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Upon completion of this activity,
participants should be able to:

e Discuss the role of PET and
PET/CT for radiation
therapy planning.

e List the benefits of
incorporating PET data into
the treatment planning
process.

e Describe the requirements
for having PET in a radiation
oncology center.

e Explain current state-of-the-
arttechnology for PET and
PET/CT imaging.
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Radiation Therapy Planning

By Yusuf Emre Erdi, D.Sc., and Heiko Schoder, M.D.

T is the conventional imaging modality

for radiation therapy planning (RTP),

but the ability of PET to provide voxel-
by-voxel lesion identification, detect unsus-
pected metastasis, and monitor treatment
response has made whole-body PET imaging
using fluorine-18 FDG an important tool for
RTP." Preliminary studies indicate that in head
and neck, lung,
rectal, and gyne-
cologic cancer
patients whose
radiation thera-
py was previous-
ly planned with
CT-only images,
incorporation of
PET data would
have influenced
target volume lo-
calization in 56%
of cases,” with
the most signifi-
cant changes oc-
curring in rectal
cancer.

Much of the
interest in PET
and its influence
on target vol-
ume delineation
has focused on

the treatment of lung cancer. PET has led to
changes in radiotherapy treatment plans for
about 43% of patients with non-small cell lung
cancer (NSCLC)."* Treatment plans for about a
quarter of those patients required increased
treatment fields, as parts of the tumor would
have been missed if PET data were unavailable,
resulting in local failure.

Figure 1. Wire diagrams showing PTV delineated from CT (white) and from CT+PET (gray) for patient #1. Involved para-
tracheal lymph nodes detected on PET scan are included into the PTV. (Reproduced with permission from reference 1)
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Figure 2. Isodose lines show dose distributions with CT-only planning (A), and PET+CT planning (B).

Before 2001, the incorporation of PET
data into the RTP process required manu-
al or automated image registration algo-
rithms. This process involved registration
of simulation CT images with rod/point
(gallium-68 or cesium-137) source-based
transmission images of PET, applying the
registration transformation to color-
washed PET emission images. Even
though some algorithms were very suc-
cessful at providing high image registra-
tion accuracy between PET and CT data
sets,” image registration in the body other
than the brain is problematic because of
differences in patient positioning, scanner
bed profiles, and involuntary movement
of internal organs.

An alternative to the software registra-
tion approach is a scanner that acquires
both functional (PET) and anatomical
(CT) images during a single session: a
fusion of technologies rather than of
images. Consequently, there has been a
technological breakthrough in clinical
PET and CT scanning by combining both
modalities using a common bed and a
combined PET and CT gantry."

Following the initial work of Town-
send et al, combined clinical PET/CT
scanners became a reality at the beginning
of the 21st century, and in the last two
years PET and PET/CT sales have dou-
bled." The chief advantages of the hybrid
imaging method are twofold: PET/CT
offers faster throughput, reducing scan-
ning time for comparable image quality
by about half, and CT permits markedly
improved anatomic correlation of the
PET scan findings. These advances in
hybrid imaging bring definite advantages
to RTP. In some patients who were
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thought to have a localized disease, PET
or PET/CT can identify hypermetabolism
in lymph nodes (or second primary carci-
noma), detecting an early spread of dis-
ease that was not diagnosed with previous
CT scans. Radiation oncologists, using
these findings, can revise treatment plans
to incorporate active lymph nodes in the
radiation beam field.'

PET/CT will also play a major role in
intensity-modulated radiation therapy
(IMRT). The increased sensitivity and
specificity of combined scanning” in
detecting and defining the target make it
possible to prescribe higher doses of
IMRT while sparing normal tissue that
surrounds the target. This will increase
the confidence of the radiation oncologist
about raising doses. PET can also be used
to monitor treatment response during or

after radiotherapy,® assisting in the deci-
sion whether to continue the current reg-
imen or move on to resection.

Lung, head and neck, and lymphoma
cancers are the initial sites already incor-
porated into RTP. While the indications
are expanding to include other sites,
PET/CT hybrid images are also used to
understand the nature of lesion motion
due to respiration in lungs by acquiring
gated (4D) PET scans.” These scans will
lead to improved margin definition,
allowing tighter treatment margins and
lower doses for normal tissues."

COMBINED PET/CT SCANNERS
Biograph and Reveal are manufactured by
CPS Innovations and marketed by
Siemens and CTI, respectively. Both bis-
muth germanate (BGO) and lutetium
oxyorthosilicate (LSO) crystal combina-
tions are available for biograph and
Reveal scanners. They are 3D only (with-
out retractable septa) PET scanners com-
bined with a multidetector Somatom
Emotion or Sensation CT system. Dis-
covery LS and Discovery ST are manufac-
tured by GE Medical Systems; both are
BGO-based 2D/3D PET scanners com-
bined with a multidetector LightSpeed
CT. Gemini is a Philips PET/CT system
that combines gadolinium oxyorthosili-
cate (GSO)-based 3D PET with the
Philips MX8000D multidetector CT scan-
ner and provides an open system in which
PET and CT units are separate and can be
used individually.

Many PET/CT units are being in-
stalled, rather than dedicated PET units,
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Figure 3. DVHs for PTV (A) and left lung (B) for patient #1. Cone-down plan was not modified after the inclusion of PET
data, so that 35-Gy DVH for PTV is same for PET+CT and CT. Since the PTV increased about 95 cm® to include paratra-
cheal nodes, left lung dose also increased with PET+CT plan. (Reproduced with permission from reference 1)
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Figure 4. A: Planning CT of patient #2. B: Registered PET scan at same location as CT scan. White is target region, and
light gray line shows PTV to 54 Gy determined from CT images. Dark gray is boosted PTV volume based on CT+PET
images. C: Patient is in treatment position ready to be scanned with PET.

because of their improved throughput
and interpretation advantages. However,
current PET/CT units are not ready to
function as a fully integrated PET/CT
simulator for a radiation oncology de-
partment. A fully developed PET/CT
simulator should make the width of the
patient port as large as possible, so that
patients with special immobilization
devices during the RTP simulation pro-
cedure can fit through the PET/CT
gantry.

Another important consideration is
the placement of lasers in the room, such
that the accuracy of the isocenter place-
ment is not compromised. Since the loca-
tion of isocenter in CT images correlates
with the room coordinates, the manufac-
turer should be responsible for providing
a PET/CT simulation system calibrated to
the room coordinates.

Gating capabilities for respiration and
ECG should be provided with system
hardware and software to accommodate

involuntary patient motion. Special pro-
visions for claustrophobic patients, such
as a mirror in the gantry, can minimize
voluntary patient motion artifacts.

Treatment planning software must be
able to incorporate PET data acquired
with the combined scanner. This can
preferably be done by using DICOM
object definitions developed for PET, but
our experience shows that different ven-
dors implement slightly different DICOM
object models. For example, one vendor
uses Bq as a unit of activity, while the
other one uses MBq, which may yield dif-
ferent standardized uptake values (SUV)
on the order of 6.

The user should be able to contour the
target volumes and the critical organs in
both CT and PET data simultaneously
and visualize and evaluate the plan (e.g.,
dose-volume histograms, normal tissue
complication probabilities) with and
without the incorporation of the PET
data. Since PET volumes displayed on the
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screen can be made large or small by
changing the display window/level set-
tings, robust volume segmentation tools
for PET data are essential in the new
treatment planning systems. These tools
should provide intelligent manual and
automated image segmentation capabili-
ties, so that PET lesion and organ vol-
umes can be estimated as accurately as
possible. Automated methods should
allow manual tweaking to validate the
final result. Current PET/CT units are
close to having fully developed PET/CT
simulators.

RTP WITH PET
The following are examples of how PET
can affect RTP:

« Patient #1. Eighty-one-year-old wo-
man with NSCLC. CT scans revealed a 6 x
4-cm right lower lung mass with sur-
rounding bronchiectasis. The FDG-PET
scan showed increased activity in left
upper/lower paratracheal lymph nodes,
which was not detected by CT imaging.
The treatment field was expanded to
include the paratracheal lesions detected
by PET (Figure 1). This additional vol-
ume was about 95 cc, and inclusion of
this volume into the planning target vol-
ume (PTV) significantly affected the dose
distribution (Figure 2) and dose-volume
histograms (DVHs) of the lesion and left
lung (Figure 3).

* Patient #2. Forty-three-year-old man
with locoregional recurrence of papillary
thyroid carcinoma. Patient demonstrated
increased dyspnea at one year postsurgery
and was treated with 150 mCi of I-131.
Post-therapy PET scans showed a mass
around the trachea with SUV . ~ 20.I-
131 therapy of 200 mCi was followed by
IMRT. A dose of 70 Gy to the boost-GTV
(gross target volume) was defined (Figure
4 A and B) with the aid of PET scan
acquired in the treatment position
(Figure 4C).

RTP BEYOND FDG-PET
The use of PET in cancer imaging is not
limited to FDG. PET tracers have been
developed that are targeted to cellular
proliferation,” gene expression,' protein
biosynthesis,” and hypoxia, or lack of
oxygenation in the cell."” Although these
tracers have not yet reached routine clini-
cal implementation, initial studies that
incorporate hypoxia PET images into the
RTP process have been published.”
Hypoxia has long been implicated as a
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negative prognosticator for local control
after radiotherapy and/or primary
surgery. This suggests that hypoxia may
cause radiation resistance. Thus, detect-
ing and accurately quantifying oxygen
levels in human tumors should assist in
planning to deliver more radiation to
hypoxic cells and may affect outcome
predictions for tumor treatment with
radiation. Interest has grown in PET
quantification of tumor hypoxia using
radiotracers such as F-18 MISO, cop-
per-60 ATSM, and I-124 AZG.”

Rasey et al* analyzed 37 patients
diagnosed with NSCLC, head and neck,
prostate, cervical, rectal, metastatic
breast, thyroid, and metastatic renal cell
carcinoma. This study showed the
potential of F-18 MISO (fluo-
romisonidazole) to detect and quantify
hypoxia in human tumors, and lack of
homogeneity in the spread of hypoxia
within the tumor. Comparison between
the tumor volume determined with CT
and the fraction of hypoxic volume
showed no correlation.

In another study, Chao” explored the
feasibility of delineating the hypoxic
gross target volume (hGTV) identified
by diacetyl-bis(N(4)-methylthiosemi-

carbazone) (ATSM) among the lesion
cells, and then escalating the dose to the
hypoxic region by Cu-ATSM-guided
IMRT. The feasibility of such an appli-
cation was shown in a patient with
locally advanced squamous cell carcino-
ma of the right tonsil/base of tongue
metastasizing to the neck node. This
type of evaluation of the dose needed to
overcome hypoxia is an intriguing sub-
ject of future clinical research.

FUTURE

Developments in RTP will be shaped by
innovations in in vivo characterization
and measurement of biological process-
es at the cellular and molecular levels.
PET will play an active role in providing
these molecular imaging techniques for
refining the definition of radiation
beams in RTP and incorporating multi-
ple-tracer uptake data sets to generate
biological target volumes.”

One area of investigation is imaging
of tumor hypoxia to provide the oppor-
tunity to visualize and localize radiore-
sistant tumor cell populations and
selectively target these using IMRT.
Other areas of interest are various
tumor-targeting agents, gene imaging,

and different positron emitting radio-
tracers to improve the characterization
of target cells. Technological advances,
such as ability to acquire gated PET
scans, will improve the accuracy of
target cell characterization. Once the
target cells are identified, heterogeneity
of tracer distribution in the target may
lead to generation of complex plans,
which can incorporate multiple targets
in the same volume. Those targets will
enable the increase of delivered dose to
the lesion while minimizing the dose
delivered to normal tissue.

With the advances of biotechnology
and computers, it will become possible
in the near future to give a cocktail of
tracers to patients and scan them with
multiple imaging modalities at the same
time. This will generate multidimen-
sional information, which can then
be handled with radiation therapy
planning systems designed to accom-
modate the flux of multimodality infor-
mation and able to generate multispec-
tral target volumes based on this infor-
mation.

Full-color images from this activity are available at:
http://www.diagnosticimaging.com/dpi/ge
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