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Abstract

Introduction Since their introduction in 2001, PET/CT
systems have gained wide acceptance primarily due to their
inherent ability to combine functional and structural
information about the underlying disease state of the patient
in a single imaging session. Their significance has also
been documented with regard to their short imaging times,
which minimize patient anxiety and image blurring due to
patient motion. In the past seven years, PET/CT systems
have replaced dedicated PET systems as the imaging
modality of choice for diagnostic evaluation of oncology
patients.

Objectives The purpose of this article is to review the
evolution of PET/CT systems and document their current
status.

Discussion Recent improvements in instrumentation are
highlighted together with some outstanding issues that arise
for specific PET/CT applications. These are followed by a
description of some of the more common clinical applica-
tions of PET/CT imaging such as staging malignant disease,
treatment planning, and monitoring therapy response.
Finally, the future developments of PET/CT systems with
regard to sensitivity, resolution, and new radiopharmaceut-
icals are discussed. The article concludes by presenting
some issues concerning the next stage in the future of PET
imaging, namely PET/MRI.
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Introduction

The first commercial PET/CT system appeared in the clinic
in 2001 following the introduction of a prototype design in
1998 [1]. The clinical evaluation of the prototype from
1998 to 2001 [2—4] at the University of Pittsburgh Medical
Center unquestionably highlighted the advantages of multi-
modality imaging and especially the routine availability of
coregistered anatomical and functional images when scan-
ning oncology patients. The ability to accurately localize
functional abnormalities and to assess the functionality of
anatomical structures proved to be a significant advance for
clinical imaging. Despite initial concerns relating to device
cost and ownership, the approach was rapidly embraced by
a medical profession increasingly receptive to the benefits
of whole-body dual-modality imaging. By 2006, the major
vendors no longer offered PET-only systems, and PET/CT
became an established imaging technology. Advances in
CT and PET instrumentation could be incorporated directly
into PET/CT, thus, ensuring state-of-the-art functionality
for both modalities in the combined device. Consequently,
by mid-2008, over 3,000 combined PET/CT systems were
in clinical operation worldwide. While most PET/CT
applications are for staging malignant disease, and
increasingly, for therapy planning and monitoring re-
sponse, the incorporation of high-performance CT compo-
nents suggests potential applications for cardiac PET/CT.
With such high-performance CT and PET components,
whole-body FDG-PET/CT examinations are now complet-
ed for staging purposes in 10 min, or less.
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The purpose of this article is to briefly review the current
status of CT and PET, and the integration into a combined
PET/CT device. Recent improvements in instrumentation
are described together with some outstanding issues that
arise for specific PET/CT applications. Finally, some of the
more common clinical applications for staging malignant
disease, planning treatment and monitoring therapy re-
sponse are discussed.

Design aspects of PET/CT

The development of the first PET/CT prototype device was
initiated in 1992 with the objectives to integrate CT and
PET within the same device and to use the CT images for
attenuation and scatter correction of the PET emission data.
The goal was to construct a device with both clinical CT
and clinical PET capability so that a full anatomical and
functional scan could be acquired in a single session,
obviating the need for the patient to undergo an additional
clinical CT scan. The original prototype [1] combined a
single-slice spiral CT scanner (Somatom AR.SP; Siemens
Medical Solutions, Germany) with a rotating ECAT ART
PET system (CPS Innovations, Knoxville, TN).

Despite concerns over the likely cost and operational
complexity of combined PET/CT technology, the major
vendors of medical imaging equipment nevertheless recog-
nized a market for PET/CT. The first commercial design
(Discovery LS, GE Healthcare, Waukesha, WI) comprised a
CT and a PET enclosed within a single gantry cover and
operated from separate consoles. The design involved little
integration at any level and was intended primarily to be the
first commercial PET/CT system on the market, as indeed it
was. The PET components included retractable septa and
standard PET transmission sources were offered as an
alternative to CT-based attenuation correction. Retractable
septa allowed the device to acquire PET data in either 2-D
or 3-D mode. Within a few months, another PET/CT system
design (Fig. 1) was proposed by Siemens ICTI (Knoxville,
Tenn) that had no septa and acquired data fully in 3-D [5].
Since no mechanical storage was required for retractable
septa and standard PET transmission sources were not
offered, the design was compact; the patient port was a full
70 cm diameter throughout and the overall tunnel length
was only 110 cm. Integration of the control and display
software allowed the PET/CT scanner to be operated from a
single console.

The hardware integration of recent PET/CT system
designs has, therefore, remained rather minimal. The
advantage is that vendors can then benefit more easily
from separate advances in both CT and PET instrumenta-
tion. In the past few years, spiral CT technology has
progressed from single to dual-slice, to 4, 8, 16 and, most
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Fig. 1 Schematic of an early PET/CT system design. The CT scanner
is positioned in front of the PET system and the centers of the imaging
fields are separated by 80 cm field-of-view. To maximize the co-scan
range (the range covered by both CT and PET), the movement of the
bed must include the 80 cm FOV separation. A typical co-scan range
is 160-190 cm. The patient port is 70 cm, thereby reducing the
claustrophobic effect of the extended gantry dimensions

recently, 64 slices; in parallel, CT rotation times have
deceased to less than 0.4 s resulting in very rapid scanning
protocols. Advances in PET technology have been equally
dramatic with the introduction of new faster scintillators such
as gadolinium oxyorthosilicate (GSO) and lutetium oxy-
orthosilicate (LSO), faster acquisition electronics and higher
resolution detectors (smaller pixels). Currently, a top-of-the-
line PET/CT configuration might comprise a 64-slice CT
scanner and an LSO-based PET with 4-mm detector
elements. However, while the 64-slice CT configuration is
targeted primarily for cardiac applications, the greatest
impact of PET/CT to date has been in the oncology field.

Current status of PET/CT systems

Currently five vendors offer PET/CT designs: GE Health-
care, Hitachi Medical, Philips Healthcare, Toshiba Medical
Corporation and Siemens Medical Solutions. The exact
specifications and performance of the CT and PET
components are vendor-specific, as shown in Fig. 2.

The Gemini, SceptreP3, Aquiduo and Biograph designs
acquire PET data in 3-D mode only, whereas the Discovery
incorporates retractable septa and can acquire data in both
2-D and 3-D mode. While the debate continues as to
whether 2-D or 3-D acquisition yields better image quality,
particularly for large patients, significant improvement in 3-
D image quality has undoubtedly been achieved through
the use of faster scintillators and statistically-based recon-
struction algorithms. The scintillators GSO (Gemini GXL),
LSO (SceptreP3, Aquiduo and Biograph), and LYSO
(Gemini TF and Discovery RX) result in lower rates of
both scattered photons and random coincidences compared
to BGO and offer superior performance for 3-D whole-
body imaging.
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Fig. 2 Biograph range. Current
PET/CT designs from the five
major suppliers of medical
imaging equipment: (a) the GE

LE

Healthcare Discovery range, (b)

the Siemens Biograph True- Discovery Biograph
Point, (c¢) the Philips Gemini ST, STE, RX 6, 40, 64
series, and (d, e) two designs
from Japanese vendors, the ???’3 L:TOS?? :3-4896 e
: : Tx63x30m 4% 6.4% 25 mm
Toshiba Aquiduo and the 42x62x30mm’  4x4x20mm®
Hitachi SceptreP3; both 2D/3D (septa) 3D only (no septa)
Japanese designs incorporate 8,16,64sliceCT  6,40,64 slice CT
PET components developed 70cm port 70 cm port

157 em axial FOV
11.7 ns coincidence
Dual-position bed

(@

21.8 cm axial FOV
4.5 ns coincidence
Bed on rails

(b)

by Siemens

While there has, to date, been little actual effort to
increase the level of hardware integration, there has been
significant effort to reduce the complexity and increase
the reliability of system operation by adopting a more
integrated software approach. In early designs, CT and
PET data acquisition and image reconstruction were
performed on separate systems accessing a common
database. Increasingly, functionality has been combined
so as to reduce cost and complexity and increase
reliability. Similar considerations of cost and complexity
for the hardware may lead, in the future, to greater levels
of integration. The likelihood is that these designs will
be application-specific, incorporating a 16-slice CT
scanner for oncology and a 64-slice (or higher) CT
scanner for cardiology. There will potentially be a
demand for more cost-effective entry-level PET/CT
system designs for oncology such as the Hitachi
SceptreP3.

Patient couch

An important component of the combined system is the
patient bed (or patient handling system, PHS) that must be
compatible for both imaging modalities. PET/CT requires a
redesign of the standard CT or PET couch for two reasons:
the travel of the bed (stroke) has to be extended to
accommodate the additional separation between the imag-
ing fields, and the downward deflection of the bed from the
weight of the patient has to be eliminated or at least
minimized and corrected. The former is important to
maximize the co-scan range—the imaging extent over
which both CT and PET data can be acquired, while the
latter is obviously essential to avoid an increasing and
patient weight-dependent downward deflection of the bed
as it moves through the gantry. Such a deflection would
obviously limit the alignment accuracy. Novel solutions to
these problems have been implemented by different
vendors (Fig. 3).

Gemini Aquiduo SceptreP3

GXL, TF
GSO, LYSO LSO LSO
4x 4x30mm§ 4 x 4x 20 mm® 6.4x 6.4 25 mm’
4x 4% 22 mm 16 slice CT 3D only; rotating
3D only (no septa) Gantry on rails 4 slice CT
6,10,16,64 CT
71.7 cm port
18 cm axial FOV
6 ns coincidence
Bed supported in tunnel

(©) (d) (e)

CT-based attenuation correction (CT-AC)

For PET/CT a recognized strength is the availability of CT
images for attenuation correction of the PET data [6, 7],
eliminating the need for an additional, lengthy transmission
scan. The use of the CT scanner to generate attenuation
correction factors (ACFs) not only reduces the scan time by
a significant amount but also results in more accurate
ACFs. Since the attenuation values (p) are energy depen-
dent, the CT scan at a mean photon energy of about 70 keV
must be scaled to PET (511 keV) energy. The mean energy
of a polychromatic X-ray beam is defined as the energy of a
monochromatic beam that would give the same linear
attenuation as the polychromatic beam integrated over
energy [8]. The polychromatic beam also results in beam
hardening, the preferential interaction of lower energy
photons as the beam traverses the body causing the mean
energy to increase and the corresponding p values to
decrease.

The attenuation of X-rays by tissue depends on the
density and the effective atomic number (Z.y) of the
material. At these energies, the physical processes by which
X-rays are attenuated are the photoelectric effect and
Compton scattering. The photoelectric probability varies
approximately as Zo' and scales as 1/E® with photon
energy (E). The Compton scattering probability has little
dependence on Z. and decreases linearly with 1/E. The
linear attenuation coefficient for a given material is
expressed by the sum of the two components:

H(E) :Pe{o'c(E) + O'ph(E’ Zeff)}

where p. is the electron density and op, and o, are the
photoelectric and Compton cross sections per electron,
respectively. However at photon energies above about
100 keV in tissue, the photoelectric contribution is
essentially negligible compared with the Compton contri-
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Fig. 3 Four different solutions
to the patient handling system
(PHS) that eliminate variable
vertical deflection of the pallet
as it advances into the tunnel of
the scanner. The designs include
(a) a bed with a fixed cantilever
point where the entire couch
assembly moves on floor-

T
] 1]
, ET

PET\

mounted rails, (b) a dual posi-
tion bed with one position for
CT and one for PET, (c¢) a

(&) Fixed cantilever poirt; floor

-mounted rails

@-'@

(b)) ‘arisble cantilever poirt, dual positions

patient couch that incorporates a
support throughout the tunnel,
and (d) a fixed couch with the
gantry traveling on floor-
mounted rails

A—

S

() Variable cantilever poirt, support in tunnel

bution and therefore the expressions for the attenuation
coefficient at X-ray energy Ey and gamma energy E, are:

H(Ex) = p{oc(Ex) + opn(Ex, Zer) }

“(Ey) =p.0c(Ey)

As a consequence of the two separate contributions to p
(Ey), a single measurement of p(Ey) will not uniquely
determine W(E,), because, for example, an increase in Zg
could offset a decrease in p. resulting in no change in p
(Ex). In general, therefore, a simple energy scaling of p(Ey)
is insufficient to yield u(E,). By restricting the problem to
biological tissues for which Z.s are all fairly comparable
and noting that the contribution from o, is relatively small
even at X-ray energies, changes in w(Ey) are primarily due
to changes in tissue electron density. Thus, for the limited
range of biological tissues, a single scaling factor can be
used to convert p(Ey) to p(E,) for lung, liver, fat, muscle
and other soft tissues. For spongiosa and cortical bone,
however, the same scale factor will not apply because of the
significant calcium and phosphorus content of bone tissue
that result in Z ¢ different from other tissues.

This issue has been addressed [6] by segmenting bone
from soft tissue at a specific threshold and applying
different scale factors to the two different tissue classifica-
tions—bone and non-bone corresponding to different
values of Z.y Kinahan et al. adopted a threshold of
300 HU [6]. Subsequently Watson et al [8] proposed a
mixture model in which all tissues with p < p(water) are
treated as a mixture of air and water at various concen-
trations (k), while tissues with p > p(water) are treated as a
mixture of water and cortical bone. Since this approach
limits the composition to a single value for a given p(E,), a
bilinear scaling function can be defined for biological
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tissues, as shown in Fig. 4. Recent publications on CT-AC
for PET also propose a break-point at 0 HU (n value for
water) [9] although the most appropriate choice may be
slightly greater than zero because some soft tissues and
blood conform to the air-water mix but with densities
greater than water for which a break-point around 60 HU is
more appropriate.

The calibration function has been derived from phantom
measurements and has also been validated with patient data
[10]. A calibration of the CT ensures that the soft tissue
values (u<60 HU) are independent of the kVp setting of
the X-ray tube. This independence does not apply to bone-
like tissue with p>60 HU and therefore different lines
(slopes) are required for each kVp setting [11].
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Fig. 4 The bilinear scaling function used to convert CT numbers
(Hounsfield units) to linear attenuation values at 511 keV. The ACFs
are generated by reprojecting the p-map at 511 keV (w water, cb
cortical bone, k concentration of the components of the mixture)
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The CT data are acquired before the emission data so the
ACFs can be generated for the entire volume. The CT
images at about 70 keV are resampled to the spatial
resolution of the emission data. The images are then scaled
voxel-by-voxel to the energy of the emission data by
applying the bilinear scaling function (Fig. 4). The scaled
CT images are then forward projected to generate ACFs
that match the sampling of the emission data. Since the
introduction of PET/CT, CT-AC has been a significant
focus of research to address the various possible artifacts.

Current emphasis in PET instrumentation

This section summarizes the current emphasis on improve-
ments in the performance of the PET components of PET/
CT systems.

Improved signal-to-noise with time-of-flight

The availability of fast scintillators with high stopping
power such as LSO (and LYSO) has revived interest in PET
time-of-flight (TOF) [12], interest that has been further
stimulated by the announcement of the first commercial
PET/CT system with TOF—the Philips Gemini TrueFlight
(TF) [13]. Siemens has also recently reported clinical
results for a series of over 100 patients scanned on a
prototype PET/CT device with TOF capabilities [14]. The
principle of TOF PET is illustrated schematically in Fig. 5;
positron annihilation occurs in the patient at a distance d+d;
from one detector and d—d; from the other detector. For
photons traveling at the speed of light (c), the arrival time

Fig. 5 Schematic illustrating
PET data acquisition with the
incorporation of TOF recon-
struction. By measuring the time
difference between the arrival of
the two annihilation photons, the
position of the positron annihi-
lation along the line-of-response
can be localized with an accu-
racy dependent on the precision
of the temporal measurement:
(a) without TOF information,
the annihilation is located with
equal probability along the line-
of-response, and (b) using TOF
information the annihilation
point can be localized to a
limited range, e.g., a 500 ps
timing resolution corresponds to
7.5 cm FWHM

difference between the two photons at the detectors is 2d,/c.
Photons originating from the center of the field of view
(FOV) (d;=0) obviously arrive in the detectors at the same
time. PET systems with fast scintillators and electronics can
measure this time difference to within a certain resolution.
For example, for a coincidence timing resolution of 500 ps,
the spatial uncertainty on the position of the annihilation is
7.5 cm. This uncertainty is not sufficient to place the
annihilation within a 2-mm voxel (and thereby eliminate
reconstruction) but it is superior to having no timing
information at all and assigning equal probability to all
voxels along the line-of-response (Fig. 5a). Instead, the
most probable location of the annihilation is at the center of
the uncertainty distribution in Fig. 5b. The TOF informa-
tion is incorporated directly into the reconstruction algo-
rithm leading to an improvement in signal-to-noise (SNR).
The increase in SNR is proportional to \(D/5d), where D is
the diameter of the activity distribution and 6d is the spatial
uncertainty. For a 40-cm diameter uniform distribution and
a 7.5 cm uncertainty, the increase in SNR is a factor of
about 2.3. As the TOF resolution improves, the spatial
uncertainty decreases and the SNR increases by a larger
factor. TOF PET was first exploited in the early 1980s [12]
with scintillators that were fast but did not have good
stopping power for 511 keV photons. Interest declined until
the recent emergence of scintillators that are both fast and
sensitive. The new TOF PET systems based on LSO or
LYSO must demonstrate good timing resolution that is
stable over time so as to avoid frequent detector recalibra-
tion. While promising, the clinical impact of TOF PET has
yet to be established. The published contributions to TOF
development have been reviewed in more detail in [15].

Patient outiine

Detector A

:
T ay
1

[t C et
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Improved sensitivity with increased axial FOV

The sensitivity of a PET system can be improved by the
addition of more detector material. Planar sensitivity can be
increased by extending the thickness of the scintillator. For
example, a 50% increase in thickness of an LSO detector
(20 mm to 30 mm) results in a 40% increase in sensitivity.
However, increasing the axial extent of a PET scanner by
30% will result in a 78% increase in volume sensitivity (for
3-D acquisition with no septa). The latter thus makes more
efficient use of the increased volume of LSO although there
will also be an increase in the number of phototubes required
(and hence increased cost). Following an injection of a
radioactive tracer such as FDG, the patient receives a
radiation dose from all annihilation photons, not just those
emitted within the imaging FOV. Therefore, the greater the
axial coverage, the better use is made of the emitted radiation
and the more efficient use is made of a given volume of
scintillator. For most PET/CT systems, axial PET coverage is
about 16 cm, with one design having an axial extent of
18 c¢cm [13]. The most recent design to be announced has an
extended FOV covering 21.8 cm axially [16, 17].

Improved system model with PSF reconstruction

There has been significant progress during the past few
years in image reconstruction methods through the intro-
duction of statistically-based algorithms into the clinical
setting. Previously, one of the earliest and most widely used
3-D reconstruction methods was the reprojection algorithm
(3DRP) based on a 3-D extension of standard 2-D filtered
back-projection [18]. While this algorithm works well for
the lower noise environment of the brain, the quality for
whole-body imaging is less than optimal, particularly when
rod source ACFs are applied to low-count emission data.
Fig. 6a shows a coronal image of a patient with a body
mass index of 35 kg/m? reconstructed using 3DRP. Since
CT-based ACFs have been applied the quality is probably
better than would have been obtained with rod source
ACFs. The development of Fourier rebinning (FORE) [19]
was a breakthrough that enabled 3-D datasets to be
accurately rebinned into 2-D datasets and then reconstructed
in 2-D with a statistically-based expectation-maximization
(EM) algorithm. However, it was not until the accelerated
convergence achieved by the ordered-subset EM (OSEM)
algorithm [20] that iterative methods became of clinical
interest. While FORE and OSEM offer improved image
quality compared with 3DRP, the incorporation of attenua-
tion-based weights (AWOSEM) as suggested in the original
paper by Hudson and Larkin, further improves image quality.
This is demonstrated in Fig. 6b where the same dataset as in
Fig. 6a has been reconstructed with FORE and AWOSEM
[21]. Further improvement has been achieved by eliminating
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the rebinning step and implementing OSEM fully in 3-D
with corrections for randoms, scatter and attenuation
incorporated into the system model [22, 23].

In a recent development termed high-definition (HD)
PET, the detector spatial response function has also been
included in the reconstruction model [24]. The point spread
function (PSF) varies throughout the FOV owing to the
oblique penetration of the detectors by annihilation photons.
By measuring this variability and then modeling the PSF,
improved and near-uniform spatial resolution can be
achieved throughout the FOV; the improvement can be seen
by comparing Fig. 6b with the PSF reconstruction in Fig. 6c.
Finally, in Fig. 6d both PSF and TOF have been incorporated
into the reconstruction and the improved image quality can
be seen by comparing this image with Fig. 6c¢; the PSF and
PSF+TOF reconstructions are unsmoothed.

Motion-free PET/CT

Another area in PET/CT imaging that has recently received
lots of interest is the reduction of image blurring due to
object motion during PET data acquisition. One of the
advantages of PET imaging is its ability to accurately
quantify the radioactivity distribution in an area of interest.
However, since the acquisition of PET data is not instanta-
neous (usually requiring 2—7 min per FOV depending on the
imaging protocol) involuntary motion such as breathing or
heart beating during data acquisition tends to blur internal
targets thereby leading to inaccurately quantifiable images.
This process can be seen in Fig. 7 where a set of six spheres
were imaged while being moved in a sinusoidal manner to
simulate breathing motion. The peak to peak motion distance
was 2 cm and the period of motion was 5 s. Figure 7 clearly
shows that the spheres no longer retain their shape but
appear as ellipsoids due to the motion blur; furthermore, the
apparent activity concentration in these ellipsoids is lower
than in their corresponding original motion-free state.

One method to reduce motion blurring and restore
activity concentration is to acquire the PET data in gated
or list mode with retro- or prospective binning both of
which are known as 4-D PET imaging. In both of these
modes, the final result is a set of motion-free PET images
that corresponds to the different segments of the motion
cycle. Each image, however, is characterized by a low SNR
due to the reduced counting statistic in each segment (bin).
One approach to improve the image quality of each bin is to
proportionally extend the overall data acquisition process so
that the image quality of each bin is equivalent to that
obtained without any object motion. This approach,
however, raises practical difficulties related to patient
discomfort and immobilization as well as to diminishing
radioactivity concentration from decay and biological
elimination [25]. In any case, however, it is postulated that
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Fig. 6 Coronal section of an N
FDG-PET whole-body scan of a =
patient with a BMI of 35 kg/m? P
acquired in 3-D mode with septa e
retracted and reconstructed using: +

(a) 3-D filtered back-projection
algorithm with reprojection

(7 mm Gaussian smooth), (b) I My :
clinical reconstruction, FORE . :: vt )
rebinning + 2-D OSEM (8 sub-
sets, 3 iterations; 5 mm smooth- :
ing filter), (¢) 3-D ordinary -
Poisson (OP) OSEM with PSF 3

reconstruction (14 subsets, 2 —
iterations; no smoothing), and (d) . »
3-D OP-OSEM with both PSF

and TOF reconstruction (14 sub-
sets, 2 iterations, no smoothing)

b Y

(a) FBP

with motion-free PET data acquisition, a new class of small
low-contrasting lesions located in areas affected by breath-
ing and cardiac motion would now be visible that otherwise
would have been missed due to motion blur. This
suggestion is made under the assumption that each of the
gated PET image sets is accurately attenuation corrected
using a matched CT dataset on a bin-by-bin basis
throughout the motion cycle; the whole process is known
as 4-D PET/CT imaging.

Several investigators have recently demonstrated the
advantages of reducing motion blur on the quantitative
accuracy of activity concentrations in PET imaging and
have developed methods for reassembling the multiple low
SNR images into a single image with improved SNR [26—
41]. A relatively novel approach that has been recently
introduced that does not require a gated mode of acquisition

Fig. 7 PET images of a phan-
tom with a set of six spheres of
different diameters imaged z L] [
while being moved in a sinu-

soidal manner to simulate .
breathing motion. The top
images (a) clearly show that the
spheres no longer retain their
shape but appear as ellipsoids
due to motion blur; furthermore,
the apparent activity concentra-
tion in these ellipsoids is lower
than in their corresponding
original motion-free state shown I b [
in the bottom images (b) .

Coronal

(h) 2D: 3if8s

{c) 3D: PSF (d) 3D: TOF+PSF

but reduces motion blur is the deep inspiration breath hold
(DIBH) technique [42—44]. In this approach, a PET and a
corresponding CT dataset are acquired during a specific
segment. However, due to the limited time that patients can
hold their breath at that motion phase, the process is repeated
multiple times until the cumulative data acquisition period is
equivalent to that utilized in PET imaging of a stationary
object (about 3-5 min). Potential advantages of DIBH
include the improvement in the probability of finding small
lesions on CT images due to the filling of the lungs, the
decrease in the amount of mismatch between the PET and
CT images since they are acquired at the same phase, and the
suppression of motion blur during PET data acquisition.
These advantages come at the cost of increasing the total
scan duration and requesting the patients to hold their breath
at an unnatural phase for a relatively long period.

ig: . 1

. . LB

Sagittal Axial Mip
ig: » 1

. » . . [ B I
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Outstanding issues for application of PET/CT

The wide acceptance of PET/CT imaging in diagnostic
radiology and radiation oncology is largely due to the
ability of this imaging modality to improve patient
diagnosis and treatment management. There are, however,
several challenges of PET/CT imaging that are gaining
prominence such as partial volume averaging, lesion
segmentation, processing speed, and protocol workflows.
These challenges should be mitigated in order for the
acceptance of PET/CT imaging in the clinical assessment
and management of patients to continue as well as increase.

Partial volume effect

Partial volume averaging (PV) is the underestimation of
activity concentration in a lesion due to the limited spatial
resolution of PET. PV mostly affects lesions of sizes less
than 2.5 to 3.0 times the PET resolution. However, any
sharp edges of an object (even if the object is bigger than
three times the PET resolution) are also affected by PV and
are blurred on in the reconstructed image. Since one of the
main advantages of PET imaging is its ability to detect and
quantify the activity concentration in small lesions, PV
becomes one of the major factors that hinder the accom-
plishment of this objective. Lesions that have a decreased
activity concentration following therapy cannot be con-
firmed based on PET imaging alone if this decrease is due
to a response to therapy or actually a decrease in lesion
size, which resulted in PV and hence a decrease in
measured activity concentration. There are several factors
that affect the severity of PV other than lesion size such as
the shape of the lesion, the lesion to background activity
concentration, and the reconstruction algorithm and param-
eters used to generate the final PET images. These
additional factors, although important, have less impact on
the final quantitative value than lesion size, particularly
when the spatial resolution of the PET system is relatively
low. Current commercially available PET systems have
spatial resolutions on the order of 4-7 mm, with which PV
effects start to occur in lesions as large as 1.2-2 cm. The
additional factors affecting the severity of PV can increase
this range to 2.5-3.5 cm. Improving the PET image spatial
resolution by modeling the detector blurring function
during image reconstruction (section Motion-free PET/CT
above) reduces the effects of PV and hence improves the
accuracy of determining the actual activity concentration in
small lesions.

Several methods have been proposed to mitigate the
effects of PV with different levels of success. These
methods have been summarized in a recent report by Soret
et al. [45]. In any case, none of these approaches is
currently used in routine clinical settings since none has
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been implemented by any of the PET/CT system manu-
facturers on their respective systems and hence the accurate
determination of lesion activity concentration remains a
persistent challenge in PET imaging.

Lesion segmentation

One of the differentiating attributes of PET images is their
blurry appearance due to the limited spatial resolution of
this imaging modality. This aspect limits the ability to
accurately delineate the actual boundaries of lesions and
hence affects the usefulness of PET images for treatment
planning. This impediment has large ramifications on the
widespread use and acceptance of PET imaging in radiation
oncology applications. Traditionally, lesion volumes were
determined from PET images using subjective contrast
settings based on the physician’s preference. This approach,
however, results in large interobserver variability and
necessitates a standardized approach to lesion segmenta-
tion. The process of delineating tumor volumes on PET
images is also further complicated by PV effects (described
above) since the apparent lesion boundaries on the
reconstructed PET image depend on the same factors that
affect PV such as lesion size, lesion to background ratio and
reconstruction parameters.

Several methods have been proposed to segment lesion
volumes from PET images. Some of these approaches
depend on selecting a fixed threshold setting while others
rely on derived functional forms that relate the threshold
setting to the mean activity concentration in the lesion and
the background level [46—54]. In all cases, these threshold
settings fail when applied to small lesion volumes due to
PV effects. At the present time there is no method that has
gained wide acceptance for segmenting tumor volumes
from PET images although a 40-50% fixed threshold of the
maximum activity concentration in a lesion remains to be
utilized in many settings and is now available as an option
on some PET data analysis workstations. This approach,
however, should be used with caution when applied to
small lesions since it will overestimate the true lesion
volume due to PV.

The difficulty in approximating the true lesion volume
from PET images is further exacerbated by other confound-
ing factors such as lesion motion during PET data
acquisition which will reduce the apparent activity concen-
tration in a lesion. Another important factor is the
inaccuracy in attenuation correction due to the mismatch
between the PET and CT images, which will also lead to a
discrepancy between the actual and apparent activity
concentration in a lesion [55, 56]. Based on these
challenges, there has been a continued interest among
different investigators and research centers to develop new
approaches and algorithms towards resolving this issue.
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These interests have been largely fueled by the potential
advantages gained from utilizing PET tumor volumes for
radiation treatment planning purposes and their possible
impact on patient management.

Reconstruction timing and protocol workflows

The time required to generate the final PET images from a
PET/CT examination is starting to represent a challenge to
the productivity and throughput of this imaging modality.
This issue is primarily due to the combined effects of
several confounding factors. The current trend of acquiring
PET data in 3-D rather than 2-D mode, as demonstrated by
the introduction of 3-D-only systems, has resulted in an
increase in the allowable coincidence events, which
ultimately is reflected in an increase in reconstruction time
to generate the final PET images. Furthermore, the recent
introduction of advanced full 3-D image reconstruction
algorithms that incorporate various correction models
during their optimization process has also added to the
challenge of keeping the reconstruction time as short as
possible. In addition, as PET systems continue to be more
sensitive and efficient and the acquisition duration per bed
position continues to decrease (currently between 1 min and
7 min per FOV), the requirement to generate the final
image set in a short time period following the data
acquisition becomes more difficult. Also, the recommenda-
tion to generate nonattenuation-corrected PET images to
resolve potential artifacts generated by the CT-based
attenuation correction [57] further increases the necessary
time to generate the final images. Finally, TOF-PET also
adds to the complexity of the reconstruction algorithm and
the time required to generate the final images since each
coincidence event requires additional information pertain-
ing to its detection time. All of these factors contribute to
increasing the time to generate the final PET images. This
aspect represents an emerging area of active research
interest, and in particularly TOF imaging and its associated
image processing requirement is starting to gain importance
within the PET imaging community [58—61].

Another area that represents a prospect for the increased
utilization of PET/CT in clinical applications is the
introduction of optimized protocol workflows that integrate
the correction schemes that have been proposed to resolve
some of the challenges of this imaging modality, such as
the effects of mismatch between PET and CT images as
well as the effects of lesion motion and lesion segmenta-
tion. These workflows should be designed with the
objective of ease of use and prompt generation of the final
images with minimal user interaction. Currently, none of
the PET/CT system manufacturers provide optimized work-
flows on their system platforms. Ultimately, the develop-
ment of such protocols will facilitate the use of the system

capabilities to their fullest and help in evaluating the
impact of the suggested correction schemes on patient
management.

Clinical applications of PET/CT
Diagnosis and staging in oncology

The use of PET and more recently PET/CT imaging in
diagnostic radiology spans the fields of cardiology, neurol-
ogy, and oncology. However, based on the clinical
indications that are approved by the Centers for Medicare
and Medicaid services (CMS) for this imaging modality, the
majority of PET/CT imaging is performed in oncology
evaluation—namely staging and restaging of cancer. Sev-
eral publications have shown that PET/CT imaging is better
than PET or CT alone for staging and restaging in a variety
of cancers [62—-64]. This conclusion was predominantly
based on showing a significant improvement in specificity
and to some extent in sensitivity with the resultant
improvement in accuracy shown to be statistically signif-
icant and on average ranging between 10% and 15% [63].
The improvements in accuracy coupled with the conve-
nience of presenting morphological and biological infor-
mation to physicians have rendered PET/CT imaging as the
most important cancer imaging modality at the present time
[63]. For cancer indications that are not covered by CMS, a
recent study by Hillner et al. [65] evaluating the impact of
PET/CT imaging on patient management through the
national oncologic PET registry (NOPR) showed that
overall, physicians changed their intended management in
36.5% (95% CI, 35.9 to 37.2) of cases following PET/CT
imaging.

Therapy planning

The advent of conformal radiation therapy and intensity-
modulated radiation therapy necessitates more precise
target volume definitions for dose-sparing of normal
tissues. Traditionally, CT has been the modality of choice
for radiation therapy planning (RTP) of these treatment
techniques. However, CT has been shown to have a
relatively low sensitivity and specificity for detecting tumor
tissue [66]. PET and more recently PET/CT imaging on the
other hand, have been shown to have higher values for both
of these metrics [67]. In a meta analysis [67] for solid
tumors, PET/CT imaging was shown to have a sensitivity
of 92% and a specificity of 93% compared to 85% and 88%
for PET and 64% and 83% for CT alone, respectively. In
this regard, it is not surprising that PET/CT imaging rather
than CT or PET alone has been suggested as a primary tool
to facilitate RTP [68]. In addition, PET/CT provides
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knowledge about the morphology as well as the biology of
the tumor. Tumor biology has been identified as an
essential factor for effective dose delivery [69]. With PET/
CT imaging the biological tumor volume [69] allows the
radiation dose to be modulated according to the distribu-
tion of the PET signal intensity within the tumor volume,
thereby resulting in more efficient and effective delivery
of radiation dose to the tumor while sparing the surround-
ing healthy tissue [69, 70]. Also, the requirement for
highly precise and reproducible patient positioning during
the imaging and treatment sessions to ensure accurate
tumor delineation and effective dose delivery enforces the
choice of a combined PET/CT system over stand-alone
PET and CT systems [71]. The collective effects of these
three factors render PET/CT imaging an obvious choice
for RTP over other imaging modalities such as PET or CT
alone.

To date, the majority of PET/CT applications for RTP
purposes are in the thorax. A recent review on PET/CT
utilization for radiotherapy planning in lung cancer showed
differences in the range 30% to 60% between PET-derived
contours versus CT-only target volumes [72]. Obviously,
what constitutes a significant alteration of the plan is a
matter of debate. Many studies indicate a change in volume
of >25% as significant [73, 74]. However, an issue that
deserves to be addressed in more detail is the nature of the
change in the gross tumor volume in terms of primary
tumor and nodal target volumes [66].

An important but controversial issue concerning the use
of PET imaging for RTP purposes is the threshold selection
of the PET images when contouring the tumor volume. This
issue is discussed in section Lesion segmentation above but
currently represents one of the main obstacles for the wide
adoption of PET imaging in RTP. It is anticipated that, with
the development of new approaches for accurate target
volume delineation, the use of PET and PET/CT imaging
will become the standard for RTP.

Future developments in PET/CT

There have been several advances in PET/CT system design
and their capabilities since this combined imaging modality
was first introduced in 2001. However, although PET/CT
imaging has seen significant improvements over the past
few years, there still exist a number of opportunities to
improve the performance of this imaging modality that
would further solidify its acceptance as the modality of
choice in a wide range of applications. These improvements
lie primarily in volume sensitivity and spatial resolution as
well as in the development of new radiopharmaceuticals
that provide comprehensive in situ functional characteriza-
tion of cancer to guide individualized therapy.
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Improvements in sensitivity

The sensitivity of a PET system is limited by its intrinsic as
well as its geometric efficiencies. Methods to improve the
intrinsic efficiency rely on using detectors with high
stopping power and/or increasing the depth of the detector,
as discussed in section Improved sensitivity with increased
axial FOV above. However, current PET use detectors such
as BGO, LYSO, and LSO that are 20—30 mm in depth and
already capable of stopping 70-90% of the annihilation
photons [75]. So any further improvement in the detector
intrinsic efficiency would not have a large impact on the
volume sensitivity. This situation, however, is reversed for
the geometric efficiency of the system, which can be
optimized by extending the axial FOV. Townsend [76] has
shown that by increasing the FOV from 16.2 cm to 21.8 cm
the system sensitivity increases by 78%, albeit at a possible
increase in cost due to the additional hardware required.
Further increasing the axial extent of the PET to cover the
whole body will also increase the total system sensitivity as
well as reduce total scan duration, patient motion and, as a
consequence, image blurring. Several PET system designs
with increased axial extent have already been proposed
[77-79]. Some of these designs effectively cover the
majority of the body in a single bed position. The proposed
advantages of such designs other than higher sensitivity and
shorter scan durations are lower injected dose, which also
translates to lower costs, and the possibility to facilitate
radionuclide biodistribution studies over the whole body.

Improvements in PET sensitivity by increasing the axial
FOV can be coupled with TOF scanner designs to produce
an effective improvement in SNR that is roughly one order
of magnitude higher than in current systems [75]. This
improvement in SNR has a direct effect on producing PET
images with high spatial resolution. However, as mentioned
above, increasing the axial FOV of the PET will result in an
increase in the overall cost of the scanner. Methods to
reduce the overall cost can include reducing the total
number of photomultiplier tubes through the use of a
quadrant sharing design, replacing the photomultiplier tube
with avalanche photodiode detectors (APDs), or develop-
ment of cheaper detectors. Other drawbacks of increasing
the axial FOV are increased dead-time and the need for a
sophisticated normalization correction scheme and recon-
struction algorithms.

Improvements in spatial resolution

PET images are characterized by low spatial resolution.
This drawback is mainly due to four factors: detector size,
positron range, acolinearity of the annihilation photos, and
depth of interaction (DOI) which results in a nonstationary
resolution across the transverse FOV. Improving PET image
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resolution potentially has a large impact on the wide
acceptance of this imaging modality in RTP and its ability
to accurately quantify the response to therapy, both of
which are expected to become major applications of PET
imaging in the future. Furthermore, the low PET resolution
results in PV, which limits the ability to accurately quantify
treatment response (see section Partial volume effect
above). Methods to improve image resolution depend on
mitigating the four factors that affect image resolution. This
can be achieved by modeling the effects of each of these
components during the image reconstruction process.
Recently, one manufacturer (Siemens Medical Solutions)
did just that for the effect of detector size during image
reconstruction to minimize the impact of this factor [24].
Similarly, the effects of positron range could also be
modeled depending on the radionuclide that is being used.
For '®F the effect of positron range is relatively small since
the root mean square of the positron range in water for '°F
is 0.2 mm [80]. That is not the case for other radionuclides
such as ®Rb, which is used in cardiac imaging and has a
range of 2.6 mm. Positron range is currently not corrected
for on any PET system.

The effect of acolinearity is probably one of the most
important factors that affect image resolution in clinical
PET. This factor is proportional to the detector ring
diameter and is of the order of 2.2 mm for a PET
system with a 100-cm ring diameter. Since the current
trend is to increase the bore diameter to accommodate
large patients as well as those that should be imaged in
the treatment position, care should be taken not to
increase the ring diameter further. Currently there are no
models that correct for acolinearity that are available on
any commercial or research PET system. However, such
an approach could greatly improve the effective resolu-
tion of PET images.

Finally, the effect of DOI largely prevails in preclin-
ical systems due to the curvature of the detector ring at
small radial distances from the center of the FOV. In
clinical systems, DOI effects occur at larger distances
from the center of the FOV. Current clinical systems
have spatial resolutions that vary about 1-2 mm at
distances of 20-30 mm from the center of the FOV.
Methods to mitigate the effects of DOI rely on phoswitch
detectors [81, 82] that can determine the DOI of a photon
in a detector. Currently there exists one commercial
clinical PET system (HRRT, Siemens Medical Solutions)
with phoswitch detectors, but that system is for brain
imaging only [83].

New drug development

In addition to improving the physical characteristics of the
PET components, the development and adoption of new

positron-emitting radiopharmaceuticals will have a pro-
found impact on solidifying the reliance on PET imaging as
the modality of choice for functional investigation at the
molecular level. It is important to note that the current
prominence of PET imaging is based on a single radio-
pharmaceutical—'*F-FDG—an analog for imaging glucose
metabolism (other radiopharmaceuticals such as ammonia
and rubidium are used in cardiology, but they constitute a
relatively small proportion of the overall clinical use of
PET imaging); therefore, it is expected that with the
introduction of other positron-emitting radiopharmaceuti-
cals PET imaging will gain even more prominence in
oncology, neurology and cardiology. One of the main
advantages of PET imaging is its ability to image a
functional process at its molecular level (hence molecular
imaging) while using a trace amount (nano- to picomoles)
of a radiopharmaceutical that is specifically designed for
the process in question. This can be achieved by using
radiopharmaceuticals with high specific activity (amount of
radioactive material per unit mass of material) in order to
detect the radiotracer without perturbing the underlying
process. This capability coupled with the ability of PET/CT
to accurately quantify the underlying functional process as
well as its anatomical layout signifies the uniqueness of this
imaging modality

Several radionuclides have been investigated as potential
radiolabels for different radiotracers in PET imaging [84—
87]. The consensus, however, is that '°F is the optimum
choice among other possible candidates such as ''C, °N,
and °*Ga. The advantages of '®F are mainly its wide
availability, automated synthesis, relatively long half-life
allowing its transport, short positron range, acceptable
radiation dosimetry, high production and labeling yields,
and high specific activity. Based on these attributes and
fueled by the emergence of PET imaging as the modality of
choice for molecular investigation, there has been a series
of new '®F-labeled tracers that have been developed or are
currently under development, the majority of which are
specific to oncology. A recent survey of these tracers can be
found elsewhere [88, 89]. These tracers promise to broaden
the ability of PET/CT imaging to provide comprehensive in
situ functional characterization of cancer to guide individ-
ualized therapy.

The future possibility of accurate localization and
comprehensive functional phenotyping of tumors with
multitracer PET/CT imaging is, therefore, very real.
However, issues of tangible downstream treatment impact
and cost-effectiveness, which remain unresolved for FDG-
PET/CT will be no less (and perhaps more) critical and
challenging for newer PET tracers. It is hoped, however,
that lessons learned from the validation of FDG-PET/CT
imaging in the clinic can streamline this process for future
PET tracers.
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From PET/CT to PET/MRI

The development of PET/MRI is obviously technically more
challenging than PET/CT because phototubes are sensitive
even to low magnetic fields. Also, MRI demands very high
field homogeneity and the presence of PET detectors within
the field could potentially interfere with the MR imaging. In
contrast, the PET detectors have to withstand not only a high
static field level but also the rapidly changing field gradients
required by the imaging process.

Christensen et al. were one of the first groups to address
some of these issues in the mid 1990s [90]. Their design
was based on placing PET detectors inside a clinical MR
scanner and extracting the information from the scintillator
over light guides that transported the signals to phototubes
positioned outside the magnetic field. The first simulta-
neous acquisition of FDG uptake data and MR spectrosco-
py in an isolated, perfused rat heart model was reported in
1996 [91]. The device used was a novel gamma photon
detector operated inside a 9.4-T MR spectrometer. At
around the same time as this work, Shao et al. developed
a small ring of PET detectors for preclinical small-animal
imaging [92]. A second, larger prototype was built with a
ring diameter of 5.6 cm that simultaneously acquired MR
and PET data in small animals using a number of different
pulse sequences [93].

More recently, the focus of PET/MRI development for
preclinical imaging has been on the use of APDs as
photodetectors owing to their insensitivity to magnetic
fields [94, 95]. The combination of scintillator and APD
can function within a high magnetic field (up to 9.4-T) and
tolerate the changing field gradients [96, 97]; in addition,
the detectors do not interfere with the operation of the MRI
scanner. Recently, a brain-only PET detector ring has been
developed based on LSO blocks and APDs [98, 99] that
can be inserted into a 3-T MRI scanner. The combined
system has successfully acquired simultaneously FDG-PET
data and MR data including proton spectroscopy and echo
planar gradient-echo sequences [100]. In contrast to PET/
CT where the two modalities are acquired sequentially, the
PET/MRI brain insert allows the modalities to acquire data
simultaneously, potentially opening up new research appli-
cations for neuroscience. However, the attenuation correc-
tion of the PET data is not as straightforward for PET/MRI
as for PET/CT because the MR signal is not a measure of
the electron density in the tissue. This is evident from the
fact that air and bone give essentially the same MR signal
whereas they have very different linear attenuation values.
Strategies are currently being developed to address the
issue of MR-based PET attenuation correction [101, 102].

The question as to whether PET/MRI will supplant or
replace PET/CT in the clinic is a topic of considerable
debate at the present time. While there have been some
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suggestions that PET/MRI could replace PET/CT [103], it
does not seem very likely that the addition of a PET insert
to an MRI system will attract clinical applications away
from PET/CT. Both modalities, CT and MRI, have well-
recognized strengths especially for imaging malignant
disease, and this is unlikely to change as a consequence
of the availability of an MR-compatible PET insert.
Hopefully, the contents of this timely supplement on PET/
MRI may help, at least to clarify and broaden, if not to
resolve, this ongoing debate.
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