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Michael E. Phelps

The positron emission tomography (PET)
scanner was developed to provide a molecular imag-
ing technology for examining the biology of normal
cellular function and its transformation to disease in
the living subject. This is achieved by selecting tar-
gets of normal tissue and disease (proteins, RNA and
DNA) of biochemical processes of interest and label-
ing a molecular probe selective for the target with a
positron emitting radionuclide (e.g., F-18, C-11, N-
13, 0-15,1-124, Cu-64, Ga-68). Two examples rele-
vant to cancer illustrate this. The first is 2-deoxy-2-
[F-18] fluorodeoxy-D-glucose (FDG) that targets the
glucose transporter protein and the enzyme hexoki-
nase that phosphorylates glucose as the first step in
the glycolytic pathway. FDG is a competitive sub-
strate with glucose and provides the means to image
the rate of glycolosis throughout the body. The sec-
ond probe is 3’-[F-18] fluoro-3’-deoxythymidine
(FLT) that targets the pyrimidine transporter and
thymidine kinase that phosporylates thymidine. FLT
is a competitive substrate with thymidine to provide
the means to image DNA replication and thus cell
proliferation. Both glycolosis and DNA replication
are highly amplified in neoplastic degeneration.

Since PET is a quantitative imaging technique
that can measure the tissue concentration of the imag-
ing probe over time, it provides the means to translate
biochemistry, biology and pharmacology laboratory
assays into the examinations in living subjects. While
x-ray computed tomography (CT) moved quickly to
clinical applications after its invention, the first 15
years of PET were focused on research. This involved
translating and validating a wide array of in vitro
molecular assays into in vivo ones and using them to
build a biological bridge between in vitro and in vivo
biological sciences. In addition, PET was used to dis-
cover many aspects of normal biological functions
and those of disease in living animals and the ultimate
laboratory to study human disease, the patient. This
built a scientific foundation for PET based on well-
established principles of biochemistry and biology

and also established a scientific basis for the molecu-
lar imaging procedures employed in PET.

In about 2 million clinical PET studies there
has not been one reported complication. This results
primarily from the fact that PET employees a radio-
tracer technique in which the probe concentrations
are typically in the range of femto moles per gram tis-
sue so there are little to no significant mass effects
exerted on biochemical or biological process.

While the scientific foundation of PET was
being built there were also dramatic events taking
place in biology in which disciplines were shifting to
“molecular” — molecular biology, molecular genetics,
molecular pharmacology, bio- and nanotechnologies,
genomics, proteomics and systems biology that were
all accompanied and enabled by revolutionary tech-
nology developments that made the new science pos-
sible. These efforts began to change the way people
thought about and performed science and began
building a new knowledge and technology base of
molecular diagnostics and molecular therapeutics to
establish the principles and practices of a new molec-
ular medicine.

This new molecular world placed more
emphasis on imaging proving an in vivo link in the
discovery pathway to bring the new knowledge of the
molecular basis of disease to the care of patients.
From this came a growing discipline of molecular
imaging, with PET in a leadership role in the in vivo
applications. Many other imaging technologies have
gathered around this theme to provide molecular and
structure information, including optical imaging,
magnetic resonance imaging (MRI), single photon
computed tomography (SPECT), CT and ultrasound
imaging. Molecular imaging is now becoming a
robust field of its own.

As part of this change many in vivo imaging
technologies and disciplines were also being merged
at the instrument (e.g., PET/CT) or probe level (PET
and optical reporter genes in the same gene construct)
to gain the advantage of both. The goal is to combine
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molecular assays from different technologies, as well
as combining biological and anatomical information.
Further, molecular diagnostics and molecular thera-
peutics were merging together with common disease
targets and building molecular probes (therapeutic
and imaging) together to assist each other in the dis-
covery process and in the care of patients.

PET/CT in cancer, the subject of this Atlas,
illustrates many features of the evolutionary and rev-
olutionary changes occurring. PET using FDG to
image glycolosis reached a point in cancer where the
literature showed that it was from 9 to 43% more
accurate than anatomical imaging for diagnosing,
staging, restaging and assessing therapeutic respons-
es in a large number of different cancers and that the
inclusion of PET in the clinical evaluation changed
treatment in 15 to 50% of patients, depending on the
clinical question. There are, however, specific cases
where each technique is better than the other. In addi-
tion, PET/CT presents a picture of human anatomy
upon which biological information within structures
of the body is added. This combined information
allows better delineation of disease within or between
structures, as well as guiding surgical and radiation
planning and biopsy by using both structure and biol-
ogy identification and characterization. Therefore, it
became clear that PET/CT is better than PET or CT
alone.

PET/CT also provides advantages in the drug
discovery process in evaluating pharmacokinetics and
pharmacodynamics with PET with CT better defining
the anatomical structures in which drugs actions take
place, both at the disease target and throughout the
organ systems of the body. These discovery-oriented
studies will also define and evolve into new practice
approaches in the way molecular diagnostics and
therapeutics are employed together to improve patient
selection through a more biologically informative
picture of the patient, direct determination therapeutic
doses and therapeutic outcomes.

This Atlas provides a thoughtful and well-
illustrated educational approach for defining the prin-
ciples and good practices of PET/CT. The addition of
the CD-ROM allows teachers and students to manip-
ulate and navigate through images as well as blending
anatomical and biological information or concealing
information to provide flexibility in individual teach-
ing methods. The Atlas systematically provides clini-
cal presentations of the cancers of the various organ
systems from diagnosis to staging, recurrent disease
and therapeutic response to help design the best
patient management. It provides a comprehensive
educational tool for radiologists and nuclear medicine
specialists who want to learn about molecular
PET/CTimaging.

VI Atlas of PET/CT Imaging in Oncology
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A

 Introduction

J. Czernin, M. Dahlbom, O. Ratib, C. Schiepers, C. Yap

Positron Emission Tomography, introduced
almost three decades ago by Phelps and Hoffman,!
has only recently been accepted as the most important
and innovative tool for cancer imaging. The diagnos-
tic and prognostic accuracy of PET imaging with F-
18 deoxyglucose (FDG) ranges from 80-90% for
many cancers? and is superior to anatomical imaging.
However, PET imaging is limited in its ability to
assign molecular abnormalities to specific anatomical
structures. This limitation has been recently over-
come by the introduction of “in-line”, “hybrid”
PET/CT systems3 that have dramatically increased
the visibility of molecular imaging within the radiol-
ogy and oncology community. PET/CT has intro-
duced radiologists to the concept and importance of
molecular imaging and helps to conceptualize the
inherent limitations of size criteria for defining
anatomical abnormalities as malignant or benign. The
molecular information provided by PET enables radi-
ologists for the first time to clearly characterize
anatomical abnormalities as cancerous or not. On the
other hand, molecular imaging benefits from the
anatomical framework provided by CT. Hyper-meta-
bolic lesions can now be assigned to specific anatom-
ical structures.

Sales figures for PET/CT have surpassed
those of “stand alone” PET systems and it is predict-
ed that more than 90% of PET will be PET/CT in the
near future.

The introduction of this technology results in
new training requirements for radiologists and
nuclear medicine specialists. Radiologists need to be
familiar with the concept of molecular imaging while
competence in cross-sectional anatomy is required
from nuclear medicine.

The Atlas of PET/CT Imaging serves an edu-
cational purpose and is designed to teach radiologists
and nuclear medicine specialists about important
aspects of molecular imaging and nuclear medicine
specialists about the benefits of anatomic imaging. It

consists of a brief didactic portion and an extensive
selection of interesting and challenging case exam-
ples.

The didactic portion of the book includes a
review of the technical principles of PET and PET/CT
imaging by M. Dahlbom and C. Schiepers who also
discuss differences in PET and CT technology
between different commercially available systems.

D. Townsend,* who introduced the PET/CT
technology provides in chapter 3 the outlook for the
future of dual modality imaging.

Different opinions have been voiced regard-
ing the optimal imaging protocols. One school of
thought believes that CT should only be used for
attenuation correction and lesion localization while
others demand that the most elaborate contrast and
high-resolution studies should be performed. In any
event, many of these debates have not resulted in a
consensus and it appears likely that the specific
expertise of the users will at least initially determine
the implementation of specific imaging protocols. O.
Ratib and T. Beyer will also discuss this and other
issues related to image interpretation and navigation.

J. Czernin summarizes the clinical experience
and research studies examining the impact and use-
fulness of PET/CT. A large number of abstracts thus
far addressed the additional value of PET/CT over
PET alone for staging and restaging of cancer.
Recently a prospective study was published in the
New England Journal of Medicines that compared the
diagnostic accuracy of integrated PET and CT to that
of PET and CT alone in patients with non-small cell
lung cancer. These and other studies are reviewed by
in detail by J. Czernin.

A review of the normal FDG distribution in
the human body, the pitfalls and normal variants by
M. Seltzer and C. Schiepers is presented in chapter 7
and completes the didactic section.

The Atlas section illustrates the benefits but
also pitfalls of combined PET/CT imaging. Examples

J. Czernin et al., Atlas of PET/CT Imaging in Oncology
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of artifacts and physiological variants (brown fat,
blood pool, thyroid uptake, muscle activity) are pre-
sented. The role of PET/CT for imaging cancers of
the head and neck, solitary pulmonary nodules, lung
cancer, cancers of the gastrointestinal tract, lym-
phoma, cancers of the skin, breast cancer, gynecolog-
ical cancers, and cancers of the genito-urinary system
is illustrated. Examples of benign diseases include
inflammation, granuloma and benign tumors.

Each case includes a brief history, a specific
teaching point that emphasizes image findings, and
provides relevant clinical follow-up information and
a brief list of relevant publications.

A special and unique feature of the Atlas,
assembled and designed by O. Ratib, is an interactive
CD-ROM that provides the original PET and CT
images of each case in selected planes enabling the
users to manually adjust the blending intensity of
each modality in a fused image. In addition, users can
display the clinical history, imaging techniques and
diagnostic findings of each case as well as the corre-
sponding specific teaching point. An “option” button
allows turning on and off graphic annotations and leg-
ends for each image. The CD is designed to be an
effective teaching tool through a user-friendly and
intuitive graphic interface for navigating through 100
selected clinical cases covering many frequently
encountered cancers.

The CD-ROM is also designed to become a
convenient diagnostic companion for retrieving refer-
ence images of typical clinical cases that may be used
as comparative studies for diagnostic interpretation of
similar cases in clinical routine.

The convincing concept of merging molecular
with anatomical imaging has driven the clinical
acceptance of PET/CT. Initial data are emerging that
strongly suggest that PET/CT imaging results in a
higher diagnostic accuracy than PET imaging alone.
46-11

The introduction of PET/CT demands a fresh
look at the training requirements for specialists in the
field of molecular-anatomical imaging. It is hoped
that the Atlas of PET/CT imaging results in a better
understanding of the capabilities of PET/CT, and in
turn, to improved care and management of cancer
patients.
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Principles of PET/CT Imaging

M. Dahlbom and C. Schiepers

PET/CT imaging has rapidly gained clinical
acceptance since Dr. David Townsend and his team!
introduced the first hybrid PET/CT prototype consist-
ing of a rotating PET component and a conventional
single slice CT. The images obtained with this single
gantry device were “mechanically” fused, providing
anatomical information from CT that was near perfect
ly aligned with the functional information from PET.
This prototype propelled dual modality imaging? and
has proven clinically useful by improving both lesion
localization and lesion characterization, thus increas-
ing the accuracy for staging and diagnosing disease .24

Cancer patients undergo a number of different
imaging studies throughout the course of their dis-
ease. Usually, the resulting images are reviewed on
different display stations. The gathered information
is synthesized and integrated by the interpreting
physician(s). The multitude of images can also be co-
registered or aligned retrospectively and fused using
computer software. Post hoc image fusion, based on
tomograms acquired at different institutions, on sepa-
rate days, using varying equipment and protocols, is a
tedious and time-consuming task.5-1© Moreover, well-
defined and reproducible landmarks are necessary to
provide the coordinate system in which the images
can be aligned, scaled and registered. Since patient
positioning varies widely between PET and CT, e.g.
arms up or down, different angles for head or neck
relative to the patient axis, the post hoc fusion tech-
nique is prone to inconsistencies and errors. Also,
there may be problems due to patient motion as well
as involuntary motion of internal organs. Changes
related to breathing and organ movement are
inevitable, and cannot be controlled when a patient is
imaged on different scanners and at different times,
even when care is taken to ensure the same external
body position of the patient (e.g. with external lasers).

PET/CT Instrumentation
In comparison to PET, CT utilizes radiation
sources of significantly different energies and emis-
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Figure 1. lllustration of positron decay and the cre-
ation of the two 511 keV annihilation photons.
Following the decay of the instable 18F mother nucle-
us, a positron, a neutrino and a stable 18° daughter
nucleus are created. The energy released in the
decay is shared as kinetic energy between the three
particles. The positron will travel some distance in
the tissue and produce ionization and eventually lose
most of its energy. It will then attract an electron and
form positronium, which will annihilate within 10-12 s.
In order to conserve energy and momentum, the
annihilation photons both have an energy of 511 keV
(total rest mass energy of the electron and the

positron) and they are emitted 180 degrees apart (net
momentum is zero).

sion rates. Each system also performs a different type
of tomography: e.g., transmission by CT and emis-
sion by PET. Due to this, the detection and acquisi-
tion systems of the two modalities are different and
highly specialized for the specific requirements of
each modality.

PET uses coincidence detection for localiza-
tion of the activity within the patient. During the
decay of the injected isotope, positrons are emitted,
which rapidly annihilate with electrons and the result
is the creation of two annihilation photons, each hav-
ing an energy of 511 keV. The high energy photons

J. Czernin et al., Atlas of PET/CT Imaging in Oncology
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are emitted at an angle of 180 degrees (Figure 1). In
a PET system, a large number of detectors, sensitive
to these 511 keV photons, are placed around the
imaged object (typical in a set of adjacent detector
rings, of an axial FOV ranging from 15 to 40 cm). If
a detection of a pair of 511 keV photons occurs simul-
taneously in a pair of detectors, then the system has
recorded a coincidence (Figure 2). Knowing the loca-
tion of the two detector elements in the system, one
can determine that the radioactive decay occurred
somewhere along the line connecting the two detector
elements. By recording a large number of these coin-
cidences, and using tomographic image reconstruc-
tion techniques, the activity distribution within the
imaged object can be reconstructed.

In an ideal PET system only true coincidences
should be detected. However, due to limitations in
the detectors and its associated electronics, unwanted
coincidence events are also recorded. The first type
of events is the random or accidental event originat-
ing from two unrelated annihilation events. If not

Register
Event

Figure 2. In a PET system a large number of detec-
tor elements are arranged around the subject. A
coincidence is recorded if a pair of detectors simulta-
neously register the two annihilation photons.
Knowing the location of the two detectors in the sys-
tem, one can determine that the radioactive decay
occurred somewhere along the line connecting the
two detectors.

corrected for, the random coincidences generated
form an undesirable contrast reducing background in
the images and also compromising quantitation.
Fortunately, there are accurate methods to measure
and correct for random events, however, these result
in increased image noise levels. Therefore, the ran-
dom coincidence rate needs to be kept at a minimum.
In contrast to the true coincidence rate which increas-
es linearly with administered activity, the randoms
rate increases with the square of the activity.
Therefore, an increase in injected activity does not
always translate into an improvement in image quali-
ty due to the increase in random events.

The second undesirable event type is the scat-
tered event, where one or both of the two annihilation
photons interact in the subject prior to being detected.
This results in a mispositioning of the event since
each interaction changes the direction of the photon.
The presence of scatter in the reconstructed image
reduces contrast and compromises the quantitative
accuracy of the image. In contrast to the random
events, scatter cannot be directly measured. Instead
the scatter needs to be estimated from the acquired
emission and attenuation data!!-14 and the accuracy of
this correction has a direct impact on the image con-
trast, quantitation and quality.

Coincidence detection of annihilation photons
requires a detection system that is sensitive to the rel-
atively high photon energy (511 keV) and allows to
accurately determine the energy of each photon that is
detected at a fairly high count rate. In addition, these
detectors need to have a fast response time, i.e., they
need to be able to accurately determine a coincidence
within 5-10 ns. This property is sometimes referred
to as the coincidence time resolution and is specific to
different detector materials. The time resolution has
a direct impact on the randoms rate, i.e., a better or
smaller time resolution will reduce the randoms rate,
which in turn improves image quality. The time res-
olution for any given detector material is a function of
both light decay time (how fast the scintillation light
is generated in the detector) and the amount of light
produced per absorbed photon. In general, the short-
er the light decay time and the more light produced,
the faster the detector. Some of the characteristics of
the detector materials in current PET systems are list-
ed in Table I.

In X-ray CT, scintillation detectors such as
Cadmium Tungstate (CdWO,) or Yttrium or

Gadolinium ceramics are used.!5:'6 However, due to
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TABLE 1. CHARACTERISTICS OF DETECTOR MATERIALS

IN CURRENT PET SYSTEMS
Effective . . .
L N Density s11keV Decay  Light Yield
Scintillator  Atomic - N
Number [g/cm?) [em™ Time [ns]  [per keV]
Nal 50 3.67 0.34 230 38
BGO 74 713 0.95 300 8
GSO 59 6.71 0.70 60 12-15
LSO 66 7.40 0.88 40 20-30

the high photon flux, not each individual photon can
be analyzed. Instead, the signal produced from these
detectors represents an average of several photon
detections. In order to achieve a spatial resolution of
1 mm or less, very small detector elements have to be
used (1 x 1 mm?2). Due to the low energy of the X-
rays, the entire photon energy can be absorbed in a
small detector volume. Thus, high spatial resolution
can be achieved without a significant loss in detection
efficiency. However, these small detectors are not
suitable for recording 511 keV photons, since only a
small fraction of the emitted photons would be
absorbed in the detector volume, therefore resulting
in very poor detection efficiency. Conversely, due to
their size, that would limit spatial resolution, detector
systems designed for 511 keV would not be suitable
for X-ray CT. Further, this detector system would
have limited count rate capabilities.

Because of these quite different requirements
for the detector systems, PET/CT scanners are com-
posed of two distinct imaging systems, i.e.,a PET and
a CT scanner. Although these systems are integrated
into a single gantry, the CT and PET images are typi-
cally acquired separately. The CT scan can be per-
formed after the administration of a PET radiophar-
maceutical because the CT detectors are insensitive to
the annihilation radiation from the radiotracer and the
detector signal is dominated by the X-ray detections
due to the much greater photon flux.

Clinical CT and PET scanners are utilized to
ensure diagnostic anatomical and molecular imaging
capability.2 Self-evidently, performing the studies
during a single session enhances patient comfort and
throughput.

Attenuation Correction

At 511 keV there is a high probability that at
least one of the two 511 keV annihilation photons
interacts in the tissue of the imaged patient. The
result of these interactions is an attenuation of the
photon flux. Since the probability for an interaction

increases exponentially with the thickness of the sub-
ject, the greatest signal loss occurs in structures deep
within the body. If the acquired data are not correct-
ed for attenuation prior to reconstruction, deep struc-
tures will exhibit apparent lower uptake when com-
pared to more superficial structures. There are, how-
ever, accurate methods to correct for attenuation,
resulting in images that accurately represent the
radioactivity distribution throughout the body. Most
commonly the attenuation is measured directly using
an external 511 keV source or a transmission source.
A reference or blank scan is acquired prior to the posi-
tioning of the subject in the scanner. A transmission
scan of the patient is then acquired for each bed posi-
tion (Figure 3). The amount of attenuation through
any section through the body is then calculated as the
ratio of the blank and the transmission data. This
method for measuring the attenuation employs the
same principles that are used for generating CT
images. The difference is that the photon source is a
positron emitter, which generates 511 keV photons,
rather than an X-ray tube. Furthermore, the photon
flux from the transmission source is several orders of
magnitudes less in comparison to an X-ray tube.
Therefore the statistical quality of the PET transmis-
sion data is relatively poor, in comparison to X-ray
CT. In order to acquire an attenuation correction of
high enough statistical quality, a transmission scan
can be fairly lengthy and typically increases the over-
all scan time by 50-100%.

On the other hand, a CT scan can be acquired
of the whole body within 20 s using the later genera-
tion of multi-slice scanners. Furthermore, the quality
of the CT images is typically not limited by photon
statistics. It is therefore possible to use a set of CT
images to derive an attenuation correction for PET,
which would also be of very good statistical quality.
However, since the CT images are derived from
measurements of a polychromatic X-ray tube and an
average energy of 60-70 keV, the image values (i.e.,
Hounsfield units) do not in general directly translate
into attenuation values at 511 keV. Kinahan et al.!?
have shown that an accurate attenuation correction
can be derived from a CT image by classifying the
image into two main tissue types (i.e., soft and bone
tissue), which is accomplished by simple thresholding
(Figure 4). Different scaling factors are then applied
to the two tissue images, which convert the
Hounsfield units into attenuation values at 511 keV.
The two scaling factors are necessary due to differ-
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ences in mass attenuation coefficient between bone
and soft tissue at low photon energies.

PET Transmission Scan

X-Ray CT Scan

Figure 3. lllustration of the similarities between a
PET transmission scan (used for attenuation correc-
tion) and an X-ray CT scan. Both scans can produce
a transaxial image, which represents the photon
attenuation. In PET, a long-lived positron emitter is
used as the source (e.g., $8Ge/68Ga rod source) and
an X-ray tube is used in CT.

Original
cT

Soft Bone
Tissue Tissue

Smooth to
PET Resolution

Calculate
Attenuation
Correction

Figure 4. Since the X-ray CT image is derived from
the attenuation of a polychromatic X-ray beam at a
low energy (e.g., 80-140 kVp), it cannot directly be
used to calculate the attenuation at 511 keV. In the
method derived by Kinahan et al.17 The bone tissue
and soft tissues are separated using simple thresh-
olding. Scale factors are applied to the two images
that convert the Hounsfield units into linear attenua-
tion coefficients at 511 keV. The scaled images are
then combined and smoothed to the resolution of the
PET scanner. From the smoothed image, the atten-
uation correction is then calculated for each line of
response in the systems.
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In routine PET/CT imaging, a low dose CT,
ie. 130 kVp, 10-40 mAs, usually provides images of
adequate quality for the purpose of attenuation cor-
rection and anatomical localization.

Although the use of an X-ray CT has elimi-
nated the problems of poor counting statistics of the
measured attenuation correction, this method for
attenuation correction is not without problems. In
order to create an accurate attenuation correction, the
PET and CT data have to be spatially registered. This
is to a great extent solved by the integration of the
PET and CT into a single unit. Furthermore, the
patient should remain stationary between the two
scans. Any misalignment of organs between the
scans will result in inaccurate attenuation correction
and may introduce artifacts. The most commonly
seen artifacts are caused by respiratory motion on the
CT that often creates a duplication of the dome of the
liver that extends into the lungs. This artifact creates
a similar artifacts and streaking on the PET volume
(see chapter 5).

PET/CT Systems

All major vendors of PET scanners are mar-
keting one or more PET/CT models, where the CT is
typically a state of the art, multi-slice helical CT (2-
16 slices). Apart from the number of slices of the CT,
the greatest difference between these PET/CT sys-
tems is the PET detector material (e.g., Bismuth
Germanate or BGO, Lutetium Oxyorthosilicate or
LSO, Gadolinium Orthosilicate or GSO) and design
(e.g., 2-D and/or 3-D acquisition mode, axial field of
view or FOV) which are the primary factors that
determines the system performance.!8

Traditionally, PET systems acquire data in
what is called the 2-D mode. This means that the
coincidences that are recorded originate from a thin
slice of the subject (Figure 5). To define this thin
slice, and to eliminate scatter from the volume outside
the slice, collimators or septa are placed on either side
of the ring of detector elements. To acquire an image
volume, the axial FOV has to be extended and sever-
al detector rings are placed next to each other. A
drawback of this detection geometry is the relatively
poor detection efficiency of the system. The detec-
tion efficiency of the system can be improved, by
removing the inter-plane septa and allow each detec-
tor the record coincidences from the entire volume
within the axial FOV, thus acquiring images in the 3-
D mode. This improves the overall system sensitivi-

ty by a factor of 5-7. However, this sensitivity gain is
partially offset by the increase in the number of
detected scattered events and random events. In addi-
tion, the open geometry places a greater demand on
the count rate capabilities of the scintillation detectors
and the electronics.

BGO is the detector material that has been
used in PET systems since the late 70’s due to its high
detection efficiency.!® BGO is a relatively slow
detector (determined by its light emission decay con-
stant, see Table I) and it takes about 1 ms to process
each detected event. Because of this relatively long
processing time, this material is not suitable for use in
PET system operating in 3-D mode at activity con-
centration in the FOV produced by typical clinical
dosing regimen (e.g., 10-15 mCi). Because of the
high dead time and excessive randoms rates induced

2-D Acquisition 3-D Acquisition
Figure 5. In the 2-D acquisition mode, coincidences
are recorded from a thin slice of the subject. To
define this slice, events are only recorded from
detectors within the same detector ring (or a few
neighboring detector rings). To eliminate scattered
events originating from annihilations outside this
slice, collimators or septa are placed between each
detector ring. In the 3-D mode, the detectors record
coincidences between all detector rings in the system
(i.e., events are recorded from a 3-D volume). This
improves the overall efficiency of the system, howev-
er, a substantial number of scattered events are
recorded since the septa have to be removed in order
to allow this detection mode. Furthermore, the open
geometry requires detectors with shorter processing
time due to the increase in photon flux.
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by the high photon flux, a BGO system can only oper-
ate in 3-D mode efficiently at lower activity concen-
trations, thus offsetting the sensitivity gain of 3-D.

In the early 90’s, the scintillator LSO was dis-
covered,20 which is a faster and brighter scintillator
compared to BGO, with nearly the same detection
efficiency. Because of these properties, this material
is better suited for use in a system operating in 3-D
acquisition mode, since it can handle the higher pho-
ton flux in 3-D mode without substantial great dead-
time losses. Using LSO, the improved sensitivity of
3-D PET can be fully utilized at doses typically
injected into patents scanned with 2-D BGO systems,
primarily due to its better coincidence time resolution
and shorter event processing time. Table I summa-
rizes some of the key properties of the scintillators
used in various PET systems.

The design of PET/CT systems is an area of
rapid development and the most cost effective system
configuration for different applications has yet to be
determined. Table Il summarizes some of the features
of some current commercially available PET/CT sys-
tems. Common to current PET/CT systems is that
PET and CT are two distinct systems that are axially
offset relative each other. They share a common bed,
and the two scans are performed sequentially (Figure
6). Knowing the relative offsets of the PET and CT
systems, the same region of the subject can be
scanned and later fused using specifically developed
software.

Both the PET and CT scans produce image
volumes that are registered in space. Both these
image volumes are reconstructed using tomographic
reconstruction techniques. CT is in general recon-
structed using a method called filtered back projec-

- 2. FEATURES OF SELECT CURRENT COMMERCIALLY AVAILABLE

PET/CT SYSTEMS

GE GE -
" " CcPS CPS Philips
Discovery Discovery

Ls ST BGO LSO Allegro
Detector Material BGO BGO BGO LSO GSO
Patient Port [cm] 59 70 70 70 56.5
Detector Size [mm] 4x6x30 6.2x6.2x30  4.39x4.05x30 6.45x6.45x25  4x6x20
# of Detector Rings 18 18 32 24
Detector Ring
Diameter [em] 927 97 824 82.4 90
# of Detector
Elements 12,096 12,096 18,432 9,216 17,864
Transaxial FOV [cm] 55 60 58.5 58.5 57.6
Axial FOV [cm] 15.2 15.2 15.5 16.2 18
# of Slices 35 35 63 47 90

CT PET
S P ils - S
o e - PRy il

- e prlsse

-

Figure 6. PET/CT typically consists of two distinct
systems that are axially offset relative each other.
Knowing the relative offset, the same region of the
subject is imaged and later fused in software.

tion (FBP). This algorithm is well suited for recon-
struction of data sets of very good statistical quality,
such as X-ray CT. However, for PET data this algo-
rithm is sub-optimal, especially for whole body scans,
where the statistical quality of the data is frequently
poor. PET data are in general reconstructed using
iterative reconstruction techniques such as ML-
EM 2122 OSEM23.24 or MAP.2526 Common to these
algebraic reconstruction methods is that they, through
iterations, try to reconstruct an image that best fits the
acquired data. These methods require considerable
computational power, and the quality of the final
image is highly dependent on the input parameters,
such as number of iterations and smoothing factors.
The end result of the image reconstruction
process is a large set of tomographic images that can
be organized into a volume by stacking the slices on
top of each other. A PET/CT scan from the pelvis up
to the neck typically contains 200-300 transaxial
slices and one of the main challenges is related to
optimizing presentation and navigation through this
data set. Frequently, a dual orthogonal volume view-
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er is used, where the user can navigate through PET
and CT volumes. Corresponding axial, coronal and
sagittal images are displayed simultaneously as the
user selects transaxial or axial cuts with a cursor
(Figure 7). Since the cursors are linked, the same cor-
responding PET and CT slices are automatically dis-
played.

In addition, images can be fused together, so
that, for instance, a coronal PET image displayed in
pseudo color is overlaid on top of the CT image. By
applying a varying the level of transparency, the
uptake seen on the PET image can accurately be
localized on the CT.

. | o g PET

CT

Fused

Figure 7. Example of a PET/CT navigation tool. The
two top row shows coronal, sagittal, and transaxial
PET and CT cross sections, respectively. The bot-
tom row shows the fused images where the PET
images are displayed in a hot metal pseudo color
scale transparently overlaid on the CT images.

. COMMONLY USED p-EMITTING NUCLIDES

Radionuclide Half-Life
't 20.4 min

N 9.96 min

%0 123 sec

8 110 min

%Ga 68.3 min
82Rb 78 sec

Patient Preparation and Protocol

For Oncology the most frequently used radio-
pharmaceutical is currently !8F labeled fluo-
rodeoxyglucose (FDG). Given the increased speed of
image acquisition with the new PET/CT technology,
radionuclides with a shorter half-life can be incorpo-
rated in the proteins, aminoacids, nucleic acids and
enzymes, which biological pathways in the body can
be followed and imaged. Table III provides an
overview of the relevant B-emitting nuclides.

The standard patient preparation for a PET or
a CT study is also applied to a routine PET/CT study.
We currently recommend a 4-6 hour fasting period

prior to the scan and we inject 0.21 mCi/kg (7.7
MBg/kg) of 18FDG intravenously. The PET imaging
acquisition starts 60 minutes following the injection.
For CT, the settings of the kVp, mAs, and pitch are
also the same as for standard equipment. CT studies
can be performed for lesion localization and attenua-
tion correction (i.e., low current). However, if diag-
nostic CT studies are needed, i.v., contrast and high
resolution scans are performed.

From the patient’s point of view, the dual
imaging study is beneficial. Preparation such as fast-
ing has to be done only once, and all imaging is per-
formed in a single session in the same imaging suite.

For an oncology study, typically, 0.21 mCi/kg
(7.7 MBg/kg) of 8FDQG is administered to the patient,
followed by a 60 min uptake interval. After voiding,
the patient is positioned in the scanner. A scout scan
or topogram is acquired to define the imaging filed.
Subsequently, a helical CT scan is acquired without
contrast. The complete CT scan duration is 30-90 s,
depending on the axial field of view. The patient bed
is moved axially into the PET field-of-view and a
multi-bed PET scan is acquired over the same axial
range as the CT. The duration of the PET scan is 6-28
min dependent on the number of bed positions, the
type of detectors and mode of acquisition (2-D vs. 3-
D). The CT data are used for attenuation correction,
omitting the lengthy transmission scan with radioac-
tive sources (2-5 min per bed position). If an i.v. con-
trast study is requested, the additional CT scan is per-
formed after the standard PET-CT study is completed,
to ensure correct attenuation correction.!”27 The con-
trast CT is generally limited to a specific area of the
body, e.g. chest or pelvis, in order to reduce the total
radiation dose to the patient. The radiation dose from
a whole body CT is significant. The total CT-PET-CT
acquisition duration is generally less than 30 minutes.
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At UCLA, a single gantry with a dual-slice
CT and LSO-PET system is operational since August
2002 and more than 3,000 patient studies have been
performed. The PET acquisition mode is 3-D only.
We use a fixed CT protocol with 130 kVp, 130 mAs
and pitch 1 with a total acquisition time of 80 seconds
for a patient of average size. For PET, the 8FDG
dose is 0.21 mCi/kg (7.9 MBg/kg) and the acquisition
time per bed related to patient weight, so-called
weight-based acquisition (see Table IV).28

The contribution of breathing is less important
for the abdomen than for the chest 29. Even the arti-
fact caused by motion of the liver during CT acquisi-
tion (see for instance cases 1.5 on page 74), does not
seem to pose a real clinical problem in staging of can-
cers with liver involvement. Non-attenuation correct-
ed tomograms and projection images are always
available to check for possible artifacts induced by
mis-registered PET/CT slices. Metal implants or con-
trast may also induce artifacts. 303! Therefore, non-
attenuation corrected images are routinely interpreted
to check and eliminate possible imaging artifacts (see
chapter 1). In order to reduce bowel uptake, some use
pharmacological interventions to inhibit secretion and
motility, but this does not seem necessary on a routine
basis.

Our experience shows that the field of com-
bined and correlative imaging is changing rapidly,
and the nuclear medicine specialist should be pre-
pared to participate in this evolving field of molecu-
lar imaging. For oncological applications, the impor-
tance of having a detailed anatomical framework that
permits accurate interpretation of functional images
cannot be over-emphasized. The requirements for
such a reference framework will become increasingly
important with the development of more specific trac-
ers such as amino-acids, precursors, transporters,
receptors and gene-imagers, where even the low-res-
olution anatomy seen on 8SFDG images will be
absent.32

Summary

In this chapter the principles of PET/CT imag-
ing were discussed. Development of new detector
technology, systems design and processing algo-
rithms have resulted in high-efficiency imaging sys-
tems such that the overall examination time can be
drastically reduced when compared to conventional
PET procedures. Importantly, this can be accom-
plished without compromising image quality.

Although patient preparation is similar for PET/CT
and conventional routine CT or PET studies, the dual
imaging session is beneficial for patients with regards
to comfort and saved time. For the imaging specialist,
this type of equipment increases patient throughput,
and the technological innovations have led to superi-
or image quality. The common scanning geometry
results in near perfect registration of the PET and CT
volumes, allowing accurate functional and anatomical
image fusion. This in turn will improve lesion local-
ization, and will increase the accuracy in diagnosing
and staging of cancer.
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A Future for PET/CT

D. Townsend

Introduction

Since the introduction of the first combined
PET/CT scanner in 1998, diffusion of this technology
into the clinical arena has been rapid, more reminis-
cent of the adoption of magnetic resonance (MR)
imaging in the early eighties than the slower accept-
ance of positron emission tomography (PET). For
almost two decades, PET was viewed primarily as a
research tool until Medicare approval, in 1998, of
PET imaging for the diagnosis and staging of a num-
ber of different cancers. With this approval, the role
of PET in oncology increased significantly from 1999
onwards. Coinciding with the growth in PET, the first
commercial PET/CT scanners appeared in the clinic
in early 2001, further advancing the adoption of PET
in oncology by bringing functional imaging with
radioactive tracers directly to the radiological com-
munity. As the benefits of imaging anatomy and
function in the same scanner has become more wide-
ly appreciated, the demand for the technology has
increased to a point where, in less than three years,
over 300 such units are now installed in medical insti-
tutions worldwide. The trend from PET to PET/CT is
confirmed by vendors whose PET/CT sales now rep-
resent up to 80% of the PET market.

Imaging anatomy and function in a single scan
is advantageous to both patient and physician. For the
patient, it is a convenient, straightforward and com-
plete procedure, while for the physician it provides
accurately aligned images of function and anatomy
from which functional abnormalities can be precisely
localized and non-specific radiotracer uptake in nor-
mal structures can be distinguished from pathology. A
number of recent studies have reported increased
accuracy and physician confidence in reading PET/CT
scans compared to PET only, beneficial aspects of
PET/CT that directly impact patient management.

In less than four years, PET/CT scanners have
evolved through a number of designs in which differ-

ent performance levels of CT and PET are combined
together. Currently, the overwhelming demand is for
the highest level in both CT and PET, one that incor-
porates a sub second rotation, multi-slice CT and a
high resolution, high count rate, dedicated PET scan-
ner. These commercial designs place a CT scanner in
front of the PET scanner with a common patient
couch and involve little or no physical integration of
the actual detector systems. Consequently, they allow
the performance level of the CT and PET to be select-
ed independently and even offer the possibility, in
some cases, of field upgrades from CT or PET to
PET/CT. Thus, combinations comprising 2, 4, 8 or
even 16 row CT detectors with high-end dedicated
PET scanners are currently the preferred PET/CT
designs. The CT images are used not only for accu-
rate anatomical localization of the PET tracer distri-
bution but also to generate the attenuation correction
factors that are applied to the PET emission data.

In view of the impact that combined PET/CT
scanners have had on PET oncology within a rela-
tively short time frame, it is of interest to review the
evolution of recent designs and to explore possible
future directions for this technology.

Advances in Current Designs

The first PET/CT prototype! was a mechani-
cally integrated device with the CT and PET compo-
nents mounted on the same rotating support; the
device became operational in 1998. The first com-
mercial scanners that followed successful clinical
imaging with the prototype PET/CT25 appeared in
early 2001 and consisted of a CT scanner in tandem
with a PET scanner, with little or no mechanical inte-
gration of the two systems beyond a common gantry
cover.t This approach, with the CT and PET scanners
kept separate, has been a characteristic feature of all
commercial designs. The advantage of this design is
flexibility in that different levels of CT and PET per-
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Figure 1. A schematic of a PET/CT scanner design
currently marketed by Siemens as the biograph
(Siemens Medical Solutions, Chicago, IL) and by CTI
Molecular Imaging as the Reveal (CTI Molecular
Imaging, Knoxville, TN). The design incorporates a
multi-detector spiral CT scanner and an LSO PET
scanner. The dimensions of the gantry are 228 cm
wide, 200 cm high and 168 cm deep. The separation
of the CT and PET imaging fields is about 80 cm.
The co-scan range for acquiring both CT and PET is
156 cm (182 cm, feet first). The patient port diame-
ter is 70 cm.

formance can be combined as required and upgraded
independently. An upgrade path from CT or PET to
PET/CT can, in some cases, also be envisaged. All
designs incorporate a common patient couch that is
designed to eliminate or minimize vertical deflection
due to the weight of the patient and ensure accurate
alignment of the CT and PET images. The major ven-
dors have adopted different approaches to address this
issue. One such design is illustrated schematically in
Figure 1 (CPS Innovations, Knoxville, TN).

While the detector and data acquisition sub-
systems have been kept separate, attempts have been
made to integrate the acquisition and to provide fused
image display software. Combined scanners are
operated from a single console with application-spe-
cific task cards selected for the CT and PET acquisi-
tion. While the early designs involved multiple com-
puters for acquisition, image reconstruction, and
image display, progress is being made in combining
some of these functions into one computer, reducing
complexity and increasing reliability. The most
recent designs are simpler to operate, involve fewer
computer systems, and are considerably more reli-
able. Indeed, poor reliability would be a major con-
cern for the high patient throughput attainable with
these scanners.

As mentioned, PET/CT designs have taken
advantage of recent advances in both CT and PET

technology by maintaining separation of the imaging
subsystems. While the CT scanners in the first
PET/CT designs were single or dual slice, more
recently 4.8and 16 slice systems have been incorporated
into PET/CT scanners with rotation times reduced to
0.4 s. Such high performance, state-of-the-art CT can
complete a whole-body scan in less than 30 s offering
high throughput and flexibility for the respiration pro-
tocols. As multi-slice CT progresses to a greater
number of slices and shorter rotation times, a critical
review of the actual requirements of PET/CT for spe-
cific applications will be necessary. Many of the
recent CT improvements are targeted at cardiology,
whereas the role of PET/CT in cardiology has yet to
be established. Indeed, oncology applications may be
adequately addressed with a lower performance CT
scanner, such as a 2 or 4 slice system.

The recent developments in PET scanner
technology have been primarily oriented towards the
introduction of new scintillators. For over two
decades, PET detectors have been based on either
thallium-activated sodium iodide (Nal(T1)) or bis-
muth germanate (BGO). While Nal has high light
output, it has low stopping power at PET photon ener-
gies (511 keV) and a long decay time. The low stop-
ping power was overcome by BGO, first introduced
for PET in 1977,7 but at the expense of considerably
reduced light output compared with Nal; the decay
time for BGO is 30% longer than Nal. Some physi-
cal properties of these scintillators are compared in
Table 1. The introduction of faster scintillators such
as gadolinium oxyorthosilicate (GSO)? and lutetium
oxyorthosilicate (LSO),” also compared in Table 1,
offer enhanced PET scanner performance. LSO in
particular outperforms BGO in almost every aspect,
especially light output and decay time. The faster
scintillators (Table 1) have lower dead time and give

Property Nal BGO LSO GSO
Density (g/mL) 3.67 7.13 7.4 6.7
Effective Z 51 74 66 61
Attenuation length (cm) 288 1.05 1.16 1.43
Decay time (ns) 230 300 35-45 30-60
Photons/MeV 38,000 8,200 28,000 10,000
Light yield (%Nal) 100 15 75 25
Hygroscopic Yes No No No

Nal:  sodium iodide

BGO: bismuth germanate
LSO: lutetium oxyorthosilicate

GSO: gadolinium oxyorthosilicate

Table 1. Physical properties of different scintillators
for PET.
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Figure 2. Noise Equivalent Count Rate (NEC) as a
function of activity concentration in the NEMA NU-
2001, 70 cm phantom. The curves are shown for the
standard BGO ECAT EXACT with septa extended
(BGO 2D), a BGO PET/CT scanner (BGO 3D), an
LSO PET/CT scanner with standard electronics (LSO
3D), and an LSO PET/CT scanner with the new, high
count rate PICO-3D electronics (LSO PICO-3D).

better count rate performance, particularly at high
activity concentrations. This behaviour is confirmed
in Figure 2 where the Noise Effective Count Rate
(NEC)10 is shown as a function of activity concen-
tration in the NEMA NU-2001 phantom for 2D and
3D BGO scanners compared with a 3D LSO scanner,
without and with the new fast, PICO-3D electronics
(CPS Innovations, Knoxville, TN). The curves show
the expected behaviour with 3D superior to 2D and
LSO out-performing BGO even at low activity con-
centrations. The new PICO-3D electronics, matched
to the physical properties of LSO, show a significant
improvement over the older design with peak NEC
exceeding 80 kcps. All 3D measurements are for
PET/CT scanners, whereas the 2D data are for the
standard ECAT EXACT PET scanner (CPS
Innovations, Knoxville, TN) with septa extended.
The current status of PET/CT scanners is per-
haps best illustrated by a design in which a 16-slice
CT scanner, the Sensation 16 (Siemens Medical
Solutions, Forchheim, Germany) is combined with
the recently-announced high resolution, LSO PET
scanner (CPS Innovations, Knoxville, TN). The new
PET scanner has unique 13 x 13 LSO block detectors
each 4 mm x 4 mm in cross-section. The PICO-3D
read-out electronics, adapted to the speed and light
output of LSO, is operated with a coincidence time
window of 4.5 ns and a lower energy threshold of 425
keV. The significance of these high resolution detec-
tors is illustrated in Figure 3 for a patient with squa-
mous cell carcinoma of the right tonsil. Following

treatment that included a right tonsillectomy, radical
neck dissection and chemotherapy, the patient was
restaged by scanning first on an ECAT EXACT (CPS
Innovations, Knoxville, TN) with 6.4 mm x 6.4 mm
BGO detectors, and then on the high resolution
PET/CT scanner. A coronal section from the PET
scan (Figure 3A) demonstrated a diffuse band of
activity in the right neck (arrowed). The correspon-
ding PET section from the PET/CT scan (Figure 3B)
resolved this diffuse band into individual nodes in the
neck of the patient (arrowed).

Currently there are more than six different
designs of PET/CT scanner offered by the major ven-
dors. All designs have in common a CT scanner in
the front with a PET scanner behind and each com-
bine varying levels of performance of the CT and
PET components. The different performance ranges
for some key operating parameters are summarized in
Table 2.

CT-Based Attenuation Correction

A unique feature of combined PET/CT scan-
ners is the use of the CT images to correct PET emis-
sion data for photon attenuation. The advantages of
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using the CT include low statistical noise and short
scanning times compared with standard PET trans-
Table 3. A 52 year-old male patient, 135 Ibs, diag-
nosed with squamous cell tonsillar cancer and a 4 cm
positive node in the neck. The patient underwent
pre-surgical chemotherapy, a right tonsillectomy and
a right radical neck dissection for removal of the pos-
itive node and 45 additional nodes; all of the addi-
tional nodes had negative pathology. The patient suf-
fered post-surgical infectious complications. A fol-
low-up PET scan (A) acquired with arms down
showed a diffuse band of activity in the right neck
(arrowed) seen on a coronal section; a PET/CT scan
(B) acquired with arms up and with the new high res-
olution detector blocks clearly resolved this diffuse
band of activity into individual, sub clinical lymph
nodes.
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mission scans. Since the attenuation correction fac-
tors are energy-dependent, a scaling algorithm is
required to transform the factors from the CT energy
(~ 70 keV) up to the PET energy (511 keV). Scaling
algorithms!!. 12 typically use a bilinear function to
transform the attenuation values below and above a
given threshold around 0 HU (Hounsfield Units), the
CT value for water. While some PET/CT designs also
offer optional standard PET transmission sources, the
advantages of low noise and short CT scan times out-
weigh any of the perceived disadvantages of CT-
based attenuation correction and few, if any, PET/CT
installations still use standard PET transmission
sources.

Two potential disadvantages of CT-based
attenuation correction include CT and PET mismatch
due patient respiration, and the use of intravenous or
oral contrast when the CT scan is acquired with con-
trast for clinical purposes. Since clinical CT scans are
acquired with breath hold at full inspiration while
PET scans are acquired with the patient breathing qui-
etly, there is a mismatch of the anatomical and func-
tional images, particularly in the thorax and upper
abdomen.!? Such a mismatch can be reduced by
allowing the patient to breath during the CT scan
although this approach may introduce breathing arti-
facts into the CT scan, and can lead to interpretation
errors in some cases.'4 Alternatively, a better match
can be achieved by acquiring the CT scan at end or
partial expiration when tolerated by the patient, thus
eliminating CT breathing artifacts. The recent intro-
duction of a 16-slice PET/CT scanner that can cover
100 cm axially in only 13 s facilitates the acquisition
of end-expiration CT scans. To further improve the
quality of the study, a respiration-gated PET scan can
be acquired such that one of the gates corresponding
to the end-expiration phase matches the CT scan.
Preliminary PET/CT studies incorporating end-expi-
ration breath-hold CT and gated PET show improved
anatomical-functional image matching, particularly
in the thorax, and more accurate lung tumor dimen-
sions and uptake values from the PET scan. It is like-
ly that gating will become a standard feature of future
PET/CT scan protocols, particularly for lung cancer.

Iodinated contrast is used in CT to enhance
attenuation values in the vessels (intravenous admin-
istration) and gastro-intestinal tract (oral administra-
tion). Contrast-enhanced pixels that are incorrectly
scaled to 511 keV can potentially generate focal arti-
facts in the PET image through the CT-based attenua-

CT parameters PET parameters
detectors: ceramic scintillator: BGO; GSO; LSO
slices: 1,2,4,8.18 detector size: 4 x4 mm; 6 x 6 mm
rotation speed: 0.4 - 2.0s axial FOV: 15-18cm
tube current: 80—~ 280 mA septa: 2D/3D; 3D only
heat capacity: 3.5~ 6.5 MHU attenuation:  rod; point; CT-only
trans. FOV: 45 - 50 cm trans. FOV: 55 -60cm
time /100 cm: 13-90s time/bed: 1 -5 min
slice width: 0.6~ 10 mm resolution: 4-6mm
patient port: 70 cm patient port: 60 —70 cm

Table 2. A summary of some CT and PET parame-
ters in current PET/CT designs

tion correction factors. This would be an undesirable
outcome, particularly for tumor imaging. However,
standard-of-care CT scanning generally dictates the
use of either intravenous or oral contrast, or both as in
the case of the abdominal and pelvic studies. An
obvious way to avoid such problems is to perform
two CT scans, a clinical CT with appropriate contrast
administration, and a low-dose, non-contrast CT for
attenuation correction and co-registration. The two
scans could even be acquired with different breathing
protocols, although this two-scan approach would
further increase the radiation exposure to the patient.
Recent results!S have shown that the presence of
intravenous contrast at normal concentrations actual-
ly has little effect on the CT-based attenuation correc-
tion factors. This is not generally the case for oral
contrast where the larger intestinal volumes and wide
range of concentrations can lead to over-correction of
the PET data. However, Carney et al.!6 have shown
that contrast-enhanced CT pixels can be separated
from those of bone by a region-growing algorithm.
Since the presence of iodinated contrast has a negligi-
ble effect (< 2%) on photon attenuation at 511 keV,
the CT image pixels identified as oral contrast can be
set to a tissue-equivalent value thus ensuring accurate
attenuation correction factors for the PET data. This
approach can, to a considerable extent, also reduce
artifacts due to catheters and metallic objects in the
patient.!” As a consequence of this and other work, it
is anticipated that PET/CT protocols will include CT
and PET studies of clinical quality.

Towards Future PET/CT Designs

As mentioned, an advantage of limited inte-
gration of the CT and PET imaging components is
that improvements and advances in either CT or PET
can be more easily incorporated into new PET/CT
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designs. The evolution of PET/CT over the past three
years has taken advantage of the independent devel-
opments occurring in the CT and PET fields. CT has
emerged from an extended period of little innovation
to one of rapid change with the development of spiral
CT, multi-slice detector systems, short mechanical
rotation times, and new X-ray tube technology. As
multi-slice detectors increase from dual to 16-slice, to
the recently-announced 32-slice, and even 64-slice
with axial displacement of the X-ray focal spot, the
prospect of 2D planar detectors and cone beam CT is
becoming a reality. With rotation times of 0.4 s and
below, rapid spiral scans can cover the entire thorax
in 10 s, limiting artifacts due to cardiac motion.

The first PET/CT designs were single, dual or
4-slice CT scanners combined with PET technology
from the early nineties. There was, therefore, a mis-
match between the 60 s or less required for the CT
scan and the 40 min or more for the PET scan. The
CT scanner was idle for much of the time and patient
throughput was limited to 4-5 patients per day maxi-
mum. However, PET scanner technology has been
steadily improving over the past decade and the first
clinical PET scanners based on fast scintillators such
as GSO and LSO have rapidly found their way into
the new PET/CT designs. Even a redesign of older
BGO technology by one of the major vendors result-
ed in improved performance for their PET/CT scan-
ner. As a consequence of these developments, the
PET scan duration has been steadily decreasing to a
point where a whole-body PET/CT scan can now be
completed in less than 10 min,!8 thereby making more
efficient use of the CT scanner and significantly
improving patient throughput.

The 16-slice Sensation 16 LSO PET/CT scan-
ner represents the current state-of-the-art with high
sensitivity 3D acquisition mode, high count rate capa-
bility from the PICO-3D electronics, and now high
spatial resolution with the 13 x 13,4 mm x 4 mm LSO
detectors. The device offers a flexible platform on
which to refine specific protocols tailored to the
patient and cancer type. Thus large patients may
require higher levels of injected activity and longer
imaging times to achieve diagnostic image quality,
whereas for smaller patients, high resolution whole-
body images can be acquired in 25 min or less. When
required, the scanner is capable of short imaging
times of less than 10 min.

The rapid diffusion of PET/CT technology
into medical imaging departments is a reflection of

PMTs

Scintillator Light guide

Figure 4. (A) A schematic of the LSO panel technol-
ogy based on a quadrant-sharing approach using
large phototubes (top) and a photo (bottom) of an
actual panel, 36 cm x 52 cm in size; (B) a model of a
possible integrated PET/CT design based on the
LSO panels with the CT components mounted on the
front of the assembly and up to six panel detectors
mounted on the rear. The entire assembly can rotate
at up to 30 rpm.

the acceptance of combined anatomical and function-
al imaging by radiologists, nuclear medicine physi-
cians and other specialists. It is generally accepted
that PET/CT scanners will become the imaging
device of choice in oncology, and after observing the
evolution of the early designs, the obvious questions
are where is this technology going and what will be
the designs of the future? The level of integration is
a major issue with arguments for maintaining the cur-
rent level of separate scanners in tandem as well as
arguments for a completely integrated scanner that
even go as far as a proposal to use the same detector
material for both CT and PET.!9 The advantages of
separate scanners in tandem, such as the current
devices, include the ability to upgrade the CT and
PET scanners individually as technology advances. It
is also possible to envisage a family of PET/CT scan-
ners where the CT and PET performance level is cho-
sen to match the requirements and finances of the
clinical department. Such an approach has many
practical advantages.

The arguments for a more integrated system
include the elimination of duplicate components such
as mechanical supports and computers, a more com-
pact system with a smaller footprint, and reduced cost
and increased reliability by using common compo-
nents for CT and PET. An integrated system would
be an ambitious development requiring close interac-
tion between the CT and PET manufacturers to com-
bine common components. Recently, a large area
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LSO panel detector has been proposed by Nahmias et
al.20 as an alternative to the conventional block detec-
tor, a standard in PET for two decades.2! The panel
design, shown schematically in Figure 4A, uses a
quadrant-sharing approach with 5 cm photomultipli-
ers bonded to the scintillator with the edges of the
tubes positioned over the centers of the 5 cm x 5 cm
blocks of LSO. The high light output from LSO
allows the block to be cut into 12 x 12 small crystals
and still maintain the ability to separate the detector
elements. The concept is to mount three, four or five
of these panel detectors in a hexagonal configuration
and rotate the assembly at 30 rpm to acquire a full
data set for 3D reconstruction. One of the completed
panels with 10 x 7 blocks is shown in Figure 4A
where the physical dimensions are 52 cm x 36 cm
with the longer side mounted axially in the gantry. By
mounting CT components on the front of the rotating
support, as shown schematically in Figure 4B, an
integrated system similar in design to that of the orig-
inal prototype! could be developed, but with far supe-
rior performance. The peak NEC for the NEMA NU-
2001 phantom has been measured to exceed 110 kcps
for a five-panel PET system, at least 40% more than
with current scanners.

The recent announcement of new X-ray tube
technology, the Straton tube (Siemens Medical
Solutions, Forchheim, Germany) could also impact
an integrated PET/CT design. The new tube incorpo-
rates direct anode cooling and is a small, compact
construction. The anode plate is only 12 cm in diam-
eter and the need for heat storage capacity is elimi-
nated. The tube has a substantially longer lifetime
than a conventional tube and since it can withstand
higher G-forces, rotation rates of 162 rpm are attain-
able. Such a compact design could play a significant
role in future integrated PET/CT scanners.

Developing a PET/CT scanner that uses the
same detector material for CT and PET is obviously a
challenge. While this would result in the ideal inte-
grated system, the technical demands on the detectors
are very different for the two modalities. CT detec-
tors operate in current integration mode, are very sen-
sitive to photons around 70 keV, cover an axial range
of 10-20 mm, and have pixel dimensions of 1 mm or
less; PET detectors count individual incident photons,
are especially sensitive to 511 keV photons, cover an
axial range of 15-20 c¢m, and have pixel dimensions
of 2-4 mm. Several other physical properties of the
detector material, such as low afterglow for CT, are

also important. While there are a few candidates for
such a detector material — including LSO - designing
a combined CT and PET detector array will be a chal-
lenge.

There is also work in progress to replace the
phototubes used in current PET detectors with photo-
diodes, bonded to a scintillator such as LSO. When
successful, the result will be a compact PET detector
insensitive to magnetic fields and robust to fast rota-
tion. From the PET/CT perspective, a more compact
and robust PET detector will simplify integration and
allow it to be rotated at rates up to 150 rpm that are
attained by state-of-the-art CT scanners. Such a
detector design could also open up the possibility for
a PET/MR scanner, although that will be a major
technical challenge, assuming there is a clinical
demand for such a device.

To date, all commercial PET/CT designs com-
bine a mid-to-high end CT scanner with a state-of-
the-art, high end PET scanner. The price tag for such
a scanner is close to the sum of the price tags for the
individual devices. It is unlikely, even in the medium
term, that the medical imaging market will accept
such a pricing structure in the future and vendors will
be under pressure to reduce costs. Cost reduction
could be achieved through the development, as men-
tioned, of a more integrated system or by adopting
lower performance, less expensive components. If, as
predicted, the migration of PET to PET/CT continues
at the present rate, there will be a significant demand
for both mid-range and entry level PET/CT scanners
for oncology.

Conclusions

As mentioned, an advantage of limited inte-
gration of the CT and PET imaging components is
that improvements and advances in either CT or PET
can be more easily incorporated into new PET/CT
designs. The evolution of PET/CT over the past three
years has taken advantage of the independent devel-
opments occurring in the CT and PET fields. CT has
emerged from an extended period of little innovation
to one of rapid change with the development of spiral
CT, multi-slice detector systems, short mechanical
rotation times, and new X-ray tube technology. As
multi-slice detectors increase from dual to 16-slice, to
the recently-announced 32-slice, and even 64-slice
with axial displacement of the X-ray focal spot, the
prospect of 2D planar detectors and cone beam CT is
becoming a reality. With rotation times of 0.4 s and
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below, rapid spiral scans can cover the entire thorax
in 10 s, limiting artifacts due to cardiac motion.

The first PET/CT designs were single, dual or
4-slice CT scanners combined with PET technology
from the early nineties. There was, therefore, a mis-
match between the 60 s or less required for the CT
scan and the 40 min or more for the PET scan. The
CT scanner was idle for much of the time and patient
throughput was limited to 4-5 patients per day maxi-
mum. However, PET scanner technology has been
steadily improving over the past decade and the first
clinical PET scanners based on fast scintillators such
as GSO and LSO have rapidly found their way into
the new PET/CT designs. Even a redesign of older
BGO technology by one of the major vendors result-
ed in improved performance for their PET/CT scan-
ner. As a consequence of these developments, the
PET scan duration has been steadily decreasing to a
point where a whole-body PET/CT scan can now be
completed in less than 10 min,'8 thereby making more
efficient use of the CT scanner and significantly
improving patient throughput.

The 16-slice Sensation 16 LSO PET/CT scan-
ner represents the current state-of-the-art with high
sensitivity 3D acquisition mode, high count rate capa-
bility from the PICO-3D electronics, and now high
spatial resolution with the 13 x 13,4 mm x 4 mm LSO
detectors. The device offers a flexible platform on
which to refine specific protocols tailored to the
patient and cancer type. Thus large patients may
require higher levels of injected activity and longer
imaging times to achieve diagnostic image quality,
whereas for smaller patients, high resolution whole-
body images can be acquired in 25 min or less. When
required, the scanner is capable of short imaging
times of less than 10 min.

The rapid diffusion of PET/CT technology
into medical imaging departments is a reflection of
the acceptance of combined anatomical and function-
al imaging by radiologists, nuclear medicine physi-
cians and other specialists. It is generally accepted
that PET/CT scanners will become the imaging
device of choice in oncology, and after observing the
evolution of the early designs, the obvious questions
are where is this technology going and what will be
the designs of the future? The level of integration is
a major issue with arguments for maintaining the cur-
rent level of separate scanners in tandem as well as
arguments for a completely integrated scanner that
even go as far as a proposal to use the same detector

material for both CT and PET.!® The advantages of
separate scanners in tandem, such as the current
devices, include the ability to upgrade the CT and
PET scanners individually as technology advances. It
is also possible to envisage a family of PET/CT scan-
ners where the CT and PET performance level is cho-
sen to match the requirements and finances of the
clinical department. Such an approach has many
practical advantages.

The arguments for a more integrated system
include the elimination of duplicate components such
as mechanical supports and computers, a more com-
pact system with a smaller footprint, and reduced cost
and increased reliability by using common compo-
nents for CT and PET. An integrated system would
be an ambitious development requiring close interac-
tion between the CT and PET manufacturers to com-
bine common components. Recently, a large area
LSO panel detector has been proposed by Nahmias et
al .20 as an alternative to the conventional block detec-
tor, a standard in PET for two decades.2! The panel
design, shown schematically in Figure 4A, uses a
quadrant-sharing approach with 5 cm photomultipli-
ers bonded to the scintillator with the edges of the
tubes positioned over the centers of the 5 cm x 5 cm
blocks of LSO. The high light output from LSO
allows the block to be cut into 12 x 12 small crystals
and still maintain the ability to separate the detector
elements. The concept is to mount three, four or five
of these panel detectors in a hexagonal configuration
and rotate the assembly at 30 rpm to acquire a full
data set for 3D reconstruction. One of the completed
panels with 10 x 7 blocks is shown in Figure 4A
where the physical dimensions are 52 cm x 36 cm
with the longer side mounted axially in the gantry. By
mounting CT components on the front of the rotating
support, as shown schematically in Figure 4B, an
integrated system similar in design to that of the orig-
inal prototypel could be developed, but with far supe-
rior performance. The peak NEC for the NEMA NU-
2001 phantom has been measured to exceed 110 kcps
for a five-panel PET system, at least 40% more than
with current scanners.

The recent announcement of new X-ray tube
technology, the Straton tube (Siemens Medical
Solutions, Forchheim, Germany) could also impact
an integrated PET/CT design. The new tube incorpo-
rates direct anode cooling and is a small, compact
construction. The anode plate is only 12 cm in diam-
eter and the need for heat storage capacity is elimi-
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nated. The tube has a substantially longer lifetime
than a conventional tube and since it can withstand
higher G-forces, rotation rates of 162 rpm are attain-
able. Such a compact design could play a significant
role in future integrated PET/CT scanners.

Developing a PET/CT scanner that uses the
same detector material for CT and PET is obviously a
challenge. While this would result in the ideal inte-
grated system, the technical demands on the detectors
are very different for the two modalities. CT detec-
tors operate in current integration mode, are very sen-
sitive to photons around 70 keV, cover an axial range
of 10-20 mm, and have pixel dimensions of 1 mm or
less; PET detectors count individual incident photons,
are especially sensitive to 511 keV photons, cover an
axial range of 15-20 cm, and have pixel dimensions
of 2-4 mm. Several other physical properties of the
detector material, such as low afterglow for CT, are
also important. While there are a few candidates for
such a detector material — including LSO - designing
a combined CT and PET detector array will be a chal-
lenge.

There is also work in progress to replace the
phototubes used in current PET detectors with photo-
diodes, bonded to a scintillator such as LSO. When
successful, the result will be a compact PET detector
insensitive to magnetic fields and robust to fast rota-
tion. From the PET/CT perspective, a more compact
and robust PET detector will simplify integration and
allow it to be rotated at rates up to 150 rpm that are
attained by state-of-the-art CT scanners. Such a
detector design could also open up the possibility for
a PET/MR scanner, although that will be a major
technical challenge, assuming there is a clinical
demand for such a device.

To date, all commercial PET/CT designs com-
bine a mid-to-high end CT scanner with a state-of-
the-art, high end PET scanner. The price tag for such
a scanner is close to the sum of the price tags for the
individual devices. It is unlikely, even in the medium
term, that the medical imaging market will accept
such a pricing structure in the future and vendors will
be under pressure to reduce costs. Cost reduction
could be achieved through the development, as men-
tioned, of a more integrated system or by adopting
lower performance, less expensive components. If, as
predicted, the migration of PET to PET/CT continues
at the present rate, there will be a significant demand
for both mid-range and entry level PET/CT scanners
for oncology.

References

1. Beyer T, Townsend DW, Brun T, Kinahan PE, Charron
M, Roddy R, Jerin J, Young J, Byars L, Nutt R. A combined
PET/CT scanner for clinical oncology. J Nucl Med.
2000;41(8):1369-1379.

2. Charron M, Beyer T, Bohnen NN, Kinahan PE,
Dachille MA, Jerin J, Nutt R, Meltzer CC, Villemagne V,
Townsend DW. Image analysis in patients with cancer studied
with a combined PET and CT scanner. Clin Nucl Med.
2000;25(11): 905-910.

3, Kluetz PG, Meltzer CC, Villemagne VL, Kinahan PE,
Chander S, Martinelli MA, Townsend DW. Combined PET/CT
imaging in oncology: impact on patient management. Clin
Positron Imaging. 2001;3(6):223-230.

4. Meltzer CC, Martinelli MA, Beyer T, Kinahan PE,
Charron M, McCook B, Townsend DW. Whole-body FDG PET
imaging in the abdomen: value of combined PET/CT. J Nucl
Med. 2001:;42(5 Suppl):35P.

5. Meltzer CC, Snyderman CH, Fukui MB, Bascom DA,
Chander S, Johnson JT, Myers EN, Martinelli MA, Kinahan PE,
Townsend DW. Combined FDG PET/CT imaging in head and
neck cancer: impact on patient management. J Nucl Med.
2001;42(5 Suppl):36P.

6. Townsend DW, Beyer T, Blodgett TM. PET/CT scan-
ners: a hardware approach to image fusion. Semin Nucl Med.
2003;33(3):193-204.

7. Cho ZH, Farukhi MR. Bismuth germanate as a poten-
tial scintillation detector in positron cameras. J Nucl Med.
1977;18(8):840-844.

8. Takagi K, Fukazawa T. Cerium-activated Gd2SiO5 sin-
gle crystal scintillator. App Phys Lett. 1983;42(1):43-45.
9. Melcher CL, Schweitzer JS. Cerium-doped lutetium

oxyorthosilicate: a fast, efficient new scintillator. IEEE Trans
Nucl Sci. 1992;39(4):502-505.

10. Strother SC, Casey ME, Hoffman EJ. Measuring PET
scanner sensitivity: relating countrates to image signal-to-noise
ratios using noise equivalent counts. IEEE Trans Nucl Sci.
1990;37(2):783-788.

11. Kinahan PE, Townsend DW, Beyer T, Sashin D.
Attenuation correction for a combined 3D PET/CT scanner. Med
Phys. 1998;25(10):2046-2053.

12. Burger C, Goerres G, Schoenes S, Buck A, Lonn AH,
von Schultess GK. PET attenuation coefficients from CT
images: experimental evaluation of the transformation of CT
into PET 511-keV attenuation coefficients. Eur J Nucl Med Mol
Imaging. 2002;29(7):922-927.

13. Beyer T, Antoch G, Blodgett T, Freudenberg L, Akhurst
T, Mueller S. Dual-modality PET/CT imaging: the effect of res-
piratory motion on combined image quality in clinical oncology.
Eur J Nucl Med Mol Imaging. 2003;30(4): 588-596.

14. Osman MM, Cohade C, Nakamoto Y, Marshall LT,
Leal JP, Wahl RL. J. Clinically significant inaccurate localiza-
tion of lesions with PET/CT: frequency in 300 patients. J Nucl
Med. 2003;44(2):240-243.

15. Yau YY., Coel M, Chan WS, Tam YM, Wong S.
Application of IV contrast in PET-CT: does it really produce
attenuation correction error? J Nucl Med. 2003;44(5
Suppl):272P.

A Future for PET/CT 19



16. Carney JP, Beyer T, Brasse D, Yap JT, Townsend DW.
Clinical PET/CT scanning using oral CT contrast agents. J Nucl
Med. 2002;43(5 Suppl):57P.

17. Cohade C, Osman M, Marshall L, Wahl RL. Metallic
object artifacts on PET-CT: clinical and phantom studies. J Nucl
Med. 2002;43(5 Suppl):308P.

18. Halpern B, Dahlbom M, Vranjesevic D, Ratib O,
Schiepers C, Silverman DH, Waldherr C, Quon A, Czernin J.
LSO-PET/CT whole body imaging in 7 minutes: is it feasible? J
Nucl Med. 2003;44(5 Suppl):380P-381P.

19. Nutt RE, Nutt R. Combined PET and CT detector and
method for using same. US Patent No. 6,449,331. 2002.

20. Nahmias C, Nutt R, Hichwa RD, Czernin J, Melcher C,
Schmand M, Andreaco M, Eriksson L, Casey M, Moyers C,
Michel C, Bruckbauer T, Conti M, Bendriem B, Hamill J. PET
tomograph designed for five minute routine whole body studies.
J Nucl Med. 2002;43(5 Suppl):11P.

21. Casey ME, Nutt R. A multicrystal, two dimensional
BGO detector system for positron emission tomography. IEEE
Trans Nucl Sci. 1986;33(1):460-463.

20 Atlas of PET/CT Imaging in Oncology



PET/CT Image Acquisition Protocols and
Imaging Data Workflow

O. Ratib and C. Yap

Integrated PET and CT imaging is changing
the traditional PET imaging procedures and workflow
and raises new technical challenges with regards to
image acquisition and data management. The ability
to combine morphological and molecular information
in a single diagnostic procedure will progressively
lead to changes in clinical pathways and patient man-
agement. It is therefore important to understand and
adapt the underlying technical infrastructure and soft-
ware tools to support those changes.

Visualization and interactive review of volu-
metric data from tomographic imaging techniques
require adequate display and navigation tools for
interpreting and referring physicians. Such display
programs should facilitate rapid and convenient navi-
gation through large, three-dimensional data sets.
Traditionally, the interpretation of computer tomogra-
phy (CT) studies was performed from two-dimen-
sional sectional images printed side-by-side on large
sheets of films. With the shift toward soft-copy read-
ing it became rapidly evident that tiling sectional
images side-by-side is not the most convenient solu-
tion for image display. Therefore, this approach was
rapidly replaced by interactive tools allowing users to
“browse” through stacks of cross-sectional images.!

With the improvement of spatial resolution of
CT scanners, and the rapid improvement of process-
ing power of diagnostic workstations it is now possi-
ble to interactively navigate through orthogonal
planes in coronal, sagittal and oblique orientation.
Radiologists have rapidly adopted these tools for
diagnostic interpretation of tomographic studies in
clinical routine. At a time of increasing economic
restrictions on healthcare these software tools
enhance physician’s productivity by allowing faster
navigation through very large data sets with limited
user interaction.

Multimodality PET/CT scanners provide
combined metabolic data from PET images near per-

fectly mapped to anatomical data from CT. This adds
an additional degree of complexity to the task of
image interpretation using multidimensional visuali-
zation software tools. Integrated PET/CT images
need to be analyzed in 5 or 6 dimensions: the three
dimensional tomographic data are now extended to a
fourth dimension representing the continuum
between anatomy and function obtained by fusion of
PET and CT images. The navigation along this
dimension is performed by interactively adjusting the
degree of “blending” or color overlay transparency of
the functional PET data over the anatomical CT
images. A fifth dimension consists of the large
dynamic range of CT data allowing the user to visu-
alize different tissue structures such as bones, soft tis-
sue and lungs by adjusting the image contrast and
intensity window. A sixth, or temporal dimension is
added if PET or CT data are acquired dynamically, as
is the case for quantitative PET studies of myocardial
blood flow or glucose metabolism, or in the case of
CT for cardiac cine sequences. The users need to nav-
igate through these 5 or 6 d to explore spatial or tem-
poral abnormalities. The workflow of such multi-
dimensional large data sets needs to be managed
appropriately and efficiently. Ironically, as the
PET/CT imaging technology matured, the time
required for image and data acquisition has decreased
while at the time spent for reviewing and interpreting
these large data sets has increased substantially.

PET/CT Imaging Protocols

Clinical utilization of PET/CT imaging
requires the optimization of image acquisition and
reconstruction techniques but also of the workflow of
image distribution, image interpretation and image
communication. PET/CT imaging is most frequently
used for oncological applications such as diagnosing,
staging, and restaging of cancer. With the rapid devel-
opment of ultrafast multi-detector CT scanners com-
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bined with faster PET scanners, other applications
such as cardiac PET/CT will soon emerge in clinical
practice. For the purpose of this atlas we will howev-
er limit our attention to the methods and techniques
applied to oncological indications.

Patient Preparation

To optimize imaging results patients need to
be well prepared and informed about the diagnostic
procedure. Patients who understand the imaging pro-
cedures will be more compliant with the sometimes
demanding protocols. Planning should begin even
before the patient arrives in the imaging suite. In
addition to the clinical data obtained from the refer-
ring physician, information regarding patient height
and weight (both factors can affect scanning time)
and concomitant relevant diseases (e.g. diabetes mel-
litus) should be obtained.

Patients should refrain from solid food intake
for about 6 hours. Patients may drink unsweetened
beverages in the morning of the scan. Patients with
afternoon appointments may have a light breakfast.

At the time of the study, important clinical
data can generally be obtained from a short patient
interview in particular regarding the recent medical
history. Information regarding time and nature of pre-
vious treatments should be recorded. Patient history
should also focus on indwelling catheters, metallic
implants, and pacemakers.

Because the CT portion might include intra-
venous contrast a history of allergic reactions need to
be obtained. In presence of or risk for renal dysfunc-
tion should be determined.

Serum glucose levels should be measured at
the time of the study. Elevated serum glucose levels
might explain poor image quality or might result in
intravenous insulin application. The intravenous
injection of 18FDG should take place with the patient
in the supine position. FDG is injected approximately
60 minutes prior to the study. Patients should remain
in a relaxed position to minimize glucose metabolic
activity in striated muscle. Patients should refrain
from speaking to minimize pharyngeal muscle and
vocal cord activity. We do not routinely induce mus-
cle relaxation through the administration of benzodi-
azepines.

Voiding prior to the scan minimizes radioac-
tivity accumulation in the urinary bladder. Patients
are placed in the scanner in the “arms-up” position. If
they are unable to keep their arms up for the 15-30

minutes of scanning patients can also be scanned with
their arms down. In this case, special attention should
be given to CT induced beam hardening effects on the
reconstructed PET images.

To prevent misalignments between PET and
CT images patients should be advised to minimize
motion during the scan.

Breathing instructions are also important. For
studies performed with free breathing patients should
maintain a shallow breathing pattern and should
avoid deep breathing and hyperventilation. Breath-
holding might be important for some studies and
should be practiced prior to imaging. The process of
breath-holding in mid expiration or full inspiration
needs to be demonstrated. Breathing training should
always include several practice runs prior to the scan
to ascertain patient compliance. When contrast CT is
planned as part of the study, the patient must be
informed of expected and unexpected side effects
associated with intravenous contrast administration.

Image Acquisition

PET/CT whole body image acquisitions are
shorter than PET image acquisitions. This is because
PET/CT utilizes whole body CT data for attenuation
correction thereby obviating the need for the time
consuming conventional attenuation correction using
germanium rod sources. A further breakthrough in
PET/CT imaging resulted from the LSO-PET detector
technology, which further shortens PET image acqui-
sition times. These technological advances result in
higher patient throughput and thus, in more econom-
ic utilization of the equipment.

Two distinct CT imaging protocols can be
applied to PET/CT studies:

1) Low resolution and low dose CT images
can be acquired for anatomical localization of meta-
bolic abnormalities and for attenuation correction.

2) High resolution, breath-hold and contrast
enhancement protocols are required for achieving the
standard of care for oncology CT examinations.

There is however some controversy regarding
the need for iodinated contrast material for the CT
images since the most frequently used PET imaging
probe, FDG, characterizes tissue with a much higher
specificity than intravenous contrast. It is however of
general consensus that iodinated contrast studies and
breath-hold acquisition protocols for thoracic and
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Figure 1. Timeline of a PET/CT procedure indicating
the different image acquisition steps following an ini-
tial injection of FDG tracer, with an initial CT scan
without contrast followed by the PET image acquisi-
tion that can vary depending on patient size, and fol-
lowed by a complementary contrast CT study.

upper abdominal CT studies are necessary to maxi-
mize the diagnostic accuracy of CT. We have there-
fore elected to add a “diagnostic” CT acquisition after
every standard PET/CT study when clinically indicat-
ed. Unlike the generic CT acquisition that is standard
for all oncology PET/CT examinations, the diagnos-
tic CT protocols vary depending upon the clinical
indication and the anatomical region being investigat-
ed. Specific protocols are outlined below. The gener-
al timeline of CT and PET acquisition is shown in
Figure 1.

Imaging Protocols

The standard PET/CT protocol includes a
low-dose spiral CT acquisition from the base of the
skull to mid thigh followed by a whole body PET
study of the same region. The protocols presented
here were developed for a commercially available
“REVEAL” PET/CT scanner manufactured by CPS
Innovations (Knoxville, TN). The device consists of a
dual detector spiral CT scanner (Siemens Emotion
Duo) and an LSO full ring PET scanner (ECAT
ACCEL) combined into a single gantry.

The LSO-PET scanner provides higher count
rate capability than conventional PET scanners and
allows acquisitions as short as one minute per bed
position without compromising image quality.2

A scout scan is performed first to determine
the imaging field. This is followed by a whole body
CT acquisition that can be accomplished in one
minute with a dual slice CT system and within a few
seconds using the new 16-slice CT devices.

Each subsequent PET acquisition covers 16.2
cm per bed position with an overlap of about 3.7 cm
resulting in 6 to 7 bed positions for an average size
patient to cover the whole body area from the base of
the skull to mid thigh (Figure 2).

The PET images are acquired approximately
60 minutes after injection of 0.21mCi/Kg of FDG.

The acquisition time per bed position can be
tailored to patient weight varying from 1 minute per
bed position for patients under 130 Lbs (~60 kg) to 4
minutes per bed position for patient over 220 Lbs
(~91 kg). Given the short acquisition time of both
PET and CT data, patients are in general capable of
maintaining the “arms up” position throughout the
study.

The CT images are acquired with patients
breathing in a gentle shallow fashion. This results in
a good co-registration of CT and the non-breath-hold
PET images. However respiratory motion frequently
results in “mushroom” artifacts above the diaphragm
due to different position of the diaphragm during the
spiral CT acquisition. Because CT images are used
for attenuation correction of PET images, the artifacts
are also visible on the attenuation-corrected PET
images.3-> These artifacts can be eliminated in coop-
erative patients that can be instructed to hold their
breath at mid expiration position during acquisition of
CT images.

Diagnostic contrast CT studies can be
acquired immediately following the first combined
PET/CT acquisition. Depending on the body region
and underlying disease being investigated different
protocols can be applied. The most common oncolo-
gy protocol used in whole body CT evaluations of
cancer patients is a combined thorax-abdomen-pelvis
imaging sequence acquired after contrast injection
(see Figure 2). The sequence starts with a high-reso-
lution acquisition of chest images during full inspira-
tion followed by breath-hold 20 seconds after the con-
trast injection. Subsequently, a first acquisition of the
abdomen during the arterial phase and a second
acquisition over the same region during the venous
phase are acquired.

Finally, images over the pelvis are acquired 3
to 4 minutes after injection. With careful adjustment
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Figure 2. Diagram of coverage and position of image acquisition for the combined PET/CT study, followed by
an optional chest-abdomen-pelvis diagnostic CT obtained after intravenous contrast injection.

of image acquisition parameters it is possible to
acquire CT images of chest, abdomen and pelvis after
a single injection of contrast material.

Another frequently requested protocol is a
dedicated head-and-neck examination. For optimal
evaluation of the neck area and to avoid beam-hard-
ening artifacts, the images must be acquired with the
patient in the “arms down” position. Therefore a sec-
ond set of PET images must be acquired, since the
whole body images are acquired in the “arms up”
position. The details of the head and neck imaging
protocol are described in Figure 3. The CT images are
acquired 30 to 40 seconds after intravenous injection
of 75 ml of contrast. When necessary, additional
delayed phase CT images of the brain can be obtained
after adequate time (usually around 5 minutes) is
allowed for contrast material to cross the blood-brain
barrier and reach the brain structures. A third set of
matching PET images of the brain is then also
acquired.

Image Reconstruction and Data Management

An important component of PET/CT imaging
protocols is image reconstruction from the raw data
acquired by the scanners. PET images can be recon-
structed using different filters resulting in different
image resolutions. Higher cut-off frequency filters
result in sharper and crisper, yet more noisy images.

Lower frequency filters result in smoother images
with less anatomical detail.

We have adopted different PET reconstruction
parameters for images of the body and for images of
the brain: whole body scans are reconstructed in 128
x 128 image matrix using iterative reconstruction
methods (Ordered Subsets Estimation-Maximization,
OSEM 2 Iterations 8 Subsets) with a 6-mm Gaussian
post-reconstruction filter. The brain images are usual-

@ Diagnostic CT
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Head and neck PET
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Figure 3. Diagram of complementary PET/CT and
contrast-enhanced CT study of the head and neck
that are acquired following the standard PET/CT
acquisition when clinically indicated.
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Figure 4. Example of fused PET/CT images showing different degree of image “blending” that allows the users
to interactively navigate from the CT image to the PET image in continuous scale of what is being considered
as a “fifth” dimension of the acquired data.

ly reconstructed using a higher resolution of 256 x
256 matrix using a filtered back projection technique
and a 2-mm Gaussian post-reconstruction filter. The
CT images can also be reconstructed with different
parameters providing images of different resolution.
The most important parameter is the reconstructed
slice thickness. While thinner slices are particularly
desirable for better quality of multi-planar recon-
struction of coronal, sagittal and oblique planes, the
thin slice reconstruction can result in an overwhelm-
ing number of images. Therefore a second set of
images with thicker slices for easier and more con-
venient diagnostic interpretation is frequently gener-
ated. However, with the emergence of novel visuali-
zation tools that allow adjustment of slice thickness
and image orientation on diagnostic workstations in
real time, the need for different image reconstruction
protocols with different slice thickness no longer
exists.

PET images need to be reconstructed with and
without attenuation correction. While attenuation cor-
rection is desirable to properly rescale regional tracer
activity for differences in tissue attenuation, there are
many situations in which CT images used for attenu-
ation correction can introduce artifacts. This can
result in “false” findings of increased or decreased
tracer uptake. The most common sources of artifacts
from CT-based attenuation correction are: image mis-
registration due to patient or respiratory motion, beam
hardening effects and attenuation artifacts form high
density objects such as metal implants and implanted
devices. In those cases, the availability of non-attenu-
ation corrected PET images is essential to properly
differentiate between true pathological and “false”
tracer uptake patterns.o”7

Image Storage and Communication

With the evolution towards multi-detector
systems large data sets are generated. This represents
a serious challenge for image storage and communi-
cation. Both PET and CT generate a set of “raw” data
that can subsequently be reconstructed with different
reconstruction parameters as described above. The
reconstructed PET data are usually cross-sectional
images of a given thickness and cover the whole seg-
ment being surveyed. Depending on the selected
image resolution and slice thickness the resulting
image set can vary in size. An average set of cross-
sectional images of Smm thickness for a whole body
acquisition can vary from 7 Mbytes to 10 Mbytes
depending on the patient size and the corresponding
number of planes. These reconstructed images repre-
sent a much smaller volume of data than the corre-
sponding raw data that can easily vary from 100
Mbytes to 160 Mbytes. Most institutions elect to store
only the reconstructed images but not the raw data to
avoid unnecessary overhead expenses.

The same principle applies to CT images par-
ticularly when derived from ultra-fast multi-detector
CT scanners. These devices acquire very large sets of
high resolution thin slice image data that can be
reconstructed to different spatial resolutions. Sets of
thin slices of approximately 1mm in thickness require
over 300 images to cover the thorax and whole body
images are composed of close to 1000 images of con-
siderable size. For instance, whole body data sets that
can vary in size from 150 to 500 Mbytes. High reso-
lution scans using very thin slices are desirable to
obtain isotropic three-dimensional data scts that can
be re-sliced in any spatial direction with similar reso-
lution. These large data sets represent a significant
problem for image communication between different
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devices in a digital environment and incur significant
costs associated with long-term data storage and
archiving.

Image Visualization and Interpretation

Another challenging aspect of integrated
PET/CT imaging is related to seamless navigation
through and visualization of multi-dimensional imag-
ing data. The inability to rapidly and efficiently navi-
gate through these data sets remains a serious handi-
cap for most interpreting physicians who need to
adapt to time-consuming and awkward human-
machine interactions.89 None of the existing software
package and image display program is ideally suited
to complete this task. Most PET/CT workstations pro-
vide image fusion capability that allows color coded
PET images to be mapped to CT images displayed in
shades of gray.8.10.1 Commercially available worksta-
tions provide tools for quantifying tissue density
(Hounsfield units) and determining standardized
uptake values of FDG (SUV). Size measurements can
be performed routinely and CT images can be win-
dowed to display different tissues (Figure 4).

Clinical Workflow

When PET/CT devices were deployed in clin-
ical routine, two major technical challenges were
identified: 1- the difficulty of optimizing new acqui-
sition protocols and 2- the complex task of managing
image data. These challenges are even more promi-
nent for large multidisciplinary academic centers
where the diagnostic procedures and interpretation
tasks are often performed by highly specialized
experts that often focus on specific imaging proce-
dures applied to specific body regions. In such envi-
ronment the PET/CT imaging procedures require
major coordination efforts and consensus agreements
between nuclear medicine specialists, oncology
departments, thoracic, GI and GU, head and neck and
neuro-radiologists. The logistics of maintaining an
effective collaboration between all involved experts
can be quite complex. Combined imaging protocols
must be defined and implemented that are compliant
with the requirements of each specialized area.
Acquisition protocols that are applicable to PET/CT
imaging can differ from the imaging protocols used
on separate PET and CT scanners. Combining differ-
ent CT acquisition procedures in a single patient
examination often requires some compromise to
arrive at feasible and mutually accepted protocols.

{ m by Multimodality
Image L |7 | I '™ a0e Review
acquisition [l i g | At Ny
= I Sl Diagnostic CT
L2 g Interpretation
(PACS workstation)

Image ' \ .

:

(Reterring physicians) /N

o

Report
Figure 5. Workflow diagram showing the data flow
from image acquisition, reconstruction in different
modalities, interpretation by different interpreting
physicians and generation of consensus report(s)
that can be distributed to the referring physicians

together with the images.

As another problem, nuclear medicine physi-
cians interpret PET images while one or several sub-
specialized radiologists might interpret the CT
images. Thus, PET/CT studies need to be provided to
different interpreting physicians who must review the
different aspects of the study to generate a general
consensus. Hence, the logistics of routing images to
different interpreters and establishing an infrastruc-
ture allowing for timely image interpretation can be a
very complex task.

At our institution PET/CT images are inter-
preted in the nuclear medicine department while radi-
ologists read the diagnostic CT images. This can
require multiple readers for interpreting a single
whole body scan. Images are routed electronically to
the different readers, but only a limited number of
workstations is available for displaying integrated
PET/CT images. Therefore, radiologists initially
interpret the CT data, and the comprehensive study
evaluation involving radiologists and nuclear medi-
cine specialists takes place during a daily reading ses-
sion around a specialized workstation. Thus, PET/CT
image interpretation requires a significant amount of
time and effort.

In smaller imaging centers and private prac-
tice settings the necessity of image interpretation by
multiple interpreting physicians is more seldom and
in most cases the CT study and the PET images are
interpreted by the same individual, minimizing the
need for complex image distribution and workflow.

26 Atlas of PET/CT Imaging in Oncology



Multi-Modality Image Navigation Tools

The navigation between the two modalities as
well as the navigation through the volume of data is
usually achieved through interactive manipulation of
cursors and slide bars on a graphic user interface of
the image display software. Using commercially
available software, the time required for reviewing
PET/CT studies can range from 10 minutes for a nor-
mal study to 30 minutes or more for a complex study
with multiple lesions and abnormalities. This exceeds
by far the average time that is required for a radiolo-
gist to review standard oncology CT studies. The best
image display programs permit displaying multiple
aspects of the study simultaneously. This includes the
three orthogonal planes of the CT images, the reori-
ented PET images and the set of blended PET and CT
images. In many instances an additional set of non-
corrected and projection PET images also needs to be
reviewed. The disadvantage of this approach is that
individual images tend to become relatively small on
the screen requiring the user to manually enlarge
them for better visualization of details. Examples of
multimodality image display programs are shown in
Figures 6 and 7.

Another requirement for workstations is their
ability to handle the large data sets in real time. For
real time data navigation the data sets must be loaded
in the computer memory. Some software programs
achieve adequate real time performance by compro-

Figure 6. Example of a viewer-user interface that
allows interactive navigation in three different
orthogonal plane (using control panel located in A)
while also adjusting the degree of color overlap of
PET images over CT images (using adjustable slide
bars in control panel B).

mising the resolution of CT images either by reducing
the spatial resolution from 512 x 512 to 256 x 256
pixels/slice). Alternatively, the dynamic range of the
CT data can be reduced from 16 bits of gray shades
per pixel to 8 bits (256 gray levels) per pixel. This
however might render the quality of the CT images
non-diagnostic. Display programs that can maintain
the native high resolution of the CT data and scale the
PET data to the CT resolution require computers with
high processing power and large memory capacity.
Even with high performance computers, the loading
of a complete whole body PET/CT study can take up
to several minutes.

Simple Techniques for Image Communication
Imaging findings need to be conveyed to
referring physicians and other caregivers that rely on
this information for patient management. Frequently,
referring physicians receive a written report or, in
some more sophisticated places, a written report
including selected “snapshots” of pertinent findings.
Some efforts are being deployed to find more con-
venient ways to provide more comprehensive image
sets to caregivers. Such approaches would then allow
the referring physicians to navigate through image
data similar to the way interpreting physicians do.
This is usually achievable by generating standard

Figure 7. Example of a different layout of another
multimodality viewing program that allows simulta-
neous display of the 3 orthogonal views of PET
images (top), the corresponding CT images (middle)
as well as the corresponding fused images (bottom).
Images to be displayed are selected from a list locat-
ed in (A) and the adjustment of image contrast win-
dow and level as well as PET/CT blending is
obtained through adjustable scrollbars (B).

PET/CT Image Acquisition Protocols and Imaging Data Workflow 27



Figure 8. Prototype of a new multidimensional
image navigation software (OsiriX) using a special
multi-function jog-wheel allowing rapid interactive
navigation through different dimensions of the image
data.

video files such as AVI or QuickTime dynamic files
that can be displayed on standard personal computers.
However, these images are always selected by the
interpreting provider and are thus an incomplete rep-
resentation of the entire data set.

Future Perspectives

Combined PET/CT provide near perfectly co-
registered functional and anatomical images in a sin-
gle session. They represent the most important and
comprehensive new imaging tool in oncology. On the
other hand, continuing development of display soft-
ware and image communication tools is required to
utilize this technology to its highest potential for
improved patient management.!220 These tools need
to be tailored to the needs of patients, interpreting and
referring physicians.
The computer infrastructure and software programs
available for management and display of multimodal-
ity studies are still in their infancy. Currently avail-
able systems are simple evolutions from traditional
multi-dimensional and nuclear medicine display pro-
grams and suffer from considerable limitations in per-
formance and functional design. A new generation of
diagnostic workstations might include specifically
designed navigation devices similar to the ones used
by the video-game industry to allow the user to navi-
gate interactively through five or six dimension of

image data (Figure 8). Computer-assisted algorithms
could guide users through the image data by automat-
ically detecting areas of abnormal or suspicious meta-
bolic activity or unusual morphological characteris-
tics. There is a need for improving interfaces and nav-
igation tools for users to efficiently navigate through
image data. To become more widely adopted in clini-
cal practice, the software programs will be more intu-
itive and simpler to use by physicians that are not nec-
essarily computer experts.2!.22

Imaging procedures have become a central
component of clinical practice and clinical decision-
making. The comprehensive imaging results of
PET/CT studies would best be conveyed to referring
physicians if images could be communicated in a
seamless fashion. This approach would empower
referring physician to interactively view the full set of
registered data in a way similar to the image naviga-
tion used for diagnostic interpretation. This is partic-
ularly relevant in oncology where a community of
physicians involved in patient management needs to
visually assess subtle differences in localization, size,
structure and topological distribution of pathological
lesions in every region of the body. Thus, one mes-
sage to the PET/CT manufacturers is to draw their
attention to the fact that improving image communi-
cation and navigation tools will further enhance the
adoption of PET/CT imaging in clinical routine.

Optimal utilization of PET/CT requires a
multi-disciplinary approach that includes close inter-
action and collaboration between different disciplines
and subspecialists. The current information manage-
ment infrastructure and computer software lack the
necessary tools to allow multiple users in different
locations to jointly interpret the image data.

An important step for improvement of patient
management is the collegial discussion between inter-
preting physicians and referring physicians, surgeons
and oncologists. In a digital environment, such dis-
cussions occur in clinical conferences or tumor
boards relying on digital means for presenting diag-
nostic images. Here again, the necessity for a conven-
ient computer system that can be used to navigate
through the multimodality images is critical.

The clinical success of PET/CT imaging will
continue if technological advances include improve-
ments in imaging equipment as well as tools for
image display, communication and navigation.

The added value of providing better visualiza-
tion of pathological processes through combined
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functional and anatomical information will result in
better patient management.
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Acquisition Schemes for Combined
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Imaging: An European Experience
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Combined PET/CT imaging

For the past decade both, Computed
Tomography (CT) and Positron Emission
Tomography (PET) have been used widely, albeit fre-
quently independently, in the management of cancer
patients. To complement molecular and anatomical
information such as obtained by PET and CT, respec-
tively and thus facilitate a more accurate diagnosis!
both, retrospective software-based approaches and,
later, hardware-based approaches to combined dual-
modality imaging have been introduced. Fully or
semi-automated software algorithms allow register-
ing almost any complementary images of the thorax,
for example, in about a minute 2 but often work only
on axially limited image sets rather than whole-body
studies. Hardware-based approaches to anato-meta-
bolic imaging! in humans exist for combined PET/CT
since 19983 but not yet for PET/MRT (Magnetic
Resonance Tomography) imaging.4

Combined PET/CT tomographs allow acquir-
ing molecular and anatomical information in a single
examination without moving the patient in between,
thus minimizing any intrinsic spatial misalignment.
The almost simultaneous acquisition of such comple-
mentary information has been shown to lead to addi-
tional diagnostic information.5 Total examination
times with PET/CT are much reduced in comparison
to standard PET imaging times since the available CT
transmission information is used for attenuation cor-
rection of the complementary PET emission data,b
thus rendering lengthy standard transmission scans
obsolete in PET/CT. This results in much reduced
total examination times and in potentially reduced
costs when 68Ge-based rod sources are not installed
in the combined tomograph.” Taking together the ben-
efits of intrinsically aligned PET and CT data, shorter
scan times and logistical advantages in patient man-

agement with PET/CT, combined PET/CT imaging
has become a state-of-the-art tool for patient manage-
ment in clinical oncology.$

Standard PET/CT imaging protocol for oncology
FDG-PET/CT imaging

First clinical experience from applying PET/
CT in oncology was based mainly on extending stan-
dard PET imaging using 2-[!8F]Fluoro-2-deoxy-D-
glucose (FDG) by supplementing the limited anatom-
ical background information of the PET with the
intrinsically associated anatomy as imaged by the
CT.59.10 Initially combined imaging of the heart was
not a primary concern of PET/CT imaging as illus-
trated by the incorporation of only mid-range CT
components in the first generations of combined
tomographs.!! More recent PET/CT designs, how-
ever, also employ CT systems with up to 16 detector
rows!2. 13 and thus offer the potential of defining and
evaluating acquisition protocol standards for imaging
of the heart.

Protocol Step PET/CT Advantage
Patient is not moved

between scans

Consequences
iLess stress on patients, and
.ﬁQQiS,!iQ@‘.Q%ﬁ@(&‘l&be personnel
Higher intrinsic accuracy of spatial
registration of CT and PET
Co-axial imaging range can be
adapted to diagnostic needs,
resulting in minimum time for
sufficient diagnosis and for patient
to remain still on bed
CT and PET imaging range Ensure complementary information
are matched and avoid over-/underexposure of
ipatient
Reduced total scan time (by 30%)

Patient Positioning

Accurate definition of
imaging range
Topogram

CT replaces standard

Transmission Scan transmission scan

Reduced costs by avoiding the
need for standard (decaying) TX

Post-injection TX becomes
standard, limited noise
propagation into attenuation-
corrected emission images

Table 1. Major advantages of combined PET/CT
over PET protocols with or without an additional CT
examination

CT-based attenuation
correction
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FDG-PET/CT acquisition protocol design

For oncology purposes a standard PET/CT
acquisition protocol, in essence, is a modern-day PET
oncology imaging protocol, which consists of three
steps: (1) Patient preparation and positioning, (2)
Transmission scan, and (3) Emission scan. Additional
CT scans, such as, e.g. a 3-phase liver CT or a high-
resolution lung scan could be requested by the
reviewing physician, but generally these CT scans are
not used for attenuation correction. TABLE 1 sum-
marizes the advantages of PET/CT imaging protocols
in comparison to PET examinations with or without
additional CT.

FDG-PET/CT acquisition procedure

An accurate localization scan is now available
that precedes the transmission and emission acquisi-
tion (FIGURE 1). This localization scan is referred to
as either a topogram or scout scan, and is similar to a
conventional X-ray at a given projection angle. The
topogram is acquired after the patient is positioned on
the patient handling system of the combined PET/CT
with the X-ray tube/detector-assembly locked typical-
ly in either frontal or lateral position (or any other
position in between) and the patient pallet moving
continuously into the gantry. In PET/CT imaging the
topogram is used to define the axial examination
range of the combined study. Thereby the axial extent

of the complementary CT and PET acquisition are
matched to ensure fully quantitative attenuation and
scatter correction of the emission data, and to avoid
any over- or under-scanning of the patient in case of
limited or extensive disease. The patient is subse-
quently moved to the start position of the CT scan,
which typically is acquired in spiral mode.!4 After the
completion of the CT scan the patient is advanced to
the field-of-view of the PET, to the rear of the com-
bined gantry, where emission scanning commences in
the caudo-cranial direction starting at the thighs to
limit artefacts from the FDG excretion into the uri-
nary system. Depending on the axial co-scan range
and the emission time allotted for an individual bed
position the combined scanning is completed in 30
min or less.!> Since the CT images are reconstructed
simultaneously and attenuation maps are calculated
as soon as the CT images become available, the total
post-acquisition data processing and image recon-
struction is limited to the processing of the last bed
position.

Classification of current PET/CT imaging
protocols for clinical oncology

The acquisition parameters of the standard
imaging protocol can be adjusted to account for spe-
cific imaging needs and, in particular, for clinical
requirements on the CT image quality. Since the

cT PET

Emission
scan

™ Emission *
images

Figure 1. Standard FDG-PET/CT imaging protocol (from left to right). The patient is positioned on a common
patient handling system in front of the combined gantry (A). First, a topogram is used to define the co-axial
imaging range (A). The spiral CT scan (B) precedes the emission scan (D). The CT images are reconstructed
on-line and used for the purpose of automatic attenuation correction of the acquired emission data (C). CT, PET
with and without attenuation correction, and fused PET/CT images can be used for the clinical image review

(E).

Acquisition Schemes for Combined 18F.FDG-PET/CT Imaging 31



majority of imaging parameters in PET/CT relate to
the set-up of the complementary CT acquisition pro-
tocol it appears reasonable to classify clinical
PET/CT protocols and imaging scenarios with respect
to the operation of the CT.

Today, with currently available 2nd and 3rd
generation PET/CT systems five general imaging
scenarios can be distinguished (TABLE 2). The least
demanding facilitates the PET/CT as a fast PET
using a low-dose CT scan for attenuation correction
(I). In an alternative scenario the CT is operated
at similar low-dose settings, but oral contrast agents
are given to utilize the CT for additional anatomical
labeling (II). In contrast, high-demand scenarios
aim at high-quality scans in place of separate dedicat-
ed, and often region-specific, CT and PET exams
(IV, V). Obviously, the complexity of these scenar-
ios increases with the demands on the CT (e.g. V).
From a brief survey of the available clinical PET/CT
literature (e.g. references 10,16-21) it appears that
class-II protocols are most frequently used, while
class-IV and -V are the least frequently adopted pro-
tocols.

CT-based attenuation correction

Independent of the imaging scenario-of-choice all
PET/CT protocols have in common that, based on the
available CT transmission information, PET emission
scans are corrected routinely for attenuation. X-ray
transmission sources yield a much higher photon flux
than standard transmission sources.22 Therefore, CT
transmission data can be collected in very short times
and the contamination from the emission activity of
the injected patient is insignificant. Thus transmission
data in PET/CT can be collected in post-injection
mode routinely.3 In addition noise propagation? is

limited due to the essentially noiseless CT transmis-
sion data.

However, X-ray photons are polychromatic, and
therefore energy-scaling approaches are required to
transform the CT transmission information into atten-
uation coefficients at emission energies different from
those of the CT energy spectrum (e.g. 511 keV). The
transformation of the CT transmission information to
attenuation coefficients and, subsequently, to attenua-
tion maps is based on work by LaCroix et al.24 First
the CT images are transformed into attenuation
images at some estimated effective CT energy. Then,
the attenuation image at the relevant emission energy
is multiplied by the ratio of attenuation coefficients of
water at that effective CT energy (40 — 70 keV) and
the emission energy, respectively. While this simple
scaling approach works well for soft tissues serious
overestimation of the attenuation coefficients of cor-
tical bone is observed.2# To account for the larger
energy differences between CT and PET the original
scaling approach was modified. Instead of a linear
scaling with a single scale factor, a bi-linear scaling
was developed®: 25 to account for the non-linear ener-
gy dependencies of the Photoelectric and Compton
effect, which dominate at lower (i.e. CT) and higher
(i.e. PET) energies, respectively. Today all CT-based
attenuation correction algorithms in commercial
PET/CT systems are based exclusively on bi-linear
scaling methods.26- 27

General considerations of FDG-PET/CT
acquisition protocols

Independent of the choice of a specific image
protocol as summarized in TABLE 2 a number of
general and specific considerations apply to PET/CT
imaging protocols (TABLE 3).28

Acquisition Example

PET CcT Complexity PET/CT
Effective dose v Oral Breath
per row [mAs] contrast contrast hold
I Whole-body? Whole-body Low [15 - 40] No No No low not
published
11 Whole-body Whole-body Low [40 - 80] No Yes No low - mid (16)
111 Whole-body Whole Body Low [40 - 80] No Yes For mid - high (93)
+ Thorax Standard [~120] Yes Thorax
CT
v Whole-body Whole-body |Standard [~130] Yes Yes Limited | mid to high (94)
\ Torso/Abdomen|Torso/Abdomen| Standard [~130] Yes Yes Limited high (28)
+ Head/Neck | + Head/Neck |Standard [~200] Yes

! Whole-body refers to an imaging range of the upper neck to the upper thighs. It can be expanded to cover the entire body patient, bed travel permitting.

Table 2. Selected PET/CT imaging scenarios in clinical oncology.
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Acquisition Step General

Specific

Patient PreparationFollow the guidelines for a standard PET exam with|Question patient about previous allergiq
the same radioisotope, i.e. fasting patient, injectedlreactions towards contrast media and
dose, quiet resting during uptake, uptake period,jabout oral anti-diabetic medications.

voiding before scan, etc.

Patient Positioning|Use positioning aids for comfortable positioning.
Remove jewelry and take off clothes with zippers.
Raise and keep arms above the head.
Topogram|Check for remaining high-density objects and remove

(e.g. dental prostheses).

technique is desired.
CT ScanjFollow breath hold protocol.

Educate patient on breath hold commands if required.|using IV contrast.

Acquire CT in normal expiration if breath hold

Establish adequate renal function before

Patient must drink oral contrast agent
during the uptake phase if the abdomen
is to be included in the imaging field-of-
view.

Follow contrast protocol.

PET Scan{Keep scan time reasonably short.

Data Processing|Reconstruct PET without attenuation correction.

Additional CT reconstructions (e.g. lung,
or bone window) may be required.

Image ReviewReview uncorrected PET in case of artifacts.

Define strategies for joint report.

Table 3. General and specific imaging protocol considerations for each acquisition step of combined PET/CT.
The general aspects should be followed irrespective of the clinical scenario (TABLE 2), while specific consid-
erations apply to the more complex acquisition procedures only.

Patient preparation and positioning

For all oncology protocols patient preparation is sim-
ilar to that for a standard PET exam as described in
detail in.29 In addition, patients are asked about aller-
gies towards iodine-based CT contrast agents, should
these be administered during the course of a PET/CT
study. In patients with known mild reactions, the
patient is pre-medicated while in case of known
severe allergic reactions no IV contrast is given.
Typically the serum creatinine value is obtained to
assess adequate renal function of the patient who is
anticipated to receive IV contrast. Oral contrast
agents do not require testing or special pre-medica-
tion but patients must drink up to 1.5 L of the contrast
solution during the FDG uptake phase depending on
which oral contrast is given.

Prior to the PET/CT exam patients should
remove all metal (e.g. bracelets, dental braces, pants
with zippers, etc), which may lead to scatter artefacts
on the CT transmission scan (FIGURE 2). Patients
must be positioned comfortably on the patient exam-
ination pallet with their arms raised above their head,
if possible, which is standard practice in CT to avoid
well-known truncation and banding artefacts (FIG-
URE 3).

CT and PET acquisition
In most cases the CT is performed as a single
spiral acquisition and the patient is given breath hold

commands in selected scenarios to better match the
position of the organs of maximum mobility between
the CT and the PET scan.30-32 The subsequent PET
acquisition follows closely that of a standard emis-
sion scan. Emission data can be acquired in 2D (with
septa extended into the field-of-view) or in 3D (septa
retracted), but most commercial PET/CT systems
today!2 employ fully-3D PET? only and provide a
2D-PET option only upon request. The introduction
of fast PET scintillation detectors based on LSO or
GSO034.35 combined with more powerful detector and
acquisition electronics3¢ offer dramatic reductions in
total scan time for a whole-body acquisition to 10 —
15 min.2®

Alternative PET tracer

Although clinical routine PET/CT is used syn-
onymously with FDG imaging, there are a number of
promising new radiopharmaceuticals. For example,
C-11 acetate, C-11 choline,*” and F-18 Fluorocholine
have been suggested for prostate cancer imaging. Ga-
67 DOTATOC or F-18 Fluoro-DOPA have been pro-
posed to image neuroendocrine tumors. 1-124 is a
specific tracer for imaging thyroid tissue and thyroid
carcinoma.®. 3% Considering the potential of PET/CT
in the context of biologically oriented radiotherapy
treatment planning,* there may be great promise in
radiopharmaceuticals for assessing hypoxia (F-18
MISO or Cu-64 ATSM) to achieve biological con-
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Figure 2. Topograms should be used to detect resid-
ual and removable high-density objects that may
cause artefacts on subsequent CT, such as buttons,
zippers, or jewelry. When high-density objects such
as dental implants (B) cannot be removed, the result-
ing CT and corrected PET images should be
reviewed with caution (C).

formity. Depending on the choice of the PET tracer
emission acquisition protocols must be adjusted with
respect to the scan time, injected activity, uptake time,
etc. In addition, the time of the examination with
respect to the start, or end of therapy must be ade-
quately defined according to the existing guidelines
for using PET imaging during the course of therapy.

Image reconstruction and review

Based on the standard acquisition scheme that
involves a transmission and an emission scan, all PET
images are reconstructed after (CT-based) attenuation
correction. The reconstruction method of choice is
based on iterative reconstruction techniques that
involve an attenuation-weighted ordered subset
approach?!.42 or a RAMLA approach .43

In either case artefacts on CT images may
propagate into the corrected PET images. These arte-
facts may arise from the spatial mismatches between
the CT and the PET information due to respiratory or
other involuntary patient motion. In addition high-
density artefacts on CT from high-density objects, or
focal CT contrast accumulations may lead to corre-
sponding artificial tracer uptake patterns in the cor-
rected PET images. It is thus important to understand
the pitfalls of CT-based attenuation correction and the

resulting uptake patterns in PET/CT images.#-46 In
case of CT-induced artefacts it is recommended to
review also the PET images without attenuation cor-
rection, and to dynamically adjust the blending of the
reconstructed CT and the PET image sets during the
review.

CT protocol considerations in the context
of combined PET/CT imaging
Respiratory motion

In the majority of patients respiratory motion
results from abdominal respiration, when breathing
with the diaphragm dominates over thoracic respira-
tion together with large excursions of the ventral tho-
racic wall.#7 With the lower thorax and the liver being
the areas most affected by respiration *8 CT examina-
tions of the chest, abdomen and pelvis are performed
routinely with instructing the patient on either a
breath hold or co-ordinated breathing. With multi-row
CT it is possible to scan the entire chest within a sin-
gle full-inspiration breath hold, which is the more
preferred respiratory state. The reason for using full-
inspiration breath hold is the prolonged period that
patients can tolerate to sustain without breathing. In
addition pulmonary pathologies are much better iden-
tified in the completely inflated lung. Alternatively,
thoracic CT examinations can be performed in expi-
ration or end-expiration breath hold, which is fol-
lowed during CT-guided intervention.

Limiting respiration-induced motion artefacts
Several PET/CT groups have described respi-
ratory motion and the resulting discrepancy of the
spatial information from CT and PET as a source of
potential artefacts in corrected emission images after
CT-based attenuation correction.30. 49.50 These arte-
facts become dominant when standard full-inspiration
breath hold techniques are transferred directly from
clinical CT to combined PET/CT examination proto-
cols scanning without further adaptations (FIGURE
4A). In the absence of routinely available respiratory
gating options>! the anatomy of the patient captured
during the CT scan must be matched best to the PET
images that are acquired over the course of multiple
breathing cycles. Reasonable registration accuracy
can be obtained, for example, with the spiral CT scan
being acquired during shallow breathing.3%. 3! In a
recent retrospective study we found a significant
reduction in respiration artefacts on CT and PET
images patients breathing quietly during the CT and
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the PET exam on a 4- and 16-row PET/CT system in
comparison to a 2-row PET/CT (submitted to the
SNM 2004). Alternatively, a limited breath hold
protocol can be adopted with either a 1- or a 2-row
system, or when dealing with uncooperative patients.
Patients are then required to hold their breath in
expiration only for the time that the CT takes to cover
the lower lung and liver, which is typically less than
15832

Figure 3. (A) Topogram scans of three patients with
different positions of the arms. Transverse CT
images (50 = 150 HU) at the level of the mid-liver
illustrate the magnitude of streak and truncation arte-
facts. Leaving the arms close to the body yields
streak artefacts (B), and in case of larger patients
serious truncation effects (C), which both propagate
into the corrected PET image. (B and C courtesy
Heiko Schéder, MD, Memorial-Sloan Kettering
Cancer Center).
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Figure 4. Mismatches in respiration between CT and
PET can lead to serious artefacts such as a “disap-
pearing chest wall” in (A) where the CT and the PET
were acquired in full inspiration and during shallow
breathing, respectively. Serious artefacts may also
be observed in the region of the diaphragm when
uncoordinated breathing is accepted during the CT
(B). These artefacts are not seen on the whole-body
emission images generated over many respiratory
cycles (noAC). Special breathing protocols have
been proposed to minimize respiration-induced arte-
facts (C).

Breath hold commands (in normal expiration,
for example) can be combined with very fast CT
scanning, and therefore may help reduce respiration
mismatches over the entire whole-body examination
range (FIGURE 4C). Nevertheless, when respiration
commands are not tolerated well and significant res-
piration-induced artefacts are suspected,5? it is advis-
able to reconstruct the emission data without attenua-
tion correction and to review the two sets of fused
PET/CT images very carefully.

Standard use of CT contrast agents

Clinical CT examinations are almost routinely
performed with contrast enhancement to selectively
increase the visibility of tissues and organs for an eas-
ier and more accurate assessment of disease and exist-
ing alterations of the anatomy of the patient.
According to their administration CT contrast
agents3 fall into oral and intravenous agents (TABLE
4). Oral contrast agents can be separated further into
positive, negative, and water-equivalent contrast
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Contrast Category

Constituents

Enhancement
[HU] vs non-
enhanced CT

References
for CT

Implications for
PET/CT

References
for PET/CT

OralPositive Barium 200 - 700

(95) May lead to
overestimation of m-
map resulting in possibly
false uptake patterns
but little effect on SUV
in corrected PET (outside|
the immediate location

lof artifact).

(65)

lodine 200 - 500

(96) May lead to
overestimation of m-
map resuiting in possibly
false uptake patterns
but little effect on SUV
in corrected PET (outside|
the immediate location

of artifact).

(64)

Water-equivalent |Water 0

No artifacts associated.
Application preferred for
upper abdomen studies
since only poor small
bowel distension.

Water, osmotic |30-Oct
(mannitol),
thickening
agent (locust
bean gum,
ending patent)

No artifacts associated.
Suitable for whole-body
imaging.

(67)

Negative Air (97)

No artifacts associated.
Extensive patient
reparation.

IV|Positive lodine up to
400 mg/mL

100-300

parenchyma: 40-
90, vessels:

(98) Bolus passage in (63)
thoracic vein may induce
focally increased
iconcentrations of
contrast that may
translate into false
positives on corrected

PET.

Table 4. Classification of CT contrast agents and implications for their application in PET/CT (based on [Speck,

1999 #1]).

agents depending on the resulting changes in the CT
attenuation values of the enhanced structures and
organs in reference to the attenuation of water (i.e.
soft tissue). Negative oral contrast (e.g. air) is used
only rarely. Instead most oral contrast media used in
radiology today are positive or water-equivalent
materials. Positive water-soluble oral contrast agents
for CT imaging are based on iodine, which has a high
density and expresses only low toxicity.33 However,
iodine-based dispensions (e.g. Gastrografin) are
expensive and thus insoluble barium-based suspen-
sions are often preferred. In conventional CT barium
sulfate is used in concentrations of 1.5 %. Depending
on the choice of iodine- or barium-based contrast
patients are asked to drink up to 1.5 L of the contrast
dis-/suspension prior to the CT exam (FIGURE 5).

Positive oral contrast is not known to affect
the blood glucose level. In combined PET/CT studies,
however, slight increases in physiologic uptake pat-
terns of FDG in the descending colon were reported
by Dizendorf et al., which were hypothesized to arise
from an increased peristalsis in the presence of large
quantities of dense contrast.5 More importantly, seri-
ous artefacts were reported in PET/CT studies of
patients who underwent a colonoscopy only days
before the combined examination.’s These artefacts
are due to the excessively high attenuation values on
CT that arise from accumulations of barium sulfate
(concentration of up to 50%), and frequently render
the CT and PET/CT images diagnostically useless in
the areas affected by the coral contrast.
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The other group of CT contrast agents are IV
contrast agents, which are mostly non-ionic iodine-
based substances that yield a positive enhancement of
vascular structures (e.g. angiography,5 and highly
vascularized tissues (e.g. liverS?). Several studies
have demonstrated a substantial diagnostic benefit of
IV contrast enhancement over native protocols.38-!
The anatomical structures can be delineated well on
enhanced studies, and the sensitivity for the detection
of pathological lesions as well as the characterisation
of these lesions can be increased (FIGURE 6A).

Nevertheless, to achieve a diagnostic benefit
in contrast-enhanced CT a number of - frequently
competing - parameters during the IV application of
the contrast agent must be considered. With different
CT tomographs at hand and with different levels of
expertise the best choice of contrast volume, or the
duration of the contrast infusion, and the time elapsed
following the infusion, to name a few, is discussed
extensively, and often controversially, in the litera-
ture.62 The application of IV contrast agents thus
mandates the careful optimization and adjustment of
a variety of injection parameters (TABLE 5).5¢ Today
only the advantages and pitfalls of CT contrast appli-
cations have been discussed in the context of PET/CT
with CT-based attenuation correction. Little or no
data is available, however, on the affect of specific
contrast application parameters, such as the flow rate,
the total contrast volume applied and the usefulness
and feasibility of an additional saline flush.

Alternative CT contrast protocols

The unmodified transfer of standard CT con-
trast protocols into the context of PET/CT has been
shown to yield CT and PET images with contrast-
related artefacts if attenuation correction is performed
based on the acquired CT data.63

Several authors have described their observa-
tions of biased CT-based attenuation map in case the
CT images were acquired in the presence of positive
oral contrast. Depending on its concentration attenua-
tion coefficients were overestimated by 26 %% up to
66 % .95 However, the resulting overestimation of the
standardized uptake values (SUV) in the correspon-
ding regions on the corrected PET was only 5 % and
thus was clinically insignificant assuming the contrast
materials were distributed evenly.>* Nevertheless, the
concentration of the oral contrast agent in the colon
can vary significantly as reported by Carney et al.66
and may lead to a degradation of the diagnostic accu-

= T i e e === . = 1
Figure 5. PET/CT without (A) and with (B, C) oral
contrast agents. CT, corrected PET, and fused
PET/CT images are shown from top to bottom.
Water-based oral contrast yields good small bowel
distention (B, white arrow) without introducing high-
density artefacts. Small arrows indicate muscle
uptake. Positive oral contrast may result in areas of
increased FDG uptake on corrected PET images (C).

racy of the corrected PET data. Therefore, threshold-
based segmentation algorithms to segment and
replace contiguous areas of high-density contrast
enhancement on CT images prior to the attenuation
correction procedure have been developed.64-6¢ These
algorithms have been shown to correct, or at least
reduce any overestimation in the transformed attenu-
ation maps and, in turn, in the corrected PET images,
but also require a significant amount of user interac-
tion and processing time, which render theses algo-
rithms sub-optimal for routine applications.

Unlike segmentation techniques that aim at
retrospective modifications and corrections of the
measured CT-based attenuation map alternative con-
trast application schemes represent a straightforward
approach to avoiding artefacts from high concentra-
tions of positive oral (and IV) contrast agents
prospectively. Antoch et al. have presented a water-
based oral contrast agent, resulting from previous
developments for improved MRT contrast enhance-
ment, for PET/CT imaging.®’ This contrast agent
(TABLE 4) is based on a combination of water, 2.5%
mannitol, and 0.2% of locust bean gum¢7 and allows
for good differentiation of bowel loops from sur-
rounding structures (FIG 7A). Unlike iodine or bari-
um, water-equivalent oral contrast agents do not
increase the CT attenuation and thus do not lead to an
overestimation of the PET activity in the corrected
images.
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While alternative contrast materials are inade-
quate for vascular enhancement, high-density arte-
facts from the bolus injection of IV contrast agents63
can be avoided by alternative acquisition protocols.
For example, diagnostic quality CT was achieved and
focal contrast enhancement in the thoracic vein was
avoided under the condition of the caudo-cranial, i.e.
reverse, CT scanning following a somewhat pro-
longed scan delay after the administration of the IV
contrast (FIGURE 7B).%8 Alternatively, a more gener-
al solution would be to acquire only a non-enhanced
CT for attenuation correction and anatomical labeling
(TABLE 2, I-II). However, then additional CT scans
with contrast enhancement might be required for
accurate delineation of lesions, thus leading to addi-
tional patient exposure and more logistical efforts.

Metal artefacts

High-density implants, such as dental fillings,
pacemakers, prostheses, or chemotherapy infusion
ports may lead to serious artefacts in CT images.®. 70
These CT artefacts (FIGURE 2) have been shown to
propagate through CT-based attenuation correction
into the corrected PET emission images where artifi-
cially increased tracer uptake patterns may then be
generated.46. 7. 72 Tt is therefore recommended that
PET images from PET/CT are routinely correlated
with the complementary CT, and that these PET data

(B)

(A)

Figure 6. (A) Hepatocellular carcinoma metastasis
on non-enhanced CT (top) and after application of
100 mL of iodinated (300 mg iodine per mL, flow 3
mL/s) IV contrast (bottom). The lesion is seen only
after IV contrast administration (arterial phase). (B)
58 ylo female with hepatic metastasis from uveal
melanoma. The contrast-enhanced CT clearly
showed a lesion in the right liver lobe, while PET was
negative for disease. Diagnosis of metastatic dis-
ease was based on the CT data when evaluating
fused images and proven by histopathology.

are interpreted with care when lesions are observed in
close proximity to artefactual structures on CT. Until
robust metal artefact correction algorithms70.73
become available routinely in PET/CT the additional
evaluation of the emission data without CT-based
attenuation correction is also recommended.”?

Truncation artefacts

Spiral CT technology today offers a transverse
field-of-view of 50 cm, and thus falls short 10 cm
from the transverse PET imaging field.!? This differ-
ence may lead to truncation artefacts in the CT
images’™ and to a systematic bias of the recovered
tracer distribution when scanning obese patients, or
when positioning patients with their arms down (FIG-
URE 3). If not corrected for truncation, CT images
appear to mask the reconstructed emission data with
the tracer distribution being only partially recovered
outside the measured CT field-of-view.

To reduce the amount of truncation on CT and
to minimize the frequency of these artefacts, whole-
body or chest patients should be positioned according
to CT practice with their arms raised above their head.
By keeping the arms outside the field-of-view the
amount of scatter’> and patient exposure are also
much reduced. Given the short acquisition times of a
PET/CT36 most patients tolerate to be scanned with
their arms raised for the duration of the combined
exam.

A number of algorithms have been suggested
to artificially extend the truncated CT projections and
to recover the truncated parts of the measured attenu-
ation map in cases where truncation is observed. If
applied to the CT images prior to CT-based attenua-
tion correction these correction algorithms will help
to recover completely the tracer distributions meas-
ured with the complementary emission data.”® Further
work is needed, however, to make such algorithms
routinely available for clinical diagnostics.

CT exposure settings

With CT being used clinically for 25 years
now a number of standardized scanning protocols
exist that include the definition of CT acquisition
parameters. The choice of parameters includes the
tube voltage (kVp), tube current (mA), time for a full
rotation of the X-ray tube detector assembly (s), slice
collimator setting (mm), and table feed per rotation
(mm). Each parameter contributes to the final CT
image quality (FIGURE 8) and to the exposure of the
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Consideration| Decision Trend Discussion Reference Implications for PET/CT |References
Contrast yes/no Yes: in most cases |Better vessel delineation, (60) IV contrast may cause artefacts|(84)
enhancement higher T/B contrast in corrected PET.
Repeated mono-, bi-, or bi-/triple-phase for [Heipful in differentiation of (61) Multi-phase scanning requires {(12)
scanning triple-phase lliver, mono-phase |lesions (57) higher-end CT and advanced
for extended protocol flexibility.
imaging ranges
Contrast 0 - 150 mL |Adapt to patient Less volume reduces (99) Higher volume may increase Not
volume weight toxicity and saves costs likelihood/significance of investigated.
artefacts
Contrast flow 1-3ml/s |Lower rates (1.5 |Affects time to, and (100,101,102)|CT must be fast to follow the  |Not yet
rate mL/s), or different |duration of peak contrast agent. Optimize rate |investigated.
rates when enhancement for whole-body CT.
breaking up the
total colume
Concentration 280 - 350 |Lower Lower concentration (98) Higher concentration may Not yet
of iodine mg/mL concentrations (300|reduces toxicity and saves increase likelihood/significance |investigated.
mg/mL) preferred |costs of artefacts
Saline flush yes / no yes Substitute last ~30%IV (103,104) |Requires dual-injector system. |Not yet
contrast volume with saline; CT must be fast enough. investigated.
reduces toxicity and saves
cost
Scan delay 20 -50s |Yes, delay time Improves optimum (105) Match CT speed to scan delay |(68)
adapted to enhancement and organ/range of interest.
organ/range
Bolus tracking yes / no Used frequently Optimizes enhancement, (106) Requires higher-end CT and Not yet
semi-/automatic advanced protocol flexibility. investigated.
Injection 21 -23 G |Use larger needles |Tradeoff flow with costs (107) Careful patient preparation n.a.
needle

Table 5. Variables of IV contrast agent protocols in clinical CT imaging, and implications for PET/CT

patient.”7 A recent survey among German radiolo-
gists, for example, showed an average effective dose
to the patient of about 5 — 8 mSv when comparing 14
standard examinations using multi-row CT.7® This
dose will increase to about 18 mSv7? [our data sub-
mitted to SNM 2004] when larger axial imaging
ranges are being covered in high-quality imaging sce-
narios (TABLE 2, V).

Various approaches to CT scanning have been
suggested to reduce patient exposure while keeping
CT image quality at diagnostic levels. These efforts
aim at (a) reducing the absolute tube current, (b) mod-
ulating the tube current, such that the photon flux is
increased in the lateral views and decreased signifi-
cantly in the anterior and posterior direction, and (c)
additional radiation protection. In detail, Kalra et al.
reported on a 50 % reduction in X-ray tube current
without degrading clinical image quality in abdomi-
nal CT of normal-weight patients up to 90 kg.80 Tube
current modulations have been shown to reduce effec-
tive patient exposure by as much as 20 % in adults81
and 23 % in children.82 And a 40 % reduction in skin
dose can be achieved by the use of eye lens protectors
during head and neck imaging .83

With patient exposure from CT being at least
100 times higher than from an equivalent PET trans-
mission scan?2.79 the question arises on the best use of
the CT in a PET/CT scenario. To avoid overexposing
patients some users have therefore chosen to adopt

low-dose CT protocols as part of their PET/CT sce-
nario (TABLE 2, I-III). While patient exposure from
CT can be reduced to a little over 1 mSv and thus to
a fraction of the exposure from the FDG administra-
tion the overall diagnostic quality of the CT (and
PET/CT) will be limited (FIGUFRE 8). An alterna-
tive solution would be to start a PET/CT examination
with an emission scan and selectively perform addi-
tional CT scans over limited axial imaging ranges
where a lesion was seen on the PET. Such protocols,
however, await further modifications to the commer-
cially available acquisition software packages.

Towards efficient and high-quality PET/CT
protocols
Imaging scenarios and reasoning

Almost five years after the introduction of the
first PET/CT tomograph dual-modality molecular-
anatomical imaging has become a very popular imag-
ing modality for cancer patient work-up. However,
with PET/CT still being a novel imaging technique
and with only a small number of standardized studies
having been performed on its true diagnostic accura-
cy'61721 no standards for combined imaging proto-
cols exist as of today. The lack of carefully conduct-
ed prospective trials with sufficiently large patient
populations to assess the diagnostic advantage of
PET/CT over either PET or CT alone has contributed
much to a very subjective use of the new imaging
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modality. The availability of standalone CT and PET,
which have been part of the patient work-up proce-
dures for a long time further invigorate this.
Nevertheless, many cancer patients today are
referred for a PET/CT examination only after already
having undergone a separate CT, thus obviating the
need for a potentially useful high-quality CT exam
portion as part of the PET/CT in the majority of cases.
Furthermore, site-specific regulations and, some-
times, traditions frequently prohibit an active com-
munication and routine collaboration of the nuclear
medicine and radiology professionals, thus limiting
the understanding of both the CT and the PET capa-
bilities of a combined PET/CT system in the hand of
a single professional user. These observations have
lead to a rather diverse variety of PET/CT usage sce-
narios in clinical practice as seen from TABLE 2.

The benefits and challenges of CT-based attenuation
correction

This diversity is further enhanced by the lack
of a common understanding of the sources of poten-
tial image artefacts, which may degrade the diagnos-
tic quality of the PET/CT examination. These arte-
facts are mostly related to image distortions, which
are introduced during the CT portion of the combined
PET/CT exam, and which then may propagate
through CT-based attenuation correction into the cor-
rected PET emission images. In many cases these
artefacts are generated from the unmodified use of
standard CT acquisition parameters and CT contrast
application schemes. The sources of these artefacts
are, however, well understood and alternative imag-
ing protocols, particularly in the presence of CT oral
and IV contrast agents have been proposed to yield
radiological-equivalent images. Although choosing
an adequate CT contrast protocol often is a trade-off
between radiological requirements and technical
practicalities the successful modification of standard
contrast application schemes®8-84 has contributed to a
readiness of radiologists to substitute a clinical CT
scan by a combined PET/CT examination. To facili-
tate this particular adoption of PET/CT in radiology
practice in the future the flexibility of the acquisition
software must be enhanced to integrate specific CT
contrast protocols, such as multi-phase scanning
(TABLE 5).

Nevertheless, the optimization of PET/CT
acquisition protocols has lead to widespread accept-
ance of CT-based attenuation correction as part of a

combined PET/CT or PET examination (TABLE 2).
All but one commercial PET/CT vendor today offer
combined systems with the exclusive use of the CT as
the method-of-choice to perform attenuation correc-
tion. By using the CT scan instead of a lengthy PET
transmission measurement the time for the acquisi-
tion of the attenuation data for a whole-body study is
reduced to a minor fraction of the total examination
time (1 min, or less). With the CT acquisition not
being biased in post-injection mode transmission data
are acquired routinely after injecting the patient, and
corrective data processing as in post-injection PET
transmission scenarioss$¢ is no longer required.

It is a well-known paradigm in nuclear medi-
cine that attenuation correction is essential to remove
distortions of the reconstructed tracer distribution and
to recover the true appearance (and extent) of lesions,
as discussed by Zasadny et al. for the case of lung
cancer PET imaging.87 Accurate, i.e. quantitative
recovery of tracer distributions can only be achieved
if an attenuation map is generated - either from inde-
pendent transmission measurements or from calcula-
tions, which is used to correct for the self-absorption
of the emitted photons.88 Therefore attenuation cor-
rection is also of essence for efficient therapy moni-

Figure 7. (A) CT protocols with water-equivalent oral
contrast allow for good small bowel distension and
artefact-free PET images.67 (B) A standard bolus
injection of IV contrast and scanning from the head
towards the feet in a single spiral may lead to CT
artefacts in the thoracic veins due to bolus passage
of the IV contrast agent. Alternative IV contrast injec-
tion and scanning direction schemes (C) have been
demonstrated to result in better diagnostic quality CT.
Ideally one would split the whole-body CT in three
shorter but contiguous scan ranges, for which the CT
scan parameters (e.g. direction, slice width, table
feed, delay) are adjusted individually (D).
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toring 9% However, only with the introduction of
PET/CT tomography attenuation correction has
become an integral part of routine PET imaging and
with its routine availability will help making PET/CT
a very suitable tool for efficient therapy monitoring.
In the future standards will need to be defined to
make reasonable use of the X-ray transmission scan,
which — even at low tube current settings — represents
an order of magnitude increase in patient exposure
compared to a standard PET transmission scan.

Image review

It is well known that complex imaging tech-
nology often leads to a more efficient examination of
the patient but results in more data and diagnostic
information to review. This observation has been
described by Roos et al. who analyzed the changes in
clinical workflow resulting from the replacement of a
single-row CT with a multi-row CT.%! They conclude
that with the introduction of the multi-row CT patient
handling and acquisition times were reduced but that
the new technology resulted in a data explosion,
which in turn led to increased image processing and
handling times. This issue can be extended to
PET/CT, where a single examination yields more data
(and more information) than either modality alone, in
particular in case of high-quality imaging scenarios
when separate CT and PET scans are replaced by an
equivalent high-quality combined examination
(TABLE 2). The easiest way to utilize both, the CT
and the PET image sets is to fuse them, however, at
the cost of a somewhat reduced image contrast. A bet-
ter way to review PET/CT images is a correlated rep-
resentation side-by-side or separately with a linked
cursor. Such viewing option mandates a high-per-
formance computer platform and reviewers with
excellent capabilities for orientation in three-dimen-
sional coordinate systems. It was repeatedly pointed
out that nuclear medicine physicians must broaden
their knowledge of cross-sectional anatomy, while
radiologists need to gain a deeper understanding of
the physiology behind the human anatomy. Obviously
cross-fertilizing imaging expertise would benefit the
review of PET/CT images, independent on whether a
single reviewer is a radiology or nuclear medicine
professional.

In the near future significant enhancements of
the PET/CT data handling and viewing software are
expected to facilitate a broader clinical acceptance of
this imaging modality with the diagnostic and refer-

Figure 8. CT image quality from standard and low-
dose spiral CT acquisitions. (A) CT was acquired on
dual-row CT with 130 kVp and 120 mAs (standard)
and 15 mAs (low dose). (B) CT was acquired on 16-
row CT with 80 kVp and 120 mAs (standard) and 30
mAs (low dose). (C) Coronal view of (B); very little
anatomical detail is seen.

ring physician and therapist. Already today PET/CT
is used for longitudinal monitoring of therapy
response, and therefore efficient and accurate image
alignment and visualization tools are required to view
and process PET/CT image volumes of the same
patient over time. Similarly with the expected
increase in images and image information from the
use of the latest and future generations of PET/CT
tomographs intelligent software tools92 are needed to
direct the physicians to potentially malignant sites.

Conclusion

Still being at its infancy and with only a few
prospective studies being conducted yet on the effica-
cy of PET/CT in oncology imaging, PET/CT already
has revolutionized medical imaging. Based on the
success of PET, PET/CT imaging has quickly gener-
ated a high interest by diagnosticians and therapists.
Through collaborative efforts to optimize dual-
modality acquisition protocols, high-quality PET/CT
examinations have become feasible. Contrast-
enhanced CT data as part of the combined PET/CT
examination provide additional information when
compared to non-enhanced PET/CT. The benefit of
shorter total scan times, increased patient comfort and
promising gains in the clinical utility of PET/CT will
lead to a dramatically increasing spread of this tech-
nique. At the same time the sources for image arte-
facts and pitfalls are identified and understood, and
they will be addressed by ongoing technical and
methodological developments. Acquisition protocols
need to evolve steadily and to be adjusted to the tech-
nical capabilities of the most recent dual-modality
systems. Thereby the judicious choice on an appro-
priate optimized protocol - matched to the clinical
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diagnostic task — will help avoid or minimize arte-
facts. Only when all clinical professionals and techni-
cal personnel is involved in this process, and when
industry responds to the recent demands of the
PET/CT community this new technology will yield a
positive return on investment.
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From FDG-PET to
FDG-PET/CT Imaging

J. Czernin and C. Yap

PET imaging with F-18 deoxyglucose (FDG)
diagnoses, stages and restages most cancers with a
high diagnostic accuracy.!? Treatment effects can be
monitored early and with greater accuracy than with
anatomic imaging modalities. FDG-PET provides
prognostic information that is superior to that of con-
ventional imaging.3-> The high diagnostic and prog-
nostic accuracy of PET has led to its acceptance as a
standard oncological imaging tool.

Nevertheless, several limitations of PET have
led to the rapid acceptance of PET/CT imaging in the
medical community. Foremost among these is its
inability to localize accurately to anatomical struc-
tures areas of increased glycolytic activity. Whole
body PET imaging is also time consuming. For
instance, standard imaging protocols of the whole
body require about 60 minutes for completion result-
ing in low patient throughput and inefficient use of
the imaging equipment.

PET/CT is changing clinical molecular imag-
ing. Comprehensive whole body examinations pro-
viding detailed anatomical and molecular information
can now be consistently performed in 30 minutes or
less. Initial studies suggest that the diagnostic accura-
cy of PET/CT imaging exceeds that of PET, CT and
MRI alone 611

The following chapter provides a brief
overview of the transformation from PET to PET/CT
imaging and summarizes the current clinical experi-
ence with PET/CT imaging.

Marked increases in glucose metabolism to
provide energy for rapidly proliferating cancer tissue
has been known for more than 80 years. In the 1920s,
the German biochemist Otto Warburg conducted ani-
mal experimental studies and found that the metabo-
lism of cancer cells was predominantly one of glycol-
ysis.12 After confirming these findings in a variety of

human cancer cells he established that tumor cells use
ATP generated from glycolysis to accommodate for
the energy requirements of rapidly replicating tissue.
Glucose utilization of tumor cells is further increased
because of activation of the hexose monophosphate
pathway providing the carbon backbone for DNA and
RNA synthesis in growing tumors.!3.14 Glucose trans-
porter proteins in tumor cell membranes and expres-
sion of hexokinase are also up-regulated.!> Thus, neo-
plastic degeneration and cell proliferation are associ-
ated with increased glucose utilization.

Fifty years after these fundamental discover-
ies, PET was introduced by Phelps and Hoffman in
1975.16 Since then, the technology has matured and
has revolutionized tumor imaging. Whole body PET
scanners have now been available for clinical use for
more than a decade. A prerequisite for the acceptance
of PET was commercial availability of the positron
emitter and glucose analogue !8F-deoxyglucose
(FDG). This has become reality through regional dis-
tribution centers that can deliver FDG to health care
providers throughout the world.

FDG distributes throughout the body in pro-
portion to glucose metabolism of tissues (Figure 1).
Normal tissues that utilize large amounts of glucose
as substrate for energy production exhibit increased
glucose metabolic activity. These include for instance
the brain, working muscles, mucous membranes and
the liver. The renal excretion of FDG implies that
considerable tracer activity accumulates in the renal
collecting system and in the urinary bladder.

Glucose transporters facilitate FDG uptake in
tumor cells and hexokinase subsequently phosphory-
lates FDG to FDG-6-phosphate.l7-19 FDG-6-phos-
phate20 is not metabolized in the glycolytic pathway.
It remains essentially trapped intracellularly because
tumor cells do not contain significant amounts of glu-
cose-6-phosphatase to reverse the phosphorylation.
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Figure 1. Uptake kinetics of FDG in a patient with non-small-cell lung cancer. FDG uptake is facilitated by glu-
cose transporter I. The phosphorylated product FDG-6-phosphate (FDG-6-P) is not a substrate of the glycolyt-
ic pathway and glucose-6-phosphatase activity in tumor tissue is low. Thus, FDG-6-P is essentially trapped in
tumor cells. FDG undergoes renal clearance resulting in tracer accumulation in kidneys (K) and bladder (BI)
FDG-PET images represent the distribution of FDG-6-P throughout the body. The inserted PET images show
normal uptake of FDG in the lower brain portions (Br), normal myocardial tracer uptake (M) and markedly

increased FDG uptake in the tumor (arrow).

The level of FDG uptake in tumor cells is a
reliable marker of tumor cell glycolysis. Importantly,
tumor cell glucose utilization is inversely related to
the degree of tumor cell differentiation and linearly
related to tumor cell proliferative activity (Figure
2).21

However, benign, and some well-differentiat-
ed tumors can also consume considerable amounts of
glucose. In addition, inflammatory tissue exhibits
increased rates of glucose metabolism due to gly-
colytic activity of inflammatory cells. The degree of
glucose utilization varies between and within differ-
ent cancers (Figure 3). This is due to differences in
“aggressiveness” and differentiation of tumor
cells,2223 but is also explained by certain morpholog-
ical and functional tumor features. For instance,
mucin-producing tumors exhibit low rates of glucose
metabolic activity?4 and tumors largely composed of
cystic components are not well imaged with FDG-
PET. Similarly, malignancies lacking tumor bulk can
be difficult to image with FDG-PET.

Physiological uptake and distribution patterns
throughout the body also determine the usefulness of
FDG-PET for imaging certain cancers. For instance,
primary renal cell?> or prostate cancers can be
obscured by urine activity in the renal collecting sys-
tem and the urinary bladder.

Some of these limitations will be overcome by
the introduction of novel PET imaging probes that

target tumor-specific processes. Several of these are
currently being tested for their clinical usefulness in
cancer patients. Among these are C-11 acetate and F-
18 choline designed for imaging lipid synthesis that is
markedly increased in prostate cancer.26 Renal clear-

Tumor Proliferation and FDG Uptake
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Figure 2. FDG uptake in cancer tissue is determined
among other factors by tumor proliferation rates or
aggressiveness. This is exemplified in three different
lymphoma patients. Ki-67 labeling index (Ki-67 LI), an
immuno-histochemical marker of tumor cell prolifera-
tion Is lowest in the patient with low grade lymphoma
(arrow) shown in the left panel. This results in rela-
tively low FDG standardized uptake value (SUV). The
patients in the middle and right panels have high-
grade lymphoma (arrows) with high Ki-67 LI and high
SUV.
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Figure 3. The degree of FDG uptake varies between different cancer types. Note that high grade (HG) tumors
generally exhibit higher FDG uptake than low grade (LG) tumors. For instance, poorly differentiated (diff) thy-
roid cancer shows moderately or severely increased FDG uptake while well differentiated thyroid cancer is fre-
quently low in FDG uptake. Functional features of tumors also determine FDG uptake. For instance, mucinous

carcinoma (CA) generally exhibit very low FDG uptake.

Tumor morphology is also an important predictor FDG uptake. For instance, primary ovarian cancer frequently
consists of large cystic portions resulting in poor FDG uptake.

Abbreviations: NHL: Non-Hodgkin Lymphoma; HD: Hodgkin’s Disease.

ance of activity is eliminated in the case of C-11
acetate. Thus, the prostate bed can be visualized with-
out contamination from bladder activity.

Initial studies with F-18 choline?’ suggest that
this tracer detects primary and recurrent prostate can-
cer with a good diagnostic accuracy.

Shields et al.28 used F-18 fluoro-thymidine
(FLT) to image cell replication and proliferation of
tumors in vivo. This tracer is retained in proliferating
tissues through the enzyme thymidine kinase 1. The
authors obtained high target to background images of
tumor proliferation in human subjects.

In vivo imaging of gene expression has been
accomplished in animal experimental studies.29-3!
This approach might in the future allow in vivo mon-
itoring of gene therapy.

The understanding of the metabolism of
tumor cells along with the development of PET!6 has
resulted in the widespread clinical use of FDG-PET.
The acceptance of FDG-PET as a clinical tool was
however slow with many experts in nuclear medicine
resisting this new technology for several reasons.
Conventional nuclear medicine equipment and more
importantly, the philosophy behind functional imag-
ing needed to change, a process that took a long time.
Radiologists had little interest in PET, a modality that
was not considered financially viable. Availability of
FDG was another problem since in the early years the
production of positron emitting isotopes was largely
limited to academic sites that had access to an on-site
cyclotron.
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Most importantly, the concept of molecular
imaging had not been introduced.3?2 Thus, the medical
community had not realized the striking discrepancy
between anatomical masses and tumor viability that
can be encountered every day by comparing PET to
CT images. PET was considered expensive, compli-
cated, and images were thought to be difficult to
interpret. Thus, most radiologists and oncologists
relied on anatomic imaging for diagnosing, staging
and re-staging of cancer. This includes computed
tomography (CT), magnetic resonance imaging
(MRI), and ultrasound (US). Because of their exqui-
site spatial resolution these technologies can detect
very small “lesions”. However, they cannot reliably
distinguish between benign and malignant tumors or
pre- and post-therapeutic anatomical alterations such
as scarring, inflammation or necrosis and neoplastic
processes.

In the late 1990°s the published literature had
so unequivocally demonstrated PET’s high diagnostic
and prognostic accuracy that molecular imaging sim-
ply could no longer be overlooked.23334 The emer-
gence of regional distribution centers of molecular
imaging probes that commercially produced FDG as
well as the reduction in the costs of PET devices were
other important milestones for making PET imaging
clinically feasible. Finally, the Health Care Finance
Administration (HCFA) acknowledged research data
obtained in more than 20,000 patients? and approved
FDG-PET for several important oncological indica-
tions (Table I).

As a consequence of its convincing clinical per-
formance and improved reimbursement the volume of
PET studies performed nationwide has doubled every
year over the last 3 years. In 2004, more than one mil-
lion PET studies will be performed in the United States.

Medicare Approved FDG PET Procedures

Oncology

G0125 Single Pulmonary Nodule

Lung Cancer: Solitary Pulmonary Nodule (SPN)

« Evidence of primary tumor by concurrent thoracic CT
» No negative PET scan in last 90 days

Lung Cancer:
Non-Small Cell (NSCLC)

Melanoma: Excludes Initial
Staging of Regional Nodes

Head and Neck Cancer:
Excludes Thyroid & CNS

G0210 Diagnosis G0216 Diagnosis G0223 Diagnosis

G0211  Staging G0217  Staging G0224  Staging

G0212 Restaging G0218 Restaging G0225 Restaging
G0219 Non-covered Indications

G0213 Diagnosis G0220 Diagnosis G0226 Diagnosis

G0214 Staging G0221  Staging G0227 Staging

G0215 Restaging G0222 Restaging G0228 Restaging

Breast Cancer: Excludes Initial Diagnosis and Initial Staging of Axillary Nodes
G0253

Staging/Restaging « Local regional recurrence or distant
metastases prior to or after course of treatment

G0254 Evaluation of Response to Treatment « During course of treatment

Thyroid Cancer

TBA Staging « Postsurgical where 1-131 is known to be insufficient or for
G0296 Restaging follicular cell type when TG is rising and 1-131 is negative

Table 1. Abbreviations: G: Codes for Medicare billing; TBA: To be announced; CNS: Central Nervous System;

TG: Thyroglobulin.
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Why, if FDG-PET fulfills so many require-
ments for cancer imaging, would the concept of
PET/CT imaging be so intriguing? First, the concept
of merging anatomical with molecular image infor-
mation is simple and makes clinical sense. Molecular
imaging benefits from anatomical landmarks and
anatomic imaging without molecular information is
superficial and simplistic in its nature. PET/CT has
introduced to radiologists the importance of molecu-
lar imaging and helps to conceptualize the inherent
limitations of size criteria for defining anatomical
abnormalities as malignant or benign. The molecular
information provided by PET enables radiologists for
the first time to clearly characterize anatomical
abnormalities as malignant or benign. On the other
hand, molecular imaging benefits from the anatomi-
cal framework provided by CT. Hyper-metabolic
lesions can now be assigned to specific “normal” or
“abnormal” anatomical structures.

Townsend, Beyer, Nutt and their co-workers35
pioneered the concept of PET/CT imaging by fusing
near simultaneously obtained molecular and anatom-
ical images. This vision resulted in the first PET/CT
system consisting of a half-ring PET and single-slice
CT system that was installed at the University of
Pittsburgh in 1999. Early studies conducted with this
device in many patients with head and neck and a
variety of other cancers proved the feasibility of
PET/CT.36 The subsequent widespread acceptance of
this technology has, however, not been driven by clin-
ical research evidence. Only a few conclusive clinical
studies have thus far been published to validate the
clinical role of this rather expensive cancer imaging
modality.

PET/CT reduces image acquisition times
resulting in increased patient throughput.3’
Conventional PET utilized a transmission scan for
photon attenuation correction using an external radia-
tion source.38 Completion of this transmission scan
required 3- to 4-minutes/bed-position and thus up to
30 minutes for a whole body PET study. Differently,
PET/CT imaging utilizes the whole body CT data for
attenuation correction. Depending upon the number
of CT detectors attenuation correction can now be
performed within seconds to slightly more than a
minute. Thus the whole body imaging time can be
reduced by 50%. Such short imaging protocols have
advantages. First, almost all patients can be studied in
the “arms up” position thereby avoiding CT “beam
hardening” artifacts. Secondly, shorter imaging times

are likely to reduce patient motion that can create
problems for image fusion. Thirdly, short imaging
protocols permit high utilization of the expensive
equipment, i.e., patient throughput for any PET/CT
system is at least 50% higher than for conventional
PET systems. Fourth, shorter image acquisition pro-
tocols are convenient for patients. Even the addition
of high resolution and contrast CT studies results in
image acquisition times of less than 1 hour. Finally,
cancer patients can now undergo a comprehensive
anatomic and molecular work-up conveniently in a
single study.

Beyond these procedural issues there are
obvious clinical advantages of PET/CT over PET
alone. PET/CT allows the localization of molecular
alterations of cancer tissue, a task that is difficult to
accomplish with PET alone. For instance, the level of
mediastinal lymph node involvement in lung cancer
patients cannot be determined reliably with PET
alone. Appropriate localization of hypermetabolic
foci to chest wall vs. lung, lung base vs. liver, neck vs.
superior mediastinum and others might also have
some impact on patient management. Exact lesion
localization with PET/CT can also reduce the number
of false positive and false negative PET findings as
recently reported by Yap et al.3 The impact of
improved lesion localization on patient management
remains to be elucidated.6 It is however evident that
patients for whom surgical or radiation treatment is
contemplated need accurate localization of lesions,
which requires exact anatomical information.

Clinical data are emerging that demonstrate an
incremental value of PET/CT over PET alone in a
variety of cancers. In a large study that included more
than 200 patients with a variety of cancers PET/CT
characterized 10% of equivocal PET lesions as defi-
nitely benign and classified 5% of equivocal lesions
as definitely malignant. The authors concluded that
PET/CT had an impact on both diagnostic and thera-
peutic aspects of patient management.8

A recent prospective study published in the
New England Journal of Medicine® reported the diag-
nostic accuracy of integrated PET /CT in patients
with non-small cell lung cancer. This study included
50 patients with non-small cell lung cancer and the
staging accuracy of PET/CT was compared to visual-
ly correlated PET and CT as well as PET and CT
alone. PET/CT had a significantly lower number of
incorrectly assigned tumor stages than CT or PET
alone, and the accuracy of PET/CT was superior to
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that of “visual” image fusion. Differently, with
regards to lymph nodes, PET alone had the lowest
number of incorrectly assigned stages. As expected
the number of equivocal nodes by PET alone was
higher than that for integrated PET/CT. PET/CT pro-
vided additional “important” information in 41% of
the patients including localization of lymph nodes
(n=9), precise evaluation of chest wall infiltration
(n=3), correct differentiation between tumor and
inflammation (n=7) and localization of distant metas-
tases in 2 patients. Surprisingly, the accuracy of PET
alone for staging of lung cancer appeared to be con-
siderably lower than previously reported. This is like-
ly explained by the introduction of an additional cat-
egory for classifying metabolic lesions termed “cor-
rect classification but equivocal”. Importantly, this
study did not address prospectively whether the
“additional important information” led to “important*
changes in patient management. More and larger clin-
ical trials will be required to establish possible advan-
tages of PET/CT over PET and CT alone for each
type of cancer.

Antoch et al .40 reported a less dramatic impact
of PET/CT on the lung cancer stage as derived from
PET. PET/CT and PET staged mediastinal lymph
nodes with a similar accuracy (93% versus 89%) but
PET/CT resulted in treatment changes in 15% of the
27 patients.

In another study, 45 patients with colorectal
cancer were imaged with PET/CT. PET/CT resulted
in significantly improved reader conference and,
more importantly, in an improved staging and restag-
ing accuracy from 78% to 89%.4! The same group,
however, pointed to some limitations of PET/CT and
reported significant mis-registration of lesions
between PET and CT in six of 300 patients (2%).42

We have recently analyzed PET/CT studies
obtained in more than 70 patients with breast cancer
and 100 patients with lymphoma. Both studies
(unpublished data) suggest that PET/CT changes the
stage derived from PET in 5-15% of the patients.
Recently published data in lymphoma patients appear
to confirm that PET/CT impacts lymphoma staging
only to a small degree.* In a study of 27 lymphoma
patients PET/CT improved lesion localization, but did
not significantly affect patient stage.

A large number of abstracts yet few published
full research studies examined the incremental value
of PET/CT over PET alone for staging and restaging
of cancer. These preliminary data suggest increments

in diagnostic and staging accuracy, reductions in the
number of false positive and false negative findings
and an increased reader confidence in PET findings.

Because PET can distinguish cancer tissue
from necrosis PET/CT might result in improved radi-
ation therapy planning. CT masses can consist of var-
ious tissue types such as inflammation, necrosis, scar
and viable tumor. Exact localization of viable tumor
components with FDG-PET can affect radiation tar-
get volumes and might alter radiation doses. Whether
PET/CT-based radiation planning will improve out-
come or quality of life of cancer patients is unknown
and will be difficult to establish. This is because many
end-stage cancer patients receive palliative radiation
treatment and the aggressiveness of the underlying
malignancy might outweigh any benefits of a more
targeted radiation treatment. Moreover, large areas of
“necrosis” appearing as hypometabolic tumor masses
might contain isolated island of tumor cells which
would remain untreated if the radiation target only
includes viable, i.e., hyper-metabolic, tumor sections.
For the same reasons, PET/CT is increasingly consid-
ered useful for biopsy planning.

In summary, dual modality PET/CT imaging
has several advantages. It affords localization of
molecular abnormalities to anatomical structures and
reduces image acquisition times by 50% or more. The
diagnostic accuracy of PET/CT appears to be superi-
or to that of PET alone. More studies are needed to
determine which specific cancer types benefit most
from combined PET/CT imaging. The emergence of
PET/CT requires a new look at training and educa-
tional requirements for nuclear medicine specialists,
radiologists and technologists.

Nuclear medicine physicians need to be
trained in cross-sectional anatomy while radiologists
need to become familiar with molecular imaging.
Cross training programs between X-ray and nuclear
medicine technologists also need to be established.

Extensive discussions are underway to design
PET/CT combinations that stand on their own as the
cancer imaging modality of choice. How many CT
detectors are necessary to provide a comprehensive
metabolic and anatomic evaluation of cancer
patients? Does the combination with PET really pro-
vide the best utilization of 16-slice CT scanners?
Should 16 slice CT be reserved for cardiac applica-
tions because a comprehensive cardiac work-up
including myocardial perfusion, coronary calcifica-
tion, wall motion and non-invasive coronary angiog-
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raphy can be provided in one examination? Differing
opinions have also been voiced regarding the optimal
imaging protocols. One school of thought believes
that CT image data should only be used for attenua-
tion correction of PET and for localizing hypermeta-
bolic lesions while others demand that the most elab-
orate contrast and high-resolution CT studies should
be performed. Can “ultra fast” PET imaging protocols
be established without compromising diagnostic
quality to further reduce whole body PET/CT imag-
ing times?

Many of these debates have not resulted in a
consensus. However, sales of PET/CT have eclipsed
those of stand-alone PET systems and all PET will be
PET/CT in the near future. Training requirements for
radiologists and nuclear medicine specialists will
change and molecular imaging will emerge as the
most powerful diagnostic modality in oncology.
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Normal Pattern and Common Pitfalls of
FDG-PET Image Interpretation

M. Seltzer, C. Schiepers

Appropriate interpretation of PET and
PET/CT images requires knowledge of normal glu-
cose metabolic activity and it’s variants throughout
the body.

The following section introduces in detail
expected and sometimes surprising norm variants as
well as pitfalls for PET image interpretation.

The standard “whole body” PET scan for most
oncology applications includes the neck, chest,
abdomen, and pelvis (Figure 1). If a patient has a
known or suspected site of malignancy in the head or
in the lower extremities, the imaging field is expand-
ed to include these regions. For melanoma patients,
the entire body (top of head to bottom of feet) is rou-
tinely scanned so as to include all soft tissue and
skeletal sites in the body. For the specific purpose of
detecting brain metastases, a gadolinium-enhanced
brain MRI should be the imaging modality of choice,
as metastatic lesions can be missed by PET due to the
relatively high glucose metabolic activity of cortical
gray matter (typically 2.5 times the mean liver activi-

ty).

Figure 1. Normal whole body PET scan (coronal)
from top of head to mid thighs. Br=brain, PT=pharyn-
geal tonsil, MH=Myelohyoid muscles, LM=Laryngeal
muscles, H=heart, L=liver, S=spleen, K=kidney,
Bl=bladder.

Head and Neck

Normal structures that typically exhibit a
moderate degree of glucose metabolic activity
include the lymphoid tissues of the palatine and pha-
ryngeal tonsils, the salivary glands, and the myelohy-
oid muscles (Figures 2 and 3). A variable degree of
activity is commonly seen in the laryngeal muscles.
The muscles of mastication can be prominently seen
in patients who have been eating or chewing gum
within several hours of the tracer injection (Figure 4).
In a small percentage of patients, diffusely increased
thyroid activity is seen which could represent a clini-
cal or subclinical presentation of a thyroiditis or
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Figure 2. Normal head and neck metabolic anatomy
(Left: coronal; right: sagittal). Br=brain, PG=Parotid
gland, PT=pharyngeal tonsil, MH=myelohyoid mus-
cles, L=laryngeal muscles.

»
-

Figure 3. Corresponding transaxial image slices
through the parotid glands, pharyngeal tonsils, myelo-
hyoid muscles/sublingual glands, and vocal cords.
Normal metabolic activity in the palatine and pharyn-
geal tonsils, myelohyoid muscles, parotid and sublin-
gual glands, gingival mucosa, and vocal cords.

54 Atlas of PET/CT Imaging in Oncology

J. Czernin et al., Atlas of PET/CT Imaging in Oncology
© Springer-Verlag Berlin Heidelberg 2004



Figure 4. Pterygoid muscle activity (arrows) in a
patient who was chewing gum just prior to FDG injec-
A
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Figure 5. Diffuse thyroid activity (arrowheads) in a
patient with known Hashimoto’s thyroiditis and a
recurrent lung cancer lesion in the right upper lobe.
The non-attenuation corrected image (right) better
shows the lesion in the medial portion of the right
upper lung (arrows).

Graves’ disease (Figure 5); this finding should be cor-
related with thyroid function tests.

Chest

The lungs normally have no significant meta-
bolic activity (less than adjacent axillary soft tissue
activity). The mediastinal blood pool activity is
approximately 25% lower than the liver and similar in
intensity to normal bone marrow activity. Areas of
atelectasis and scarring can appear to have mildly
increased activity relative to normal lung tissue
(Figure 6). Asymptomatic granulomatous disease
occasionally presents with markedly increased meta-
bolic activity in the lungs and/or lymph nodes.
Sarcoidosis, coccidiomycosis, histoplasmosis, and
mycobacterial infection are common sources of
benign inflammatory conditions seen on PET that can
be indistinguishable from malignancy (Figure 7).
Diffusely increased activity might be related to pleu-
ral effusion (Figure 8).

Breast tissue activity is normally less than
mediastinal blood pool activity but can have a vari-
able degree of intensity depending on the patient’s
age and hormonal factors (Figure 9). Normal thymus

.’r V4
L

Figure 6. Diffuse activity in the anterior left lung which
corresponds to an area of atelectasis and scarring in
the lingula (arrowhead). H=heart.

M

Figure 7. Metabolically active mediastinal (M) and
hilar (H) adenopathy which was biopsy proven to be
sarcoidosis.
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Figure 8. Mild diffusely increased metabolic activity
on attenuation corrected image (left) which repre-
sents a large benign pleural effusion (arrow). On
non-corrected image (right) this appears as a large
area of absent activity.
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Figure 9. Intense breast activity (arrow) due to breast
feeding in a 31 year old woman with newly diagnosed
Hodgkin’s lymphoma in the hilum (H) and medi-
astinum (M) (arrowhead).
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Figure 10. Normal thymus (arrowhead), pharyngeal
tonsillar (PT), and adenoid (A) activity in a 7-year-old
boy being evaluated for recurrent lymphoma.
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Figure 11. Benign thymic hyperplasia (biopsy proven
after PET) in a 24-year-old woman who presented
with progressive shortness of breath and a large
anterior mediastinal mass.

activity is always seen in pre-pubertal children.
Reactive thymus hyperplasia can be seen with vary-
ing degrees of intensity in young to middle aged
adults who have recently received chemotherapy
(typically within the first few months post-
chemotherapy; Figures 10 and 11).

Abdomen

The liver and spleen exhibit a moderate
degree of glycolytic activity. The adrenals are nor-
mally not seen on PET. Benign adrenal adenomas
typically have activity equal to or less than the liver.
Renally excreted activity pooling focally in the ureter
can mimic a retroperitoneal lymph node metastasis.
Diaphragmatic and intercostal muscle activity can be
seen in patients who are hyperventilating or are hic-
cupping near the time of tracer injection (Figure 12).
Focal physiologic bowel activity is most commonly
seen in the cecal region but can appear elsewhere in
the small and large bowel without clinical symptoms
or identifiable abnormalities on anatomic imaging.
Benign pathologic sources of focally intense gas-
trointestinal activity include gastroesophageal reflux
(Figure 12), gastritis (Figure 13), diverticulitis,
inflammatory bowel disease, abscess and hiatal her-
nia (Figure 14).
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Figure 12. Reflux esophagitis (arrow) and diaphrag-
matic muscle activity (arrowhead) due to chronic hic-

cupping.

Figure 13. Endoscopically proven gastritis (arrow).
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Figure 14. Large hiatal hernia with inflammation
(arrow).
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Figure 15. Large uterine fibroid (arrow) in the right
pelvis and normal urine activity pooling in the left dis-
tal ureter (U) and bladder (BI) (arrowhead).

W A"

f

Figure 16. Normal left testicular activity and absent
right testicular activity (arrow) due to recent right
inguinal orchiectomy.
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Pelvis

Benign uterine fibroids have a variable degree
of metabolic activity (typically heterogeneous or solid
in appearance; Figure 15). The suspicion of a benign
fibroid should be confirmed by ultrasound and/or
MRI. A variable degree of physiologic bowel wall
activity is frequently seen in both the small and large
bowel. In men, physiologic testicular activity is com-
monly seen (Figure 16). The prostate is normally indis-
tinguishable from adjacent perineal blood pool activity.

Skeleton

Benign healing fractures can have focally
increased metabolic activity that can mimic a
metastatic lesion (Figures 17 and 18). These lesions
should be correlated with anatomic imaging (CT or
MRYI) in order to further characterize them as likely
benign or malignant. Increased activity and also be
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Figure 17. Right posterior upper rib fracture (arrow)
confirmed by thin-section CT scan. Transaxial image
also shows bulky mediastinal lymph node (arrow-
head) activity which was proven by biopsy to be sar-
coidosis.
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Figure 18. Lumbar spine compression fracture
(arrow) in a patient with mediastinal lymph node
metastases (arrowhead) due to lung cancer. MRI
demonstrated a benign appearing L3 compression
fracture.
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Figure 19. Non-specific activity (arrowhead) adjacent
to the proximal femoral component of bilateral hip
prostheses (placed 8 years ago). The patient was
asymptomatic and had a recent bone scan which
showed no evidence for loosening or infection.

present surrounding prosthetic devices (Figure 19).
Diffusely increased bone marrow activity in the axial
and proximal appendicular skeleton is commonly
seen on post-chemotherapy PET scans due to ongoing
or recent therapy with colony stimulating factors
(erythropoietin and granulocyte colony stimulating
factor; Figure 20). Diffuse splenic activity is occa-
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Figure 20. Diffuse bone marrow and splenic (arrow)
hyperplasia due to recent treatment with granulocyte
colony stimulating factor. Recovering bone marrow
after chemotherapy has an identical appearance.

Figure 21. Radiation induced pleural inflammation
(arrowhead): scan performed one week after com-
pleting radiation therapy to the right breast, axilla, and
supraclavicular regions.
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Figure 22. Radiation induced pneumonitis in the left
upper lobe (arrow): scan performed 1 month after
completing radiation therapy to the right supraclavic-
ular region.

sionally seen as a response to therapy with granulo-
cyte colony stimulating factor (Figure 20).

Treatment Effects

Post-surgical and post-radiation induced
inflammatory changes are usually easily recognizable
but can potentially mask the presence of malignancy
in the previously treated field (Figures 21 and 22).
These changes typically persist for several months
post-therapy.
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Figure 23. Initial staging exam in a 17-year-old boy
with biopsy proven Hodgkin’s lymphoma in the right

axilla. Top: a pattern of multifocal skeletal muscle
and/or brown fat uptake is suggested in the periclav-
icular, mediastinal, and paraspinal (cervical and lower
thoracic) regions (arrowhead). Bottom: repeat scan
one day later with alprazolam premedication shows
near complete resolution of the previously noted mul-
tifocal pattern. There remains focally intense activity
in the right axilla and there is a solitary intense focus
in the left axilla which represents a site of previously
unsuspected lymphoma (arrow).

Brown Fat and Muscle

FDG accumulation in skeletal muscle and/or
brown fat can occur with variable degrees of intensi-
ty in multiple sites of the body —- most commonly
seen in the neck, mediastinum, and paraspinal loca-
tions (Figure 23). This pattern is usually easily rec-
ognizable but in some cases can mask or mimic the
presence of a malignant process. Pre-medication with
a muscle relaxant such as alprazolam is an effective
method of suppressing both skeletal muscle and
brown fat activity.

Non-Attenuation Corrected Images

Review of non-attenuation corrected images
can be extremely helpful, particularly for identifying
small lesions within the lungs or lesions near periph-
eral interfaces such as the lung/mediastinum,
lung/chest wall, and lung/liver (Figures 24 and 25).
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Figure 24. Right upper lobe cancer with an 8 mm
diameter metastatic lesion in the left lower lobe
(arrow) which is better seen on non-attenuation cor-
rected images.
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Figure 25. Solitary pulmonary nodule of1.5 cm diam-
eter (arrow) in the right lung base (subsequently biop-
sy confirmed adenocarcinoma) which is better seen
on non-attenuation corrected image (right). Focal
activity in the left shoulder (arrowhead) most likely
represents a benign musculoskeletal inflammatory
process such as tendonitis or bursitis.
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Summary

Proper PET image interpretation requires a
knowledge of the normal biodistribution of FDG
throughout the body, and of the variable degree of
FDG uptake that can occur in a variety of benign
processes as exemplified in this chapter. In many
cases, the pattern of FDG uptake can strongly suggest
a benign versus malignant process. In other cases, the
pattern is entirely non-specific and the abnormalities
seen on PET must be compared to findings on
anatomic imaging tests such as CT or MRI in order to
further characterize them as likely malignant or
benign.
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Chapter 1

PET/CT Image Artifacts

The merging of PET and CT into one system promises to improve the management of cancer patients as outlined
in the previous chapters. Several terms are used to describe such systems: combined gantry, hybrid scanner, in-
line system, integrated systems or mechanical image fusion systems.

The individual components of integrated PET/CT systems can introduce artifacts when images are combined and
fused. Theoretically, the number of artifacts introduced by one component could be reduced with integrated
PET/CT systems, because one of the two modalities might be able to resolve a problem introduced by the other.
Since the two systems are integrated and heavily dependent on each other, specific problems arise in addition to
the well-known artifacts and normal variants of the individual imaging systems.

Table 1 lists an overview of the types of artifacts that may be distinguished related to source.

ARTIFACTS AND VARIANTS RELATED TO COMBINED PET/CT IMAGING

1 Technology related:  System or imaging modality dependent

2 Patient related: Motion, moving structures (stomach, bowel) or pulsing
organs (heart, lung)

3 Operator related: Imaging protocol dependent, i.e. timing of contrast
injection, FDG uptake interval

4 Algorithm related: ~ Type of image reconstruction used, e.qg. filtered
backprojection vs. iteratiove reconstruction methods,
segmentation protocols, attenuation correction methods

The technology, i.e. detectors, radiation source, electronics, etc., determines spatial and temporal resolution of
the modalities. Bed motion control, pitch, etc. have an effect on the longitudinal axis sampling and determine
the z-axis resolution in CT. The combination together with the final reconstruction software determines the three
dimensional spatial resolution of the system. The hardware electronics determine temporal resolution of the
PET acquisition.

Motion and movement artifacts are difficult to resolve and are due to involuntary and uncontrollable movement
of internal organs, as well as preventable shift and sliding because of patient discomfort during scanning.
Artifacts induced by respiration are inevitable and cannot be circumvented when patients are imaged over an
extended period of time.

The following Table 2 categorizes artifacts topographically.

J. Czernin et al., Atlas of PET/CT Imaging in Oncology
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TOPOGRAPHICAL DISCUSSION OF ARTIFACTS AND VARIANTS

Head * Attenuation artifacts due to dentures and fillings in the oral cavity

Neck * Rotation in the cervical spine between CT and PET
* Tense striated muscles
* Activated brown fat
* Vocal cords and thyroid gland variations
+ Pharyngeal muscles

Chest * Breathing
+ Segmentation problems due to shift between CT and PET
acquisition
* Attenuation artifacts due to moving diaphragm and liver dome
+ Foreign body such as pacemaker, AED, catheter

Abdomen *+ Movement of internal organs and bowel
* Oral and intra-venous contrast artifacts
+ Gl tract mucosal activity

Pelvis » Empty or full bladder
+ Uterine myomas
* Pelvic inflammatory diseases

Skeleton ° Bone marrow activation or expansion related to chemotherapy
* Osteo-arthritis
* Healing fractures
+ Degenerative changes

Discussion of the normal variation in FDG uptake in the human body are presented in chapter 7 and basic
knowledge of the normal FDG distribution is a prerequisite. Thus, normal variants can be recognized and pitfalls
identified. Recognition of PET, CT and PET/CT artifacts is of critical importance for the appropriate
interpretation of combined PET/CT studies. The selected literature listed below provides deeper insights into
the nature and origin of artifacts encountered when reviewing PET/CT images.
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Cardiac Pacemaker

Clinical History

A 66-year-old patient with T-cell lymphoma is evaluated 3 months after chemotherapy. A
cardiac pacemaker had been placed several years prior to this study.

PET/CT indication: Restaging.

Findings

Normal study except for increased FDG uptake in the left supraclavicular region on
attenuation-corrected images but not on uncorrected images.

Teaching Point

Metallic implants such as cardiac pacemakers result in inappropriate attenuation correction and
"pseudo-increase" of FGD uptake when CT data are used for attenuation correction.
Uncorrected PET images demonstrate a "hypometabolic" area due to photon attenuation by the
pacemaker device. Thus, in order to differentiate between artifacts and true increased FDG
uptake, both corrected and uncorrected images need to be reviewed in patients with metallic
implants.

Image 1. Fused coronal image showing the
attenuation artifact induced by the metallic pacemaker
resulting in "pseudo-increase" of FDG uptake (arrow).

Image 1 (coronal) Localizer




Image 2. Axial image showing the “pseudo-increase”
in FDG uptake induced by the attenuation artifact from
the metallic pacemaker.

Image 2 (axial) Localizer

Image 3. Absent FDG uptake in the pacemaker area
on the fused uncorrected image.

Image 3 (axial) Localizer
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Hip Prosthesis

Clinical History

81-year-old female with breast cancer and left hip prosthesis.

PET/CT indication: Restaging.

Findings

Pseudo-increase in FDG uptake is noted in the region of the left hip on corrected images. This
is due to inappropriate attenuation correction in the region of the metallic implant. Uncorrected
images revealed normal glucose metabolic activity.

Teaching Point

For many reasons, both corrected and uncorrected PET images should be reviewed. This is
particularly important in patients with metallic implants and in whom CT data are used for
attenuation correction. In these patients, inappropriate attenuation correction results in pseudo-
FDG uptake.

Image 1. Fused coronal image with "pseudo FDG
uptake" in the region of the left hip prosthesis.

Image 1 (coronal) Localizer
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Image 2. Fused axial image demonstrating the
"pseudo-FDG uptake". Uncorrected image revealed
normal glucose metabolic activity (image not shown
here). Corresponding axial CT image demonstrated
an artifact induced by metal.

Image 2 (axial) Localizer

Image 3. Corresponding axial CT image
demonstrating an artifact induced by metal.

Image 3 (axial)
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Dental Artifact

Clinical History

75-year old patient with head and neck cancer.

PET/CT indication: Restaging after treatment

Findings

Increased uptake is present in the region of maxilla and mandible on CT corrected PET
images. Uncorrected images exhibit normal FDG distribution in this region.
No abnormalities consistent with residual cancer are identified.

Teaching Point

Metallic objects result in over-correction for photon attenuation with subsequent generation of
“pseudo-FDG” uptake. This pitfall is easily avoided by inspecting uncorrected PET mages in all
patients.

Image 1. Axial image depicting pseudo-FDG uptake
due to metallic dental implant (arrows)

Image 1 (axial) Localizer
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Image 2. Axial Image depicting pseudo-FDG uptake
due to artifacts metallic dental implant (arrow)

Image 2 (axial) Localizer

Image 3. Fused axial image of non-attenuation
corrected FDG-PET without artifactual FDG uptake.

Image 3 (axial) Localizer




Permanent Central Intravenous Line
Artifact

Clinical History

78-year-old male with history of non-small cell lung carcinoma of the left upper lobe, status
post left upper lobectomy, radiation and chemotherapy. A port-A-cath is in place.

PET/CT indication: Restaging.
Findings

Focus of mildly increased FDG uptake in the right supraclavicular region. This is explained by
over-correction for photon attenuation in the metal-containing reservoir of the permanent
intravenous line (Port-A-Cath).

Teaching Point

Metallic implants such as metal-containing reservoirs can result in inappropriate attenuation
correction and “pseudo-increase” of FDG uptake when CT data are used for attenuation
correction. Uncorrected PET images demonstrate a “hypometabolic” area due to photon
attenuation by the device. Thus, in order to differentiate between artifacts and true increased
FDG uptake, both corrected and uncorrected images need to be reviewed in patients with
metallic implants.

Image 1. Fused coronal image showing the
localization of the reservoir generating “pseudo FDG
uptake” artifact.




Images 2. Fused attenuation corrected axial image
demonstrating mild “pseudo FDG uptake” in the
region of the reservoir.

Image 2 (axial) Localizer

Image 3. Fused axial image of non-attenuation
corrected FDG-PET showing the absence of FDG
uptake in the region of the reservoir.

Image 3 (axial) Localizer




Respiratory Motion Artifact

Clinical History

68-year-old male with history of Non-Hodgkin’s Lymphoma status post left nephrectomy and
chemotherapy.

PET/CT indication: Restaging.
Findings

Increased FDG uptake in lymph nodes posterior to the right main stem bronchus and in the
AP window are consistent with infection or an inflammatory process. Liver “mushroom”
artifact due to respiratory motion is noted.

Teaching Point

The “mushroom artifact” results in incorrect attenuation correction from CT images acquired
during respiratory motion and thus inducing an artifact on PET images at the liver-lung interface.
Review of uncorrected PET images will help to avoid misinterpretation.

Image 1. Fused coronal images depicting the
mushroom artifact (yellow arrow) and focally
increased activity in the right mediastinum (red arrow)

Image 1 (coronal) Localizer
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Image 2. Fused sagittal image of attenuation-
corrected PET depicting the respiratory “mushroom”
artifact (arrow).

Image 2 (sagittal) Localizer

v ‘ Image 3. Coronal image of uncorrected PET depicting
the absence of respiratory “mushroom” artifact.

/
Image 3 (coronal) Localizer
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Chapter: 2

Physiological Variants

Several interesting physiological variants have been identified with PET/CT imaging. Foremost among these is
the identification of brown fat as FDG-avid tissue. Brown fat is heat-producing tissue that occurs more
frequently in young patients and the degree of glucose metabolic activity appears to be related to temperature.
FDG uptake in brown fat occurs most frequently in the supra-clavicular region but can also be seen as
perivascular fat in the mediastinum. Prior to PET/CT increased uptake was always attributed to FDG uptake in
striated muscle. More detailed information is provided in chapter 7.
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Brown Fat

Clinical History

12-year-old male patient who underwent thyroidectomy with radical neck dissection followed
by multiple radio-iodine treatments for thyroid cancer.

PET/CT indication: Restaging.

Findings

Several foci of intense FDG uptake are located in the bilateral supraclavicular region.
Co-registration with CT revealed that the increased FDG uptake was localized to fat.

Teaching Point

Brown fat, present in children and more frequently in young female adults can complicate the
interpretation of FDG-PET studies. Brown fat produces heat and exhibits increased rates of
glucose metabolic activity. Interestingly, brown fat activity was markedly reduced after mild
sedation. The reasons for this phenomenon are not completely understood.

Image 1. Coronal fused PET/CT image demon-
strating intense glucose metabolic activity of the brain,
supraclavicular region (arrows) and renal collecting
system.

Localizer




Image 2. Fused axial image with intense glucose
metabolic activity localized to brown fat (see arrows).

Image 2 (axial) Localizer
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Vocal Cord Activity

Clinical History

59-year-old female with a history of left ocular lymphoma.

PET/CT indication: Restaging.

Findings

No evidence for FDG avid lymphoma. The increased FDG uptake in the neck is due to vocal
cord activity.

Teaching Point

Head and neck lymphomas as well as other head and neck cancer pose a diagnostic dilemma
for PET, CT and MRI alone. This is due to the complex anatomy of this region as well as
asymmetric glucose metabolic activity after surgery or radiation. In the current study, PET/CT
ruled out tumor recurrence. Increased FDG uptake was related to normal vocal cord activity.

Image 1. Fused coronal image demonstrating
increased metabolic activity of the vocal cords.

Image 1 (coronal) Localizer




Image 2. Fused sagittal image depicting artifactually
increased FDG uptake corresponding to dental work (red
arrow). This is explained by over-correction for photon
attenuation  resulting in  "pseudo-FDG-uptake".
Physiologically increased FDG uptake in the region of the
vocal cords is indicated by the yellow arrow.

Image 2 (sagittal) Localizer

Image 3. Fused axial image with increased glycolytic
activity related to physiologically increased vocal cord
activity (arrows).

Image 3 (axial) Localizer
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Rebound Thymic Hyperplasia

Clinical History

15-year-old female with history of right leg amputation secondary to osteosarcoma.
The patient was subsequently treated with chemotherapy and interferon.

PET/CT indication: Restaging.

Findings

An inverse v-shaped structure of hypermetabolic activity is located in the anterior
mediastinum. This most likely represents rebound thymic hyperplasia after chemotherapy.

Teaching Point

Thymic activity is frequently observed in healthy young patients but also occasionally in some
older patients after chemotherapy. Thymic activity most frequently presents as an inverted
v-shaped structure of hypermetabolic activity of mild-to-moderate intensity. In the current case,
rebound thymic hyperplasia after chemotherapy most likely accounted for the hypermetabolism.

Image 1. Fused coronal image demonstrating
moderately increased glycolytic activity in the anterior
mediastinum.

Image 1 (coronal) Localizer




Image 2 (sagittal)

Image 2. Fused sagittal image with retrosternal hyper-
metabolic activity.

Localizer

Image 3 (axial)

Image 3. Mild anterior mediastinal activity (arrow) is
seen on fused axial image. Review of CT images did
not reveal lymphadenopathy. The finding is consistent
with rebound thymic hyperplasia.

Localizer




Blood Pool Activity

Clinical History

A 47-year-old female patient with breast cancer and liver mass on CT. The study was
performed 2 months after the last cycle of chemotherapy.

PET/CT indication: Treatment monitoring.

Findings

Prominent mediastinal FDG accumulation subsequently identified as blood pool activity.
Hypodense liver mass identified on CT that does not exhibit increased glycolytic activity.

Teaching Points

1. Increased blood pool activity in the mediastinum present on PET images might be
interpreted as abnormal. Based on our experience with PET/CT increased blood pool
activity can frequently have the appearance of focal hypermetabolism.

2. The discrepancy between the CT liver mass and normal PET findings underscores the need
for molecular imaging for treatment monitoring.

Image 1. Fused coronal image demonstrating mildly
increased glucose metabolic activity in the aortic arch
(arrow).

ol

Image 1 (coronal) Localizer




Case 2.4

Image 2. FDG uptake in the mediastinum is not
associated with any abnormal structure and is
consistent with blood pool activity.

Image 2 (axial) Localizer

Image 3. Fused axial image demonstrating
hypodense liver mass without increased glycolytic
activity. Thus, the liver lesion is likely benign.

Image 3 (axial) Localizer



Chapter2-Physiological Variante

Thyroid Uptake

Clinical History

65-year-old female patient with a history of breast cancer.

PET/CT indication: Restaging.

Findings

Incidental finding of an enlarged thyroid with markedly increased FDG uptake.

Teaching Point

Increased glucose metabolic activity in the thyroid occurs in about 4% of all patients undergoing
whole body PET/CT. In our population this occurs almost exclusively in women. The underlying
mechanisms have not been elucidated and the finding might represent a normal variant rather
than an abnormality.

Image 1. Fused coronal image demonstrating
markedly increased FDG uptake in both lobes of the
thyroid (arrows).

Image 1 (coronal) Localizer




Image 2. Fused axial image depicting hypermetabolic
thyroid (arrows).

Image 2 (axial) Localizer

Image 3. Increased FDG uptake in the thyroid
depicted on fused sagittal image (arrow).
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Image 3 (sagittal) Localizer




Chapter.2: PhysiologicallVariants
Post-Surgically Altered Anatomy

Clinical History

72-year-old male with history of esophageal carcinoma who is status post esophagectomy and
gastric pull-through. Patient underwent recent balloon dilatation of the proximal esophagus.

PET/CT indication: Restaging.

Findings

A nodular structure along the posterior wall of the esophagus is hypermetabolic and concerning
for malignancy. Differential diagnosis includes post-dilatation inflammation.

Teaching Point

In this patient with history of gastric pull through surgery PET alone cannot localize the area of
hypermetabolism. Gastric stump activity displaced into the chest can result in false positive PET
findings.

Image 1. Fused coronal image with focus of
increased FDG uptake in the upper mediastinum
(arrow).

Image 1 (coronal) Localizer




Case 2.6

Image 2. The focus of increased FDG uptake was
localized in the posterior aspect of the proximal
esophagus (arrow) as shown on fused axial image.

Image 2 (axial) Localizer

Image 3. Fused sagittal images revealed additional
linearly increased FDG uptake along the esophageal
wall (arrow). This might be consistent with
inflammatory changes after dilation of post-surgical
stricture.

Image 3 (sagittal) Localizer




“Physiological Variants

Post-Surgical Variant

Clinical History

13-year-old patient with history of liver transplantation and Hodgkin's disease for which he
received radiation treatment and chemotherapy several years ago.

PET/CT indication: Restaging.

Findings

Normal whole body PET scan with no evidence of disease recurrence.

Teaching Point

Increased FDG uptake was noted in the in the right infra-diaphragmatic region and the right
renal fossa. CT revealed that anatomic changes due to liver transplantation accounted for the
unusual localization of FDG hypermetabolism. Abnormal anatomy in post-surgical patients can
render interpretation of PET images difficult. In this case the kidney is displaced posteriorly and
upwards. In addition, the bowel activity is also shifted posteriorly and laterally.

Image 1. Coronal PET image with markedly
increased FDG uptake in the right upper abdomen
(arrow).

Image 1 (coronal) Localizer
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Image 2. Fused axial image showing FDG activity in
the pelvis of atypically elevated right kidney (arrow).

Image 2 (axial) Localizer

Image 3. Fused axial image showing normal bowel
activity in the area behind the transplanted liver.

Image 3 (axial) Localizer
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Pancreatic Mass

Clinical History

51-year-old male with incidental finding of pancreatic mass on abdominal CT

PET/CT indication: Lesion characterization.

Findings

Normal whole body PET/CT study without hypermetabolic activity corresponding to the
pancreatic mass.
Incidental note is made of prominent bilateral vocal cord activity.

Teaching Point

1. FDG-PET/CT is useful for discriminating malignant from benign pancreatic masses.

2. Prominent physiologic vocal cord activity can be misinterpreted as head and neck
pathology.

Image 1. Fused coronal image demonstrating the
prominent vocal cord activity (arrows).

Localizer




Image 2. Fused axial image depicting the prominent
vocal cord activity (arrow).

Image 2 (axial) Localizer

Image 3. Fused axial image showing the elongated
yet normal pancreas (arrows).

Localizer
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Chapter 3

Anatomical Masses vs. Viable Tumor

The extent of tumor viability by FDG-PET differs significantly from size of tumors as determined by CT. This
discrepancy has important implications for biopsy and radiation planning. PET/CT allows a targeted approach
to these interventions. Molecular PET imaging with FDG is the only non-invasive tool that permits to
differentiate viable tumor from benign anatomical masses. The identification of viable tumor will gain
considerable importance in the planning of biopsies and radiation treatment. It is hoped that a PET based
approach to these interventions will result in higher diagnostic accuracy of biopsies and in more accurate
delineation of the radiation target.
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Eccentric Tumor Viability

Clinical History

63-year-old patient with newly detected lung mass.

PET/CT indication: Tissue characterization.

Findings

Right upper lobe mass exhibits eccentric glucose metabolic activity in the postero-medial
aspect. The remainder of the mass is hypometabolic suggesting tumor necrosis.

Teaching Point

The case underscores the fundamental discrepancy between anatomical mass and viable
tumor. The assessment of tumor viability is important for guiding biopsy and radiation planning.

Image 1. Fused coronal PET/CT image with right
upper lobe mass that exhibits an eccentric rim of
viable tumor (arrow).

Image 1 (coronal) Localizer



Image 2. Fused sagittal image of the eccentric tumor
lesion (arrow).

@

Image 2 (sagittal) Localizer

Image 3. The viable portion of the tumor
encompasses the postero-medial aspect of the mass
as shown on this axial image (arrow). Note the
implications for biopsy planning.

Image 3 (axial) Localizer



Tumor Viability

Clinical History

62-year-old male with pulmonary malignancy and colon cancer.

PET/CT indication: Restaging.

Findings

Large and complex mass in the left upper lobe of the lung demonstrating peripheral hyper-
metabolic activity. This is consistent with the patient’s known adenocarcinoma. The central

photopenia suggests central necrosis of this tumor.

No evidence for metastatic disease.

Teaching Point

Note the eccentric hypermetabolic rim. Assessment of tumor viability is important to avoid
sampling errors during biopsy.

Image 1. Fused coronal image with hypermetabolic
area surrounding central ametabolic core suggesting
central necrosis with surrounding rim of viable tumor

(arrow).

Localizer

Image 1 (coronal)




Image 2. Fused sagittal image assigns the most
intense hyper-metabolic area to the inferior aspect of
the mass (arrow).

Image 2 (sagittal) Localizer

Image 3. Fused axial image shows the metabolic
activity distribution in the tumor mass and identifies
areas that are not suitable for biopsy (arrow).
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Liver Cyst

Clinical History

73-year-old female with lung cancer and a well rounded liver lesion on CT.

PET/CT indication: Tissue characterization.

Findings

A small a-metabolic area in the dome of the liver measuring 2.5 cm x 3 cm is consistent with a
liver cyst.

Teaching Point

Molecular PET imaging is the best imaging tool for differentiating malignant from benign
diseases.

Image 1. Fused coronal images with rounded liver
lesion (arrow) that does not exhibit glycolytic activity.

Localizer




Image 2 (axial)

Case 33!

Image 2. Fused axial images demonstrating the liver
cyst without metabolic activity.

Localizer

Image 3 (sagittal)

Image 3. Fused sagittal images depicting the liver
cyst (arrow).

Localizer



Tumor Viability

Clinical History

71-year-old woman with breast cancer who is status post left mastectomy and radiation
therapy.

PET/CT indication: Restaging.
Findings

CT demonstrates sclerotic changes of the T7 vertebral body corresponding to a vertebral
lesion described on a prior bone scan. This lesion demonstrates no increased metabolic
activity.

Multiple hypodense liver lesions do not exhibit increased FDG uptake.

Teaching Point

FDG-PET is ideally suited to characterize anatomic abnormalities as malignant or benign. In this
case, a sclerotic bone lesion unchanged for several months on anatomic images and on bone
scan remained negative for metastasis by FDG-PET. Similarly, multiple hypodense liver lesions
without FDG uptake are consistent with cysts.

Image 1. Fused coronal image with sclerotic lesion at
the level of T7 without increased FDG uptake (arrow)
consistent with benign disease.

Image 1 (coronal) Localizer




Image 2. Fused axial image depicting the sclerotic T7
lesion (arrow).

Image 2 (axial) Localizer

Image 3. Fused axial image depicting hypodense liver
lesion without FDG uptake (arrow). This is consistent
with a liver cyst.

Image 3 (axial) Localizer
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Tumor Necrosis

Clinical History

71-year-old male with history of colon cancer who is status post radiofrequency ablation of
liver metastases.

PET/CT indication: Restaging.
Findings

Several hypodense lesions seen on CT in the lateral aspect of the right liver lobe do not
exhibit increased glucose metabolic and are consistent with post-ablation necrosis.

Teaching Point

Treatment monitoring is best accomplished with molecular PET imaging. As shown in this
example, extensive anatomical abnormalities can represent scar, necrosis or inflammation
rather than residual tumor.

Image 1. Fused coronal image demonstrating large
hypodense liver lesion without FDG uptake in the right
lobe of the liver (arrow) consistent with post-
radiofrequency ablation necrosis.
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Image 2. Fused axial image of the hypodense liver
mass located in the right liver lobe (arrow) without
metabolic activity (arrow).

Image 2 (axial) Localizer
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Partially Necrotic Nasopharyngeal
Carcinoma Metastasis

Clinical History

66-year-old male patient with newly diagnosed left pharyngeal carcinoma.

PET/CT indication: Staging.

Findings

A hypermetabolic focus corresponding to a well-circumscribed 3.5 x 3.0 x 4.0 cm mass
posterior to the left submandibular salivary gland is consistent with metastatic lymph node
involvement.

Teaching Point

The discrepancy between viable tumor by FDG and an anatomic mass by CT is evident in this
example. Note the relatively small area of viable tumor relative to the large anatomical mass.
This discrepancy has implications for biopsy and radiation planning.

Image 1. Axial PET image at the level of the
mandible. Arrow denotes large metastatic lymph
node.

Image 1 (axial)




Image 2. Axial PET/CT image at the level of the
mandible. The red arrow shows ametabolic, necrotic
component of the mass while the yellow arrow
indicates the viable portion of the markedly enlarged
lymph node.

Image 2 (axial) Localizer

Image 3. Fused sagittal image showing metabolic
activity of the metastatic tumoral mass, necrotic
anterior part (red arrow) and posterior metabolically
active tumor (yellow arrow).

Image 3 (sagittal) Localizer
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Partially Necrotic Lung Metastasis of
Glioblastoma Multiforme

Clinical History

40-year-old man with a history of glioblastoma multiforme who underwent surgical resection,
chemotherapy and radiation therapy. A CT scan of the chest, obtained at an outside facility,
revealed a right lower lobe mass.

PET/CT indication: Characterization of pulmonary mass.
Findings

There is a large mass in the right lower lobe of the lung, which demonstrates increased
peripheral metabolic activity and a central photopenic area consistent with a tumor with central
necrosis; this is suggestive of metastatic disease. However, second primary tumor cannot be
ruled out.

Histological Verification: High-grade malignant neoplasm composed of giant and spindle cells
with extensive necrosis (the neoplasm is identical to the patient's previously-resected right
frontal brain lesion).

Teaching Point

PET provided guidance for the biopsy by identifying the viable components of this partially
necrotic malignancy.

Image 1. Coronal PET image depicting the right lower
lung tumor that exhibits peripheral FDG uptake
(arrow).

Image 1 (coronal) Localizer
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Image 2. Axial CT demonstrating the posterior right
lower lobe mass (arrow). Differentiation between
viable and non-viable tumor segments is not possible
with CT.
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Image 2 (axial) Localizer

Image 3. Fused axial image demonstrating that the
hypermetabolic rim is inhomogeneous (arrow). The
arrow points to the hypometabolic segment of the rim
corresponding to the necrotic part of the tumor.

Image 3 (axial) Localizer
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Chapter 4

Cancers of He
and Neck

Neuroendocrine Tumor

4.4  Tonsillar Squamous Cell Carcinoma
4.5 Salivary Duct Carcinoma
Squamous Cell Carcinoma



Chapter 4

Cancers of the Head and Neck

Head and neck cancers comprise about 5% of all cancers worldwide. Because of the complex normal head and
neck anatomy, which is further altered after surgical or radiation treatment, PET imaging of glycolysis has
contributed to the diagnostic work-up of these patients. However, physiological muscle activity, vocal cord and
normal thyroid activity can render the interpretation of molecular images difficult. PET/CT has helped to
overcome some of these difficulties and it was this indication for which the usefulness of PET/CT was first tested
and established using the prototype PET/CT at the University of Pittsburg.

Key Indications: Staging and Restaging
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Squamous Cell Carcinoma of the Tongue

Clinical History

76-year-old female with Non-Hodgkin's lymphoma and squamous cell carcinoma of the
tongue. The patient is status post right hemi-glossectomy with right supra-hyoid neck
dissection and status post radiation and chemotherapy.
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