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Correlation of the anatomical and functional information presented by single-photon emis-
sion computed tomography (SPECT) and computed tomography (CT) can aid in the deci-
sion-making process by enabling better localization and definition of organs and lesions
and improving the precision of surgical biopsies. Technical developments over the past 20
years have led to the development of better software techniques for image fusion and, more
recently, to the development of modern SPECT/CT systems. While image fusion tech-
niques have been in clinical use for many years, the first commercial SPECT/CT system
was only developed in 1999. Following the commercial success of PET/CT systems that
employed multidetector CT (MDCT) scanners, there has been renewed interest in the
development of comparable SPECT/CT systems. This has resulted in the development of a
range of SPECT/CT devices varying from a simple CT add-on to a conventional SPECT
system that can provide low-dose CT images to a full MDCT scanner integrated with a
SPECT system. The advantages of combining SPECT with CT are numerous and are
primarily due to the anatomic referencing and the attenuation correction capabilities of CT.
Depending on system design, there are varying technical issues surrounding the different
SPECT/CT devices, ranging from cost, radiation dose, planning, and siting requirements to
system-specific issues such as table sag and CT artifacts due to patient motion. Motion
artifacts should be less prevalent with the faster acquisition times of modern scanners, but
are still problematic in the thorax and have not yet been fully resolved as they pertain to the
use of CT data for cardiac attenuation correction. As this technology matures, we can
expect to see a range of SPECT/CT devices available on the market that range from
low-dose 1-4 slice inexpensive CT upgrades of conventional SPECT systems, to SPECT
systems incorporating 64 or 128 slices CT scanners. The cost of the high-end CT scanners
will exceed the cost of the SPECT scanner and hence the justification for such devices will
be heavily dependent on clear demonstration of their value in clinical practice.
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In the evaluation of disease, patients often undergo a multitude of imaging
procedures that may include computed tomography (CT), magnetic res-
onance imaging (MRI), ultrasound, and nuclear medicine procedures. Cor-
relation of the anatomical and functional information presented by these
different modalities traditionally has been accomplished by a side-by-side
comparison of the results from each procedure. Fusion of images from
different modalities can aid in the decision making process by enabling
better localization and definition of organs and lesions and improving the
precision of surgical biopsies. The purpose of this review is to cover the
technical developments during the last 20 years that have lead to the devel-
opment of better techniques for image fusion and in particular to the devel-
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opment of the modern single-photon emission computed tomography
(SPECT)/CT systems.

Software Approach
to Image Fusion

Image fusion usually is performed between an anatomical imaging technique
such as CT or MRI and a functional imaging technique such as positron
emission tomography (PET) or SPECT. Before the introduction of dedicated
PET/CT or SPECT/CT systems, considerable work had been done on the
development of software algorithms for the coregistration of anatomical and
functional images. It is worth briefly reviewing what has been accomplished
with these techniques, particularly as we go forward and look at the cost
effectiveness of dual-modality systems.

Initial work in the early 1980s focused on brain studies and used special
devices, such as face masks, or stereotactic head holders, to facilitate image
fusion.!? By the late 1980s, image fusion was being achieved by a variety of
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Figure 1 Image coregistration in the detection of epilepsy. Two
99mTc-HMPAO studies were performed during seizure (ictal) and
when the patient was seizure-free (interictal). Both studies and an
MR study were coregistered. The differences between the ictal and
interictal SPECT studies are superimposed on coronal slices of the
MR study to permit accurate localization of the focus of the epilepsy.

software techniques using internal markers.>-> During the last 20 years, these
algorithms have become more robust and accurate, and current software
algorithms permit very accurate coregistration of anatomical and functional
images of the brain.®’ Figure 1 shows an example of a °"Tc HMPAO brain
SPECT study coregistered to an MR study for the evaluation of epilepsy. This
type of image fusion has been a regular component of many clinical practices
for several years. However, corresponding techniques for other regions of
the body have not achieved the same widespread clinical use.

Image coregistration in the chest or abdomen is considerably more diffi-
cult than in the brain for two primary reasons. First, most alignment algo-
rithms rely on the presence of mutual information between the two sets of
images, which generally is true of brain studies in which the functional
information correlates closely with the anatomical information. However, in
the abdomen, the functional image may contain little or no correlative ana-
tomical information, and it is not uncommon to have a functional image
show a single focal area of abnormal uptake with no adjacent functional
reference points that can be correlated to anatomical reference points. Such
highly dissimilar datasets make it difficult for any coregistration algorithm to
succeed. Second, the chest and abdomen are not rigid structures and differ-
ences in patient positioning and respiratory motion make it difficult to align
the anatomical and functional images. One of the most problematic areas is
the head and neck, where differences in arm and shoulder positions make
coregistration very difficult. Additional problems include differences in
shape and curvature of imaging tables, with consequential differences in the
shape of the patient. The greater the time interval between the anatomical
and functional study, the greater the likelihood for other factors, such as
uncontrollable movement of internal organs, bowel contents, and bowel gas,
to influence the accuracy of image fusion.

Despite these technical obstacles, a considerable body of work has been
conducted on this problem.®-!! Image registration algorithms can be broadly
divided into two groups: those that are feature based (ie, based on alignment
of common anatomical landmarks) or volume based (ie, based on iterative
algorithms that seek to maximize the measures of similarity between imag-
es).'? More recently newer feature-based and volume-based algorithms have
used 3-dimensional elastic transformations and nonlinear warping to im-
prove the accuracy of these fusion techniques.!? Current results indicate that
the accuracy to which the anatomical and functional images (that have been
acquired on different imaging systems) can be coregistered in the abdomen

and pelvis is approximately 5 to 7 mm.%!3 Cost considerations and the
limited number of integrated SPECT/CT devices in clinical use to date means
that work is likely to continue in this area for several years to come. Even
with the increased use of dedicated SPECT/CT devices, such software algo-
rithms will still play an important role in accurately correcting for minor
mis-registrations due to patient motion, breathing artifacts, etc. In addition
there are likely to be situations where the anatomical modality of choice is
MR rather than CT and the need will remain for accurate software algorithms
to coregister the MR and SPECT or PET images.

Development of
SPECT/CT Devices

Much of the early work on the development of a combined SPECT/CT unit
was performed at University of California, San Francisco, by Dr Hasegawa
and colleagues. Their initial work was focused on the development of a
system that could perform simultaneous CT and SPECT studies. Figure 2
shows a schematic diagram of their first system, which used an array of
high-purity germanium detectors to simultaneously detect 40 to 100 keV
x-rays from an external source and 140 keV gamma rays from an internally
administered source.!*!> The initial goal of this work was to explore the
possibility of using the x-ray data to perform attenuation correction of the
SPECT data and to provide better region of interest definition for quantifi-
cation of radiopharmaceutical uptake in a lesion. Because of the 3- to 4-h
image acquisition time and the need to rotate the object being scanned, this
system was only suitable for animal and phantom studies. However, this
work was important because it highlighted, for the first time, the potential
benefits of a single device capable of performing anatomical and functional
imaging. They demonstrated that such a system was capable of performing
attenuation correction and could permit accurate quantification of radio-
tracer activity in a porcine myocardium.!'® This group was also the first to
build a combined SPECT/CT system for clinical studies.!” This system used
asingle-slice CT scanner and a single-head large field of view gamma camera
(Fig. 3) and was the forerunner of today’s systems that combine a multi-
detector row CT (MDCT) system and dual-detector SPECT system.

The first commercial SPECT/CT system was the GE Hawkeye system (GE
Healthcare, Haifa, Israel), which was developed in 1999.18 This system took
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Figure 2 Schematic diagram of the SPECT/CT system developed at
UCSF. The system acquires one projection (either SPECT or CT) by
rotating the small detector array over a 30° arc. The object being
imaged is then rotated for the next projection.
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Figure 3 Clinical SPECT/CT system developed at USCF. A conven-
tional single-head gamma camera was positioned at the back of a GE
9800 CT scanner. The CT table could travel through the CT gantry
to the SPECT system, thereby allowing SPECT and CT acquisitions
of the patient in one examination. (Reprinted with permission from
“Dual-Modality Imaging of Cancer with SPECT/CT,” Tech Can Res
Treat 1:449-458, 2002. Adenine Press, www.tcrt.org.)

advantage of the unique slip-ring gantry of this system to mount an x-ray
tube emitting a fan-beam of radiation and an array of 384 Cadmium Tung-
state detectors on opposite sides of the slip ring gantry (Fig. 4). Although the
slip-ring gantry permitted continuous rotation for the x-ray acquisition,
mechanical constraints placed by the heavy detectors limited the rotational
speed to ~22 s/orbit. For a transaxial slice, the CT device acquired informa-
tion over an arc of 213° (180° + fan angle), which took approximately 13
seconds. Each slice had an in-plane resolution of 1.2 mm and an axial
thickness of 10 mm. The x-ray system operated at 140 kVp with a tube
current of only 2.5 mA. Although this resulted in a significantly lower patient
dose (by a factor of 4-5) than what would be delivered using a conventional
CT scanner, the quality of the CT images were inferior to state of the art CT
scanners both because of the low radiation dose and to the poor axial reso-
lution. However, it should be noted that the primary purpose of this device
was not image fusion but rather the production of a high-quality attenuation
map for use with the emission data. In this respect, the CT system provided
significantly higher-quality attenuation maps than those available with con-
ventional Gd-153 scanning lines sources. The slow scan speed was advan-
tageous in this respect in that breath holding was not possible and the CT
images were blurred by respiratory and cardiac motion in a comparable
manner to the SPECT raw data.

Following the commercial success of PET/CT systems that use MDCT
scanners, there has been renewed interest in the development of comparable
SPECT/CT systems. This interest has resulted in the development of two
types of SPECT/CT devices, each with their own advantages and disadvan-
tages. GE Healthcare has developed an enhanced version of the Hawkeye

system called the Hawkeye-4, which uses the same gantry as the original
Hawkeye system but now acquires 4 X 5 mm thick slices with each rotation
instead of one 10-mm slice. This design retains the very compact design of
the Hawkeye system, delivers a low radiation dose to the patient and requires
minimal room shielding.

Two vendors have opted for the development of SPECT/CT systems that
are more comparable to their PET/CT counterparts, with the goal of provid-
ing high-quality CT images fused to the SPECT image data. The Precedence
system (Fig. 5) from Philips Medical Systems (Milpitas, CA) couples a con-
ventional 6-slice or 16-slice CT scanner to their dual-detector Skylight sys-
tem. The Symbia system (Siemens Medical Solutions, Hoffman Estates, IL)
incorporates a 1-, 2-, or 6-slice CT scanner with their dual-detector E-Cam
system (Fig. 6). With both systems, CT slice thickness is variable and can be
adjusted from 0.6 mm up to 10 mm. The scan speed for a 40-cm axial field
of view is less than 30 s. By comparison, the CT scan time on the GE
Hawkeye-4 system is 5 min for a 40 cm field of view. However, because of
the addition of a separate CT gantry, both the Symbia and Precedence sys-
tems are considerably larger than conventional SPECT systems and as dis-
cussed below, have very different siting requirements and shielding require-
ments compared with the GE Hawkeye system.

Technical Aspects
of SPECT/CT Imaging

The advantages of combining SPECT with CT are numerous and are primar-
ily due to the anatomic referencing and the attenuation correction capabili-
ties of CT. Whether the CT component that is used in the combined imaging
approach should be a conventional MDCT scanner or the more compact, low
current CT add-on used on the GE Hawkeye system is currently a matter of
debate.

CT Technology

CT technology has undergone a bewildering number of improvements dur-
ing the last 5 to 10 years'® with the advent of helical CT and MDCT. Helical
or spiral CT represents a volumetric scan with the patient being scanned
continuously in the longitudinal direction.??! Helical CT involves the con-
stant motion of the bed as the x-ray tube is rotating around the patient. In
effect the focus of the x-ray tube follows a helical trajectory, relative to the
patient, as multiple rotations are completed. The slip ring is the enabling
technology of helical CT.

MDCT offers the ability to acquire more than one slice simultaneously.
The advantages and benefits of MDCT are shorter scan times, extended scan
ranges, and improved longitudinal resolution.?? With MDCT of, for exam-
ple, 6 slices the operator has several options: scan a given volume 6-times

Figure 4 GE Hawkeye system. The first commercial SPECT/CT sys-
tem developed in 1999. The x-ray tube housing is seen on the right
side of the gantry with the array of detectors on the left side.


http://www.tcrt.org

SPECT/CT: Basic instrumentation and innovations

261

Figure 5 Phillips Precedence system which combines the Phillips
Skylight dual-head gamma camera system with a MDCT system
(Courtesy of Phillips, Milpitas, CA).

faster (assuming all other parameters are unchanged); scan a volume that
greater by a factor of 6 within the same scan time; or maintain the same scan
time and volume but acquire thinner slices. As MDCT systems use wider
detector arrays and the number of slices increases the x-ray beam can no
longer be considered a fan-beam and special cone-beam reconstruction soft-
ware is required. A system with greater than four detector rows is generally
considered as cone beam.

Alarge number of factors determine the noise, low contrast resolution and
high contrast (spatial) resolution of the CT image. Noise, in simplest terms,
is measured as the standard deviation of voxel values in a homogeneous
(typically water) phantom. Noise is influenced by tube current (mA), voltage
(kVp), exposure time, table speed, slice thickness, reconstruction algorithm,
and filter kernel. Noise is primarily determined by the number of x-rays
passing through the body—a higher tube current and/or exposure time
reduces the noise, but at the expense of higher patient dose. An increase in
the tube current by a factor of N will reduce the noise by N2 but will result
in an N-fold increase in dose.

Low-contrast resolution is the ability of the system to resolve objects
having a small difference from background. Low contrast resolution is de-
termined by the same factors that affect noise. A doubling of the slice thick-
ness increases contrast resolution by the same factor, although with a loss in
axial resolution. Faster gantry rotation speed increases noise, as most CT
systems have an upper limit on the x-ray tube current. Spatial resolution is
determined primarily by the system geometric resolution limits (such as the
size of the focal spot and detector elements), slice thickness, pixel size and
reconstruction filter.

The most common CT artifacts are patient motion, beam hardening, and
partial volume. Motion artifacts should be less prevalent with the faster
acquisition times of modern scanners, but are still problematic in the thorax.

Beam hardening is the preferential absorption of lower energy x-rays as
the x-ray beam passes through an attenuating medium. As a result, the mean
energy of the x-ray beam increases (hardens) as the attenuation increases.

The CT scanner is calibrated to correct for beam hardening in tissue equiv-
alent attenuators.?> Two-pass beam-hardening corrections can be used for
scans (such as a head scan) in which the attenuation characteristics deviate
significantly from those of water.?*?> Beam hardening manifests itself as a
cupping artifact in a uniform attenuator, because the object appears less
attenuating than in actuality, and can manifest itself as dark streaks between
high attenuating structures; for example between the petrous bones in the
base of the skull.

A third less-common problem is partial volume averaging, whereby a
variety of different tissues are contained within one slice. With the modern
MDCT scanners, thinner slices, the ability to reconstruct slices at arbitrary
locations and the ability to rebin the slice data have helped to minimize this
problem.

Of the current SPECT/CT systems, the GE Hawkeye, uses a modified
3rd-generation technology with an x-ray tube and detector array that rotate
in synchrony. This type of technology requires that the array of detectors be
accurately balanced as each detector gives rise to an annulus of image infor-
mation. If a detector becomes miscalibrated, the data from that detector can
generate a ring artifact in the reconstructed image. This is somewhat com-
parable to nonuniformity in the uniformity map of a SPECT camera resulting
in a ring artifact in the transaxial data.

Scatter is an artifact that has become more important as the axial extent of
detectors has increased. Hence it becomes more of an issue for the Siemens
Symbia and Philips Precedence systems, which use 7th-generation CT tech-
nology. The detection of scattered radiation can cause a cupping artifact in
which the CT numbers are reduced; the inclusion of scatter makes the object
appear less attenuating.?®?” To reduce the amount of scattered radiation,
septa are positioned between the detectors and aligned with the x-ray tube to
mechanically reject scatter. The total scatter is about 4% for single and 4-slice
systems. MDCT is more susceptible to the detection of scattered x-rays than
single slice CT. In MDCT the x-rays can scatter and still strike a detector.
Scatter correction is difficult in CT because the detectors do not operate in
photon counting mode (so the energy of the detected radiograph is not
measured) and the beam is polychromatic so the system does not know the
original energy of the scattered x-ray.

Attenuation Correction

To correct SPECT images for attenuation the spatial distribution of attenu-
ation coefficients within the patient must be known. This attenuation map is
then incorporated into a statistically based, iterative reconstruction algo-
rithm such as ordered subset expectation maximization (ie, OSEM).28:2°
During the 1990s much research and development was undertaken design-
ing transmission imaging systems that used a radionuclide source of photons
and the SPECT camera as the detector; the most common transmission
imaging system used a scanning line source.*-3?

The spatial distribution of attenuation coefficients also can be measured

Figure 6 Siemens Symbia system. This is an integrated gantry that
contains a MDCT system and the dual-detector E-Cam system
(Courtesy of Siemens Medical Systems, Hoffman Estates, IL).
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Figure 7 Attenuation maps of an anthropomorphic phantom con-
taining a normal myocardium generated using a Gd-153 line source
and a CT scan. Midventricular short axis slices show that application
of both attenuation correction maps yield comparable results, indi-
cating that high resolution per se is not a requirement for accurate
attenuation correction.

using a CT scanner. With any type of CT system, the image noise in atten-
uation maps will be very low, and the in-plane resolution will be high
compared with maps generated from radionuclide-based transmission sys-
tems. Although CT systems generate a higher resolution map, the improve-
ment in resolution is not necessarily a factor in the accuracy of the attenua-
tion compensation because we are primarily concerned with obtaining an
accurate estimate of the attenuation path length for each pixel in the SPECT
transaxial data. Figure 7 shows examples of attenuation maps of an anthro-
pomorphic phantom generated using the GE Hawkeye device and the GE
MG dual-head gamma camera system equipped with a !>>Gd scanning line
source. The phantom contained a “normal” myocardium and attenuation
compensation was performed using identical software algorithms on the two
systems, thereby allowing one to determine the impact of the differences in
the resolution and fidelity of the attenuation map on image quality. As seen
in Figure 7, both maps adequately correct for the attenuation defect in the
inferior wall of the myocardium and no significant difference was observed
in the quality of the attenuation corrected images produced by these differ-
ent maps.

Although both CT and the radionuclide-based transmission systems can
produce effective attenuation maps under ideal conditions, they have signif-
icantly different advantages and limitations. There are 4 primary benefits of
using CT images for attenuation correction of SPECT data: the CT image has
less noise than transmission images acquired using radionuclide sources; the
CT image can be acquired faster than a transmission image; the CT acquisi-
tion has a high flux and hence the CT images will not be influenced by
cross-talk from the SPECT radionuclide; and the CT source does not decay.

The precision and noise in the attenuation corrected SPECT images are
dependent on the emission and transmission statistics. Noise in the trans-
mission images—and in the attenuation coefficients—propagate into the
attenuation-corrected SPECT images. Tung and Gullberg?? showed that with
an efficient, radionuclide-based transmission system the statistical noise in
the attenuation corrected SPECT images was dominated by the emission
statistics. This is because the correction uses the line integral of attenuation

coefficients so the effect of noise in individual pixels is minimized.>* How-
ever, the attenuation coefficients derived from the transmission images ex-
perience increased bias and noise as the source decays; consequently the
sources must be replaced frequently to maintain adequate transmission sta-
tistics to minimize noise propagation and to ensure emission contamination
does not overwhelm the transmission counts.** In addition, algorithms must
be employed with radionuclide-based transmission systems to remove the
cross-contamination between the emission and transmission photons.>
With CT systems, the x-ray flux is orders of magnitude greater than the
emission count rate so cross-talk is not an issue. As such, the CT scan can be
acquired after the patient is injected with the radiopharmaceutical without
concern of the emission photons contaminating the transmission data.

An advantage of radionuclide based transmission systems is that they
usually employ simultaneous acquisition of the emission and transmission
data, thereby eliminating any misregistration between the SPECT data and
the attenuation maps. SPECT/CT systems, on the other hand, acquire SPECT
and CT data sequentially and the potential for patient movement and mis-
registration exists. The sources of misregistration and their effects are dis-
cussed below.

Derivation of
Attenuation Coefficients

In order for the CT image to be used in the attenuation correction algorithm,
the CT numbers (in Hounsfield units, HU) must be converted to attenuation
coefficients at the energy of the SPECT radionuclide. Attenuation is depen-
dent on the energy of the x-rays and the conversion of a CT image into an
attenuation map requires an assumed effective energy of the polychromatic
x-ray beam. This effective energy of the x-ray spectrum depends on the kVp,
the x-ray beam filtration, and beam hardening within the patient.

The conversion of the CT image into an attenuation map can be done by
segmentation, scaling, or a hybrid technique.’® In segmentation the CT
image is divided into regions of different tissue types such as bone, soft tissue
and lung, and a fixed value of the attenuation coefficient for the energy of the
radionuclide is assigned to those regions. This approach may work well for
dissimilar tissues, but it can introduce errors at tissue boundaries where the
change in tissue type is not discontinuous. Further, the segmentation tech-
nique can introduce errors if the patient specific value differs from that
assigned by the algorithm. For example, the attenuation coefficient in lung
can differ by 30%> and in bone it can vary depending on the relative
proportion of cortical and trabecular bone.®

The simplest scaling method uses linear scaling based on the attenuation
coefficients of water at the CT and SPECT energies.>**0 Specifically, the
attenuation coefficients are estimated by multiplying the CT numbers by the
ratio of the water attenuation coefficients at the SPECT and CT energies. This
method works well for tissue whose attenuation is primarily Compton scat-
ter but it is not effective in tissue of high atomic number where the photo-
electric absorption is a greater component of attenuation. The scaling
method can also use a bilinear curve to multiplicatively scale the measured
CT numbers. This approach models tissue with an HU of —1000 to 0 as a
mixture of soft tissue and air, and tissue with an HU greater than 0 is
modeled as a mixture of soft tissue and bone.*!**3 Nickoloff and coworkers**
used constant scale factors for both soft tissue and bone. The hybrid method
is similar to the bilinear scaling approach in that two mixtures of tissue are
modeled. Segmentation is used to divide the CT image into bone and non-
bone regions and a separate scaling is then used for each region.°

There are other issues concerning the conversion of the CT image to an
attenuation map. The CT images have better resolution than their SPECT
counterparts. Hence, the CT images need to be down-sampled to the matrix
size of the SPECT images and reduced in resolution*>*° to reduce the inclu-
sion of artifacts into the SPECT data. Application of these conversion algo-
rithms in PET/CT have shown that the attenuation coefficients will have
negligible noise but may have bias. 47

Sources of Error

There are several sources of error in the application of SPECT/CT, depending
on the system configuration. These errors include misregistration, trunca-
tion, scatter, and beam hardening artifacts. A major issue for CT type systems
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is misregistration between the emission and transmission data, resulting in
incorrect matching of the attenuation map to the emission data.*® This may
occur for a number of reasons, including sagging of the emission table,
respiratory and cardiac motion, and patient motion. With the 1st-generation
SPECT/CT systems (GE Hawkeye system), the CT and SPECT components
were not designed as an integrated unit. The SPECT table was merely ad-
vanced axially from the gamma camera detector to the CT detector. Because
this step involved increasing or decreasing the length of table suspended in
air, the flex of the table could change resulting in misalignment between the
SPECT and CT images. Misregistration was a significant problem, affecting
approximately 20% of clinical studies on the original GE Hawkeye design.*®
The impact of misregistration on the emission scans is highly patient depen-
dent. Artifacts can occur with a misalignment of as little as 1 pixel (~7 mm)
in the y-direction (ventral to dorsal direction), which can superimpose parts
of the myocardium over lung tissue. This can result in underestimation of
attenuation path length in this part of the myocardium and under-corrected
of the emission scan that can lead to the creation of apical or anterior wall
defects in the attenuation compensated images (Fig. 8).

Recent upgrades to the support arm and rollers of the imaging table on this
type of system have helped minimize sagging and poor tracking of the
imaging table on these 1st-generation systems. Figure 9 shows the effect of
table sagging on the registration of the emission and transmission images in
a series of patients undergoing rest and stress myocardial perfusion imag-
ing.* Results are shown both before and after an upgrade to the support
rollers guiding the table top. These problems should be minimal on many of
the newer generation of SPECT/CT systems as these employ a dual-table
configuration. In this configuration, the patient pallet is generally a low
attenuation carbon fiber tabletop that sits on top of a second, more rigid,
lower table. The carbon fiber tabletop can be suspended in air from the lower
table, to permit the patient to be imaged over 360° with the SPECT system.
The rigid lower table is then used to move the patient in the axial direction
between the CT and SPECT sections of the scanner. Hence the degree of flex
of the upper table is not altered during the procedure. This eliminates table
problems although it does not insure that the patient will not move between
procedures.

Respiratory and cardiac motions are most problematic with the faster CT
scanners. Because the CT component is now a MDCT unit capable of high
speed rotation, it can acquire anywhere from 2 to 16 slices per step. Acqui-
sition time per slice can be as short as 200 to 300 milliseconds. For a cardiac
study the CT component is usually acquired in 30 seconds with the patient

Attenuation map
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Figure 8 Top row shows the CT-generated attenuation map and the
fused SPECT/CT slices in a myocardial perfusion study. Note that
part of the myocardium appears to overlap the lung region. Bottom
row shows the uncorrected and attenuation corrected short axis
slices. Note the artifactual apical defect in the attenuation correction
slice that was eliminated after re-alignment of the SPECT and CT
data.
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Figure 8 Degree of misregistration noted on rest and stress myocar-
dial perfusion studies before and after installation of an improved
roller system to reduce table sagging. Head, post and left refer to
inferior/superior, anterior/posterior and left/right shifts respec-
tively.

breathing normally. Hence images of the thorax represent a snap-shot at
fixed points in the patient’s respiratory and cardiac cycles. The SPECT com-
ponent, on the other hand, typically takes 15 to 20 minutes and the images
represent an average of the respiratory and cardiac cycles. These 2 indepen-
dent motions can be a major source of error and will need to be addressed
before the full benefits of these faster CT systems can be seen for cardiac
applications.

These problems are similar to those encountered in PET/CT systems.
Current studies indicate that, in PET cardiac studies, the use of radionuclide-
based transmission imaging may be preferable to CT-generated attenuation
maps. Chin and coworkers™ found that, in clinical PET/CT studies, misreg-
istration of the diaphragm between the CT and PET data is associated with
relative decreased emission activity in inferior, inferoseptal, and inferolateral
walls and recommended further studies to determine whether the frequency
of these findings warrants the use of ®Ge transmission attenuation correc-
tion in myocardial F-fluorodeoxyglucose (FDG) PET. Dorbala and co-
workers’! found that a post-stress CT scan reduced the misregistration error
of the attenuation map in Rb-82 PET myocardial perfusion images. Out of 66
patients studied only 6% of cases had misregistration with a late, post-stress
CT scan versus 42% with a CT scan acquired at peak hyperemia. The im-
plementation of a slow CT scan to minimize respiration artifacts in cardiac
PET has also been proposed.>?

A variety of methods have been proposed to minimize the registration
error. In PET/CT, some laboratories recommend acquiring the CT scan
during shallow breathing or recommend that the patient hold their breath
at mid-expiration or mid-inspiration. Both techniques do not completely
eliminate breathing artifact.”>->> Shallow breathing results in blurring of the
CT images, whereas breath holding can be more difficult with respect to
patient compliance, particularly in a patient population with severe illness
and poor physical condition. Beyer and coworkers® found that there were
fewer propensities for artifact in those protocols in which the patient
breathed normally and the CT scanner possessed at least 6 detector rows.
Pan and coworkers®” found that 50% of patients undergoing a whole-body
PET/CT study with midexpiration breath-hold had misalignment between
PET and CT and in 34% of the studies this misalignment was greater than 2
cm. However, by acquiring a respiratory gated CT study and averaging the
time bins these errors could be markedly reduced.””

Given this information, it is important that the SPECT/CT system use a
coregistration program and associated QC phantom on a daily basis to insure
correct alignment between the SPECT and CT scanners (see “Anatomic
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Referencing”). In addition, in cases in which patient motion corrupts the
alignment, it is important that the system have a QC program that allows the
user to re-align the SPECT and CT image sets either manually or through a
semiautomated program.

Truncation of parts of the torso can result in underestimation of the
attenuation path length and can lead to corruption of the attenuation cor-
rected emission studies. Current low-dose CT devices (Hawkeye, Hawk-
eye-4) have an x-ray field of view of ~40 cm and hence are unable to
adequately image patients with a chest circumference of greater than 55 cm.
Figure 10 shows the effects of truncation of the CT attenuation map on
reconstructed image quality. Mild truncation at the shoulders does not have
amajor impact on image quality, as it does not seriously corrupt the estimate
of the attenuation path length for pixels in the myocardium. However with
increasing truncation, the attenuation path lengths are underestimated re-
sulting in under-correction of the emission images. Current SPECT/CT de-
vices using a conventional MDCT scanner have a larger (50 cm) field of view
and hence less issues with patient truncation, although even these may not
be able to adequately image the ever increasing number of obese patients.

Although no extensive large scale clinical studies have been reported on
the value of SPECT/CT devices in attenuation correction, preliminary studies
in patients have reported some discrepancies between attenuation compen-
sated myocardial perfusion studies using CT and Gd-153 transmission
sources and have highlighted the problems of noise and mis-registration
between the CT and SPECT images that are discussed above.8-%0

Anatomic Referencing

Coregistration of anatomy and function is less dependent on the fidelity of
the CT image than the attenuation correction algorithm. However, the ac-
curate coregistration of the SPECT and CT data are just as important as with
attenuation correction, and many of the pitfalls discussed previously, vis-a-
vis table sagging, patient motion, and respiratory and cardiac motion, all
apply equally to image fusion. Most vendors now include a calibration pro-
cedure to insure that, in the absence of patient-related artifacts, both the CT
and SPECT images are correctly coregistered in 3 dimensions. Figure 11
shows the calibration jig used on the GE Hawkeye-4 system. A series of 6
syringes containing an appropriate radionuclide are inserted into a foam
calibration jig so that they are orientated in 3 orthogonal planes. The cali-
bration jig is positioned mid-table and 10 to 15 kg is placed at the end of the
table to simulate table flex with a patient. After SPECT/CT acquisition, soft-
ware automatically determines the location of the syringes and either com-
putes the necessary calibration factors to insure precise alignment of the CT
and SPECT images, or on a routine basis, confirms the validity of the existing
calibration factors. This type of calibration procedure is essential if the cli-
nician is to have confidence in the ability of the technology to permit accu-
rate localization of radiotracer uptake in the body.

The use of contrast enhancement in CT is currently being studied for
PET/CT procedures to see if there is added benefit in anatomical localization
of tumors.®! Unmodified adaptation of CT contrast protocols into PET/CT
can potentially introduce artifacts into the PET images when the CT images
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Figure 10 Effect of changes in the x-ray field of view from 40 cm to
25 cm on the attenuation corrected short axis slices of a normal
myocardium in an anthropomorphic phantom.

Figure 11 Calibration jig employed on the GE Hawkeye-4 system.
The foam jig contains 6 syringes (3 of which can be seen in the
photograph) oriented along 3 axes. When imaged on both the
SPECT and CT systems they permit accurate alignment between the
CT and SPECT data (Courtesy of GE Health care, Haifa, Israel).

are used for attenuation correction.®? Several studies have demonstrated the
need for changes in the contrast injection techniques and/or use of water-
based oral contrast agents.®*%* If use of contrast material in PET/CT becomes
routine clinical practice, it would be expected to likewise extend into
SPECT/CT procedures. Its use in SPECT/CT may be less problematic than in
PET/CT as attenuation correction is not routinely performed on many
SPECT/CT procedures. Where contrast enhancement is seen as beneficial, its
application may be restricted to SPECT/CT devices with conventional
MDCT capability to provide the temporal resolution needed to image the
contrast material.

Planning/Siting
Requirements for SPECT/CT

The space required for a SPECT/CT system depends on the type of system
being installed. The GE Hawkeye or GE Hawkeye-4 only requires the same
room size as conventional SPECT systems. Minimum room size for these
types of units is typically 14" X 16’. Because of the x-ray tube on these
systems, some lead shielding of the room is required. The exposure rate from
these systems is approximately 20 times less than that from a conventional
MDCT scanner. Hence lead shielding in the walls is usually only required for
that portion of the wall closest to the x-ray tube. Figure 12 shows a typical
room layout for a GE Hawkeye system and the exposure rate and regions
requiring shielding for an installation of this type of system. In addition, if
the operator console is located at the end of the imaging table, the exposure
rate is low enough that no separate control booth is required.

For SPECT/CT systems using a MDCT scanner, a larger room is required
(aminimum of 15" X 24"), along with a separate control booth. Typically at
least 1/16-inch lead shielding (4 Ibs/ft?) or equivalent is required for the
walls, doors, floors, ceilings, and operator’s barrier. The concrete equiva-
lence of 1/16-inch thick lead would be about 4 to 6 inches of standard-
density concrete (147 pounds per cubic foot). SPECT/CT rooms with high
workloads and with fully occupied uncontrolled space directly adjacent to
the scanner may need shielding that is thicker than 1/16-inch lead or 4 to 6
inches of concrete to meet the recommended NCRP Report #147 shielding
design goal of 0.02 mGy per week (1 mGy per year) for persons in uncon-
trolled areas.®

One additional factor to be considered in siting these instruments is the
weight-bearing capability of the floor. The GE Hawkeye unit has a gantry
weight of approximately 5,500 lbs whereas the Siemens Symbia and Philips
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Room Size: 20 feet x 20 feet
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Figure 12 Typical room layout for a low-mA SPECT/CT system (GE
Hawkeye). Isodose contour levels are shown. Shielding (1/16-inch
lead) is usually required at the walls along the sides and back of the

gantry.

Precedence units have gantry weights of approximately 8,000 lbs and ap-
proximately 10,000 lbs, respectively. These weight limits should be kept in
mind during the planning phase of new installations.

Future Applications
and Advances for
SPECT/CT Technology

In addition to attenuation correction and co-registration, other possible
applications for this emerging technology include patient dosimetry and
radiotherapy. The development of more-sophisticated co-registration appli-
cations should permit estimation of organ or tumor volume from the ana-
tomical data rather than the emission data. Traditional calculations of organ
and tumor size from emission data are problematic, particularly for small
tumors in which the limited spatial resolution of SPECT can introduce
significant errors into volume estimates. The use of the CT data for volume
estimation should permit more accurate quantification of tumor uptake of
radiopharmaceuticals for therapy applications.

There are a number of intriguing applications for this technology in car-
diology including quantifying coronary artery calcium, evaluating the pa-
tency of vascular and coronary arteries, and assessing myocardial perfusion
and viability in one clinical setting. While the current generation of
SPECT/CT devices is not capable of imaging the coronary arteries, it is
technically possible to integrate the new faster 64-slice CT scanners into a
SPECT/CT device. While such a device would be very expensive, it may yield
additional clinical benefits not possible from separate SPECT and CT exam-
inations.

In an ideal world, the SPECT/CT system should consist of one detector
that can simultaneously detect the gamma emissions from the patient and
the x-ray emissions from the CT system. Conventional nuclear medicine
technology is count-rate limited to the degree that would not permit this type
of system. However semiconductor detectors utilizing materials such as
Cadmium-Zinc-Telluride have been used for both x-ray and nuclear stud-
ies®®67 and these devices can be operated in both current mode (for x-ray
studies), or individual event mode for nuclear studies.

As this technology matures, we can expect to see a range of SPECT/CT
devices become available on the market that range from low dose 1- to

4-slice inexpensive CT upgrades to conventional SPECT systems, to SPECT
systems incorporating 64- or 128-slice CT scanners. The cost of the high-end
CT scanners will exceed the cost of the SPECT scanner and hence the justi-
fication for such devices will be heavily dependent on clear demonstration of
their value in the clinical practice.
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