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PET/CT for radiation therapy planning (RTP) has
been reported,’™ and it is expected that PET/CT
will play an important role in the future of RTP or
biologically guided radiation therapy (RT).%" Inte-
gration of functional PET data with anatomic CT
data should be a standard in RTP.® It remains
a challenge, however, to quantify the improvement
of simulation with PET/CT over CT in RTP because
conclusive clinical data are not yet available. Early
studies have found PET/CT has advantages over
CT and MR imaging in the standardization of
volume delineation,®'! in the reduction of the
risk for geometric misses,'? and in the minimiza-
tion of radiation dose to the nontarget organs.>* 12
Utilization of PET/CT for RTP is expected to grow
as more molecular targeted imaging agents are
developed. Today, there are more than 2000
PubMed entries that result from a search using
“PET” AND “Radiotherapy” (Fig. 1).

There are several challenges in PET/CT imaging
for RTP. The first one is lack of reimbursement for
PET/CT simulation. In the United States, each
cancer patient is reimbursable for only one PET/
CT scan before treatment, which may include
surgery, chemotherapy, and radiation therapy

(RT). This PET/CT scan is normally for diagnosis/
staging. There are no data to support PET/CT simu-
lation for NSCLC, esophageal, and head and neck
patients, who are likely to benefit from PET/CT
simulation. Most patients have their diseases char-
acterized with the help of PET/CT before RT, and
there is no reimbursement for PET/CT simulation
for RT. This has significantly limited the application
of PET/CT simulation for RT.

Patient setup and scan coverage are different
between PET/CT imaging for diagnosis/staging
and PET/CT imaging for RTP. The majority of
PET/CT scans are performed in settings for disease
diagnosis and patient management. It is typical to
scan from the orbit to the midthigh for diagnosis/
staging. The exception is head-to-toe coverage
for melanoma cancer patients. The total time for
scanning a patient is approximately 30 minutes,
including patient setup time. Patient comfort and
throughput are critical for the clinical operation. If
PET/CT is used for RT, an immobilization device
for the patient at treatment position should be
made before fludeoxyglucose F 18 ('8F-FDG) injec-
tion to reduce the radiation exposure to the staff.
After positioning the patient at the treatment
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Fig. 1. The increasing number of annual peer-reviewed publications reporting on the use of PET and PET/CT in RT
demonstrates the growing interest in PET-guided treatment planning. This graph is based on a PubMed query
using the following MeSH terms: “RADIOTHERAPY” OR “RADIATION THERAPY” AND “POSITRON EMISSION
TOMOGRAPHY". A timeline was created with MEDSUM, an online MEDLINE summary tool by MJ Galsworthy.
Hosted by the Institute of Biomedical Informatics, Faculty of Medicine, University of Ljubljana, Slovenia (www.

medsum.info.)

position, the disease area is scanned, such as the
thorax for NSCLC and the head and the upper torso
for head and neck cancer, unless the progression
of the disease has changed after the diagnosis.
Current PET/CT simulation procedures are mostly
performed for the assessment of treatment
response when RT is considered as a part of the
treatment. If a limited coverage, such as the thorax
or the head and neck area, can be prescribed for
PET/CT simulation for RT, just like the current CT
simulation for RT, the floodgate of PET/CT for RT
will be opened. The continuing adoption of PET/
CT to cover many disease indications and the
continuing decline of reimbursement coupled with
the drop of the PET/CT scanner are likely to open
this floodgate in the future.

There are many factors that could affect the
accuracy of quantification with PET/CT imaging
for RT.' The most challenging one has been
with imaging of the thoracic tumor or the NSCLC,
in which respiratory motion could have an impact
the diagnostic and staging accuracy. This review
documents the recent technical advances in the
field with special emphasis on the conceptual
role of molecular PET/CT imaging RTP and the
challenges arising from technical and physiologic
factors that still need to be addressed. Much
worthwhile research and development efforts
remain to be done and many of the techniques re-
viewed are themselves not yet widely imple-
mented in clinical settings.

NOVEL TRACERS AND TUMOR HYPOXIA

Recent advances in the development of novel
tracers targeted to other aspects of tumor bio-
logy, including cell growth, cell death, oncogene
expression, drug delivery, and tumor hypoxia,
will significantly enhance the capability of clinical
scientists to differentiate tumors and are likely to
be used to guide treatment decisions. Several
new tracers are expected to be approved and
routinely used in the coming years.'® The list of
new tracers having the potential for routine use in
the near future is long and not reviewed in this
article. Interested readers may consult recently
published reviews addressing this topic.'®"° In
certain cancers, '®F-labeled fluorothymidine may
prove to be of value in monitoring response to
therapy instead of '8F-FDG.'® This tracer,
however, does not seem optimal for diagnostic
purposes because it is insensitive for detecting
slow-growing tumors. '8F-labeled DOPA'" along
with  ®8Ga-labeled DOTA octreotide' and
124|_metaiodobenzylguanidine™ seem to have
the promise of improving the management of
patients with neuroendocrine tumors. Peptides
containing amino acid sequence arginine-
glycine-aspartate (RGD) seem to have an affinity
toward integrins that are present on activated
endothelial cells in tumors with angiogenesis.?°
18F-Galacto-RGD is a tracer developed for
specific imaging of «,B3 expression, a receptor
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involved in angiogenesis and metastasis that
proved particularly useful in patients with squa-
mous cell carcinoma of the head and neck.?
Estrogen receptor targeting agents may be used
to assess noninvasively the estrogen receptor
section of tumors in vivo by '®F-labeled estrogen
analogues, such as fluoestradiol.?> Angiogenesis,
the formation of new vessels, is the target of
a multitude of novel therapies and drugs. There-
fore, direct visualization of this biologic response
to tumor hypoxia and cell proliferation will be of
great importance in developing these drugs.
Peptides containing amino acid sequence RGD
seem to have an affinity toward integrins that are
present on activated endothelial cells in tumors
with angiogenesis.?® Apoptosis or programmed
cell death can be imaged with radiolabeled Annex
V to monitor response to therapy in cancer.?®

Agents that measure regional hypoxia in malig-
nant tumors (eg, FMISO, '8F-EF5, and %*Cu-
ATSM) and possibly in some benign disorders
will be frequently used,?* especially in the context
of RTP.2 Tissue hypoxia is a pathologic condition
in which a region of the body is deprived of
adequate oxygen supply and is a major constraint
for tumor treatment by RT. The efficacy of ionizing
radiation directly relies on adequate supply of
oxygen to the targeted tumor. As a tumor grows,
it needs oxygen in order to survive. Although the
tumor develops new blood vessels by a process
of angiogenesis, these new vessels are typically
less extensive than in normal tissues. As a result,
the tumor cells do not receive adequate oxygen
from the blood, leading to hypoxia and leaving
portions of the tumor with regions where the
oxygen concentration is significantly lower than
in healthy tissues. Hypoxic tumor cells are usually
resistant to RT and chemotherapy, but they can be
made more susceptible to treatment by increasing
the amount of oxygen in them. Furthermore,
hypoxia is related to malignant progression,
increased invasion, angiogenesis, and an
increased risk of metastases formation.?® There
are three distinct types of tumor hypoxia®”: (1)
perfusion-related (acute) hypoxia, which results
from inadequate blood flow in tumors; it is gener-
ally the consequence of recognized structural
and functional abnormalities of the tumor neovas-
culature; (2) diffusion-related (chronic) hypoxia
caused by increased oxygen diffusion distances
due to tumor expansion; and (3) anemic hypoxia
related to the reduced oxygen-carrying capacity
of the blood.

Two different strategies can be used to over-
come the problem of hypoxia-mediated radiore-
sistance. The first strategy is to improve the
tumor oxygenation during RT. The second
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strategy is to target hypoxia as a relatively unique
feature of tumor tissue by means of drugs,
which are activated under hypoxic conditions
and act as hypoxic radiosensitizers or hypoxic
cytotoxins.2®

8F-MISO and Cu-ATSM are the most widely
used tracers in PET for their ability to demonstrate
heterogeneity and general availability.?® ®F-MISO
has relatively slow blood clearance and high lipo-
philicity contributing to significant background
activity and relatively low contrast between
hypoxic and normal tissues.?® One remedy to
this was to acquire a venous blood sample during
the course of the imaging procedure for a tumor-
to-blood ratio image to improve the contrast.
8F-MISO is able to monitor the changing hy-
poxia status of lung tumors during RT.%° Studies
in sarcoma®' and head and neck cancer®!32
have demonstrated a correlation of ®F-MISO
uptake with poor outcome to radiation and
chemotherapy.

Cu-ATSM is another promising agent for delin-
eating the extent of hypoxia within tumors. Most
Cu-ATSM studies have used the short-lived
copper Cobalt-60 ((°Cu) (half-life of 0.395 hours),
which requires an on-site cyclotron. One advan-
tage of using shorter-lived ®°Cu is the ability to
perform multiple imaging sessions in a short time
frame. To enable the transport of Cu-ATSM to
the PET facilities without a cyclotron, longer-lived
81Cu (half-life of 3.408 hours) and ®*Cu (half-life
of 12.7 hours) are alternatives. Many preclinical
studies have validated its use for imaging of
hypoxia in tumors and other tissues. One concern
with using Cu-ATSM to delineate hypoxia was that
it may be tumor dependent, and cell-line depen-
dent. It was demonstrated that there was variation
in the ®*Cu-ATSM cellular accumulation, with
uptake in normoxic cells being anywhere from 2
to 9 times lower than that in hypoxic cells, depend-
ing on the cell line. Nonetheless, ®*Cu-ATSM has
been shown highly correlated with '8F-FMISO in
an animal model.*® In human studies of lung®*
and cervical cancers,®%%6 6°Cy-ATSM can act as
a prognostic indicator for response to therapy.
In a prospective study of 14 patients with NSCLC,
a semiquantitative analysis of the ®°Cu-ATSM
tumor-to-muscle ratio was able to discriminate
those likely to respond to therapy from
nonresponders.>” A similar study in 14 women
with cervical cancer demonstrated a similar
predictive value in the tumor response to therapy.
In the same study, tumor '8F-FDG uptake did not
correlate with ®°Cu-ATSM and there was no
significant difference in tumor '8F-FDG uptake
between patients with hypoxic tumors and those
with normoxic tumors.®” '8F-EF5 is another
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promising agent,®®3° which proved useful for
noninvasive clinical assessment of hypoxia in brain
tumors.*°

PET/CT-GUIDED RADIATION THERAPY

Early attempts to use nuclear medicine imaging, in
particular PET, for RTP date back to the late
1990s.41-*8 An important contribution came from
Ling and colleagues.*® who established the
concept of biologic imaging and moved forward
the role of PET in RT, thus allowing it to enter the
clinical arena. Since that time, the technical
aspects of PET/CT-guided RT have been
described more thoroughly in the scientific
literature.®7-41-45:50-52 The success of these initial
studies prompted significant interest from the
major medical imaging equipment manufacturers,
who all have introduced commercial PET/CT scan-
ners equipped with the required accessories (flat
couch insert, positioning system, respiratory
gating, and other accessories) and software tools
(virtual simulation, visualization and segmentation
tools, support of Digital Imaging Communication
in Medicine (DICOM) RT object definition, and
other tools) for clinical use.*® The typical workflow
for PET/CT-guided RTP, usually involving two clin-
ical departments (nuclear medicine and radiation
oncology), is shown in Fig. 2.”47 With the growing

availability of large-bore dual-modality PET/CT
scanners equipped with fixed RT positioning laser
systems in the scanner room, a one-stop shop
providing diagnostic PET/CT and RTP CT scan in
only one session has become possible.”

The main motivation stimulating the use of PET/
CT in RT is the efficacy of '®F-FDG-PET imaging in
a wide variety of malignant tumors with sensitiv-
ities, specificities, and accuracy often in the high
90th-percentile range.*® In that sense, it might
provide superior visualization compared with CT
simulation, which in some cases might miss
some areas that light up on the PET study,
including the detection of distant metastases, or
shed the light on the actual lesion volume, which
might in reality be smaller on the PET study than
on the CT alone. Moreover, discrepancies between
anatomic (CT/MR imaging) and metabolic (PET)
findings are often reported in the literature where
the addition of PET has a significant impact on
patient management and changed the treatment
plans in 25% to 50% of cases.’®5%3%1 | ast and
not least, interobserver and intraobserver variability
was considerably reduced when PET information
was available for target volume delineation.®%2-5
Both state-of-the-art '8F-FDG-PET and novel PET
probes applications in the process of RTP are
discussed elsewhere” %68 and are beyond the

scope of this review.
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Fig. 2. Typical workflow for PET/CT-guided RTP where usually two clinical departments are involved (nuclear
medicine and radiation oncology). Many academic radiation oncology facilities are now equipped with combined
PET/CT scanners, which allows them to operate in complete autonomy.



Current indications for '®F-FDG-PET/CT-guided
RTP fall in two classes: established and experi-
mental. Well-established indications include head
and neck cancer, lung cancer, gynecologic
cancer, and esophageal cancer whereas experi-
mental indications comprise colorectal cancer,
breast cancer, lymphoma and malignant mela-
noma, and many other malignancies.”

CHALLENGES OF PET/CT-GUIDED RADIATION
THERAPY
Respiratory Motion

Misregistration between the CT and PET data due
to the respiratory motion in the thorax and
abdomen was reported soon after commercial
PET/CT was introduced in 2001536972 and has
been one of the most researched topics in PET/
CT. Fast gantry rotation of less than 1 second
per revolution and a large detector coverage of
greater than 2 cm enable a CT scan of more than
100 cm in the cranial-caudal direction in 20
seconds. Alternatively, it normally takes 2 to 5
minutes to acquire the PET data of every
15 cm.>*73 The temporal resolutions of CT and
PET are different: less than 1 second for CT and
approximately 1 respiratory cycle for PET. This
mismatch in the temporal resolution may cause
a misalignment of the tumor position between
the CT and the PET data and may compromise
quantification of the PET data.®® The current
design of PET/CT only matches the spatial resolu-
tions of the CT and PET data by blurring the
CT images so that the spatial resolution of the
CT images matches the spatial resolution of
the PET images. There has been no attempt from
the manufacturers to match the temporal resolu-
tions of CT and PET for a routine whole-body
PET/CT scan.

Mismatch between the CT and PET data can be
identified by a curvilinear white band or photo-
penic region at the diaphragm in the PET images.
Existence of the white band only suggests
a misregistration at the diaphragm. It is possible
to have either a good registration or misregistra-
tion at the tumor location with or without a white
band at the diaphragm. Because time is spent
exhaling than inhaling, the PET data averaged
over several minutes is closer to the end-exhale
than the end-inhale. If the CT data are acquired
near the end-exhale, then there is a good registra-
tion between the CT and the PET data. Alterna-
tively, if the CT data are acquired in or near the
end-inhale, the inflated lungs of inhale are larger
than the deflated lungs of exhale. The larger area
of the inflated lungs in CT renders less attenuation
correction in the reconstruction of the PET data
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near the diaphragm where the inflated lungs
push the diaphragm lower in CT than the average
diaphragm position in PET. The result is a white
band region identified as the misregistered region
or the photopenic region.

The rate of misregistration can be as high as
68%°7 to 84%.7° It only has an impact on 2% of
the diagnosis in a whole-body PET/CT with 18F-
FDG"* and could be false positive in 40% of the
cardiac PET/CT studies with Rubidium-82.7° In
the whole-body PET/CT for oncology, many
lesions may not be close to the diaphragm where
most misregistrations occur, and the task of diag-
nosis is generally not compromised by a misregis-
tration between the CT and the PET data. Because
the heart is right above the diaphragm, and the
diagnosis of a cardiac PET is dependent on an
accurate quantification of the PET data, a more
stringent requirement in registration is needed for
the cardiac PET/CT than for the whole-body
PET/CT. For RT, a study of 216 patients in quanti-
fication with standardized uptake value (SUV) and
gross target volume (GTV) delineation®” indicated
that 10% of the misregistrations could cause an
SUV change of more than 25%, a threshold indi-
cating a response to therapy,”® and tumors of
size less than 50 cm® near the diaphragm could
have a change of the centroid tumor location of
2.4 mm, a GTV change of 154%, and an SUV
change of 21%. More data are warranted to
assess the impact of misregistration on RT.

Fast translation of the CT table during a helical
CT scan may not eliminate or reduce misregistra-
tion between the CT and PET data. The CT images
register better between slices if the CT scanner
has at least 6 slices.”® As long as the CT scan is
conducted when the patient is free breathing,
there are always some CT slices taken at inhale
and some at exhale. The distance between the
inhale and the exhale can become longer (or
shorter) with a faster (or slower) speed helical CT
scan. Fast CT gantry rotation can help freeze the
motion and reduce motion artifacts in each CT
slice and subsequently improves the PET image
reconstruction. There is a difference between
motion artifacts in each CT slice and registration
of the CT images between slices. A fast gantry
rotation speed can help reduce the motion arti-
facts in each CT slice. A faster helical CT scan
with a higher pitch and a faster gantry rotation
speed can help improve the registration between
the CT slices. None of these can fix the problem
of misregistration between the CT and PET data.
Fig. 3 shows an example of a whole-body helical
CT scan in PET/CT with a 16-slice CT. There
were respiratory artifacts on the abdomen and
cardiac pulsation artifacts on the heart, which
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Fig. 3. An example of deriving the breathing cycle
and heart rate from the motion artifacts in a free-
breathing helical CT. There were breathing and
cardiac pulsation artifacts on the abdomen and the
heart in a free-breathing helical CT scan of pitch
1.375 to 1, x-ray collimation of 1 ¢cm, and gantry rota-
tion cycle of 0.8 second. The measured distances of
periodicity were 80.3 mm and 21.0 mm for the
breathing and cardiac pulsation artifacts, respectively.
The speed of the helical CT scan was 17.2 m/s. The
breathing cycle and the heart rate were estimated
to be 4.67 seconds and 49 beats per minute.

were not discernible in the review of each indi-
vidual CT slice. By measuring the distance
between the adjacent peaks of the respiratory
(cardiac pulsation) artifacts and dividing the
distance to the table translation speed of the
helical CT scan, the breathing cycle (the heat
rate) of the patient can be estimated. These arti-
facts were due to the respiration and heart beating
of the patient and are always with patient data. The
presentation of the artifacts depends on the speed
of the helical CT scan, however, and the breathing
patterns of a patient during the helical CT scan.
Coaching patients to hold breath in the middle of
exhale during the CT acquisition was suggested as
a way to improve the registration of the CT and the
PET data,®® and the outcomes were mixed due to
an unreliable coordination between patient and
technologist. First, the definition of midexhale is
subjective to patients. Breath hold at midexhale
can mean midexhale in either a light or deep
breathing. When a patient is asked to hold breath,
there is a tendency for the patient to want to
breathe in more air to maintain the subsequent
midexhale breath hold. Second, a technologist
has to give the breathing instruction and scan
the patient at the same time, adding to the

complexity of operation. An example is shown in
Fig. 4. More than 50% of the PET/CT data in
a study of midexhale breath holds were with
a white band at the diaphragm.®® Today most
clinics are scanning patients without any breathing
instruction. In many cases, the registration
between the CT and PET data for a patient in light
breathing is often better than the one with coach-
ing the patient to breath hold at the midexhale
position.

One approach of improving the registration
between the CT and the PET data is to bring the
temporal resolution of the CT images to that of
the PET data.®® Because PET is averaged over
many breath cycles, an average CT over 1 breath
cycle helps improve the registration between the
CT and the PET data. In this technique, the
average CT data are acquired at a very high gantry
rotation speed over 1 respiratory cycle. A scan of 4
seconds allows for 8 gantry rotations of 0.5
seconds. This is to ensure that each projection
angle can collect as many phases of data as
possible to allow data averaging over 1 respiratory
cycle. Ideally, averaging the many projections or
phases of the respiratory motion can be performed
before image reconstruction. Current CT scanners
do not have this function. Instead, multiple CT
images of high temporal resolution are recon-
structed and averaged for an average CT.%® This
is different from the slow CT scan technique with
a slow gantry rotation of 4 seconds for an average
CT, suggested by the American Association of
Physicists in Medicine Task Group 76 for imaging
the lung tumors not involved with either the medi-
astinum or the chest wall and not for the tumor of
the liver, pancreas, and kidney.%” A cine CT scan
for average CT acquires consistent data in a fast
CT rotation, and the object does not change its
position much during a fast CT rotation. Alterna-
tively, a slow scan CT acquires inconsistent data
over a slow CT scan, producing the images with
severe reconstruction artifacts due to the motion.
A patient study is shown in Fig. 5 to illustrate the
difference in image quality between the average
CT and slow scan CT at the diaphragm.

In terms of temporal resolution, average CT is
similar to the transmission map acquired with 2
to 3 rotating transmission rod sources of Germa-
nium-68 for attenuation correction of the PET
data, shown to have an excellent registration
with the emission PET data.””-"® The advantages
of cine CT averaging over transmission rod sour-
ces are (1) short acquisition time: 1 minute for
cine CT and 10 minutes per 15 cm in transmission
and (2) high photon flux and less noisy attenuation
maps. The disadvantage is higher radiation dose
(<0.83 mSv for the average CT acquired with
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Fig. 4. A breathing trace of a patient during a helical CT scan. The two places of x-ray on are shown for the scout
and helical CT scans. The patient was free breathing until a breathing instruction was given as “breath in, breath
out,” and hold your breath at midexhale. The difference between the breath-hold state and the free-breathing
state caused a misalignment between the CT and the PET data. (Reproduced from Pan T, Mawlawi O, Nehmeh SA,
et al. Attenuation correction of PET images with respiration-averaged CT images in PET/CT. J Nucl Med

2005;46:1481-87; with permission.)

10 mA for 5 s or 50 mAs and I<10 cm scanning)
compared to approximately 0.13 mSv for the
transmission rod sources.”® Average CT can be
sensitive to an irregular respiratory cycle during
the data collection. One remedy for this is to
acquire 2 respiratory cycles per table position so
that an irregular respiratory cycle can be removed
if needed. Fig. 6 shows an example. By removing
the irregularity, a normal average CT data can be
obtained. RT has embraced the use of average
CT for dose calculation,?® in particular for proton
beam therapy.®® It has been shown that the
average CT derived from cine CT is equivalent to
the average CT from 4-D CT as far as dose
calculation.®® Because most of the new PET/CT
scanners are not equipped with transmission rod
sources, average CT cans serve as an alternative
with the additional benefits in dose calculation
for RT. Fig. 7 shows an example of misregistration
between the CT and the PET data and correction
of misregistration by average CT to improve the
accuracy of quantification for diagnosis. Fig. 8
shows another example of misregistration that
caused a false-negative diagnosis and a change
of the location of the GTV for RT. In the era of
image-guided RT, when RT can deliver a very
high dose at great precision, it is important to

pay attention to any misregistration between the
PET and the CT images during tumor delineation.

Average CT was first proposed for tumor
imaging®® and subsequently for cardiac imaging.®®
Its effectiveness was confirmed by other
researchers®®8! and in several clinical stud-
ies.82785 Although cine CT is associated with high
radiation exposure for its long acquisition time, it
should be applied judicially to the area of the tar-
geted tumor with a radiation exposure of less
than 5 mGy for diagnosis and less than 50 mGy
for RT.%¢ In comparison, the exposure of a typical
diagnostic CT scan is approximately 20 mGy or
higher. One way of minimizing the radiation dose
is to apply average CT when there is a misregistra-
tion identified in the thorax or abdomen. In a typical
PET/CT scan, the thorax and the abdomen images
are available for review before the completion of
the scan, and a decision to acquire average CT
can be made accordingly. In RT, the amount of
radiation is not a major concern due to the therapy
dose of up to 70 Gy.

A novel technique to image patients at deep-
inspiration breath hold (DIBH) for accurate quanti-
fication was first suggested by Nehmeh and
colleagues®® and has gained attention by several
researchers.®1 6568 patients are asked to hold
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Fig. 5. The average CT (ACT) and the slow scan CT (SSCT) images of a patient with an average breath cycle of
4 seconds. The SSCT images (A) were taken with one single CT gantry rotation of 4 seconds, and the two images
were taken with two separate acquisitions 2.5-mm apart and 2.5-mm thick. The corresponding ACT images (B),
obtained by averaging the cine CT images, were averaged from 4 seconds of data collection over 8 gantry rota-
tions. The ACT images were almost free of the reconstruction artifacts, evident in the SSCT images. (Reproduced
from Pan T, Mawlawi O, Luo D, et al. Attenuation correction of PET cardiac data with low-dose average CT in PET/

CT. Med Phys 2006;33:3931-8; with permission.)

breath at deep inspiration during CT and PET
acquisition so that the tumor can be maintained
stationary during the data acquisition. One study
suggested a single DIBH of 20 seconds®® and
most studies used multiple DIBHs to improve the
statistics of the PET data. There were some issues
related to this technique: (1) applicability to the
lung cancer patients with a compromised lung
function, (2) potential mismatch between the CT
and the PET data at DIBH, (3) reproducibility of
the multiple DIBHs during the PET data acquisi-
tion, and (4) higher SUV due to the noisy PET
data acquired in a duration of 1 or multiple breath
holds. Some clinical data have suggested
improvement in quantification and registration of
the CT and the PET data with this technique.
Because most of the RT procedures are con-
ducted under normal breathing, this approach
may be more applicable to staging and treatment
response assessment than to RT simulation.
Respiratory gating is another important devel-
opment in PET/CT for RT. In an evaluation of
patients scanned in the past 6 years with a dedi-
cated PET/CT scanner for RT in the University of
Texas MD Anderson Cancer Center, Houston,

Texas, there were more than 4000 patients simu-
lated with 4-D CT”7-8¢ and only 700 patients with
PET/CT. In terms of demographics, all thoracic
RT patients for lung, esophageal, or liver disease
were 4-D CT simulated. lodinated contrast media
was incorporated in 4-D CT imaging of the liver
tumor to enhance the contrast between the liver
tumor and the parenchyma for treatment
planning.”* For the 700 PET/CT scans, there
were 63% for non—-small cell lung cancer (NSCLC),
14% for esophageal cancer, 13% for head and
neck cancer, 1% for solitary pulmonary nodules,
and 9% for the other indications. The PET/CT
scans for RT were performed when staging was
requested and RT was included in the treatment.
The number of PET/CT scans performed on this
scanner was limited because there was only one
PET/CT scan reimbursed per patient before treat-
ment, and the PET/CT scan is normally conducted
for the purpose of diagnosis, not for RT. In total,
there were 64% of the 700 PET/CT scans (NSCLC
and solitary pulmonary nodules) of lung cancer.
This is in contrast to an average of 32% PET/CT
procedures performed for the lung cancer in
general.®” If the esophageal cancer patients are
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Fig. 6. (A) The average CT image from a cine acquisi-
tion of 10 seconds, which is approximately 2 respira-
tory cycles, and (B) the average CT image from 5
seconds or 50% of the 10-second cine CT data after
removing an irregular respiratory cycle of data
pointed by an arrow (A). This example demonstrated
the importance of regular respiration in the cine CT
acquisition and the potential of removing an irregu-
larity to derive a normal average CT if there is more
than 1 respiratory cycle of data to choose from.

included, there were almost 78% of the RT PET/
CT patients for whom the tumor motion from respi-
ration was assessed with 4-D CT in a single
session of PET/CT simulation. The PET data
were attenuation corrected with average CT from
the cine CT data in 4-D CT to improve the registra-
tion of the CT and the PET data.

Although 4-D PET®® can also be performed on
this PET/CT for RT, its application has been limited
due to the total acquisition time approaching 40
minutes.8® Most patients cannot hold their arms
up over their heads for more than 30 minutes
and the long acquisition time could induce patient
motion and compromise the PET/CT study. More-
over, the statistics of 4-D PET is poor due to split-
ting up the coincidence events into multiple bins or
phases for 4-D PET, and the spatial resolution
of PET in general is only approximately 5 to
10 mm.%° In a recent clinical investigation of 18
patients with 4-D PET,® it was found that respira-
tory gating increases SUV by 22.4% and improves
the consistency of tumor volumes between PET
and CT. This study was the first clinical investiga-
tion reported since the introduction of 4-D PET/
CT in 2004.°" In contrast, 4-D CT can be per-
formed in less than 2 minutes for the coverage of
the whole lungs. There is normally high contrast
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between the lung tumor and the parenchyma
except when the lung tumor is connected to
a similar tissue density of the mediastinum and
chest wall. It is relatively easy to incorporate 4-D
CT than 4-D PET in a PET/CT simulation.

List-mode data acquisition,®? extension of axial
field of view,%® and time-of-flight®? technologies
could in the future catapult 4-D PET into a routine
clinical procedure. Today many PET/CT scanners
can acquire the list-mode PET data to reconstruct
a static PET data set as in a routine PET scan. The
same list-mode data can also be reconstructed for
the gated PET data if the corresponding respira-
tory signal were recorded during data acquisition.
The advantage of this approach is that the static
data can be used as a part of the gated data to
offset the long acquisition time for 4-D PET.
Increasing the axial field of view from 15 to
22 cm can increase the sensitivity of data acquisi-
tion and shorten the scan time of 4-D PET. The
time-of-flight technology, which helps localize
more accurately each coincidence event in the
image space than the conventional PET without
time of flight, can improve the signal-to-noise ratio
and reduce the scan time of 4-D PET.®? Integration
of the new technologies in a clinic environment
with an efficient image reconstruction process
and a simple workflow are critical for 4-D PET to
be clinically feasible.

Partial Volume Effect

Partial volume effect (PVE) is the underestimation
of activity concentration in a lesion due to the
limited spatial resolution of PET, which is in the
range of 5 to 10 mm for clinical PET/CT systems.
PVE has an impact on most quantification of small
lesions of size less than 2 to 3 times the PET spatial
resolution.83%* Any factor contributing to image
reconstruction, image filtering, and presentation
of images also has an impact on PVE. It is
also related to the metric used to measure the acti-
vity concentration, such as the maximum activity
concentration of a voxel or the average activity
concentration of a volume in a tumor. The most
used metric is the maximum SUV, which is sensi-
tive to the noise but not dependent on the selec-
tion of a volume as is in the average activity
concentration. In general, a tumor of size less
than 3 cm look larger but less aggressive than it
actually is in PET.83%* Although it has been 30
years since PVE was researched and attempted
for correction,®® correction of PVE in PET imaging
is not yet clinically available.

Several approaches have been proposed to
compensate for the PVE®3 with many of them devel-
oped specifically for brain imaging.®* These can
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Fig. 7. The CT, PET, and fused PET/CT images of an NSCLC patient with misregistration near the diaphragm are
shown (A), and the corresponding images with attenuation correction with the average CT data are shown
(B). The maximum SUV increased 57% from 2.3 (A) to 3.6 (B). In this comparison, the same PET data were recon-
structed with the conventional CT (A) and average CT (B).

broadly be divided into (1) postreconstruction-
based methods and (2) reconstruction-based
methods. Each of these two categories can be im-
plemented in the form of either region of interest
(ROI)-based or voxel-based approaches. Potential
advantages of PVE-corrected images, as opposed
to PVE-corrected ROI-measured concentrations,
include the capability to accurately outline func-
tional volumes as well as improving tumor-to-
background ratio, which could considerably
improve diagnostic examinations, studies involving
the assessment of response to treatment, and
PET-based RTP. In this context, however, the
problem is more complex and relies in many cases
on a number of often-strong assumptions and
approximations.®

Recovery coefficient (RC) is a simple method of
estimating the true quantitative value if the tumor
of interest has a size and shape similar to the
ones already modeled through simulation or
measurement.®®> It can be implemented with
a look-up table and can be computationally effi-
cient. For a spherical tumor, the RC can be derived
as a function of the sphere size and the signal-to-
background ratio (SBR) for a wide range of spatial
resolution values.®® A simple correction can be
performed by dividing the measured activity with
the RC corresponding to the size and shape of
the metabolically active tumor. Homogeneous
activity concentration and simple geometry
tumors are easier for the correction with RC than
the inhomogeneous activity concentration and
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Fig. 8. The PET/CT images of a 69-year-old female patient with an esophageal tumor after induction chemo-
therapy. (A) Shows an axial slice of the fused clinical CT and PET image at the level of the esophageal tumor
(left) and the PET image in coronal view (right). The radiology report indicated the patient had a positive
response to the chemotherapy. After removal of misalignment by the average CT, the tumor reappeared in
the same PET data set (B). The arrows point to the tumor location. The GTVs drawn in the images (A) and (B)
are shown in blue and in green, respectively (C). The patient was treated with the tumor volume in green,
and the radiology report was corrected by the average CT. (Reproduced from Pan T, Mawlawi O. PET/CT in radi-
ation oncology. Med Phys 2008;35:4955-66; with permission.)
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irregular geometry tumors. In this early publication,
the PVE was tackled in the framework of hot
objects in a cold background, thus addressing
only one aspect of the problem, referred to as
spill-out (loss of activity owing to the small size
of the object relative to the PET scanner’s spatial
resolution). It was also realized that, depending
on the background’s activity concentration, spill-
in from the surrounding warm tissues might be
as important as spillFout and should be
compensated.®* The concept of contrast RC was
introduced®® to reflect the rate of recovery that
lies above the surrounding medium. This quantity
is only justified when the background is not itself
subject to PVE and is of known and uniform
activity concentration. The method is commonly
used in oncologic PET imaging where a priori infor-
mation about the tumor size and shape can be
made available.”®-80-97-%° The approach is limited,
however, by the crude approximations involved
and more sophisticated techniques were sought.

A more sophisticated approach is to enhance
the PET resolution by modeling the detector
response into the system matrix in iterative im-
age reconstruction®’-84 because reconstruction

methods that improve the effective spatial resolu-
tion of the scanner can compensate for PVE. In
this sense, there are many approaches to recon-
struction that attempt to achieve the aforemen-
tioned goals®®1%; the use of statistical iterative
reconstructions has been an important step in
this direction both for voxel-based"'%? and
ROIl-based'?®-1% reconstructions. Incorporation
of the anatomic information from MR imaging in
the reconstruction has been proposed for brain
imaging'®” and might in the future be extended
to other applications with the introduction of
dual-modality whole-body PET/MR imaging
systems.’%® Deconvolution, deblurring, or image
restoration can also be applied to improve the
image resolution and reduce PVE."®® The compu-
tation load of these approaches tends to be large
and may hinder their application in a clinical
setting.

Because PET/CT for RT is typically involved with
lung cancer and esophageal cancer, tumor motion
is another component complicating the correction
of PVE. It is difficult if not impossible to separate
tumor motion from PVE as far as quantification of
the PET data is concerned. Fig. 9 shows an
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Fig. 9. The recovery coefficients of a PET/CT system measured from a NEMA IEC phantom on a motion platform.
There were 6 spheres of size, 10, 13, 17, 22, 28, and 37 mm, and 7 motion amplitudes of 0 to 30 mm in increments
of 5 mm. The SBR was 50:1. Each data point was averaged from 3 measurements.



example of RC as a function of different sphere
sizes (10, 13, 17, 22, 28, and 37 mm) and various
degrees of motion (no motion to 30 mm) by
measuring the degradation of a known activity
with the image quality phantom IEC phantom at
the SBR of 50:1. Tumor motion adds another
dimension of degradation on top of the PVE. Incor-
poration of 4-D CT to help assess the magnitude of
tumor motion and the size and shape of the tumor
from CT can be helpful in modeling both the tumor
motion and system resolution in image
reconstruction’'© or image deconvolution®1" to
simultaneously compensate for both motion and
PVE. One such approach applied successfully in
the context of oncologic PET imaging uses an iter-
ative 3-D deconvolution algorithm and a local
model of the PET scanner’s point spread function
followed by application of a PVE correction to the
mean voxel value within a VOL.'%® The authors
report more accurate quantitative assessments
of uptake in lesions greater than 1.5 times the
PET imaging spatial resolution.

A different, novel type of approach to this
problem has been to directly quantify ROls from
projection data, taking the effect of PVE (among
others factors such as scatter) into account.
Derived from the early work of Huesman,'%® this
approach has been developed and investigated
in the context of oncologic imaging.®"''2 This
method has the particular advantage of being
able to estimate region variance for subsequent
use in model analysis to obtain parameter esti-
mates; however, this method remains to be
extended to 3-D.

PET Image Segmentation

Over the past few years, several methods have
been proposed for target volume definition in
RTP based on incorporating PET physiologic infor-
mation. In particular, '8F-FDG-PET is currently
used in many cancer centers around the world to
improve biologic target volume definition, which
is traditionally identified on CT simulation images
in RT clinical routine.""® Accurate volume definition
is particularly important in RT because it consti-
tutes the target of the radiation beam; underdosing
of tumor may lead to recurrence whereas overdos-
ing of surrounding normal tissues might lead to
severe and possibly lethal side effects to patients,
such as brain or lung injury.’™ Different
approaches can be followed to categorize PET
segmentation approaches, including the cancer
site, the injected radiotracer, or the image pro-
cessing technique. There could be
differences and overlaps between sites, tracers,
or techniques. For many reasons, the authors
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have opted to categorize PET segmentation based
on the techniques used and refer to differences in
sites or tracer specific variations as
appropriate.’’® There is a plethora of segmenta-
tion methods that could be applied to nuclear
medicine imaging, particularly in cardiovascular
imaging; readers are referred to articles by Bou-
drass and colleageus.’ 117 According to a litera-
ture survey of existing methods, the authors
identified 4 broad categories of PET segmentation
methodologies: (1) image thresholding methods,
(2) variational approaches, (3) learning methods,
and (4) stochastic modeling-based techniques.*®
A detailed description of these algorithms is
beyond the scope of this review and can be found
in that survey.

Thresholding is the most widely used PET
segmentation approach in clinical practice for
biologic target volume delineation for RTP. The
only competing approach with thresholding is
possibly visual interpretation of PET scans and
identification of lesion boundary by consensus
reading of an experienced nuclear medicine physi-
cian and radiation oncologist.!'®11° Visual inspec-
tion is susceptible to the window-level settings,
however, and suffers from interobserver variability.
Therefore, several segmentation methods based
on thresholding have emerged to reduce this
subjectivity. There is a large variability in terms of
computational complexity and amount of user
interaction required by the various image segmen-
tation techniques. Despite their limitations, visual
delineation performed by experts is still the most
widely used technique.® Manual techniques,
however, are labor intensive and suffer from intra-
observer variability whereas thresholding tech-
niques are simple to put into practice, although
scanner-specific calibration might be required for
implementation of the adaptive thresholding
method. The high computational burden associ-
ated with supervised methods that require time-
consuming training is also worth emphasizing. In
a clinical setting, the balance between algorithmic
complexity and the validity of results obtained is
an important criterion when selecting a PET image
segmentation technique.

A challenging, even problematic, issue for vali-
dation of PET segmentation algorithms, is the
identification of a gold standard (ie, bench-
mark). 2121 Segmentation methods yield binary
classification results (a voxel belongs to the object
or does not). There are basically 4 different strate-
gies allowing the assessment of the accuracy of
PET image segmentation techniques. The review
by Zaidi and El Naga*® summarizes these strate-
gies and provides a concise summary of their
advantages, drawbacks and limitations. These
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include manual segmentation by experts in the
field, the use of simulated or experimental
phantom studies where the ground truth (tumor
volume) is known a priori, the comparison with
correlated anatomic GTVs defined on CT or MR
imaging, and the comparison of tumor volumes
delineated on clinical PET data with actual tumor
volumes measured on the macroscopic specimen
derived from histology, in case a PET scan was
undertaken before surgery. It should be empha-
sized that such correlative analysis relies on
a high degree of registration accuracy between
multimodality images, which is still challenging to
perform in a clinical setting.'??

Many studies compared various PET image
segmentation techniques using phantom and clin-
ical studies. For example, Vees and colleagues’”
compared various image segmentation tech-
niques in the delineation of GTV in patients with
cerebral glioma (Fig. 10). The study results high-
lighted the limitations associated with some of

the segmentation algorithms (eg, SUV = 2.5 cutoff
and the gradient finding GTV approaches)
compared with the SBR-based adaptive thresh-
olding technique and its impact on RT planning
in patients of cerebral glioma. The investigators
concluded the selection of the most appropriate
18F-FET-PET-based segmentation algorithm is
crucial for correct delineation of resulting GTV.""
A recent study compared 9 PET image seg-
mentation techniques.’®® These include manual
delineation performed by an experienced radiation
oncologist on both the CT and PET images, 4 semi-
automated methods comprising the SBR-based
adaptive  thresholding technique,’®*  region
growing,'2® Black and colleagues’ technique,'2®
Nestle and colleagues’ technique,®” and 3 fully
automated methods: standard fuzzy C-means'?%,
spatial FCM, which incorporates nonlinear aniso-
tropic diffusion filtering, thus allowing the integra-
tion of spatial contextual information; and the
wavelet-based FCM-S algorithm, which also

Fig. 10. Typical example of geographic mismatch between GTVs defined on MR imaging and PET for a clinical
study with a glioblastoma. (Top) From left to right, gadolinium-enhanced T1-weighted MR imaging, correspond-
ing "8F-FET-PET study, and fused PET/MR imaging. (Bottom) 3-D rendering illustrating the substantial mismatch.
Note that the GTV defined on MR imaging overestimates the tumor extension relative to GTV defined on PET
images. (Adapted from Weber DC, Zilli T, Buchegger F, et al. [(18)F]fluoroethyltyrosine-positron emission
tomography-guided radiotherapy for high-grade glioma. Radiat Oncol 2008;3:44; with permission; and Vees H,
Senthamizhchelvan S, Miralbell R, et al. Assessment of various strategies for 18F-FET PET-guided delineation of
target volumes in high-grade glioma patients. Eur J Nucl Med Mol Imaging 2009;36:182-93; with permission.)
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Fig. 11. Representative segmentation results of '8F-FDG-PET/CT image of a patient presenting with histologically
proved NSCLC. The gross tumor volumes defined on the ellipsoidal homogeneous lesion using 9 segmentation
techniques are depicted on both the CT (left) and '8F-FDG-PET (right) transaxial slices.

considers inhomogeneity of tracer uptake through
the use of the a trou wavelet transform.'2° Repre-
sentative segmentation results of '8F-FDG-PET/
CT image of a patient presenting with histologically
proved NSCLC are shown in Fig. 11. The GTVs
defined on the nonhomogeneous lesion using 9
segmentation techniques are depicted on both
the CT (left) and '®F-FDG-PET (right) transaxial
slices.

SUMMARY AND FUTURE PERSPECTIVES

There have been many contributions demon-
strating the advantages of combining morphologic
and molecular imaging in the process of RTP
thanks to the widespread acceptance of
combined PET/CT scanners. The emergence of
novel technologies, including PET/MR imaging,

will likely boost further the application of multimo-
dality imaging in RT for various indications. Molec-
ular imaging-guided RT holds the promise of
improved delineation of tumor target volumes.
Yet, despite considerable progress to date, chal-
lenges remain if the potential of PET/CT-guided
RTP is to be fully exploited in clinical routine.
PET/CT has been mainly used for whole-body
oncologic studies, an application embracing the
mainstream of reimbursable indications for PET/
CT in the United States and many other countries.
Reimbursement issues are mainly driven by
prospective multicenter clinical trials that reveal
enhancements in health outcomes conveyed by
PET/CT as an imaging modality for a given indica-
tion. It is expected that ongoing collaborative
efforts will allow expanding coverage for PET/CT
scans by following the same trend adopted for
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other indications, including RTP. The continuing
decline of reimbursement coupled with the drop
in price of PET/CT scanners are likely to help the
application of PET/CT for RT. After all, if the benefit
can be demonstrated and if the cost of scans are
dropping, the future of PET/CT for RT can only
be brighter than it is today.
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