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The extensive development of image fusion techniques over the
past 20 y has shown that the fusion of images from complemen-
tary modalities offers a more complete and accurate assessment
of disease than do images from a single modality. Although soft-
ware techniques have been successful in fusing images of the
brain from different modalities, they have achieved rather limited
success for other parts of the body. The recent introduction of
technology that can acquire both anatomic and functional im-
ages in a single scan has addressed many of the limitations of
software fusion. The combination of CT and PET was introduced
commercially in 2001, followed by CT and SPECT in 2004. Clin-
ical adoption of PET/CT has been surprisingly rapid, and despite
continuing debate, the new technology has advanced the use of
clinical molecular imaging, particularly for oncology.
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Although a single imaging modality can offer some
insight into a disease process, it is often a combination of 2
or more modalities that eventually provides a diagnosis.
Traditionally, such imaging has been performed at different
times, in different places, and on different equipment. Even
when the temporal difference between scans is small,
alignment of images acquired on 2 different scanners is a
complex procedure, particularly when regions of the body
outside the brain are involved. Different patient positioning
and involuntary movement of internal organs demand

nonlinear mapping techniques to align the various imaging
modalities with any success.

An alternative to software fusion, now termed the hard-
ware approach, that addresses many of these difficulties is a
combination of 2 (or more) modalities within a single device
that acquires the different images either simultaneously or
sequentially without moving the patient from the bed. This
design essentially eliminates differences in patient positioning
and also minimizes misalignment due to involuntary internal
organ motion. The approach was pioneered in the early 1990s
by Hasegawa et al. at the University of San Francisco, who
placed a clinical CT scanner in tandem with a SPECT camera
as the first clinical SPECT/CT device (1). The first commer-
cial design, the Hawkeye (GE Healthcare), combined a low-
power x-ray source with a standard SPECT camera (2,3).

A similar concept of combining PET with CT was sug-
gested independently in 1991, although a working proto-
type PET/CT scanner was not completed until 1998 (4).
Despite some obvious concerns at the time with operational
issues, cost, complexity, and reliability, commercial exploi-
tation of the PET/CT concept followed within 3 y, the first
designs appearing in medical centers by early 2001. The
first combined SPECT/CT design incorporating a fully
clinical multidetector CT scanner was launched in 2004,
although even today, 90% of SPECT/CT installations are
still based on the Infinia Hawkeye (GE Healthcare).

A common feature of all these designs is the combination
of molecular imaging (PET or SPECT) with high-quality
anatomic imaging (CT). The evident success of PET/CT and
SPECT/CT suggests a potential role for PET/MRI, a detector
development more technically challenging than the other
modalities. Given the rapid evolution of hybrid technology
over the past 6 y, it is worthwhile reviewing the current status
of these modalities and assessing future prospects. However,
in view of space limitations, this article will focus primarily
on PET/CT as the more mature of the hybrid technologies.

THE SOFTWARE APPROACH

A thorough discussion of the topic is beyond the scope of
this paper. However, it is instructive to review some of the
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principles of software fusion and the level of success that
has been achieved; a more extensive review has been pub-
lished elsewhere (5). Two image sets are fused either by
identifying common landmarks or fiducials that can then be
aligned or by optimizing a metric based on image intensity
values. Whatever the method, the number of possible
degrees of freedom between the 2 image volumes defines
the complexity of the subsequent transformation. For dis-
tributions that do not involve a change in shape or size,
rigid-body transformations are adequate. When shears (or a
nonisotropic dilation without shear) are involved, an affine
transformation comprising a linear transformation and
translation is indicated. When there are no constraints on
the deformation, a nonlinear (warping) transformation is
used. Most currently used methods are intensity-based, and
images are coregistered by assessing the intrinsic informa-
tion content. Metrics include intensity ratios (6) and mutual
information (7). Although such techniques have shown great
success in aligning images of the brain acquired with CT,
PET, SPECT, and MRI, they have been less successful in
other parts of the body. Earlier clinical assessments in the
lung (8) and pelvis (9) were disappointing, demonstrating a
local registration accuracy of 5–8 mm, compared with an
accuracy of about 2 mm that can be achieved for the brain
(10). A recent review (11) suggests that software fusion can
achieve an accuracy of about half a pixel, or 2–3 mm, for
some studies even though clinical results from more recent
generations of fusion software have not been particularly
encouraging in applications such as recurrent colorectal
cancer (12). Software development has nevertheless contin-
ued, as illustrated by the publication of an automated warping
algorithm to align CT and PET images of the thorax (13).

Until PET/CT appeared in 2001 and coregistered CT and
PET images could be routinely generated for all patients, the
prevailing view was that fusion of anatomy and function
would offer little for most patients. The one exception that
was already gaining acceptance even before the advent of
PET/CT was the integration of CT and PET into radiotherapy
treatment planning (14). PET/CT has facilitated the incor-
poration of functional images into treatment planning (15).
Thus, the development of software fusion techniques con-
tinues in both the academic and the commercial environ-
ments, and even with PET/CT, SPECT/CT, and eventually
MRI/PET available, there will continue to be applications in
which software fusion can play an important role (16).

THE HARDWARE APPROACH

One of the earliest devices with the capability to acquire
2 different modalities—CT and SPECT—was developed
around 1990 by Hasegawa et al. at the University of
California, San Francisco (17,18). Their pioneering device
used a single detector of high-purity germanium to acquire
both CT and SPECT data (19–21). The difficulty of achiev-
ing an acceptable level of performance for both modalities
led the group to explore a different design in which a
clinical CT scanner was positioned in front of a SPECT

camera (1). The CT images were then also used to provide
improved partial-volume and attenuation corrections for
the SPECT data. The dual-modality device was used for
imaging a small number of cancer patients and for radio-
nuclide quantitation of regional myocardial uptake of
99mTc-sestamibi in a porcine model.

The first PET/CT prototype (4) became operational in
1998 and was based on the combination of a single-slice
spiral CT scanner (SOMATOM AR.SP; Siemens Medical
Solutions) and a rotating PET scanner (ECAT ART; CPS
Innovations) (22). This design was unique in that both the
CT and the PET components were mounted on a single
rotating support within the gantry enclosure. The CT bed
was used for both modalities. Data acquisition and image
reconstruction were performed on separate computer sys-
tems. As with the SPECT/CT developed by Hasegawa
et al., the CT images from the PET/CT scanner were used
to generate PET attenuation correction factors using an
energy-scaling algorithm (23). When a series of 300 pa-
tients was imaged, many of the benefits of PET/CT could
already be identified (24,25). The replacement of the
lengthy PET transmission scan by the more rapid CT scan
significantly reduced the whole-body scanning time. PET
images could be interpreted with greater accuracy and
confidence by using the intrinsically coregistered CT im-
ages. Biomarkers such as 18F-FDG that are not specific to a
disease are taken up in organs such as brain, heart, liver,
intestines, and lungs as a consequence of normal physiol-
ogy. The coregistered CT images allowed such nonspecific
uptake to be identified, thus improving the accuracy of
interpretation. With PET/CT, areas of abnormal uptake can
be localized to specific morphologic structures such as
lymph nodes, further aiding interpretation. Perhaps less
obviously, the interpretation of the CT images can poten-
tially be modified or refined by reference to the PET scan;
elevated 18F-FDG uptake with a negative CT result is still
suggestive of disease. Finally, convenience to the patient
and to the operation of the imaging center should not be
underestimated. One appointment, one visit to the hospital,
and the referring physician has a complete assessment of
the anatomic and functional status of the disease.

The first commercial PET/CT scanner was installed in
May 2001, just 3 y after the acquisition of PET/CT images
at the University of Pittsburgh Medical Center. Since 2001,
all major vendors of medical imaging equipment have
produced at least one PET/CT design, and the technology
has been surprisingly rapidly adopted by nuclear medicine
and radiology departments. As a consequence, since 2006
PET/CT sales have completely replaced sales of new PET-
only scanners, as shown in Figure 1.

In contrast to the more integrated approach of the initial
prototype, current commercial PET/CT designs comprise a
multislice spiral CT scanner in tandem with, but separate
from, a PET scanner (26,27). During a study, the patient
passes first through the CT scanner and then into the imag-
ing field of the PET scanner. A design of a typical com-
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mercial PET/CT scanner is shown in Figure 2. Although
every effort is made to design a compact system by elim-
inating the transmission sources and (in some scanners) the
retractable septa, the separation of the CT and PET fields is
still around 80 cm. However, most PET/CT scanners have at
least a 70-cm patient port, thus reducing the potential
claustrophobic effect for patients. An important component
of the scanner is the patient bed, which must be compatible
for both imaging modalities. PET/CT requires a redesign of
the standard CT or PET couch for 2 reasons: the travel of the
bed (stroke) has to be extended to accommodate the addi-
tional separation between the imaging fields, and the down-
ward deflection of the bed from the weight of the patient has
to be minimized. The former is important to maximize the

commonly scanned range over which both CT and PET can
be acquired, and the latter is obviously essential to avoid an
increasing downward deflection of the bed as it moves
through the scanner. Such a deflection would obviously limit
the alignment accuracy, resulting in an intrinsic and patient
weight–dependent misregistration between the CT and the
PET images. Novel solutions to these problems have been
implemented by different vendors, as shown in Figure 3.
Deflections of less than 60.25 mm for a 181-kg (400-lb)
patient have been reported.

ADVANCES IN PET/CT SCANNER PERFORMANCE

The overall performance of a PET/CT scanner is a func-
tion of the performance of the individual components—the

FIGURE 1. Shipments of PET and PET/CT scanners for U.S. market as recorded by Nuclear Equipment Manufacturers
Association for January 2002 to October 2007. Shipments of PET-only scanners declined to zero from January 2006 onward.
Overall market for PET or PET/CT remained fairly constant, although since January 2007, with decrease in reimbursement because
of introduction of Deficit Reduction Act, sales have declined somewhat.

FIGURE 2. Schematic of early PET/CT
scanner design. CT is positioned in front
of PET scanner and centers of imaging
fields are separated by 80 cm. To max-
imize co-scan range (range covered by
both CT and PET), movement of bed
must include 80-cm FOV separation.
Typical co-scan range is 160–190 cm.
Patient port is 70 cm, thereby reducing
claustrophobic effect of extended gantry
dimensions.
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CT component, the PET component, the patient couch, the
computer hardware, and the integrated software system.
Advances in the performance of CT and PET scanners have
been paralleled by steady progress in the reliability and
flexibility of the PET/CT acquisition and display software.
After the appearance of single-slice spiral CT scanners in
the early 1990s (28), CT performance has improved rapidly
with the advent of multidetector arrays. Dual and 4-slice
CT scanners first became available around 1998, followed
by 16-slice scanners (2002) and, more recently, 64-slice
scanners (2004). The increasing number of detector rows
(slices) has been accompanied by faster rotation times;
state-of-the-art scanners now reach 3 rotations per second.
Thus, after many years of slow but steady progress, the past
few years have seen significant advances in both hardware
and software for CT.

PET scanners have seen even more dramatic improve-
ments in performance over the past decade. As with CT,
these improvements are in both hardware and software,
including new scintillators, better spatial resolution, higher
sensitivity, more accurate reconstruction techniques, and
the recent reintroduction of time-of-flight measurements.

New Scintillators for PET

For PET detectors, the 1970s saw the transition from
thallium-activated sodium iodide (NaI(Tl)) to bismuth

germanate (BGO), a scintillator with higher density and a
larger photofraction. The photofraction is the fraction of
incident annihilation photons that interact in the scintillator
through the photoelectric effect; this is the desired process,
in preference to Compton scattering, which may involve
multiple interaction points within the detector. Although at
least one PET scanner design continued to use NaI(Tl),
most PET scanners installed during the 1990s were based
on BGO block detectors. In the late 1990s, the introduction
of new, faster scintillators such as gadolinium oxyorthosil-
icate (GSO) (29) and lutetium oxyorthosilicate (LSO) (30),
both doped with cerium, improved the performance of PET
scanners for clinical imaging. Both GSO and LSO have
shorter decay times than BGO by a factor of 6 to 7, reduc-
ing system dead time and improving counting rate perfor-
mance, particularly at high activity levels in the field of
view (FOV). The physical properties of these scintillators
are summarized in Table 1. Of even more importance for
clinical imaging is the potential of faster scintillators to
decrease the coincidence timing window, thereby reducing
the randoms coincidence rate. The increased light output of
the new scintillators improves the energy resolution be-
cause the increased number of light photons reduces the
statistical uncertainty in the energy measurement. However,
other physical effects contribute to the emission process,
and the improvement in energy resolution is not a simple

FIGURE 3. Four different solutions to patient handling system that eliminates variable vertical deflection of pallet as it advances
into tunnel of scanner. Designs include bed with fixed cantilever point where entire couch assembly moves on floor-mounted rails
(A); dual-position bed, with one position for CT and one for PET (B); patient couch that incorporates support throughout tunnel (C);
and fixed couch with scanner traveling on floor-mounted rails (D).
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function of the number of light photons. The higher light
output also increases the positioning accuracy of a block
detector, allowing the blocks to be cut into smaller crystals,
thereby improving spatial resolution. BGO, LSO, and GSO
are not hygroscopic, facilitating the manufacture and pack-
aging of the detectors. GSO is somewhat less rugged and
more difficult to machine than either BGO or LSO. LSO
has an intrinsic radioactivity of about 280 Bq/mL, with
single-photon emissions in the range 88–400 keV. Such a
radioactive component is of little consequence for coinci-
dence counting at 511 keV, except at very low emission
counting rates.

Improving Spatial Resolution

The physics of positron emission impose certain well-
known limitations on the spatial, temporal, and contrast
resolution that can be attained in a particular imaging
situation. Positron range and photon noncolinearity degrade
resolution to an extent defined by the energy of the
annihilating positron (a function of the positron-emitting
nuclide) and the diameter of the detector ring (D), respec-
tively. The resolution is further limited by the size of the
detector elements (d) and a factor (b) that accounts for
the block decoding scheme. The relationship between the
achievable spatial resolution (+) and the different contri-
butions is given by the following expression (31):

+ 5 1:25Ofðd=2Þ2 1 ð0:0022DÞ2 1 r2 1 b2g:

For lower-energy positron emitters such as 18F (Emax 5 0.633
MeV), the major contributions to spatial resolution come
from the detector size and the noncolinearity of the annihi-
lation photons. In practice, the resolution for clinical imaging
is also a function of other factors such as the reconstruction
algorithm and the smoothing filter. For a given scanner geom-
etry, PET biomarker such as 18F-FDG, and imaging protocol,
the achievable spatial resolution will depend primarily on the
size of the detector elements. Higher-resolution detectors
reveal increased detail that can potentially change patient
management, as shown by the following clinical example.

Figure 4A (right) shows a coronal section of an 18F-FDG
PET/CT scan of a patient with head and neck cancer. The
study was performed on a scanner comprising LSO detec-

tors 6.4 · 6.4 mm in size (Fig. 4A, left). The study identified
disease on the left side of the neck of the patient, who
presented with a visually enlarged node originally thought
to be a cyst but subsequently found to contain squamous cell
carcinoma. The patient also underwent random biopsies and
removal of the left tonsil in an unsuccessful attempt to
identify the primary tumor. The patient then underwent a
second 18F-FDG PET/CT study on a scanner comprising
high-resolution, 4 · 4 mm LSO detectors (Fig. 4B, left). The
result of the high-resolution scan is also shown (Fig. 4B,
right). The new study identified uptake in a node on the right
with a standardized uptake value (SUV) of 3.7, as well as in
nodes on the left side, including those seen on the lower-
resolution scan. The patient underwent a radical neck dis-
section on the left side and a modified neck dissection on the
right that included removal of the right tonsil. The right
tonsil was identified as the origin of the primary tumor,
suggesting that the disease had crossed the midline and
misleadingly appeared in the lymph nodes on the left side.
The high-resolution PET/CT scan thus changed the man-
agement of the patient, who remains alive and disease-free
more than 2 y after the surgery.

This case study illustrates the importance of high-resolution
imaging, particularly in head and neck cases such as this
one, in which treatment may be affected by the outcome
of the scan. It also demonstrates that decreasing the size of
the detector elements without necessarily increasing the

TABLE 1
Physical Properties of Certain PET Scintillators

Property Nal BGO LSO GSO

Density (g/mL) 3.67 7.13 7.4 6.7

Effective atomic

number

51 74 66 61

Attenuation

length (cm)

2.88 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 (%NaI) 100 15 75 25

Hygroscopic Yes No No No

FIGURE 4. PET/CT scan of patient with head and neck cancer
illustrating clinical advantage of increased spatial resolution. (A)
Lower-resolution scan demonstrates uptake in 2 left-sided
lymph nodes, suggesting primary disease on left. Patient was
scheduled for left neck dissection. (B) Higher-resolution scan,
however, also demonstrates uptake in right node, suggesting
bilateral disease. SUVs for each scan are indicated. Patient
therefore underwent bilateral neck dissection, and presence of
disease was confirmed on both sides.
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volume of the scintillator can nevertheless play an impor-
tant role in clinical imaging.

Increasing Sensitivity

PET is intrinsically a 3-dimensional (3D) imaging meth-
odology, replacing the physical collimation required for
single-photon imaging with the electronic collimation of
coincidence detection. However, the first multiring PET
scanners incorporated septa—lead or tungsten annular
shields mounted between the detector rings. The purpose
of the septa was to limit the acceptance angle of the
incident photons and to shield the detectors from photons
that scattered out of the transverse plane, thus restricting
the use of electronic collimation to within the plane. Such a
limitation, although it makes poor use of the radiation
emitted from the patient, allows 2-dimensional (2D) image
reconstruction algorithms to be used rather than requiring a
fully 3D algorithm. The availability from 1990 onward of
BGO scanners with retractable septa encouraged the use of
3D methodology, at least for the brain, where the net
increase by a factor of 5 in sensitivity could be realized
even with increases in both scatter fraction and randoms
(32). The situation for whole-body imaging is far less
favorable, in part because of the presence of significant
activity just outside the imaging FOV in most bed positions.
Instead, particularly for large patients, 2D imaging was
often recommended even though higher injected levels of
18F-FDG were required to obtain adequate counting rates.
This situation changed in the late 1990s with the appear-
ance of LSO- and GSO-based scanners that could be op-
erated with short coincidence time windows (4.5–6 ns) and
higher energy thresholds (400–450 keV) than the 10–12 ns
and 350 keV for BGO. Significantly improved whole-body
image quality was achieved in 3D mode with a 370-MBq

(10-mCi) injection of 18F-FDG. A recommended injected
dose of 444–555 MBq (12–15 mCi) corresponds to oper-
ation at peak noise equivalent counting rate for an LSO
scanner in 3D mode (33). A recent publication (34) com-
pared 2D and 3D operation for an LSO-based PET-only
scanner (ECAT ACCEL; Siemens Molecular Imaging). The
results demonstrated that under conditions of matched
target-to-background ratios, the 3D mode showed signifi-
cantly less variability than 2D. Since the LSO and GSO
PET/CT scanners have no septa and acquire data in 3D
mode only, no comparison has been made for PET/CT.
However, within the past 2 y, a limited number of yttrium-
doped LSO (LYSO)–based PET/CT scanners with retract-
able septa have been evaluated, and recent publications
confirm the results from the ECAT ACCEL (35,36).

The sensitivity of a scanner can also be improved by the
addition of more detector material. Planar sensitivity can be
increased by extending the thickness of the scintillator (Fig.
5A). In this example, a 50% increase in thickness (20 mm
/ 30 mm) results in a 40% increase in sensitivity.
However, increasing the axial extent by adding 33% more
detector material without changing the thickness results in a
78% increase in volume sensitivity (for 3D acquisition with
no septa), as shown in Figure 5B. Thus adding extra
detector rings more efficiently uses the increased volume
of LSO, although in this case, because additional detectors
are needed, there will also be an increase in the number of
phototubes required. After an injection of a radioactive
tracer such as 18F-FDG, the patient receives a radiation
dose from all annihilation photons, not just those emitted
within the imaging FOV of the scanner. 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 scanners,

FIGURE 5. Two methods of improving
sensitivity of PET scanner: increasing
thickness of scintillator from 20 to 30
mm (A) and increasing axial length of
scanner from 16.2 to 21.8 cm (B). In-
crease in axial extent also implies in-
crease in number of PMTs. For scanner
operating in 3D mode, method B will
increase sensitivity by relative factor of 2
over method A, with 40% less LSO.
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axial PET coverage is about 16 cm, with one design having
an axial extent of 18 cm and the most recent device offering
an extended FOV covering 21.8 cm. The latter comprises
more than 32,000 LSO pixels of 4 · 4 · 20 mm and images
109 transaxial planes 2 mm thick in a single position. Data
acquisition is in fully 3D mode, and the scanner has a peak
noise equivalent counting rate of around 160 kcps (37,38).

Time-of-Flight PET

The availability of fast scintillators with high stopping
power such as LSO and LYSO has revived interest in PET
time of flight (TOF) (39), interest that has been further
stimulated by the recent announcement of the first com-
mercial PET/CT scanner with TOF—the Gemini True-
Flight (TF; Philips) (40). The principle of TOF PET is
illustrated schematically in Figure 6; the radius of the
detector ring is d, and positron annihilation occurs in the
patient at a distance d1 from the center, which is d 1 d1

from one detector and d 2 d1 from the other, coincident,
detector. For photons traveling at the speed of light (c), the
arrival time difference between the 2 photons at the detec-
tors is 2 d1/c. Photons originating from the center of the
field of view (d1 5 0) obviously arrive in the detectors at
the same time. Scanners with fast scintillators and elec-
tronics can measure this time difference to within a certain
resolution. For example, for a scanner with a coincidence
timing resolution of 500 ps, the spatial uncertainty on the
position of the annihilation is 7.5 cm. This uncertainty is
too large to place the annihilation within a 2-mm voxel (and
thereby eliminate reconstruction) but is superior to having
no timing information at all and assigning equal probability
to all voxels along the line of response (Fig. 6A). Instead,
the most probable location of the annihilation is at the
center of the uncertainty distribution in Figure 6B. The
TOF information is incorporated directly into the recon-

struction algorithm, leading to an improvement in signal-to-
noise ratio. The increase in signal-to-noise ratio is propor-
tional to O (D/dd) (39), where D is the diameter of the
activity distribution and dd is the spatial uncertainty. For a
40-cm-diameter uniform distribution and a 7.5-cm uncer-
tainty, the increase in signal-to-noise ratio is a factor of
about 2.3. As the TOF resolution improves, the spatial
uncertainty decreases and the signal-to-noise ratio increases
by a larger factor. TOF PET was first explored in the early
1980s 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 scanners based on LSO or
LYSO must demonstrate a good timing resolution that is
stable over time so as to avoid frequent detector recalibra-
tion. Although promising, the clinical impact of TOF PET
has yet to be established.

Advances in Reconstruction Techniques

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
3D reconstruction methods was the reprojection algorithm
(3DRP) based on a 3D extension of the standard 2D filtered
backprojection algorithm (41). Although 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 attenuation correction factors
are applied to low-count emission data. Figure 7A shows a
scout scan (topogram) of a patient with a body mass index
(BMI) of 25. Figure 7B shows a coronal section through the
patient reconstructed using the 3DRP algorithm. The de-
velopment of Fourier rebinning (FORE) (42) was a break-
through that enabled 3D datasets to be accurately rebinned

FIGURE 6. Schematic illustrating PET
data acquisition with incorporation of
time-of-flight (TOF) reconstruction. By
measuring time difference between ar-
rival of the 2 annihilation photons, one
can localize position of positron annihila-
tion along line of response, with accuracy
dependent on precision of temporal
measurement. (A) Without TOF informa-
tion, annihilation is located with equal
probability along LOR. (B) With TOF
information, annihilation point can be
localized to limited range; for example,
500-ps timing resolution corresponds to
7.5-cm FWHM.
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into 2D datasets and reconstructed in 2 dimensions with a
statistically based expectation maximization algorithm.
However, it was not until the accelerated convergence
achieved by the ordered-subset expectation maximization
(OSEM) algorithm (43) that iterative methods could po-
tentially be implemented clinically. Although FORE and
OSEM offered better image quality than 3DRP, the incor-
poration of attenuation-based weights (AWOSEM) as
suggested in the original paper by Hudson and Larkin
further improves image quality. This is demonstrated in
Figure 7C, where the same dataset as in Figure 7A has been
reconstructed with FORE and AWOSEM (44). Further
improvement has been achieved by eliminating the rebin-
ning step and implementing Ordinary Poisson (OP) OSEM
fully in 3 dimensions, with corrections for randoms, scatter,
and attenuation incorporated into the system model (45,46).
The result, again for the same dataset, is shown in Figure
7D. Finally, in a recent development termed high-definition
PET, the detector spatial response function has also been
included in the reconstruction model (47). The point spread
function varies throughout the FOV because of the oblique
penetration of the annihilation photons into the detectors.
By measuring this variability and then modeling the point
spread function, one can achieve improved and near-
uniform spatial resolution throughout the field of view.
The improvement can be seen by comparing Figure 7D

with the point spread function reconstruction in Figure 7E;
all reconstructions except 3DRP are unsmoothed.

The images in Figure 7 are reconstructed with clinical
software provided by a specific vendor (Siemens Molecular
Imaging). Of course, all vendors provide comparable soft-
ware capable of producing clinical images of high quality.
The VUE Point algorithm (GE Healthcare) is an imple-
mentation of 3D OSEM that includes corrections for
randoms, scatter, and attenuation and also axial smoothing
of the volumetric data across adjacent image planes, that is,
along the z direction. The Gemini TF has TOF capability
and therefore the TOF information must be incorporated
into the reconstruction (40). For Gemini scanners, Philips
has implemented a distributed list-mode TOF algorithm
that is based on a TOF list-mode maximum-likelihood
approach developed by Popescu et al. (48). They have also
used a row-action maximum-likelihood algorithm (49). The
scatter correction algorithm also requires modification to
incorporate TOF information. As will be discussed later,
the greatest outstanding challenge to image quality is the
size of the patient, a significant problem given the current
levels of obesity among the U.S. population.

CT-BASED ATTENUATION CORRECTION (CT-AC)

A recognized benefit of PET/CT is the availability of CT
images for attenuation correction of the PET emission data

FIGURE 7. (A) Coronal section of 18F-
FDG PET whole-body scan of patient
with BMI of 25 acquired in 3D mode with
septa retracted. (B–E) Reconstructions of
A using 3D filtered backprojection algo-
rithm with reprojection (7-mm gaussian
smoothing) (B), FORE 1 2D OSEM (14
subsets, 2 iterations, no smoothing) (C),
3D Ordinary Poisson (OP) OSEM (14
subsets, 2 iterations, no smoothing) (D),
and high-definition PET: 3D OSEM with
point spread function reconstruction (14
subsets, 2 iterations, no smoothing) (E).
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(23,50), eliminating the need for a separate, lengthy PET
transmission scan. The use of the CT scan for attenuation
correction not only reduces whole-body scan times by at
least 40% but also provides essentially noiseless attenuation
correction factors, compared with those from standard PET
transmission measurements with external radionuclide
sources. Because the attenuation values are energy-dependent,
the CT scan at a mean photon energy of 70 keV must be
scaled to the PET energy of 511 keV. 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 (27). 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 m-values to
decrease.

The attenuation of x-rays through tissue depends on the
physical density and the effective atomic number (Zeff) 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 Z4

eff and scales as 1/E3 with photon energy
(E). The Compton scattering probability has little depen-
dence on Zeff and decreases linearly with 1/E. The linear
attenuation coefficients for a given material are expressed
by:

mðExÞ 5 refscðExÞ1sphðEx;ZeffÞg

mðEgÞ 5 rescðEgÞ;

where re is the electron density, Ex is the x-ray photon
energy, Eg is equal to 511 keV, and sph and sc are the
photoelectric and Compton cross sections per electron,
respectively. At photon energies above about 100 keV in
tissue, the contribution to attenuation from the photoelec-
tric effect is negligible (51). As a consequence of the 2
separate contributions to m(Ex), a single measurement of
m(Ex) will not uniquely determine m(Eg), because, for
example, an increase in Zeff could compensate for a de-
crease in re, resulting in no change to m(Ex). In general,
therefore, a simple energy scaling of m(Ex) is insufficient
to yield m(Eg) at 511 keV. However, by restricting the
problem to biologic tissues for which Zeff values are all
fairly comparable and noting that the contribution from
sph is relatively small even at x-ray energies, one can see
that changes in m(Ex) are primarily due to changes in
tissue electron density. Thus, for the limited range of bio-
logic tissues, a single scaling factor can be used to convert
m(Ex) to m(Eg) for lung, liver, fat, muscle, and other soft
tissues.

For spongiosa and cortical bone, however, the simple
scale factor will not apply because of the significant cal-
cium and phosphorous content of bone tissue. To address

this issue, Kinahan et al. (23) segment bone from soft tissue
at a threshold of 300 Hounsfield units (HU) and apply dif-
ferent scale factors to the 2 different tissue classifications—
bone and nonbone. Watson et al. (27) propose a mixture
model in which all tissues with m , m(water) are treated
as a mixture of air and water at various concentra-
tions, whereas tissues with m . m(water) are treated as a
mixture of water and cortical bone. Because this approach
limits the composition to a single value for a given m(Ex), a
bilinear scaling function can be defined for biologic tissues,
as shown in Figure 8. Some recent publications propose a
break point at 0 HU (m-value for water) (52) 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. Therefore a
break point of around 60 HU is more appropriate for the
bilinear scaling function. This function, which is similar to
that proposed by Blankespoor et al. (1) to scale CT values
to SPECT energies (140 keV), has been validated with both
tissue-equivalent materials and patient data (53). The cal-
ibration of the CT scanner ensures that the soft-tissue
values (m , 60 HU) are independent of the peak kilo-
voltage setting of the x-ray tube. This independence does
not apply to bonelike tissue with m . 60 HU, and therefore
different regression lines are required for each peak kilo-
voltage setting (54).

The CT scan is acquired before the PET scan so the
attenuation correction factors can be generated during the
PET acquisition for the entire volume. The CT images at
�70 keV (Fig. 8) are resampled to match the spatial
resolution of the PET data, and thus the high resolution

FIGURE 8. Bilinear scaling function used to convert CT
numbers (HUs) to linear attenuation values at 511 keV. CT
scan at 70-keV effective x-ray energy is resampled to resolution
of PET scan. Voxel value mCT in resampled CT image is scaled
to mPET at 511 keV using range of bilinear function appropriate
for mCT value. Attenuation correction factors are generated by
reprojecting m-map at 511 keV. w 5 water; cb 5 cortical bone;
k 5 concentration of components of mixture.
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of the CT images is degraded for the generation of the
attenuation correction factors. The images are then scaled
voxel by voxel to 511 keV by applying the bilinear scaling
function. The advantage of bilinear scaling is that it re-
quires only a simple threshold and avoids a complex seg-
mentation of the CT images. The scaled CT images are then
forward projected to generate attenuation correction factors
that match the sampling of the PET emission data.

Although the benefits of CT-based attenuation are well
known and documented, several challenges have emerged
as the technique became more widely adopted for PET/CT
(55,56). The challenges are of 2 main origins: first, the
presence of materials in the patient that have Zeff values
that do not conform to the basic assumption in the bilinear
model, and second, a mismatch between the CT and PET
scans due to patient respiration, cardiac motion, and bowel
movement (57). Since the first commercial PET/CT instal-
lation in 2001, these issues have received considerable
attention. Examples of the first challenge include metallic
objects (58,59), dental hardware (60), calcified lymph
nodes, and intravenous (61,62) and oral (63,64) contrast
material. Materials with high Zeff values may exceed the
dynamic range of attenuation values measurable by the CT
scanner, and severe artifacts are generated in the images. Of
particular importance in the assessment of head and neck
cancer is the presence of dental fillings (60). Several
techniques to reduce metallic artifacts have been explored
(65), including reconstruction methods (66) and segmenta-
tion approaches (67) that can significantly reduce the
artifacts.

Some typical artifacts associated with CT-AC are illus-
trated in Figure 9. When a tidal breathing protocol is
adopted for both CT and PET, respiration effects include an
apparent displacement of the dome of the liver into the
lower lobe of the right lung (68) (Fig. 9A), creating a
corresponding region of apparent activity on the PET scan
(arrow). A curved photopenic region at the top of the liver
and spleen in the PET image (Fig. 9B) is also observed in
some studies. Although such artifacts may occur for any

patient who is following a tidal breathing protocol, the
documented incidence is much reduced for the faster,
higher-performance CT scanners. The clinical significance
of respiratory artifacts has been studied for an early
PET/CT design in a series of 300 patients (69). Figure 9C
illustrates an artifact caused by a bolus of intravenous
contrast material in a major vessel that generates focal
uptake (arrow) on the PET image, and Figure 9D shows
focal uptake (arrow) caused by the presence of a chemo-
therapy port. In many situations, however, artifacts on the
CT images do not propagate through to the PET images, as
illustrated in Figure 10. Dental artifacts can be corrected on
CT through the use of novel reconstruction techniques (66),
as shown in Figure 10A. The uncorrected (left) and
corrected (right) images for CT (top) and PET (bottom)
demonstrate that even though the reconstruction algorithm
significantly improves the CT image, the impact on the
PET image is only slight, verifying that CT-AC is actu-
ally a robust technique. Metallic implants such as artifi-
cial hip prostheses (Fig. 10B) can cause quite severe CT
artifacts, although it would be somewhat rare for the spe-
cific pathology under study to be located in the region
affected by the prosthesis. The PET images reconstructed
without attenuation correction are generally available for
confirmation.

The use of intravenous or oral contrast material is indi-
cated when the CT scan is performed for clinical purposes
as opposed to low-dose CT performed for attenuation
correction and localization only. Intravenous contrast ma-
terial contains iodine at concentrations high enough to
enhance CT values without a corresponding change in
density and is used in CT to enhance attenuation values in
the vasculature by increasing the photoelectric absorption,
compared with the blood. CT contrast material increases
photon attenuation by 40% at CT energies, whereas at 511
keV, where the photoelectric effect is negligible, the pres-
ence of contrast material has only a 2% effect on attenu-
ation (70). However, if contrast-enhanced tissue pixels are
misidentified as a water–bone mix, the scaling factor will

FIGURE 9. Potential image artifacts
generated from CT-AC: artifact due to
respiration in which dome of liver is
displaced into base of right lung (A),
curved photopenic areas above liver and
spleen caused by CT and PET mismatch
from respiratory movement of diaphragm
(B), artifact due to bolus of intravenous
contrast material in major vessel (ar-
rowed) (C), and artifact due to presence
of abdominal chemotherapy port (D).
Panel C courtesy of Todd Blodgett, MD,
University of Pittsburgh.
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be incorrect and the erroneously scaled pixels may generate
artifacts in the PET image (71). Tens of thousands of
PET/CT scans have now been performed in the presence of
intravenous contrast material, and experience has shown
that contrast administration does not generally cause a
problem that could potentially interfere with the diagnostic
value of PET/CT (61,72,73). This is largely due to the fact
that intravenous contrast material is fairly rapidly dispersed
throughout the vascular system. An exception may be the
passage of the contrast bolus through a major vessel (Fig.
9C), although even this instance does not always generate
an artifact on the PET image (Fig. 10C, arrow). Optimized
CT protocols that avoid most of the issues have been
developed for the administration of intravenous contrast
material (74).

Oral contrast material is administered to enhance the
gastrointestinal tract, and the distribution of the contrast
material is somewhat variable, both spatially and in level of
enhancement. Modifications to the basic scaling algorithm
have been introduced to distinguish pixels enhanced by the
presence of oral contrast material from pixels that represent
bone (70). As with intravenous contrast material, there is no
evidence that the presence of oral contrast material results
in diagnostic errors of any significance. Figure 10D shows a
patient imaged with oral contrast material; enhancement of
the colon on the CT image (left; arrows) shows no
corresponding artifactual uptake on the PET image (right).
Nevertheless, in some protocols, contrast-enhanced CT is
performed in addition to the low-dose CT for attenuation
correction and localization, thereby increasing the radiation
dose to the patient. However, a low-dose whole-body CT
scan in addition to a clinical CT scan with contrast material
over a limited axial range (single PET bed position) may
involve less radiation dose than a whole-body clinical CT
scan with contrast material.

Within the past 5 y, the most widely addressed issue
related to CT-AC has been respiratory motion (75–78) and
the artifacts created by the mismatch between CT and
PET (79). Rotating 68Ge sources used in conventional

PET scanners generated a transmission scan that averaged
patient respiration in a way compatible with the corre-
sponding emission scan. The use of CT-AC presents addi-
tional possibilities, including the freezing of respiration by
acquiring the CT with breathhold. The advent of fast, spiral
CT scanners makes it possible for the patient to hold their
breath with full inspiration during the CT scan. Such an
expansion of the chest does not match a PET scan acquired
with shallow breathing and results in serious attenuation
correction artifacts in the anterior chest wall. The appear-
ance of artifacts due to respiratory motion and the spatial
and temporal mismatch between CT and PET images has
led to an intensive research initiative to identify the best
respiratory protocol. Several different protocols have been
explored, including the following: continuous shallow
breathing for both CT and PET (75); CT acquired with a
limited breath-hold over the diaphragm (75,80); breath-
hold CT acquired with partial inspiration (75); motion-
averaged CT acquired over many respiration cycles (81,82);
cine CT acquiring a full breathing cycle per slice (83);
respiration-gated CT and PET with shallow breathing (84);
a deep inspiration breath-hold (85,86); breath-hold CT and
gated PET (87,88); and respiration-gated CT and PET (89).

Currently, the most widely used protocol is shallow
breathing for both CT and PET (75). Early single- or
dual-slice PET/CT designs exhibited a high incidence of
breathing artifacts (Figs. 9A and 9B) (90), but with the
incorporation of fast, multidetector CT into PET/CT scan-
ners, the incidence of such artifacts has been greatly
reduced. However, the CT images still do not match exactly
the motion-averaged PET acquisitions, and protocols such
as slow CT acquisition have also been explored. The
clinical significance of these attenuation correction effects
continues to be debated, particularly with respect to lesions
in the base of the lung and dome of the liver, where curved
photopenic areas are observed (Fig. 9B). Displacement of
such lesions may result in incorrect localization or, worse, a
failure to identify them, leading to misdiagnosis. Shallow
breathing during PET/CT has been shown to be inadequate

FIGURE 10. Robustness of CT-based
attenuation demonstrated by imaging
situations in which artifacts might be
anticipated but do not actually occur:
presence of metal artifacts due to dental
hardware (A), bilateral hip replacements
(B), bolus of intravenous contrast mate-
rial (C), and presence of oral contrast
material in colon (D). Panel A courtesy of
Claude Nahmias, PhD, University of
Tennessee, Knoxville.
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for the comprehensive staging of lung cancer (91), primar-
ily because of the respiratory-induced artifacts along the
diaphragmatic border.

Despite the issues discussed above and a few opinions to
the contrary (92), CT-AC has become the de facto standard
for PET/CT oncology studies. The advantages, which
include convenience and short acquisition times, largely
outweigh the drawbacks. In a small number of studies,
quantitative comparisons have been made between attenu-
ation correction factors generated from standard PET
transmission scans and from CT (77,93,94). In summary,
advances in the technology have resolved some of the
problems, and new strategies have been developed that
address many of the outstanding issues. However, although
CT-AC is now a widely used and generally accepted
technique for whole-body oncology, there are still unsolved
issues for CT-AC in cardiology (95) that will undoubtedly
be the subject of future research.

COMBINED PET/CT SCANNERS IN CLINICAL
PRACTICE

Five vendors worldwide offer PET/CT designs: GE
Healthcare, Hitachi Medical, Philips, Toshiba Medical
Corp., and Siemens Medical Solutions. Current PET/CT
design features offered by Siemens Molecular Imaging, GE
Healthcare, and Philips are summarized in Figure 11. The
specifications and performance of the PET components are
vendor-specific, with the Biograph HI-REZ TruePoint (Fig.
11A; Siemens Medical Solutions) offering approximately
4-mm spatial resolution in 3D mode (96). The Discovery
ST (Fig. 11B; GE Healthcare) has BGO detectors in
combination with a 4-, 8-, or 16-slice CT scanner. The
higher-resolution Discovery STE also has BGO detectors,
in combination with 8- or 16-slice CT scanners; the
Discovery VCT is a Discovery STE configured with a 64-
slice CT scanner. The Gemini GXL (Fig. 11C; Philips
Medical) has GSO detectors and an open design with the

capability to physically separate the CT and PET scanners
for access to the patient. The Gemini GXL incorporates
a 6- or 16-slice CT scanner. The most recent addition to
PET/CT designs is the Gemini TF, the first commercial
TOF PET scanner (40) combined with a 16- or 64-slice CT
scanner. All designs now offer a 70-cm patient port for both
CT and PET, thus facilitating the scanning of radiation
therapy patients in treatment position, at least to some ex-
tent. Although the Discovery and Gemini also offer stan-
dard PET transmission sources as an option, in practice,
most if not all institutions use CT-AC because of the ad-
vantages of low noise and short scanning times that facil-
itate high patient throughput. The Gemini and Biograph
acquire PET data in 3D mode only, whereas the Discovery
series incorporates retractable septa and can acquire data in
both 2D and 3D modes. Other design features are listed in
Figure 11.

RADIATION DOSIMETRY FOR PET/CT

The exposure to the patient from a PET/CT scan is both
external (from the CT) and internal (from the PET bio-
marker) (97). The effective dose, Eint, resulting from
intravenous administration of a biomarker with activity A
can be estimated from

Eint 5 G � A;

where G is a dose coefficient computed for the adult
hermaphrodite MIRD phantom. For 18F-FDG, the dose
coefficient is 19 mSv/MBq (98), although a higher dose
coefficient of 29 mSv/MBq has also been published (99).
The dose coefficient holds for standard patients with a body
weight of about 70 kg and is generic rather than patient-
specific since the patient’s age, sex, and individual phar-
macokinetic characteristics are not considered. In fact, the
radiation risk is somewhat higher for female patients and
for younger patients than for male patients and older

FIGURE 11. Current PET/CT scanner
designs from 3 major suppliers of med-
ical imaging equipment: Siemens Biog-
raph TruePoint (A), GE Healthcare
Discovery range (B), and Philips Gemini
series (C).
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patients. Age- and sex-specific dose coefficients can be
found elsewhere (100). Based on the published value (98)
for the dose coefficient, the average whole-body dose for a
typical 370-MBq (10-mCi) injection of 18F-FDG is 7 mSv.
However, most biomarkers do not distribute uniformly in
the body, and the critical organ with 18F-FDG, for example,
will be the bladder because of excretion through the urinary
system.

Dose assessment in CT is challenging and depends not
only on the body region exposed but also on a variety of
scan-specific parameters including tube potential (kVp),
tube current and exposure time (mAs), slice collimation,
and pitch (101). In addition, the dose also depends on
certain technical features of the scanner such as beam
filtration, the beam-shaping filter, geometry, and the acqui-
sition algorithm. Therefore, values for CT patient dose vary
considerably between centers and between scanners. The
tendency is to oversimplify the situation by not taking some
of these factors into account. For whole-body CT scans that
extend from the level of the thyroid to the symphysis, the
effective CT dose, Eext, can be estimated approximately as

Eext 5 GCT � CTDIvol;

where GCT (1.47 mSv/mGy) is the dose coefficient that
relates the volume CT dose index, CTDIvol, to the effective
dose. For a typical set of clinical scan parameters, the
CTDIvol is 13 mGy (102), resulting in a total effective
whole-body dose of 19 mSv. However, many centers
acquire the CT scan for attenuation correction and locali-
zation only, reducing the whole-body dose to as low as 3
mSv or even less. In addition, there are several strategies to
make better use of the radiation, such as tube current
modulation and automatic exposure control (103,104).

The total effective dose for PET/CT is the sum of the
internal and external doses, plus the small radiation dose
associated with the scout scan (or topogram), which is in
the range 0.2–0.8 mSv. For a fully clinical CT and PET
scan, the effective dose will therefore be around 26 mSv.
However, this can be reduced to 10 mSv or less when a
low-dose CT scan is acquired for localization and attenu-
ation correction only. In practice, the PET/CT dose to a
specific organ will depend on the exact protocol; for
example, if the CT scan does not include the bladder, the
dose to the bladder wall will be due entirely to 18F-FDG.
For a smaller patient and a high-sensitivity scanner, a lower
18F-FDG dose can be used, potentially limiting the effective
dose to 5 mSv or less. The worldwide average annual dose
due to the natural radioactive background is 2.4 mSv.

CLINICAL PROTOCOLS FOR 18F-FDG PET/CT

Clinical protocols for 18F-FDG PET/CT have progres-
sively evolved as the operational capabilities and flexibility
of new generations of scanners have improved since their
introduction in 2001. Currently, an 18F-FDG PET/CT pro-

cedure for a typical oncology application will involve the
following steps:

• The patient fasts for at least 6 h before the scan.
• Oral contrast material is administered if required for

the study.
• The patient receives an intravenous injection of 370–

555 MBq (10–15 mCi).
• A 60- to 90-min uptake period is allowed before the

scan commences.
• The patient is positioned in the scanner with arms up

(except for scans of the head and neck).
• The patient is immobilized and comfortable through-

out the scan.
• A low-dose scout scan is first acquired over the full

potential scan range.
• The required scan range for the study is defined on the

scout scan.
• Intravenous contrast material is administered if indi-

cated by the protocol.
• The spiral CT scan is initiated over the selected range.
• All CT-AC factors are generated for the PET data.
• The PET scan is obtained as a series of acquisitions

at discrete bed positions.
• The ranges of the CT and PET scans cover the same

axial extent.
• Reconstructed images are available within about 3 min

of the end of the scan.

For each specific study, a decision is made as to whether
intravenous or oral contrast material is required and
whether the CT scan should be acquired at 150–200 mAs
for clinical purposes or at a low dose of 40–80 mAs for
attenuation correction and localization only. Such decisions
are usually based on the requirements of the referring
physician and on whether the patient already has undergone
a recent, clinical CT scan of acceptable quality. For follow-
up studies, and particularly when monitoring response to a
therapeutic intervention, it is important to follow well-
defined and repeatable protocols to ensure consistent results
(105). Careful monitoring of glucose levels, injected dose,
scan starting time, and scan duration are required to ensure
reproducible conditions.

As mentioned earlier, a factor that defines the scan
protocol is patient size. The current levels of obesity within
the U.S. population and elsewhere are such that the BMI of
the patient is often the most important parameter determin-
ing scan quality. For a typical U.S. population, patient
weight may vary from 45 to 204 kg (100–450 lbs), a range
that cannot be compensated by an increase in injected dose
or scan duration. For a given PET/CT scanner, image quality
degrades as body weight increases (33), largely because of
the increase in attenuation associated with the higher-BMI
patients. This degradation is shown visually in Figure 12 for
patients with BMIs in the range of 22–59. For the BGO-based
PET/CT scanners with septa, the recommendation for large
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patients is to acquire PET data in 2D mode with the septa
extended, whereas for the LSO- and LYSO-based scanners,
3D acquisition appears to give better results even for large
patients (34,35). The incorporation of TOF information, as in
the Gemini PET/CT, should further improve the signal-to-
noise ratio for imaging larger patients (40).

The extended-FOV PET/CT scanner (37,38), with a 21.8-
cm axial coverage, allows rapid scan protocols to be
implemented for high patient throughput. With the advances
in both CT and PET performance in the past few years, the
overall scan duration has been reduced from the 45–60 min
required for a PET-only scan to 10–15 min for a PET/CT
scan. A CT scan from the base of the brain to the upper thigh
can now be acquired in 15–20 s, and a PET scan with
extended axial FOV PET/CT requires only 5 bed positions at
2–3 min per position. The extended FOV not only reduces the
scan time at each bed position because of the increased
intrinsic sensitivity, but fewer bed positions are required to
cover the standard whole-body imaging range, as illustrated
schematically in Figure 13. This is especially advantageous
when imaging melanoma patients from head to toe.

There are now numerous published examples of PET/CT
studies demonstrating the attainable image quality and
highlighting the benefits of the technology; only 2 exam-
ples will be presented here to illustrate state-of-the-art
performance in PET/CT. Figure 14 shows a PET/CT scan
of a 44-y-old man (BMI, 16) with a recent diagnosis of lung
cancer. The patient was a smoker for 26 y and presented
recently with shortness of breath, an 11-kg (25-lb) weight
loss in 1 mo, and chest pain. The PET/CT scan (Fig. 14A)
demonstrated multiple bilateral pulmonary nodules, includ-
ing a medial right upper lobe nodule surrounding the pul-
monary vessels. Figure 14B illustrates in the same patient the
capability of the technology to image the functional archi-
tecture of the kidneys due to the excretion of 18F-FDG. The
second study, shown in Figure 15, is that of a 50-y-old
woman (BMI, 31.2) with a history of non-Hodgkin’s lym-
phoma (diagnosed in 1995). The patient was referred for

PET/CT for restaging of vulvar cancer (diagnosed and
removed surgically in 2005). The CT scan, however, was
negative for disease recurrence (Fig. 15A). The PET/CT scan
demonstrated focal uptake in the right aspect of the vulva
(Fig. 15B, arrowed; SUV, 10.3) with adjacent rectal uptake
suggestive of malignancy. The suggestive region is shown
on coronal and sagittal sections in Figure 15C. This study
illustrates the importance of combined PET/CT, especially
when the CT findings are negative and the PET findings
reveal abnormal focal uptake of 18F-FDG; the CT scan
provides precise localization of the functional abnormality.

Obviously, the effects of cardiac and respiratory motion are
critical for these studies. The problems of mismatch associated
with CT-AC are potentially more serious for cardiac studies
than they are for oncology in that all cardiac studies are
affected rather than just those with lesions in specific regions.

FIGURE 13. Advantages for whole-body imaging obtained by
increasing axial coverage of PET/CT scanner. When axial FOV
is increased from 16.2 to 21.8 cm, overall sensitivity s for each
bed position increases by 78%, resulting in shorter imaging
times per bed position and fewer bed positions to cover whole
body.

FIGURE 12. Degradation of image
quality as function of patient BMI. Coro-
nal section is shown for each patient. (A)
BMI, 22; height, 160 cm; body weight,
57.6 kg (127 lb); 432.9 MBq (11.7 mCi)
injected; 95-min uptake; 5 bed positions
at 2 min per position. (B) BMI, 29; height,
173 cm; body weight, 86.6 kg (191 lb);
392.2 MBq (10.6 mCi) injected, 88-min
uptake, 5 bed positions at 3 min per
position. (C) BMI, 41; height, 165 cm;
body weight, 112.5 kg (248 lb); 377.4
MBq (10.2 mCi) injected, 91-min uptake,
5 bed positions at 3 min per position. (D)
BMI, 59; height, 175 cm; body weight,
180.5 kg (398 lb); 370 MBq (10 mCi)

injected, 90-min uptake, 6 bed positions at 5 min per position. All data were acquired in 3D mode on Siemens Biograph TruePoint
TrueV PET/CT scanner with 21.8-cm axial FOV. For purposes of comparison, all studies were reconstructed with 3D OSEM: 3
iterations, 8 subsets, and 6-mm gaussian smoothing filter.

DUAL-MODALITY IMAGING • Townsend 951



This misregistration results in what appears to be perfusion
deficits in segments of the heart associated with the misalign-
ment. A recent publication (95) has suggested that up to 40%
of cardiac PET/CT studies could be affected by misregistra-
tion. Several different strategies are being developed to
address this issue, including manual realignment of CT and
PET, acquiring cine CTof the breathing motion and generating
an average CT scan for attenuation correction, and acquiring
multiple CT scans to ensure at least one matches the PET scan.

Obviously, the role of PET/CT in cardiology has yet to be
established, and if a strong clinical demand exists it is to be
expected that transient technical challenges such as misalign-
ment will ultimately be solved.

CONCLUSION

The field of medical imaging has now had a decade to
adapt to the introduction of PET/CT (106). Obviously,

FIGURE 14. PET/CT study of 44-y-old man (BMI, 16) with recent diagnosis of lung cancer. Patient had been smoker for 26 y and
presented with shortness of breath, 11.3-kg (25-lb) weight loss in 1 mo, and chest pain. PET/CT scan demonstrated multiple
bilateral pulmonary nodules, including medial right upper lobe nodule surrounding pulmonary vessels (A), and capability of
technology to image functional architecture of kidneys because of excretion of 18F-FDG (B). Scan was obtained after injection of
399.6 MBq (10.8 mCi) of 18F-FDG and 92-min uptake period. Acquisition is at 5 bed positions, for 2 min per position; CT was
acquired at 130 kVp and 50 mAs; PET reconstruction is for 3 iterations and 8 subsets, with 5-mm gaussian smoothing.

FIGURE 15. PET/CT study of 50-y-old
woman (BMI, 31.2) with history of non-
Hodgkin’s lymphoma diagnosed in 1995.
She was referred for PET/CT for restag-
ing of vulvar cancer (diagnosed and
resected surgically in 2005). (A) CT scan
is negative for disease recurrence. (B)
PET scan demonstrates focal uptake in
right aspect of vulva (arrow; SUV, 10.3)
with adjacent rectal uptake also sugges-
tive of malignancy. (C) Uptake in vulva
can be localized from coronal and sag-
ittal sections. Scan was obtained after
injection of 392.2 MBq (10.6 mCi) of 18F-
FDG and 90-min uptake period. Acquisi-
tion is at 5 bed positions, for 3 min per
position; CT was acquired at 130 kVp
and 175 mAs; PET reconstruction is for 3
iterations and 8 subsets, with 6-mm
gaussian smoothing.
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combined PET/CT technology cannot resolve all the issues
associated with accurate alignment of 2 modalities. As
discussed previously, artifacts are created through the use
of CT for attenuation correction, artifacts that do not occur
with a traditional radionuclide transmission scan. In addi-
tion, there is debate over any additional radiation dose
associated with the CT scan and what should happen when
a patient presents with a previously acquired clinical CT
scan. This situation has created the demand for cross
training of both the technologists who operate the devices
and the physicians who interpret the studies. Guidelines
have been published (107) and new standards established
creating a very different situation today from the way
radiology and nuclear medicine have traditionally operated.
Clearly, as recently proposed (108), what is needed is a
‘‘new world order’’ addressing the training of ‘‘clinicians
for a new era in imaging.’’ Although the initial PET/CT
designs may have appeared excessively costly by combin-
ing 2 expensive modalities, high-performance PET/CT
scanners are now available for a financial outlay compara-
ble to that of many PET-only devices before 2001. An
initial concern that the 45-min PET scan would make
inefficient use of the associated CT scanner (because CT
scans typically take only a few minutes to complete,
including patient preparation) has been proven unfounded
because the advances in PET technology ensure a more
temporally balanced study; an entire PET/CT examination
can now be completed in 10–15 min.

An expanding body of literature now supports the
improved accuracy of staging and restaging with PET/CT,
compared with either CT or PET acquired separately
(109,110). Most of these conclusions have been published
within the past 2 or 3 y, documenting significant improve-
ments in specificity and, to some extent, sensitivity and in
early detection of cancer recurrence (111). These are
incremental improvements that are compared with a tech-
nique (PET) that already demonstrates high levels of
sensitivity and specificity for a wide range of disease states.
Based on published results from major medical centers, the
conclusion that the accuracy of PET/CT is clinically
unproven (112) now seems to be untenable. This also
applies to the suggestion that the diffusion of the technol-
ogy is some sort of marketing strategy devised by the
vendors to promote their equipment. The future of PET/CT
is being, and will be, decided by actual contributions to
patient care such as those described in the publications
cited here and not by any form of commercial promotion.
To suggest otherwise does a disservice to the medical
community and to its patients.

The perception that software fusion is a competitive
alternative to PET/CT and indeed offers several advantages,
including lower cost and the ability to fuse images from
any 2 (or more) modalities, is somewhat simplistic. Soft-
ware fusion techniques will always have a clinical role,
whether improving the registration of images acquired with
PET/CT, aligning images from modalities for which there is

no alternative hardware solution, or fusing PET/CT images
with MRI for treatment planning. Fusion software may be
widely available, but that is not the same as being routinely
available. It is the routine, almost effortless, availability of
coregistered CT and PET images for every patient that gives
PET/CT the advantage. The most appropriate device may
not always be the top of the line in instrumentation, and it is
here that vendors have the responsibility to offer the best
design for the clinical task. PET/CT users have recently
been joined by a growing body of SPECT/CT users and,
soon, by the early PET/MRI adopters, with applications
initially to the brain (113). The diffusion of PET/CT and
SPECT/CT into the clinical arena has been driven by phy-
sician demand based on increasingly well-established clin-
ical results (109,110). As long as this trend continues, the
future of hybrid imaging and of PET/CT, in particular, will
be assured.

ACKNOWLEDGMENTS

I express my gratitude to Misty Long, research technol-
ogist at the University of Tennessee, Knoxville, for providing
most of the clinical images presented in this article and to
Linda Paschal for help in preparing the final version of the
manuscript. The development of the PET/CT prototype was
supported in part by NIH grant R01 CA65856.

REFERENCES

1. Blankespoor SC, Wu X, Kalki K, et al. Attenuation correction of SPECT using

x-ray CT on an emission-transmission CT system: myocardial perfusion

assessment. IEEE Trans Nucl Sci. 1996;43:2263–2274.

2. Bocher M, Balan A, Krausz Y, et al. Gamma camera-mounted anatomical x-ray

tomography: technology, system characteristics and first images. Eur J Nucl

Med. 2000;27:619–627.

3. Patton JA, Delbeke D, Sandler MP. Image fusion using an integrated, dual-head

coincidence camera with x-ray tube-based attenuation maps. J Nucl Med.

2000;41:1364–1368.

4. Beyer T, Townsend DW, Brun T, et al. A combined PET/CT scanner for clinical

oncology. J Nucl Med. 2000;41:1369–1379.

5. Hawkes DJ, Hill DL, Hallpike L, Bailey DL. Coregistration of structural and

functional images. In: Valk P, Bailey DL, Townsend DW, Maisey M, eds.

Positron Emission Tomography: Basic Science and Clinical Practice. New

York, NY: Springer-Verlag; 2003:181–198.

6. Woods RP, Mazziotta JC, Cherry SR. MRI-PET registration with automated

algorithm. J Comput Assist Tomogr. 1993;17:536–546.

7. Maes F, Collignon A, Vandermeulen D, Marchal G, Suetens P. Multimodality

image registration by maximization of mutual information. IEEE Trans Med

Imaging. 1997;16:187–198.

8. Wahl RL, Quint LE, Cieslak RD, Aisen AM, Koeppe RA, Meyer CR.

‘‘Anatometabolic’’ tumor imaging: fusion of FDG PET with CT or MRI to

localize foci of increased activity. J Nucl Med. 1993;34:1190–1197.

9. Hamilton RJ, Blend MJ, Pelizzari CA, Milliken BD, Vijayakumar S. Using

vascular structure for CT-SPECT registration in the pelvis. J Nucl Med. 1999;

40:347–351.

10. West J, Fitzpatrick JM, Wang MY, et al. Comparison and evaluation of

retrospective intermodality brain image registration techniques. J Comput

Assist Tomogr. 1997;21:554–566.

11. Hutton BF, Braun M. Software for image registration: algorithms, accuracy,

efficacy. Semin Nucl Med. 2003;33:180–192.

12. Kim JH, Czernin J, Allen-Auerbach MS, et al. Comparison between 18F-FDG

PET, in-line PET/CT, and software fusion for restaging of recurrent colorectal

cancer. J Nucl Med. 2005;46:587–595.

DUAL-MODALITY IMAGING • Townsend 953



13. Slomka PJ, Dey D, Przetak C, Aladl UE, Baum RP. Automated 3-dimensional

registration of stand-alone 18F-FDG whole-body PET with CT. J Nucl Med.

2003;44:1156–1167.

14. Caldwell CB, Mah K, Ung YC, et al. Observer variation in contouring gross tumor

volume in patients withpoorlydefined non-small-cell lung tumors onCT: the impact

of 18FDG-hybrid PET fusion. Int J Radiat Oncol Biol Phys. 2001;51:923–931.

15. Dizendorf E, Ciernik IF, Baumert B, von Schulthess GK, Luetolf UM, Steinert

HC. Impact of integrated PETCT scanning on external beam radiation

treatment planning [abstract]. J Nucl Med. 2002;43(suppl):33P.

16. Slomka PJ. Software approach to merging molecular with anatomic informa-

tion. J Nucl Med. 2004;45(suppl 1):36S–45S.

17. Hasegawa BH, Cann CE, Gingold EL, Reilly SM, Engelstad BL. Simultaneous

radionuclide emission and x-ray transmission computed tomography [abstract].

1989;16:676.

18. Hasegawa BH, Gingold EL, Reilly SM, Liew SC, Cann CE. Description of a

simultaneous emission-transmission CT system. Proceedings of the Society of

Photo-Optical Instrumentation Engineers (SPIE). 1990;1231:50–60.

19. Hasegawa BH, Stebler B, Rutt BK, et al. A prototype high-purity germanium

detector system with fast photon-counting circuitry for medical imaging. Med

Phys. 1991;18:900–909.

20. Hasegawa BH, Lang TF, Brown EL, et al. Object specific attenuation correction

of SPECT with correlated dual-energy x-ray CT. IEEE Trans Nucl Sci. 1993;

NS-40:1242–1252.

21. Lang TF, Hasegawa BH, Liew SC, et al. Description of a prototype emission-

transmission computed tomography imaging system. J Nucl Med. 1992;33:

1881–1887.

22. Bailey DL, Young H, Bloomfield PM, et al. ECAT ART: a continuously rotating

PET camera—performance characteristics, initial clinical studies, and installation

considerations in a nuclear medicine department. Eur J Nucl Med. 1997;24:6–15.

23. Kinahan PE, Townsend DW, Beyer T, Sashin D. Attenuation correction for a

combined 3D PET/CT scanner. Med Phys. 1998;25:2046–2053.

24. Charron M, Beyer T, Bohnen N, et al. Whole-body FDG PET and CT imaging

of malignancies using a combined PET/CT scanner [abstract]. J Nucl Med.

1999;40(suppl):256P.

25. Kluetz PG, Meltzer CC, Villemagne VL, et al. Combined PET/CT imaging in

oncology: impact on patient management. Clin Positron Imaging. 2000;3:223–230.

26. Townsend DW, Beyer T, Blodgett TM. PET/CT scanners: a hardware approach

to image fusion. Semin Nucl Med. 2003;33:193–204.

27. Watson CC, Townsend DW, Bendriem B. PET/CT systems. In: Wernick M,Aarsvold

J, eds. Emission Tomography. London, U.K.: Elsevier Science; 2004:195–212.

28. Kalender WA, Seissler W, Klotz E, Vock P. Spiral volumetric CT with single-

breath-hold technique, continuous transport, and continuous scanner rotation.

Radiology. 1990;176:181–183.

29. Takagi K, Fukazawa T. Cerium-activated Gd2SiO5 single crystal scintillator.

Appl Phys Lett. 1983;42:43–45.

30. Melcher CL, Schweitzer JS. Cerium-doped lutetium oxyorthosilicate: a fast,

efficient new scintillator. IEEE Trans Nucl Sci. 1992;39:502–505.

31. Derenzo SE, Moses WW, Huesman RH, Budinger TF. Critical instrumentation

issues for resolution smaller than 2 mm, high sensitivity brain PET. In: Uemura

K, Lassen NA, Jones T, Kanno I, eds. Quantification of Brain Function: Tracer

Kinetics and Image Analysis in Brain PET. Amsterdam, The Netherlands:

Elsevier Science Publishers B.V.; 1993:25–37.

32. Townsend DW, Isoardi RA, Bendriem B. Volume imaging tomographs. In:

Bendriem B, Townsend DW, eds. The Theory and Practice of 3D PET.

Dordrecht, The Netherlands: Kluwer Academic Publishers; 1998:111–132.

33. Watson CC, Casey ME, Bendriem B, et al. Optimizing injected dose in clinical

PET by accurately modeling the counting-rate response functions specific to

individual patient scans. J Nucl Med. 2005;46:1825–1834.

34. Lodge MA, Badawi RD, Gilbert R, Dibos PE, Line BR. Comparison of

2-dimensional and 3-dimensional acquisition for 18F-FDG PET oncology studies

performed on an LSO-based scanner. J Nucl Med. 2006;47:23–31.

35. Kemp BJ, Kim C, Williams JJ, Ganin A, Lowe VJ, National Electrical

Manufacturers Association (NEMA). NEMA NU 2-2001 performance mea-

surements of an LYSO-based PET/CT system in 2D and 3D acquisition modes.

J Nucl Med. 2006;47:1960–1967.

36. Strobel K, Rudy M, Treyer V, Veit-Haibach P, Burger C, Hany TF. Objective

and subjective comparison of standard 2-D and fully 3-D reconstructed data on

a PET/CT system. Nucl Med Commun. 2007;28:555–559.

37. Jakoby BW, Bercier Y, Watson CC, et al. Physical performance and clinical

workflow of a new LSO HI-REZ PET/CT scanner. 2006 IEEE Nucl Sci Symp

Conf Record. 2006;5:3130–3134.

38. Townsend DW, Jakoby B, Long MJ, et al. Performance and clinical workflow

of a new combined PET/CT scanner [abstract]. J Nucl Med. 2007;48(suppl):

437P.

39. Budinger TF. Time-of-flight positron emission tomography: status relative to

conventional PET. J Nucl Med. 1983;24:73–78.

40. Surti S, Kuhn A, Werner ME, Perkins AE, Kolthammer J, Karp JS.

Performance of Philips Gemini TF PET/CT scanner with special consideration

for its time-of-flight imaging capabilities. J Nucl Med. 2007;48:471–480.

41. Kinahan PE, Rodgers JG. Analytic 3D image reconstruction using all detected

events. IEEE Trans Nucl Sci. 1989;36:964–968.

42. Defrise M, Kinahan PE, Townsend DW, Michel C, Sibomana M, Newport DF.

Exact and approximate rebinning algorithms for 3-D PET data. IEEE Trans

Med Imaging. 1997;16:145–158.

43. Hudson HM, Larkin RS. Accelerated image reconstruction using ordered

subsets of projection data. IEEE Trans Med Imaging. 1994;13:601–609.

44. Comtat C, Kinahan PE, Defrise M, Michel C, Townsend DW. Fast reconstruc-

tion of 3D PET data with accurate statistical modeling. IEEE Trans Nucl Sci.

1998;45:1083–1089.

45. Comtat C, Bataille F, Michel C, et al. OSEM-3D reconstruction strategies for

the ECAT HRRT. 2004 IEEE Nucl Sci Symp Conf Record. 2004;6:3492–3496.

46. Liu X, Comtat C, Michel C, Kinahan P, Defrise M, Townsend D. Comparison

of 3-D reconstruction with 3D-OSEM and with FORE1OSEM for PET. IEEE

Trans Med Imaging. 2001;20:804–814.

47. Panin VY, Kehren F, Michel C, Casey M. Fully 3-D PET reconstruction with

system matrix derived from point source measurements. IEEE Trans Med

Imaging. 2006;25:907–921.

48. Popescu LM, Matej S, Lewitt RM. Iterative image reconstruction using

geometrically ordered subsets with list-mode data. 2004 IEEE Nucl Sci Symp

Conf Record. 2004;6:3536–3540.

49. Daube-Witherspoon ME, Matej S, Karp JS, Lewitt RM. Application of the row

action maximum likelihood algorithm with spherical basis functions to clinical

PET imaging. IEEE Trans Nucl Sci. 2001;48:24–30.

50. Kinahan PE, Hasegawa BH, Beyer T. X-ray-based attenuation correction for

positron emission tomography/computed tomography scanners. Semin Nucl

Med. 2003;33:166–179.

51. Sorenson JA, Phelps ME. Physics in Nuclear Medicine. New York, NY: Grune

and Stratton, Inc; 1980:162.

52. Burger C, Goerres G, Schoenes S, Buck A, Lonn AH, Von Schulthess 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;29:922–927.

53. Watson CC, Rappoport V, Faul D, Townsend DW, Carney JP. A method for

calibrating the CT-based attenuation correction of PET in human tissue. IEEE

Trans Nucl Sci. 2006;53:102–107.

54. Carney JP, Townsend DW, Rappoport V, Bendriem B. Method for transforming

CT images for attenuation correction in PET/CT imaging. Med Phys.

2006;33:976–983.

55. Cohade C, Wahl RL. Applications of positron emission tomography/computed

tomography image fusion in clinical positron emission tomography: clinical

use, interpretation methods, diagnostic improvements. Semin Nucl Med. 2003;

33:228–237.

56. Bockisch A, Beyer T, Antoch G, et al. Positron emission tomography/computed

tomography: imaging protocols, artifacts, and pitfalls. Mol Imaging Biol.

2004;6:188–199.

57. Nakamoto Y, Chin BB, Cohade C, Osman M, Tatsumi M, Wahl RL. PET/CT:

artifacts caused by bowel motion. Nucl Med Commun. 2004;25:221–225.

58. Cohade C, Osman M, Marshall L, Wahl RL. Metallic object artifacts on PET-

CT: clinical and phantom studies [abstract]. J Nucl Med. 2002;43(suppl):308P.

59. Goerres GW, Ziegler SI, Burger C, Berthold T, Von Schulthess GK, Buck A.

Artifacts at PET and PET/CT caused by metallic hip prosthetic material.

Radiology. 2003;226:577–584.

60. Kamel EM, Burger C, Buck A, von Schulthess GK, Goerres GW. Impact of

metallic dental implants on CT-based attenuation correction in a combined

PET/CT scanner. Eur Radiol. 2003;13:724–728.

61. Yau YY, Coel M, Chan WS, Tam YM, Wong S. Application of IV contrast in

PET-CT: does it really produce attenuation correction error [abstract]? J Nucl

Med. 2003;44(suppl):272P.

62. Antoch G, Freudenberg LS, Beyer T, Bockisch A, Debatin JF. To enhance or

not to enhance? 18F-FDG and CT contrast agents in dual-modality 18F-FDG

PET/CT. J Nucl Med. 2004;45(suppl 1):56S–65S.

63. Carney JP, Beyer T, Brasse D, Yap JT, Townsend DW. Clinical PET/CT scanning

using oral CT contrast agents [abstract]. J Nucl Med. 2002;45(suppl):57P.

64. Cohade C, Osman M, Nakamoto Y, et al. Initial experience with oral contrast in

PET/CT: phantom and clinical studies. J Nucl Med. 2003;44:412–416.

65. Schafers KP, Raupach R, Beyer T. Combined 18F-FDG-PET/CT imaging of the

head and neck: an approach to metal artifact correction. Nuklearmedizin. 2006;

45:219–222.

954 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 49 • No. 6 • June 2008



66. Lemmens C, Nuyts J, Faul D, Hammill J, Stroobants S. Suppression of metal

streak artifacts in CT using a MAP reconstruction procedure. 2006 IEEE MIC

Conf Record. 2006;6:3431–3437.

67. Mirzaei S, Guerchaft M, Bonnier C, Knoll P, Doat M, Braeutigam P. Use of

segmented CT transmission map to avoid metal artifacts in PET images by a

PET-CT device. BMC Nucl Med. 2005;5:3.

68. Sarikaya I, Yeung HW, Erdi Y, Larson SM. Respiratory artefact causing malposi-

tioning of liver dome lesion in right lower lung. Clin Nucl Med. 2003;28:943–944.

69. Osman MM, Cohade C, Nakamoto Y, Marshall LT, Leal JP, Wahl RL.

Clinically significant inaccurate localization of lesions with PET/CT: frequency

in 300 patients. J Nucl Med. 2003;44:240–243.

70. Carney JP, Townsend DW. CT-based attenuation correction for PET/CT

scanners. In: von Schulthess GK, ed. Molecular Anatomic Imaging: PET-CT

and SPECT-CT Integrated Modality Imaging. Philadelphia, PA: Lippincott

Williams and Wilkins; 2006:54–62.

71. Antoch G, Freudenberg LS, Egelhof T, et al. Focal tracer uptake: a potential

artifact in contrast-enhanced dual-modality PET/CT scans. J Nucl Med. 2002;

43:1339–1342.

72. Berthelsen AK, Holm S, Loft A, Klausen TL, Andersen F, Hojgaard L. PET/CT

with intravenous contrast can be used for PET attenuation correction in cancer

patients. Eur J Nucl Med Mol Imaging. 2005;32:1167–1175.

73. Mawlawi O, Erasmus JJ, Munden RF, et al. Quantifying the effect of IV con-

trast media on integrated PET/CT: clinical evaluation. AJR. 2006;186:308–319.

74. Brechtel K, Klein M, Vogel M, et al. Optimized contrast-enhanced CT

protocols for diagnostic whole-body 18F-FDG PET/CT: technical aspects of

single-phase versus multiphase CT imaging. J Nucl Med. 2006;47:470–476.

75. Beyer T, Antoch G, Blodgett T, Freudenberg LF, Akhurst T, Mueller S. Dual-

modality PET/CT imaging: the effect of respiratory motion on combined

image quality in clinical oncology. Eur J Nucl Med Mol Imaging. 2003;30:

588–596.

76. Osman MM, Cohade C, Nakamoto Y, Wahl RL. Respiratory motion artifacts on

PET emission images obtained using CT attenuation correction on PET-CT. Eur

J Nucl Med Mol Imaging. 2003;30:603–606.

77. Papathanassiou D, Becker S, Amir R, Meneroux B, Liehn JC. Respiratory

motion artefact in the liver dome on FDG PET/CT: comparison of attenuation

correction with CT and a caesium external source. Eur J Nucl Med Mol

Imaging. 2005;32:1422–1428.

78. Bacharach SL. PET/CT attenuation correction: breathing lessons. J Nucl Med.

2007;48:677–679.

79. Beyer T, Rosenbaum S, Veit P, et al. Respiration artifacts in whole-body
18F-FDG PET/CT studies with combined PET/CT tomographs employing

spiral CT technology with 1 to 16 detector rows. Eur J Nucl Med Mol Imaging.

2005;32:1429–1439.

80. de Juan R, Seifert B, Berthold T, von Schulthess GK, Goerres GW. Clinical

evaluation of a breathing protocol for PET/CT. Eur Radiol. 2004;14:1118–1123.

81. Pan T, Mawlawi O, Nehmeh SA, et al. Attenuation correction of PET images with

respiration-averaged CT images in PET/CT. J Nucl Med. 2005;46:1481–1487.

82. Chi PC, Mawlawi O, Nehmeh SA, et al. Design of respiration averaged CT for

attenuation correction of the PET data from PET/CT. Med Phys. 2007;34:2039–2047.

83. Alessio AM, Kohlmyer S, Branch K, Chen G, Caldwell J, Kinahan P. Cine CT

for attenuation correction in cardiac PET/CT. J Nucl Med. 2007;48:794–801.

84. Pan T, Lee TY, Rietzel E, Chen GT. 4D-CT imaging of a volume influenced by

respiratory motion on multi-slice CT. Med Phys. 2004;31:333–340.

85. Meirelles GS, Erdi YE, Nehmeh SA, et al. Deep-inspiration breath-hold PET/

CT: clinical findings with a new technique for detection and characterization of

thoracic lesions. J Nucl Med. 2007;48:712–719.

86. Nehmeh SA, Erdi YE, Meirelles GS, et al. Deep-inspiration breath-hold PET/

CT of the thorax. J Nucl Med. 2007;48:22–26.

87. Dawood M, Buther F, Lang N, Schober O, Schafers KP. Respiratory gating in

positron emission tomography: a quantitative comparison of different gating

schemes. Med Phys. 2007;34:3067–3076.

88. Martinez-Moller A, Zikic D, Botnar RM, et al. Dual cardiac-respiratory gated

PET: implementation and results from a feasibility study. Eur J Nucl Med Mol

Imaging. 2007;34:1447–1454.

89. Nagel CC, Bosmans G, Dekker AL, et al. Phased attenuation correction in

respiration correlated computed tomography/positron emitted tomography. Med

Phys. 2006;33:1840–1847.

90. Romer W, Chung M, Chan A, et al. Single-detector helical CT in PET-CT:

assessment of image quality. AJR. 2004;182:1571–1577.

91. Allen-Auerbach M, Yeom K, Park J, Phelps M, Czernin J. Standard PET/CT of

the chest during shallow breathing is inadequate for comprehensive staging of

lung cancer. J Nucl Med. 2006;47:298–301.

92. Zaidi H. Is radionuclide transmission scanning obsolete for dual-modality PET/

CT systems? Eur J Nucl Med Mol Imaging. 2007;34:815–818.

93. Nakamoto Y, Osman M, Cohade C, et al. PET/CT: comparison of quantitative

tracer uptake between germanium and CT transmission attenuation-corrected

images. J Nucl Med. 2002;43:1137–1143.

94. van Dalen JA, Visser EP, Vogel WV, Corstens FH, Oyen WJ. Impact of Ge-68/

Ga-68-based versus CT-based attenuation correction on PET. Med Phys. 2007;

34:889–897.

95. Gould KL, Pan T, Loghin C, Johnson NP, Guha A, Sdringola S. Frequent

diagnostic errors in cardiac PET/CT due to misregistration of CT attenuation

and emission PET images: a definitive analysis of causes, consequences, and

corrections. J Nucl Med. 2007;48:1112–1121.

96. Brambilla M, Secco C, Dominietto M, Matheoud R, Sacchetti G, Inglese E.

Performance characteristics obtained for a new 3-dimensional lutetium

oxyorthosilicate-based whole-body PET/CT scanner with the national electrical

manufacturers association NU 2-2001 standard. J Nucl Med. 2005;46:2083–

2091.

97. Brix G, Lechel U, Glatting G, et al. Radiation exposure of patients undergoing

whole-body dual-modality 18F-FDG PET/CT examinations. J Nucl Med. 2005;46:

608–613.

98. ICRP. Radiation Dose to Patients from Radiopharmaceuticals: Addendum 2 to

ICRP Publication 53. New York, NY: Pergamon; 1999. ICRP publication 53.

99. Deloar HM, Fujiwara T, Shidahara M, et al. Estimation of absorbed dose for

2-[F-18]fluoro-2-deoxy-D-glucose using whole-body positron emission to-

mography and magnetic resonance imaging. Eur J Nucl Med. 1998;25:565–

574.

100. Hays MT, Watson EE, Thomas SR, Stabin M. MIRD dose estimate report no.

19: radiation absorbed dose estimates from 18F-FDG. J Nucl Med. 2002;43:

210–214.

101. ICRP. Managing Patient Dose in Computed Tomography. New York, NY:

Pergamon; 2000. ICRP publication 87.

102. Brix G, Beyer T. PET/CT: Dose-escalated image fusion? Nuklearmedizin.

2005;44(suppl 1):S51–S57.

103. Kalender WA, Wolf H, Suess C, Gies M, Greess H, Bautz WA. Dose reduction

in CT by on-line tube current control: principles and validation on phantoms

and cadavers. Eur Radiol. 1999;9:323–328.

104. Kachelriess M, Watzke O, Kalender WA. Generalized multi-dimensional

adaptive filtering for conventional and spiral single-slice, multi-slice, and cone-

beam CT. Med Phys. 2001;28:475–490.

105. Weber WA. Use of PET for monitoring cancer therapy and for predicting

outcome. J Nucl Med. 2005;46:983–995.

106. Beyer T, Townsend DW. Putting ‘clear’ into nuclear medicine: a decade of

PET/CT development. Eur J Nucl Med Mol Imaging. 2006;33:857–861.

107. Coleman RE, Delbeke D, Guiberteau MJ, et al. Concurrent PET/CT with an

integrated imaging system: intersociety dialogue from the joint working group

of the American College of Radiology, the Society of Nuclear Medicine, and

the Society of Computed Body Tomography and Magnetic Resonance. J Nucl

Med. 2005;46:1225–1239.

108. Hicks RJ. A new world order: training clinicians for a new era in imaging.

Biomed Imaging Interv J. 2006;2:e49.

109. Czernin J, Auerbach MA. Clinical PET/CT imaging: promises and miscon-

ceptions. Nuklearmedizin. 2005;44(suppl 1):S18–S23.

110. Czernin J, Allen-Auerbach M, Schelbert HR. Improvements in cancer staging

with PET/CT: literature-based evidence as of September 2006. J Nucl Med.

2007;48(suppl 1):78S–88S.

111. Israel O, Kuten A. Early detection of cancer recurrence: 18F-FDG PET/CT can

make a difference in diagnosis and patient care. J Nucl Med. 2007;48(suppl 1):

28S–35S.

112. Zaidi H. The quest for the ideal anato-molecular imaging fusion tool. Biomed

Imaging Interv J. 2006;2:e49.

113. Schlemmer H, Pichler PJ, Wienhard K, et al. Simultaneous MRI/PET for brain

imaging: first patient scans [abstract]. J Nucl Med. 2007;48(suppl):45P.

DUAL-MODALITY IMAGING • Townsend 955


