRT planning. Several studies
have shown that 18F-FDG PET has a high sensitivity for
identifying nodes, often exceeding 90% and generally better
than CT alone (92). One correlative pathology study found
a 96% sensitivity for identifying diseased nodes—a sensi-
tivity that was significantly better than the 78% available
with CT alone (93). Using 18F-FDG PET/CT to include
lymph nodes that are equivocal on CT can have a beneficial
impact on radiotherapy planning. The decision of whether
to designate a node as positive for disease often translates
into the difference between delivering a high radiation dose
applicable for gross disease (e.g., 70 Gy) and delivering a
prophylactic dose for at-risk nodes (e.g., 58.1 Gy) (94). The
importance of this is underscored by the recent report of
Sanguineti et al. (94) on 50 patients with oropharyngeal
squamous cell carcinoma, which found that 50% of locore-
gional failures occurred as a result of nodes that were not
identified on CT and were treated with only a lower
prophylactic dose.

Several studies have examined the use of 18F-FDG PET
for identifying cancerous lymph nodes in the context of
radiotherapy planning. Nishioka et al. found 39 nodes with
18F-FDG PET/CT in 21 patients where only 28 would have
been found by CT alone (87). This changed gross tumor
delineation in 4 patients. Wang et al. (86) found that 18F-
FDG PET upstaged disease in 57% of patients (n 5 28). Six
patients had nodes that would not have been included in the
gross disease volume on the basis of CT alone. Similarly,
Scarfone et al. (45) cited at least one example patient in
whom a diseased node was identified only on 18F-FDG
PET. Given the high resolution of modern CT scanners,
however, the benefit of 18F-FDG PET in nodal identifica-
tion may be less marked than these studies suggest.

In the above use scenario, 18F-FDG PET increases the
volume of gross disease by the inclusion of more nodes
with known disease. The alternative is a situation in which
the size of the gross disease region is smaller with 18F-FDG
PET. This situation could occur for several reasons; for
example, a necrotic node may appear negative on 18F-FDG
PET even though it harbors some residual disease. Such
situations, in which 18F-FDG–derived volumes are smaller,
must be treated with extreme caution. Several studies have
appeared in which the volume of identified disease de-
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creased with the incorporation of 18F-FDG PET in at least
some cases: In a study by Ciernik et al. (39), 33% of cases
(4/12) with a PTV decreased by more than 25%; in a study
by Wang et al. (86), 44% of cases (7/16) had a smaller GTV
on 18F-FDG PET; and in a study by Paulino et al. (47), 75%
of cases (30/40) had a smaller GTV on 18F-FDG PET. Sim-
ilarly Daisne et al. reported that 18F-FDG PET–derived
volumes were significantly smaller than CT-derived vol-
umes for pharyngolaryngeal squamous cell carcinoma (n 5

29) (51). One counterexample is the 6-patient study of
Scarfone et al. (45) in which all primary tumor volumes
were larger on 18F-FDG PET, though the volume was
increased only by 15% on average. In summary, nearly all
these reports showed numerous patients in whom the 18F-
FDG–derived tumor volume was smaller than the CT-
derived tumor volume.

Using 18F-FDG PET to shrink volumes is potentially
dangerous. Though a smaller PTV can translate into im-
proved normal-tissue sparing (87,95), it may also result in
suboptimal local control. A report has appeared recently of 3
head-and-neck cancer patients who experienced locore-
gional recurrence after IMRT in the region of the spared
parotid gland (91). In 2 patients, the failures were in peri-
parotid lymph nodes that were deemed disease-negative on
the basis of 18F-FDG PET. In current practice, clinicians have
a well-justified reluctance to reduce the size of the treatment
volume in the head and neck on the basis of 18F-FDG PET
information.

One important potential advantage of including 18F-FDG
PET in the planning could be to reduce variability between
users, thus making treatment volumes more standard over a
wide range of physicians and centers. Although the inclu-
sion of 18F-FDG PET/CT does appear to reduce interob-
server variability for lung tumors (17,29,30,96), it is not
clear if such is true also for head and neck tumors. Two
recent studies have examined this issue in head and neck
cancer—one with 4 observers and 16 patients (19) and one
with 8 observers and 10 patients (20). In both cases, the
interobserver variability was actually somewhat worse with
the inclusion of 18F-FDG PET/CT. Though this appears to
contradict the discussion above regarding the inclusion of
PET, the effect may be because the technology is relatively
new and institutional standardized protocols need to be
implemented (19). The effect may also be due to the consid-
erable complexity of glycolytically active anatomic struc-
tures in the head and neck, again supporting the need for
inclusion of skilled PET/CT colleagues in the step of locali-
zing 18F-FDG–avid tumors and nearby 18F-FDG–containing
normal structures (97).

In all the above studies, there were physical imaging un-
certainties that one must be aware of. In addition to the
issues of tumor delineation method and artifacts, the head
and neck are particularly affected by the problem of reg-
istering the PET/CT scan to the radiotherapy-planning CT
scan. Because the neck is flexible, it may not be possible to
register both the head and the lower neck between two

studies if the flexion or extension is different. This is a
recurrent theme in studies that examine 18F-FDG PET for
head and neck applications (45,86,87,95). To obviate this
problem, some studies have recommended the use of
standard rigid devices applied for patient immobilization
in radiotherapy clinics, although this recommendation does
require the prospective construction and use of these
devices before the 18F-FDG PET scan is acquired. Reim-
bursement issues make this solution problematic even in
radiation oncology departments with PET/CT simulators.
Other studies have used nonrigid registration to handle this
problem, though such algorithms are not routinely available
in most software (95).

Given all the above challenges, it is perhaps not surpris-
ing that there is no consensus on how or even whether 18F-
FDG PET/CT should be used in IMRT planning for head
and neck cancer. Clinical examination and CT remain the
de facto standard. 18F-FDG PET/CT for target definition
remains under investigation, but its utility may ultimately
lie in its potential for identifying recurrence early (.6 wk)
after IMRT treatment (92). PET may also be used to guide a
radiation boost dose to hypermetabolic regions, an ap-
proach that is discussed in more detail below as it applies to
newer tracers of tumor hypoxia.

BRAIN

The use of 18F-FDG PET/CT for IMRT of brain tumors is
even less well established, likely because the high back-
ground levels of surrounding gray matter often prevent brain
tumors from being visualized well on 18F-FDG PET alone
(98). The situation may be improved by delaying imaging
until up to 8 h after injection (99) or by using amino acid–
based compounds (100) or tracers of proliferative activity
(101). In the meantime, 18F-FDG PET is unlikely to see
widespread use for this disease site. Nevertheless, a few pilot
studies have appeared. Tralins et al. used 18F-FDG PET to
delineate glioma tumor boundaries for a 20-Gy IMRT boost
treatment beyond the standard dose of 59.4 Gy (102). The use
of 18F-FDG PET resulted in volumes that were unique
beyond those found with MRI alone. Follow-up studies,
however, showed that neither overall survival nor progres-
sion-free survival was improved with the 18F-FDG–based
boost irradiation (103).

PANCREAS

Although pancreatic cancer is the ninth most common
malignancy, it remains the fifth leading cause of cancer
deaths in the United States, because most patients present
with advanced disease at diagnosis (104). Stereotactic body
radiotherapy has recently been implemented to treat the
tumor plus a small margin (2–3 mm) to account for potential
misalignment of the patient with respect to the treatment
beam and for possible tissue motion during treatment
(33,105). Although hypofractionated stereotactic body radio-
therapy may be more convenient for patients (1–5 d of
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treatment, compared with 25 conventional treatments),
there appears to be more treatment-related toxicity, which
can lead to duodenal perforation in some cases (33). For
stereotactic body radiotherapy, it is imperative that we be
able to differentiate the pancreatic tumor from normal
duodenum and small bowel—a challenge that 18F-FDG
PET can help address.

Only a few studies have included the use of 18F-FDG
PET/CT for defining pancreatic tumor regions (33), and it is
unclear what the effect of adding 18F-FDG PET will be.
Though pancreatic tumors appear to be 18F-FDG–avid, false-
positive findings are possible in cystic tumors. Pilot in-
vestigations by 3 of the authors have indicated that 18F-FDG
PET/CT may be particularly useful in distinguishing tumor
volume from the duodenum. Though it is obvious that the
duodenum is adjacent to the pancreas, it is often difficult to
visualize the exact boundary between the duodenum and the
tumor even for an expert observer. An example is shown in
Figure 4, where the target volume delineated on CT alone
(yellow) extends much more inferiorly than the target
volume delineated on 18F-FDG PET/CT (blue). This is in
contradistinction to Figure 1, in which the 18F-FDG–avid
region extends below that identified on CT alone. In contrast,
in Figure 4, the 18F-FDG PET scan indicates that the tumor
border is more superior than that visualized on CT alone.
Distinguishing the duodenal border may be particularly
important given that duodenal toxicity has been encountered
in early trials using stereotactic body radiotherapy. Though
the best method for delineating tumor boundaries is still
uncertain, the deviations noted here are gross and are
unlikely to be affected by the exact delineation method.

PARTIAL BREAST IRRADIATION

18F-FDG PET/CT may also find a use in the planning of
partial breast irradiation. The goal of partial breast irradiation
is to deliver a therapeutic radiation dose to the lumpectomy
bed (target) and surrounding tissue only. There is widespread
interest in this technique, and it is the subject of an ongoing
trial from the RTOG/National Surgical Adjuvant Breast and
Bowel Project (106). A fundamental challenge in partial

breast irradiation is the accurate delineation of the lumpec-
tomy bed, which is often difficult to distinguish on CT alone.
Our group has investigated the use of 18F-FDG PET/CT for
this purpose (107). This is a somewhat novel use for the
tracer, in that the uptake is likely not associated with residual
tumor but is instead a result of the postsurgical inflammatory
process. Nevertheless, it is possible in most cases to distin-
guish the lumpectomy bed clearly on 18F-FDG PET/CT.
The 18F-FDG PET–derived volumes tend to be larger than the
volumes derived from CT alone, but an investigation of the
radiation dosimetry consequences indicates that even with
the larger 18F-FDG PET–derived volume the dose contribu-
tions to normal tissue structures such as lung and heart remain
acceptably low (107).

OTHER RADIOPHARMACEUTICALS

All the applications discussed here use, implicitly, the
18F-FDG radiotracer. Though widely used for the practical
reason that it is presently the single most effective tumor-
imaging agent for PET across a wide range of cancers, 18F-
FDG traces a non–tumor-specific process, that is, the early
steps of glycolysis. In general, 18F-FDG uptake is related to
the number of cancer cells that are positive for glucose
transporter 1 (108,109). 18F-FDG uptake is only modestly
related to the proliferative rate of cancers, though this can
vary (110). Increased 18F-FDG uptake can be caused in an
infectious or inflammatory response related to the accumu-
lation of macrophages or polymorphonuclear leukocytes,
which can efficiently sequester 18F-FDG. Indeed in both
animal models and humans, 18F-FDG has proven to be a
good tracer for detecting infections (111). Thus, uptake in
nonmalignant processes is well recognized for 18F-FDG. At
the microscopic level, 18F-FDG uptake has also been posi-
tively correlated with increased hypoxia and generally cor-
related with perfusion in direct comparative human studies
using the 15O tracer (112), and similar findings have been
reported from NSCLC patient data in which SUVs from
18F-FDG PET correlated with hypoxia-inducible factor
1a and glucose transporter 1 levels. Some studies have shown
no differences in proliferation as measured by Ki67 levels
(109), whereas other studies have (113,114). The relationship
to hypoxia-inducible factor 1a is also somewhat variable.

These data and others like them indicate that many com-
plex phenomena underlie an increase in 18F-FDG uptake,
despite the fact that it is a useful downstream marker of
tumor location and viability. These mechanistic limitations
have created great interest in using more specific radio-
tracers, and many of these are applicable to radiotherapy.
There are, of course, many tracers specific to various mole-
cular activities such as hypoxia or apoptosis. The reader is
referred elsewhere for more complete overviews (115,116).
To take a few examples, however, radiolabeled amino-acid
tracers such as 11C-methyl-methionine may be a more spe-
cific measure of metabolism that is less affected by inflam-
matory response and may therefore be especially useful for

FIGURE 4. Pancreatic adenocarcinoma delineated on CT
alone by radiation oncologist (yellow) and on 18F-FDG PET/
CT by nuclear medicine physician (blue). Images are from
coronal cut of patient with CT (A) and 18F-FDG PET/CT
image fusion (B). Tick marks are 1 cm.
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follow-up studies after radiotherapy (117), though they are
not immune from such effects. Other specific probes include
thymidine analogs such as 39-deoxy-39-18F-fluorothymidine,
which act as tracers of proliferation (118), or radiotracers
such as 11C-choline, which target the active phospholipid
metabolism in tumors (119). For neuroendocrine tumors or
thyroid cancer, more specific ligands are available.

The clinical deployment of novel radiotracers is in evo-
lution, and it remains to be seen how the resulting PET or
SPECT data will be used for radiotherapy applications. One
example application is the use of a radiotracer such as 18F-
misonidazole to identify regions of the tumor that are hy-
poxic and therefore thought to be radioresistant. Once the
hypoxic subregions are identified, an IMRT plan can be
generated to deliver a higher boost dose to these regions
(120). Such an approach, however, requires that the hy-
poxic regions be stable over the several-day timescale over
which radiotherapy is delivered. Recent data with repeated
18F-misonidazole PET scans on patients with head and neck
cancer, however, indicate that these regions may not be
stable (121). Hypoxia-derived boost radiation may still be
possible but would have a smaller impact than it might if
these regions were stable (122). A wide range of hypoxia-
imaging agents is under study, and it remains unclear
which, if any, will contribute beneficially to tumor imaging
and treatment planning with PET/CT.

CONCLUSION

Radiotherapy planning has traditionally relied heavily on
CT. Increasingly, 18F-FDG PET/CT is also being incorpo-
rated into the treatment-planning process and promises to
improve the ability to confidently identify regions of
disease. Though there are numerous technical and biologic
challenges to deploying 18F-FDG PET for these purposes, it
is in fairly common use at least for most of the disease sites
discussed in this article. As radiation oncology moves
toward hypofractionated stereotactic body radiotherapy
for many sites, the role of 18F-FDG PET will continue to
evolve and provide additional benefit. It should also be
recognized that although it appears obvious that the supe-
rior tumor detection capability of PET and its superior
specificity for excluding tumor should translate into better
patient outcomes, we lack comparative randomized trials in
which PET is used, or not used, in the planning process.
Such studies, though difficult, would be of great interest as
the use of PET/CT expands into more applications based on
its superb diagnostic performance.
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