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echnical Aspects of Positron Emission
omography/Computed Tomography Fusion Planning

acqueline Brunetti, MD,* Allan Caggiano, MS,† Benjamin Rosenbluth, MD,†

nd Charles Vialotti, MD†

Emerging technologies in radiation therapy computers and delivery systems allow surgi-
cally precise conformal radiation treatment that was not possible with previous generations
of equipment. The newest treatment systems can compensate for tumor target motion as
well as shape dose distributions to conform precisely to delineated target volumes. These
sophisticated technologies now drive the development of imaging modalities able to
generate equally high-resolution and lesion-specific roadmaps that are the foundation of
these highly accurate radiation plans. Positron emission tomography/computed tomogra-
phy (PET/CT) is currently becoming a routine imaging tool for radiation oncology because
of its combined benefits of positron imaging and high-resolution anatomic display. The
improved staging and lesion delineation provided by PET, combined with the 3D anatomic
display provided by CT, now allows better treatment stratification and more precise
targeting. Additionally, respiratory-gated 4D CT and 4D PET/CT have been used in the
simulation process for respiratory-gated radiation therapy. Successful integration of
PET/CT into the radiation therapy planning process requires an understanding of how
therapy plans are derived and the process by which the patient receives therapy, because
these dictate the method of image acquisition. The radiation oncologists, too, must under-
stand the technology of positron imaging to adapt these functional images based on
intensities rather than pixels to their targeting process. Modifications to the PET/CT
scanner and room are necessary to image the patient in the reproducible position required
for treatment planning. Although the impact of these efforts on patient outcome has yet to
be determined, the benefit of better treatment choice, due to improved staging, and more
precise targeting with less normal tissue exposure resulting in improved quality of life will
likely promote PET/CT to the gold-standard for targeted therapies.
Semin Nucl Med 38:129-136. © 2008 Published by Elsevier Inc.
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ultimodality imaging in radiation therapy planning
combines two or more imaging technologies to provide

omplementary data, enabling tumor targeting in a manner
ot possible with a single modality. Anatomic imaging with
omputed tomography (CT) or magnetic resonance imaging
an be fused with the functional information provided by
ositron imaging or magnetic resonance spectroscopy to opti-
ize tumor delineation. Consequently, anatomic-biologic tu-
or targeting achieved with positron emission tomography

PET)/CT is fast becoming an accepted and routine clinical tool
n radiation therapy planning. With continuing innovations in
ET/CT technology and the increasing availability of these scan-
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ers, integration into the radiotherapy work-flow is now easily
chievable. It is the unique combination of improved staging
ccuracy and tumor delineation that is provided by PET/CT,
owever, that is making this modality a requisite for state of
he art therapy planning. Current radiotherapy planning sys-
ems have the capability of integrating and manipulating ex-
raordinary amounts of 3-dimensional data to produce sur-
ically precise dose targeting and delivery to the tumor bed.
oreover, with the introduction of image-guided radiation

herapy (IGRT), a technology that permits inter- and in-
rafractional beam alterations based on tumor motion, confi-
ence and accuracy in targeting is crucial.
Although sufficient outcome statistics have yet to be accu-
ulated, the value of incorporating PET/CT in the radiother-

py planning process is clearly established in lung and head
nd neck malignancies.1-7 Published data also suggest im-
rovements in the imaging of esophageal, rectal, and cervical

ancers.8-11 Benefits derived from PET/CT simulation arise
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130 J. Brunetti et al
rom more precise delineation of the primary tumor target
nd include target volume changes resulting from more ac-
urate detection of local nodal disease. An additional advan-
age of optimized target definition is decreased radiation dose
o the adjacent normal tissues. It is the superimposition of the
umor metabolic activity on its exact anatomic location de-
icted with CT that is the key to achieving the full impact of
he current high-precision radiation therapy delivery sys-
ems. With focused delivery methods, such as intensity-mod-
lated radiation therapy and IGRT, it is possible to increase
he therapeutic ratio, ie, maximize the dose to tumor without
ncreasing toxicity to nontumor-bearing tissue.

Interobserver variability in tumor contouring among radi-
tion oncologists is known to be a factor that may adversely
ffect a radiation plan.12 A distinct decrease in inter- and
ntraobserver observer variation in tumor contouring is seen
ith the introduction of functional PET imaging in radiation

imulation.13,14 The conventional approach of CT simulation
or tumor targeting may introduce geometric uncertainties
nto a radiation plan because of difficulties in determining
umor margins, (eg, a nonsmall-cell lung cancer within a
egment of atelectatic lung), and because of the limitations of
ross-sectional CT in the identification of tumor-bearing lo-
al lymph nodes. PET images registered, or fused, with CT
mages enhance the contouring process by providing radia-
ion oncologists with a “metabolic target.” Fox and coworkers
howed more consistent contouring among radiation oncolo-
ists with computer-fused images rather than with simple
isual comparison of side-by-side images. When comparing
he tumor volumes independently contoured by 3 radiation
ncologists, the authors found a greater concordance among
he physician’s target delineations of nonsmall-cell lung can-
er when contouring was performed on registered images
ersus when contouring was performed on CT with the PET
mages displayed on a separate workstation.15

asics of Tumor
argeting and Planning

o understand the full impact of combined anatomic-bio-
ogic imaging in radiation therapy planning, it is necessary to
ave a basic understanding of how radiation targets are de-
ned and how therapy plans are developed.16-18 The visual
xtent of the primary tumor as depicted on CT is termed the
ross tumor target, or GTV. With the introduction of func-
ional imaging the concept of biologic target volume or BTV
as been introduced (Fig. 1).19-21 To compensate for sus-
ected microscopic spread of tumor, a 1- to 2-cm expansion,
ermed the clinical target volume (CTV) is added to the GTV.
he size of this added volume is based on pathologic and
hysiologic data of microscopic tumor infiltration and tumor

ocation. The final volume, the planning target volume, PTV,
s a further expansion of the CTV compensate for voluntary
nd involuntary patient motion, uncertainties regarding mi-
roscopic disease and day to day inaccuracies that relate to
atient positioning (Fig. 2). The PTV excludes defined re-

ions that identify the normal surrounding tissues, ie, the r
rgans at risk. These are tissues that are radiation sensitive
nd exposure in the treatment field will result in posttreat-
ent morbidity. Therefore, these organs at risk, the spinal

ord, bladder, rectum, lung, heart, kidneys, and salivary
lands, are delineated on the treatment planning computer
y the radiation oncologist and dosimetrist to be excluded
rom the treatment field. The final radiation plan is then
omputer generated on an inverse determination of the max-
mal allowable dose to the normal tissues. In this way, the
adiation oncologist prescribes the maximal allowable dose
o the normal tissues and this dose then determines the max-
mum radiation dose that can be delivered to the tumor target
Fig. 3).

adiation Therapy Simulation
maging tools for radiation planning have evolved from sim-
le visual inspection and manual palpation of the late 19th
entury to current complex three dimensional renderings
hat create a virtual patient model from which multiple beam,
olumetric plans are derived. Regardless of the complexity of
he imaging used, there are certain key components of the

igure 1 (A) Axial fused image from a PET/CT performed for radia-
ion therapy planning, displayed on the RT workstation for a patient
ith nonsmall cell lung cancer. The red contour defines the margins
f the mediastinal malignancy, the GTV, or BTV. The lungs are
ontoured to identify normal radiosensitive structures. (B) A 3D
isplay of the same patient displays the relationship of the radiosen-
itive lungs to the mediastinal tumor target emphasizing the impor-
ance of the relationship of the metabolic activity to the 3D anatomy.
adiation therapy simulation process that are critical in en-
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Technical aspects of PET/CT fusion planning 131
uring that the target will receive the prescribed dose. Of
aramount importance is the ability to image the patient in
he exact position in which therapy will be delivered. The
imulation process generally involves the fluoroscopic or CT
dentification of the tumor location and the placement of an
nterior and lateral setup field. The point of intersection of
hese fields is to the center of rotation of the linear accelera-
or, the isocenter. Indelible reference points are placed on the
atient’s skin that will be aligned with wall-mounted lasers to
nsure the patient position is unchanged with each daily
reatment. Immobilization of the patient is achieved by the
reation of a variety of patient-specific devices, such as ther-
oplastic molds, alpha cradles and vac-loc bags, within
hich the patient will be placed for each therapy session. All
reparation and therapy is performed with the patient on a
at table and the immobilization device locked in the same
osition on the table. For each daily treatment session, pa-
ient position is confirmed with portal radiographs or on-
oard imaging such as cone-beam CT or KV imaging, gener-
ted directly from the linear accelerator.

ET/CT Simulation
PET/CT performed for radiation therapy planning is a lim-

ted examination of 1 to 2 table positions, ensuring adequate
overage of the area to be targeted. This may be acquired as a
eparate examination, or, performed as part of a whole-body

Figure 2 Multidimensional display from the RT worksta
peritoneal metastases in a 63-year-old patient with recur
blue contour defines the 3D expanded CTV, and the tu
can, if the patient can tolerate immobilization for the whole m
ody acquisition time. After patients undergo an overnight
ast, they are injected with a standard dose of 15 to 20 mCi
555 to 740 MBq) 18F-fluorodeoxyglucose (FDG) before or
fter isocenter determination and fabrication of the appropri-
te immobilization device. If department efficiency and per-
onnel requirements dictate that the first part of the simula-
ion is to follow tracer administration, the time interval of the
ptake period will be dictated by the length of time required
or the first part of the simulation. A minimum period of 30
inutes quiet uptake time with the patient placed on a

tretcher or reclining chair, however, is required to allow
ufficient tracer blood-pool clearance to prevent excessive
uscle uptake resulting from patient motion.22

To optimize the utilization of a PET/CT scanner for radia-
ion planning, several technical requirements need to be sat-
sfied. They introduce into the PET/CT scanner environment
ey components of the radiation therapy simulation process.
ositioning lasers are installed on the ceiling and both oppos-

ng walls of the PET/CT scanning room. These lasers are sited
ccording to the PET/CT gantry isocenter. The PET/CT scan-
er is equipped with a flat table that can be locked in place in
he scanning bed. The table, marked with numerical position
ndicators, can accommodate the fixation of the various im-

obilization devices. For the PET/CT simulation session, the
atient is positioned on the flat table as he or she would be
ositioned for therapy. This positioning is achieved by align-

monstrates the 3D contours defining pelvic and retro-
dometrial cancer. The red contour defines the GTV, the
contour delineates the further expanded PTV.
tion de
rent en
ent of the isocenter markers with the laser cross-beams and
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132 J. Brunetti et al
orrelated with the table position, thus duplicating the treat-
ent position. The positioning function may be performed

y both the radiation therapy technologists and by trained
ET/CT technologists. Because these technologists are work-

ng at close range with patients who have been injected with
positron emitter, close monitoring of exposure and strict

dherence to ALARA principles are warranted.
The actual acquisition parameters for the simulation PET/CT

ill be dependent on the scanner used. Although the optimum
T slice thickness for radiation therapy simulation is 1.25 to 2.5
m, CT slice thickness will default to 4.25 mm to match the

ET slice thickness to facilitate fusion of the PET and CT images.

espiratory-Gated Radiation
herapy: 4D PET/CT Simulation
umor targets in the thorax and upper abdomen move with a
atient’s respiration, in some cases, as much as 2 to 3 cm in
he cranio-caudal direction.23,24 The superior and inferior
argins of treatment fields, determined by static conven-

igure 3 IMRT plan defined on fused PET/CT axial (A) and sagittal
B) displays for a patient with head and neck squamous cell cancer,
olor coded to indicate radiation dose. The therapeutic dose, red, is
ocalized to the PET-positive primary tumor. The regions of the
ight parotid and spinal cord are exposed to levels less than 20% of
he prescribed tumor dose, well within tissue tolerances.
ional imaging that displays tumor location at only one time o
oint, are estimated to encompass assumed target motion
nd typically translate to at least a 2-cm expansion of the
TV. Because of the uncertainties of tumor position during

he respiratory cycle, radiation oncologists have had, in the
ast, no alternative but to treat larger volumes of normal
issue resulting in higher likelihood of damage to the struc-
ures in close proximity to the tumor. Much more critical is
he potential undertreatment of the edges of the tumor, be-
ause it may move beyond the prescribed boundaries of the
adiation field.

Respiratory-gated RT (RGRT), one of a number of emerg-
ng technologies referred to as IGRT, is a treatment technique
hat synchronizes the delivery of the therapeutic radiation
ose to a selected phase of the patient’s respiratory cycle,
ither end-inspiration or end-expiration. With the target vol-
me minimized, normal tissue exposure is reduced and a
reater dose to the tumor target may be possible.25-28 This
echnique requires simulation imaging that can provide the
patial and temporal information necessary to develop ther-
py plans that target a lesion at a predetermined phase of the
espiratory cycle. Breath-hold CT, respiratory-gated CT (4D
T), or respiratory-gated PET/CT (4D PET/CT) can be used

or this purpose.29 There is not one optimal method yet iden-
ified as most appropriate for RGRT. Some patients are phys-
cally unable undergo a respiratory-gated imaging session,
nd simple breath hold methods can prove effective. Lorchel
nd coworkers, evaluated end-inspiration, end-expiration,
eep inspiration, and free-breathing spiral CT scans for sim-
lation imaging of 8 patients with esophageal squamous cell
ancer. The authors compared the dose volume histograms
or the PTV and the organs at risk for each conformal radia-
ion plan. The found that the radiation dose to the heart and
ungs was less with RGRT plans developed with deep inspi-
ation breath-hold and end-inspiration breath hold in com-
arison to plans derived with free-breathing CT.30

The 4D imaging is a sequential set of 3D imaging studies
roken into groupings by some external signal, called the
urrogate signal. This signal may be an external marker block
laced on the patient’s chest or abdomen, a spirometer tidal
olume measurement, or other methods that can correlate to
he phase of respiration and indirectly, the tumor’s location.
here are 2 different types of gated imaging that may be
erformed for these studies. Prospectively gated imaging al-

ows the imaging device to accumulate data only during the
eriod of interest by triggering the acquisition to occur when
he surrogate signal is at the proper position or time. Retro-
pective gating resorts multiple scans obtained over the entire
espiratory cycle into bins based on the surrogate signal’s
osition or time. Another subdivision of these types of imag-

ng is the choice of whether one wants to use the position of
he surrogate signal (called amplitude gating) or the periodic
elationship between inhalation and exhalation (assuming
hat the patient is being prompted to reproducibly breathe in
nd out). This type of gating is called phase gating.

The imaging protocol for 4D imaging consists of many
teps necessary to assure proper patient selection and repro-
ucibility and will be dictated by the technology and method

f the delivery system. In our institution, 4D PET/CT images
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Technical aspects of PET/CT fusion planning 133
re acquired using the same technology that produces the
espiratory signal for radiation delivery. The first step in the
rocess is done during the initial simulation of the patient. At
his time, the patient is placed in the treatment position, a
ustom immobilization device is constructed, and a passive
arker block is placed on the chest or abdomen. This marker

lock will serve as the surrogate signal for both the imaging
nd treatment sessions. A patient gating assessment is then
erformed to determine whether the patient can perform the
ecessary inhalations and exhalations for the gated imaging
ession and treatment. The patient is coached during multi-
le respiratory cycles, during which an audio prompt in-
tructs the patient to breathe in and breathe out at a set time
nterval. If fluoroscopy is available, it can also be helpful in
pproximately assessing the extent of tumor motion. The
maging and treatment sessions can last 6 to 8 minutes and
an be difficult for some patients to comply with the repeti-
ive breathing commands. For patients that cannot perform
any breaths in succession, breath hold methods may be

equired.
For the 4D imaging session, the same injection and

ptake protocol previously described for the PET/CT sim-
lation is used. The patient is placed in the immobilization
evice created previously and put into the same audio
rompting that was determined during the breathing as-
essment. The 4D PET is performed using 1 bed position
ith the imaging being triggered by the external gating

ystem (prospective gating) for a total time of 6 to 8 min-
tes of imaging time. After processing on the PET recon-
truction console, a set of 5 to 10 PET studies is created.
he next step is the 4D CT imaging session, which consists of

he same patient position and breathing prompts as the 4D PET.
cine CT acquisition is performed (imaging time is 4-5 min-

tes) with the gating system recording the marker block position
nd time for later use (retrospective gating). This imaging ses-
ion results in a CT scan with 1,500 to 2,500 images that were
aken sequentially but the position or time relative to the
atient’s breathing cycle is not known. This cine CT data set

s then transferred to the CT simulation computer, which has
pecial software loaded that “marries” the cine CT data set to
he surrogate signal of the patient and re-sorts the cine CT
nto a series of sequential CT sets based on the patient’s
urrogate signal.

ata Transfer
he acquired PET and CT images acquired during the simu-

ation session are exported separately from the PET/CT work-
tation to the radiation therapy workstation or virtual simu-
ation station. The procedure for data transfer of 4D PET/CT
ill be specific to the vendor. DICOM compatibility between

he PET/CT scanner and the radiation therapy workstation is
n important requirement to ensure seamless transfer of data
rom the PET/CT to the workstation. Logistical issues arise in
nstances in which imaging is being performed in a location
emote to the radiation oncology department and in these
nstances transfer of separate digital PET and CT images can

e accomplished via network connections or hard copy disc. f
ommercially available software provides the capability to
use PET/CT data that was performed at an earlier date to a
ewly acquired simulation CT. In addition, some planning or
irtual simulation systems have the ability to allow a previ-
usly acquired PET/CT to be reformatted in the same geom-
try as a new simulation CT to allow fusion of the old and
ew data sets. Such software can be invaluable in instances
here reimbursement issues prohibit a PET/CT simulation

can due to a prior recent PET or PET/CT study having been
erformed for diagnosis or staging.

ontouring
espite the wide acceptance of PET/CT by the radiation ther-
py community, the actual integration of PET images into the
umor target contouring process has been problematic. The
ower resolution and poorly defined lesion edges inherent in
ositron images introduce uncertainty, compounded not
nly by variation and heterogeneity in lesion metabolic activ-
ty but also by the effects of display intensity that can artifi-
ially alter lesion size and conspicuity (Fig. 4). Visual inter-
retation of PET images by an experienced nuclear medicine
hysician who then sets display intensity for contouring is
ne approach. Another approach is to use the PET data to
irect contouring of CT image set. This is typically achieved
n a PET/CT workstation and exported to the radiotherapy
lanning computer. Recently, has it become possible to con-
our the fused data sets, ie, color-displayed PET overlaid onto
T image, and this practice is the one most often used at our

nstitution.
In facilities where contouring is performed on the radia-

ion therapy treatment planning computer, this task is fur-
her complicated by the inability of the planning software to
isplay SUV data, because voxels of PET activity are con-
erted to intensity levels. In an attempt to address these prob-
ems, several authors have devised methods to automate and
tandardize the PET display by various methods of thresh-
lding lesion SUVmax. The effect of size on threshold is re-
orted by Davis and coworkers, in a phantom study of a
odel-based method developed to determine a relative

hreshold level (Th(rel)) that assumes a uniform signal from
he lesion and the surrounding tissues and then generates a
olume based on this threshold.31 The (Th(rel)) of 41 � 2.5%
f background subtracted signal best approximated the true
ource diameter and was constant for diameters greater than
r 12.5 mm. For source diameters less than 12.5 mm, the
1% (Th(rel)) overestimated the diameter based on a factor
hat was diameter dependent.

PET-based tumor volumes are strongly affected by the
hoice of threshold and will result in significant changes in
arget radiation dose. Ford and coworkers, applied an auto-
ated contouring function based on progressively greater

hreshold levels to the coregistered PET/CT images of eight
ead and neck cancer patients and to a phantom containing 6
DG-filled spheres.32 Intensity-modulated radiation therapy
nd boost plans were developed for all GTVs. The authors

ound a significant effect on GTV volume as a result of choice



o
e

s
t
m
a
d

t
o
s
l
G
T
a

134 J. Brunetti et al
f threshold level. This translated into significant dosimetric
ffects resulting from the volume alterations.

A software program that generates contours based on le-
ion and background intensities has been developed by Nes-
le and coworkers.33 The authors report a comparison of 4
ethods of determining GTV for nonsmall cell lung cancer

nd found that GTV40 had the poorest correlation with GTV

Figure 4 Axial images from a PET/CT performed on a p
metastatic to right cervical nodes. The PET/CT is obtain
of platinum-based chemotherapy. (A) the axial CT imag
the sternocleidomastoid muscle. (B) the fused PET/CT w
activity to approximate the CT boundaries of the mass.
metabolic activity beyond the actual anatomic margins.
erived from CT in well-defined lesion. The authors suggest i
hat as substantially different volumes will result from vari-
us threshold contouring programs, more complex, system-
pecific algorithms should be investigated. To date, pub-
ished data are limited in that comparisons of derived PET
TVs are with either CT or FDG-filled phantom spheres.
here is only one published article in which authors evalu-
ted the relative accuracy of PET-based volumes in compar-

with squamous cell cancer of the right pyriform sinus,
restaging and RT planning after completion of a course
lays residual tumor in the right cervical region, deep to
T intensity set at a low level demonstrates the metabolic
e same image set with high PET intensity, expands the
atient
ed for
e disp
ith PE
(C), th
son with other imaging modalities using surgical specimens
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Technical aspects of PET/CT fusion planning 135
s the gold standard. Daisne and coworkers, using propri-
tary software, retrospectively delineated FDG-PET–based
TVs, CT-based GTVs, and magnetic resonance imaging-
ased GTVs for pharyngolaryngeal squamous cell tumors.34

ET contours were derived automatically using a segmenta-
ion algorithm, based on the relationship between source to
ackground. The authors report that the GTV derived from
he FDG-PET images most accurately matched the volumes
f the surgical specimens.
The issue of edge inaccuracies in PET-based contouring

f GTVs may be a moot point at this time. With routine
herapy plans, CTV and PTV contours are added to the
TV that more than cancel any PET edge inaccuracy.
owever, with the development of increasingly complex
lans that correct for motion, ultimately including stereo-
actic body radiosurgery therapy, as well as multidimen-
ional plans targeting intratumoral variations in a molec-
lar environment, such millimeter accuracy is critical. The
evelopment of proven, commercially available auto-
ated edge-detection software that can compensate for

umor size and heterogeneity will become invaluable to
nhance both accuracy and efficiency.

onclusion
ntegrating PET/CT fusion imaging into an already-estab-
ished radiation oncology program can be challenging be-
ause of technical, administrative, financial, geographic,
nd personnel issues. The interdisciplinary nature of this
pproach requires cooperation at multiple levels between
maging and radiation oncology departments. With the
romise of new radiopharmaceuticals that can better de-
ne cellular activity and hypoxia, the fruits of this effort
ill contribute toward the ultimate goal of individualized

ancer therapies based on patient and tumor molecular
haracteristics.
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