BJR © 2018 The Authors. Published by the British Institute of Radiology

Received: | Revised: | Accepted: https://doi.org/10.1259/bjr.20160402

9 May 2016 28 September 2016 10 November 2016

Cite this article as:
Ljungberg M, Pretorius PH. SPECT/CT: an update on technological developments and clinical applications. Br J Radiol 2018; 90: 20160402.

NUCLEAR MEDICINE: PHYSICS AND INSTRUMENTATION SPECIAL
FEATURE REVIEW ARTICLE

SPECT/CT: an update on technological developments and
clinical applications

TMICHAEL LJUNGBERG, PhD and 2P HENDRIK PRETORIUS, PhD

1Department of Medical Radiation Physics, Lund University, Lund, Sweden
“Division of Nuclear Medicine, Department of Radiology, University of Massachusetts Medical School, Worcester, MA, USA

Address correspondence to: Professor Michael Ljungberg
E-mail: michael.ljlungberg@med.lu.se

ABSTRACT

Functional nuclear medicine imaging with single-photon emission CT (SPECT) in combination with anatomical CT
has been commercially available since the beginning of this century. The combination of the two modalities
has improved both the sensitivity and specificity of many clinical applications and CT in conjunction with SPECT
that allows for spatial overlay of the SPECT data on good anatomy images. Introduction of diagnostic CT units as
part of the SPECT/CT system has also potentially allowed for a more cost-efficient use of the equipment. Most of
the SPECT systems available are based on the well-known Anger camera principle with Nal(TIl) as a scintillation
material, parallel-hole collimators and multiple photomultiplier tubes, which, from the centroid of the scintillation
light, determine the position of an event. Recently, solid-state detectors using cadmium-zinc-telluride became
available and clinical SPECT cameras employing multiple pinhole collimators have been developed and introduced
in the market. However, even if new systems become available with better hardware, the SPECT reconstruction will
still be affected by photon attenuation and scatter and collimator response. Compensation for these effects
is needed even for qualitative studies to avoid artefacts leading to false positives. This review highlights the
recent progress for both new SPECT cameras systems as well as for various data-processing and compensation
methods.

INTRODUCTION

One such application where anatomical information was

The single-photon emission CT (SPECT)/CT combina-
tion of dual-imaging modality techniques is a clinical
application that when introduced was particularly rele-
vant in oncological applications, as it leads to improved
sensitivity and specificity by the combination of co-
registered anatomical and functional images.! When
evaluating treatment outcome, the combination of the
two modalities may also lead to improved staging and
treatment monitoring.

Prior to SPECT/CT, most manufactures offered transmission
imaging using scanning line sources, scanning point sources,
a single static line source or multiple static line sources. These
systems were used to form maps of linear attenuation coef-
ficients for attenuation compensation” and lack the resolution
and overall quality for anatomic registration and other
applications. The need for more rapidly acquired and more
accurate attenuation maps as well as localization capabilities
led to the development of SPECT/CT.

found to be needed was in the diagnostic imaging of
tumours. In many situations, the tumour uptake of the
radiopharmaceutical can be high compared with normal
organs, making it difficult to localize the tumour
potential future surgery. Anatomic landmarks in SPECT
images are generally inadequate to accurately determine
the locations of the malignancies. This was of course
recognized and research on rigid and non-rigid image
registration between SPECT and CT were conducted, but
the task of doing this accurately demands sophisticated
mathematical algorithm and even when a diagnostic CT
was available, the matching of the images was not always
successful owing to organ displacement between the
studies. The solution was then a combined SPECT/CT
system designed in such a way that when translating the
patient between the two modalities patient movements
was avoided. These so-called hybrid systems then made
fusion of SPECT and CT images possible for clinically
routine procedures.
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THE EVOLUTION OF COMBINED SINGLE-PHOTON
EMISSION CT AND CT SYSTEM

The first commercial SPECT/CT combination that was designed
as a single unit was the GE Millenium™ hybrid SPECT/positron
emission tomography (PET)/CT camera equipped with the
HawkEye™ single-slice CT (GE Healthcare, Haifa, Israel). The
CT produced images with a slice thickness of 1cm and
a 256 X 256 matrix size with a spatial resolution of about
3.5mm. Owing to course resolution, the unit was not regarded
as a diagnostic CT. An acquisition that matched the field of view
(FOV) for the SPECT cameras took approximately 10 min to
complete. Reconstruction was performed using filtered back-
projection. The system was also offered with a 1-inch crystal and
a coincidence unit for PET imaging, since at that time SPECT-
based PET imaging without collimation was marketed as a more
economical alternative to dedicated PET systems. This system
was the commercial implementation of the very successful re-
search by the late Hasegawa et al.>* Current SPECT/CT systems,
offered by Philips Healthcare, General Electric (GE) Healthcare,
Mediso Medical Systems and Siemens Medical Solutions, all
offer high-resolution diagnostic CT units as part of their SPECT/
CT systems. Mediso even offer a complete SPECT/CT/PET
with high-resolution Lutetium-yttrium oxyorthosilicate (LYSO)
detector technology as part of their AnyScan family of systems.

FUSION OF FUNCTIONAL AND ANATOMICAL
INFORMATION

The fusion of anatomical and functional images requires in-
herent registration to each other, meaning a particular voxel
number 7,5,k in a SPECT image set represents the same location
i,k in the CT images. Before the introduction of combined
SPECT/CT systems, the registration was accomplished by
mathematical methods using landmarks (mutual information)
in the SPECT and the CT image set. For these algorithms to
successfully register data, it was important that the patient po-
sitioning and posture were essentially identical to avoid sit-
uations that required non-rigid transformations.

In most cases, the spatial resolution of CT images is much better
than that of SPECT images and therefore, resampling of SPECT
images by interpolation methods is required to match the voxel
size of the CT images. It should be noted that image registration
might still be necessary to correct slight motion/shifts between
acquisitions. Furthermore, for dosimetry studies where several
SPECT/CT studies are performed in order to obtain time—
activity curves, the separate SPECT and CT images might not be
registered by the system hardware, since the patient has been
repositioned several times. The ideal is to acquire a SPECT/CT
scan at each time point; however, even low-dose attenuation
maps could be used to great advantage in performing the reg-
istration to a higher resolution diagnostic CT.

SCALING OF CT DATA TO PHYSICAL UNITS

The information obtained from a CT system is turned into
Hounsfield units (HUs) defined as HU = 1000 (® — tyater)/
(Mowater — Mair)> Where w is the linear attenuation coefficient,
a function of photon energy, tissue composition and tissue
density. The reference material is water at a standard pressure
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and temperature, while u in turn can be expressed as a product
of the mass attenuation coefficient w,, and the tissue density p
(m/p)- Mass attenuation coefficients can be found in databases
maintained by the National Institute of Standards and Tech-
nology.” Since w., reflects the electron density, scaling to phys-
ical density (gcm™®) generally needs a calibration against
a phantom of different materials. It is important to remember
that the scaling also depends on the X-ray tube voltage used in
a particular study. If the density distribution can be obtained
with acceptable accuracy, this can then be used to create so-
called attenuation maps for use in attenuation correction
methods. For a particular photon energy, the scaling required to
produce the attenuation maps is straightforward. However, HUs
are generated using a continuous energy spectrum of photons
and thus, where this changes, e.g. obese subjects, through loss of
low-energy photons due to absorption, the HUs will be different
from those of smaller patients—this needs correction.

SINGLE-PHOTON EMISSION CT/CT ACQUISITION
Most clinical SPECT systems still rely on the Anger camera
principle, where the location of a photon interaction (i.e. scin-
tillation) site is calculated as the centre of gravity of the position-
dependent energy signals from a two-dimensional (2D) array of
photomultiplier tubes (PMTs) attached to the back of the
scintillation crystal.(’ The available NaI(Tl) crystal thicknesses
vary between 3/8 and 3/4 inch (9.5 and 19 mm) depending upon
the intended usage for low radionuclides emitting lower energy
photons (e.g. *™Tc) and higher energy photons (e.g. "'I).
Thicker crystals improve the photo-peak efficiency but degrade
the intrinsic spatial resolution. The 1-inch (2.54 mm) cut crystal
offered by GE in the early 2000s (StarBright™) is not available
any more. This crystal had thin cuts made to form blocks that
acted as light guides. The purpose was to reduce the degradation
of the intrinsic spatial resolution that otherwise would have been
the result owing to the thickness of the crystal. Although this
crystal was predominantly used in the earlier coincidence PET
gamma cameras to efficiently absorb the 511-keV photons, it
also significantly improved the sensitivity for higher energy
radionuclides such as '>'T and '''In imaging by decreasing the
transmitted fraction of photons.

The current SPECT systems are equipped with detection devices
to automatically calculate non-circular orbits: The detection
methods can be based on optical detection using light-emitting
diodes or electromagnetic signals generated by the collimators.
Aside from the safety aspect, non-circular orbits ensure closer
distances to the patient for each of the SPECT projections as well
as easy setup procedures, which together reduce the overall time
that the patient spends on the imaging table. However, the ad-
ditional motions between projections to position camera heads
can again add to the overall study time.

Parallel-hole collimators with hex-shaped holes of different hole
diameters, hole lengths and septum thicknesses are generally
used for SPECT imaging. The design depends on required
resolution/sensitivity and the energy of the photons. Although
other manufacturers previously offered collimators dedicated to
specific imaging protocols (Cardio-Focal by Picker, now Phi-
lips), Siemens now offers a similar collimator for cardiac
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perfusion imaging, called Smart Zoom, where the central por-
tion focuses on the heart and collects up to a factor of four times
more counts than conventional parallel-hole collimators.
Whereas the cardiofocal collimator only magnifies and improves
the count statistics in the heart region while truncating the rest
of the body, the Smart Zoom collimators magnify the heart
region while still acquiring counts up to the body edge for a large
range of patient body sizes. Truncation is thus greatly reduced.
Their camera also utilizes a cardiocentric orbit where the user
centres the camera on the heart instead of the mechanical centre
of the camera. This improved orbit ensures that the heart
remains in the magnification area of the Smart Zoom collimator.
It is envisaged that more such dedicated imaging solutions will
become available in the near future.

GE and Siemens offer advanced and integrated diagnostic SPECT/
CT solutions with 2-, 6- or 16-slice diagnostic CTs. Basically, the
SPECT/CT is a hybrid or a combination of each of the two sys-
tems that have the same characteristics as the respective stand-
alone devices. A similar offer from Philips was discontinued.

Philips, with the BrightView XCT system, added a dedicated flat-
panel low-dose cone-beam CT (CBCT) for localization and at-
tenuation correction to their two-headed SPECT cameras
(Figure 1). The flat-panel detector is mounted on the same
gantry as the SPECT cameras, enabling coplanar SPECT and
CBCT. The CT flat-panel detector (40 X 30 cm) is mounted at
a lateral offset with respect to the X-ray tube. An X-ray

projection covers slightly more than half of the CT FOV. With
a 360° rotation of the gantry, a 47-cm diameter transverse FOV
and a 14.4-cm axial length along the patient can be imaged. The
system provides reconstructed images with a 1-mm isotropic
voxel size for the entire FOV and as small as a 0.33-mm isotropic
voxel size for high-resolution subvolume reconstructions. Either
300 or 720 X-ray projections can be acquired during a full ro-
tation with 12-, 24- or 60-s rotation times.

IMAGE RECONSTRUCTION AND QUANTIFICATION
USING ANATOMICAL INFORMATION

Image reconstruction

Most of the newer SPECT systems have the option to select sta-
tistical iterative reconstruction for creating images.”® Briefly, an
iterative procedure includes some kind of model of how the
images are formed by the acquisition system. For a SPECT system,
an image is formed by the collimation of emitted photons in such
a way that only those photons having a direction within a cone-
shaped volume, formed by the collimator holes that are orthog-
onal to the crystal surface, will interact with the crystal and
produce scintillation events. Thereby, these so-called projections
are created as 2D representations of all photons detected along the
projection cones and this give rise to a distance-dependent reso-
lution. Thus, no source depth information exists in the 2D pro-
jections and it is therefore the purpose of the reconstruction
algorithm to create an estimate of the source distribution in 3D.
From the CT in SPECT/CT systems, attenuation maps are gen-
erated and incorporated in the image formation model.

Figure 1. Cardiac perfusion stress single-photon emission CT (SPECT)/CT images of a 51-year-old female with a body mass index of
38.1kg/m2 acquired on a BrightView (Philips Medical, Cleveland, OH) equipped with a low-dose cone-beam CT: the top row is
showing the registration between SPECT and CT in three orientations (transaxial, coronal and sagittal), while the subsequent rows
are demonstrating the improvement when attenuation, scatter and spatial resolution corrections are performed. The arrows on the
filtered backprojection slices are pointing to a decrease in apparent uptake due to breast attenuation.
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The key feature of an iterative reconstruction algorithm is that
one starts with an initial estimate of the internal and unknown
radionuclide distribution. This estimate can be any distribution
and is usually an image set with equal and constant voxel
values. SPECT projections are calculated from the initial esti-
mate using a computer model of the imaging system described
in the previous paragraph. The underlying assumption is that if
the calculated projections match the measured projections,
then the internal unknown activity distribution in the patient
matches the estimate. Initially, these are most likely non-
agreeing, so the initial estimate needs to be modified. There-
fore, updates are made in the estimate based on a comparison
between calculated projections of the estimate using the
physics of the imaging process and the measured projections.
By backprojection, the deviations between these two projection
sets finally form an error image of weighting factors that is
used to update the initial image estimate. This procedure is
placed in an iterative loop in which the calculated and mea-
sured projections are compared until the deviation is smaller
than a selected criterion (convergence has been reached).
Hence, when this happens, the reconstruction loop is stopped.
In practice, with noisy projection data, the iterative re-
construction procedures are stopped after only a small number
of iterations, since the noise in the final image tends to increase
for large number of iterations. Figure 2 shows a flowchart of
the major steps in the iterative algorithm. The most popular
iterative reconstruction algorithm implemented is ordered
subset expectation maximization (OS-EM)’ due to the speed
with which it reaches a good estimate of the activity distribu-
tion. One potential problem associated with the method is that
it does not theoretically converge to a single solution. Instead,
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it starts to cycle through different solutions instead of con-
verging to only one.'® The number of solutions will then be
equal to the number of subsets. However, in most cases, the
objects of interest in clinical imaging are smooth in their
shapes so that the different solutions are closely related to each
other and therefore, this property of the method is not a major
drawback.

It should in this context be remembered that the iterative al-
gorithm seeks a solution for the distribution of the radio-
pharmaceutical from a comparison between measured and
calculated projections. The underlying assumption here is that
the two projection sets have been created under the same
conditions. However, if the computer model does not include
all the physical effects such as non-homogeneous photon at-
tenuation, contribution from scattered photons and blurring
due to the collimator response, then the reconstructed image
will not represent the true distribution even if the process
reaches convergence. Therefore, compensation for these effects
should in principle be made even for non-quantitative studies
for which the absolute values of activity are of less importance.
The compensation comes naturally in the iterative process
since if a process is properly modelled in the forward/backward
projector step (Figure 2), then this will automatically be
a compensation for the physical effects. The following sub-
sections will discuss the major physical effects that are im-
portant to consider.

Attenuation correction in single-photon emission CT
The use of CT information for attenuation correction led to an
increased interest for this compensation method, since it was

Figure 2. A flowchart describing the different steps in an iterative reconstruction method: for the Maximum Likelihood Expectation
Maximization (ML-EM) algorithm, the comparison is based on the ratio between the measured and the calculated projections. The
principal difference between ML-EM and ordered subset expectation maximization (OS-EM) is that for OS-EM, the initial image is
updated after a subset of projections have been processed, while for ML-EM the image is not updated until all projections have been
processed. Although there are theoretical limitations with the OS-EM algorithm, the method has been successfully implemented for
clinical applications and the improvement in speed of reading convergence is, as a rule of thumb, a factor equal to the number of subsets.
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recognized that creating attenuation correction maps from ex-
ternal radionuclide sources mounted opposite the imaging de-
tector imposed several serious limitations that were hard to
overcome. Some of these limitations were (a) the additional op-
erating cost of the decaying radioactive sources and the need to
exchange them at regular intervals, (b) the problem with down
scatter from the emission radionuclide that resulted in unwanted
events in the transmission energy window, (c) poor resolution
and (d) high image noise. The first GE Hawkeye 1 SPECT/CT
system that created CT images for attenuation correction was
superior when comparing with even high-quality diagnostic CT
images produced by the current systems because the images were
created for a long acquisition time so that breathing artefacts were
not apparent. The images thus reflected the average attenuation of
a long duration SPECT acquisition. Because of the coarse spatial
resolution (3—4 mm), large slice thickness (10 mm) and long ac-
quisition times (10 min), the quality of the resulting CT images
was, of course, prohibitively poor for diagnostic applications.

Rapidly acquired, high-resolution diagnostic CT scans are, of
course, of great value since they produce a high-definition an-
atomical map that can be used for a stand-alone radiological
investigation. However, when combining the two systems, sev-
eral issues need to be considered. First, it should be remembered
that a SPECT projection is an acquisition averaged over many
respiratory cycles. This means that motions will blur the image
and the outline of a particular slice will define an average out-
line. When using rapidly acquired CT images for attenuation
correction of such time-averaged slices, the CT image may not
represent the internal structures very well because of the nearly
instantaneous CT acquisition time. Secondly, the spatial reso-
lution of the SPECT system is far coarser than that of CT. This
means that if a high-resolution CT image set is used to com-
pensate for attenuation, there is a potential risk of artefacts at
boundaries between different attenuating tissues because of the
spill-out of events due to the limited spatial resolution of the
SPECT system. Often, this effect is reduced by smoothing the CT
images with a Gaussian kernel that results in a spatial resolution
of the CT images comparable with the spatial resolution of the
SPECT images (which depends mainly on the collimator char-
acteristics). Thirdly, depending of the acquisition parameters
(voltage and mAs) the CT image may not be optimal for at-
tenuation correction and the scaling from the X-ray brems-
strahlung spectra to the specific photon energy used in SPECT
may not be optimal. When using CT only for attenuation cor-
rection, the so-called low-dose protocols can be used that are
optimized for the purpose of compensation including a longer
scanning time to average the respiratory movements and
matched spatial resolutions (matrix size and slice thickness).

Scatter correction in single-photon emission CT

Several different scatter correction methods have been proposed
and explored by many for clinical use."' Siemens and GE have
implemented some form of the dual-energy window method
based on the estimation of scatter from additional energy win-
dows for subtraction from projection data or used within iter-
ative reconstruction methods as an additive term.'” However,
there have been suggested alternatives to these methods, since it
is generally known that the distribution of scatter in additional

lower scatter windows does not reproduce the scatter distribution
in the main photo-peak energy window. An alternative is to use
model-based scatter compensation that does not rely on additional
energy window data collection. Instead, it models the scatter in the
main photo-peak energy window by using pre-calculated scatter
kernels or in real-time calculates the scatter based on theoretical
cross-sections of first-order scattering. Philips has implemented
a version of the effective scatter source estimator method, origi-
nally developed by Frey and Tsui."”

Collimator response corrections

Most commercial systems in use offer some compensation for
the limited spatial resolution due to the collimator design. These
methods are generally implemented in the iterative re-
construction algorithm and model the depth-dependent blur-
ring caused by photons that reach the detectors by an increased
number of neighbouring holes, as the source is moved away
from the collimator surface. Although the total number of
counts for a parallel-hole collimator remains the same within
the clinical volume of a SPECT acquisition, the spatial distri-
bution of the counts will differ. Therefore, spill-in and spill-out
from and to neighbouring voxels can occur when evaluating the
counts in specific regions of interest. The model in the forward
and backward projectors in principle treats all counts coming
from the same distances separately. Before summation to the
final projections, the separate images are filtered by a point
spread function with a width that matches the resolution in
a particular plane. The point spread functions can simply be
Gaussian functions, which mainly mimic the geometrical com-
ponent of the collimator response but can also include com-
ponents from penetration and scatter in the collimator, which
occur when using radionuclides that emit higher energies, such
as "°'I or bremsstrahlung photons from *°Y.

Partial volume correction

An extension of collimator response correction is partial volume
correction. The effect of partial volume is an apparent reduction
of the radioactive count density/X-ray density that occurs when
an organ/tumour/defect only partially resides within the “sen-
sitive volume of the imaging instrument (in space or time)”141?
From the review of Erlandsson et al,'? it is clear that an extensive
body of work exists in an effort to minimize the partial volume
effect. The main aim of partial volume correction (as well as
resolution correction) is to improve the quantitative accuracy of
the structure under investigation. A diagnostic CT produces
a very large fluence of X-ray photons that pass through a patient.
To reduce the partial volume effect in this case, one only has to
increase the sampling frequency (by reducing the voxel size and
slice thickness). Projections from SPECT acquisitions, however,
generally inherent limited count statistics due to the low sensi-
tivity (registered counts per unit activity or cps/MBq) of the
camera. Therefore, in SPECT, and owing to its relatively large
voxel sizes, one has to rely on methods that “move” counts back
to where they belong or methods that determine the mixture of
different structures within an imaging voxel. Contrast-enhanced
diagnostic CT images, sequentially acquired with SPECT/CT,
can be used to accurately identify structures (tumours, organs
etc.) at a high sampling frequency and determine the mixture
when downsampling to the SPECT voxel size.*’
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Figure 3. Comparison of Monte Carlo-simulated °°™Tc energy spectrum for a cadmium-zinc-telluride camera (left) and
a conventional Nal(Tl) single-photon emission CT camera (right):?' the phantom that has been simulated is an elliptical 30 X 22-cm
water phantom with a cardiac insert. The scatter (photon interactions in the phantom) and primary (no photon interactions in the

phantom) are also displayed as a separate energy spectrum.
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Motion problems and corrections

Acquisition times for conventional SPECT/CT systems vary and
can be longer than 30 min. In all cases, two sets of data are
acquired—the SPECT, which takes most of the time, and the CT,
either before or after the SPECT. Patient body motion can occur
during both the SPECT and CT portions of the study, but also
during the transition from one to the other. For the latter, all
manufacturers offer registration tools to manually register the
SPECT and CT. Motion during the CT portion of the acquisition
is usually minimized owing to short scan times as well as breath-
holding by the patient when a diagnostic CT (2-16 slice) is used.
Tidal breathing is recommended for the BrightView XCT from
Philips. All manufacturers have some form of motion correction
for SPECT using the consistency of the projections. These
algorithms work best for small and simple motions. Most clinics
will still repeat the acquisition when excessive body motion is
present. With the improvement in SPECT spatial resolution over
the past two decades, it now becomes imperative to consider the
effects of respiratory motion.

NEW SINGLE-PHOTON EMISSION CT SYSTEMS
BASED ON SOLID-STATE MATERIALS

Nal(Tl) is a scintillation material that has been in use for many
years, is readily available, cost effective and still the pre-
dominantly used detector material in SPECT systems. The
principal characteristic of scintillators is that the absorbed
photon energy is converted to visible light in proportion to the
deposited energy. The light is detected by PMTs, converted to
electrons at the cathode surface of the PMTs and attracted to
a sequence of dynodes to create an avalanche of electrons that
results in an electrical signal which is further processed to supply
energy and positional information. Because of the many steps
involved, the uncertainty in the measured energy signal is quite
large resulting in an energy resolution in the order of 10% full
width at half maximum at 140 keV. Furthermore, a large number
of PMTs are needed to determine the location of the interaction
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in the crystal and therefore, the scintillation camera head is quite
large and requires sophisticated tuning methods so that all PMT
provide similar amplitude signals for the same imparted energy.
Recently, commercial SPECT systems based on cadmium-—
zinc—telluride (CdZnTe or simply CZT) have been introduced.
CZT is a solid-state detector material with a density of
5.78 gcm° that generates signals from the collection of induced
charge created by the ionizations from photoelectric interactions
or Compton scattering. The induced charges are collected by
individual anodes, since a high voltage is applied between the
front surface (the cathode) and the pixelated anodes. Each anode
therefore acts as an individual detector. There are two effects
that make the characteristics of CZT detectors different from
that of NalI(Tl). First, there is a possibility that the created
electron-hole pairs can recombine during the charge diffusion
process. This means that some of the electron-hole pairs will be
lost and because there is an assumed proportionality between
the absorbed energy and the number of created electron-hole
pairs, the total measured energy will be reduced. The second
effect is that the cloud of induced charge created by an in-
teraction will also diffuse laterally along the transportation di-
rection of the electric field. This diffusion can be described by
a three-dimensional (3D) Gaussian distribution with a standard
deviation that depends on the applied voltage and the depth of
interaction. The result can be either a loss of induced charge due
to the gap between the anodes or that charges are shared by
anodes located nearby. The two effects, described above, lower
and divide the detected energy and result in a characteristic tail
below the photo-peak (Figure 3).*'

Although they are not SPECT/CT systems, it can be worth
mentioning in this context that dedicated molecular breast
imaging is available commercially from GE Healthcare that uses
CZT technology system (GE Discovery NM750b). A hand-held
CZT camera with a matrix size of 32 X 32 (four CZT modules)
that is designed mainly for visualization of sentinel lymph
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node locations is manufactured by Crystal Photonics GmbH,
Berlin, Germany.

Cadmium-zinc-telluride single-photon emission CT
cameras for cardiac applications

Two systems based on the same CZT technology and dedicated
to cardiac perfusion SPECT studies are at present commercially
available. The first clinical system, introduced in the market, was
the D-SPECT (Spectrum Dynamics, Caesarea, Israel) and this
was followed later by the Discovery NM 530c (GE Healthcare,
Haifa, Israel). Both systems have a C-shaped gantry that contains
multiple detectors. The number of detectors is, however, dif-
ferent between the systems. The GE Discovery NM 530c has 19
stationary detectors equipped with pinhole collimators and
arranged as 3 rows oriented perpendicular to the patient long
axis. Nine detectors are located in position along a transaxial
section and distributed around 180°. The other detectors are
tilted and positioned as two groups of five detectors on each side
of the main row of detectors. The D-SPECT has 10 CZT
detectors where each is equipped with a parallel-hole square-
hole collimator, made of tungsten, and where each detector
swivels around its own axis to acquire an optimized number of
projection angles. Figure 4 shows two sketches of how the
detectors are positioned in the camera gantry of each camera.
Both systems have detectors composed of four 16 X 16-pixel
CZT modules of 5-mm thickness. The detectors for GE Dis-
covery NM 530c are arranged as 2 X 2 modules with a total of
32 X 32 pixels, while the D-SPECT uses 1X4 modules as
a 16 X 64-pixel arrangement. The pixel size for CZT modules is
2.46 mm and corresponds in a way to the intrinsic resolution
which in conventional NaI(Tl) camera is in the order of 3.5 mm
(depending on the crystal thickness).

The major advantages of these new CZT modules are the small
size of the CZT module and the absence of PMTs, which allows for
a compact camera but still with multiple detectors. This means
that it is possible to increase the overall system sensitivity signif-
icantly (around 640 MBq~'s™' for a source in air for the 530c
system and 400 MBq~'s™' for the D-SPECT system) as compared
with, for example, the dedicated cardiac Ventri™ camera (GE
Healthcare, Haifa, Israel), which has a system sensitivity of about
200 MBq~'s ™. The improvement in sensitivity can either be used
to reduce the acquisition time of a given administered activity or
the reverse or for improving the statistics in the acquired pro-
jections and thereby reducing the need for post-filtering. In the
study by Oddstig et al,”* they showed that the when using the CZT
camera (GE NM 530c¢), the total effective dose could be decreased
from 9.3 to 5.8 mSv by decreasing the administered activity from
4 to 2.5 MBq per kilogram body weight while keeping almost the
same image quality. The SPECT spatial resolution is about 6.1 mm
for the 530c system and 8 mm for the D-SPECT at 10 cm.? Also,
there is the possibility to perform fast dynamic SPECT with both
these systems, since all projections are acquired simultaneously.
An example of improvement in both spatial resolution and image
contrast is shown in Figure 5. The particular SPECT system for
this example is the GE NM 530c system.

Full-sized cadmium-zinc-telluride single-photon
emission CT/CT cameras

The newest CZT technology is the GE Healthcare full-size CZT-
based SPECT/CT system (Discovery NM/CT 670 CZT), which is
designed mainly for 99mp 200 1231 133%6 and '"Lu isotopes.
The system is based on the gantry of the two-headed GE Dis-
covery NM/CT 670 Pro system, but the Nal(Tl) crystals and
PMTs are replaced with CZT detectors. Each of the CZT module

Figure 4. A sketch is showing the location of the detectors in the GE NM 530c¢ cadmium-zinc-telluride (CZT) single-photon emission
CT (SPECT) system and the D-SPECT system: (a) for the GE system, there are nine detector locations of which five have three CZT
blocks (two blocks of (b) each side of the centre slice location) and the other four have only the centre CZT block. (c) All detectors
look at the same centre of rotation point where the heart should be positioned. The D-SPECT system has parallel-hole collimators
and the 10 detectors are swivelled back and forth during the study in order to increase the number of projections.

A. D-SPECT

Swiveling detectors

B. Discovery NM 530c
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Figure 5. A comparison of a myocardial perfusion study
obtained from the NM 530c cadmium-zinc-telluride (CZT)
camera and a conventional Nal(T)-based camera: the Nal(Tl)
camera acquired data in 15min and with an administered
activity of 925MBq, while the CZT camera acquired data in
3min with an administered activity of 185MBqg. [Courtesy
Aharon Peretz, GE Healthcare, Haifa, Israel].

CZT technology

covers an FOV of 3.96 X 3.96cm? and there are 130 CZT
modules per camera head. Figure 6 shows an image of the new
full-sized CZT module package to the left and an image of the
whole camera to the right.

For current users of the Discovery 670 Pro system, the modular
design of this camera will allow for an upgrade to the Discovery
670 CZT by replacing the two detector heads. The detector area
(39 X 51 cm) is smaller than that of a regular 670 camera based
on the Nal(TI) crystal, but the effective FOV is actually 25%
larger owing to the lack of edge effects that distort the image and
therefore makes this part of the camera field not useful. This
means that data acquired in the whole FOV camera can be used.
The detector frame is also reduced from 7.5 to 2.5 cm with the
advantage of allowing for a more central positioning of the head
with less shoulder interference when performing head and neck
SPECT studies. This may improve the acquired spatial resolution
for this specific acquisition protocol. The collimators are made
of lead with square holes and the septa are registered to the gaps

Ljungberg and Pretorius

between the anodes of the CZT detector. This is a potential
problem where the design of the collimator is not independent
of the detector. Also here, the pixel size of the image is fixed and
measures 2.46 mm” This provides a corresponding intrinsic
spatial resolution of 2.46 mm at the face of the collimator, which
is about 1.5mm less than that of conventional scintillation
camera systems. The energy resolution for 140-keV photons
measured approximately 6.3% full width at half maximum at
140 keV according to the vendor. Since each anode in the CZT
module acts as a separate independent detector, resolving time
losses at high count rates are less as compared with traditional
technology (1.4-fold higher count rate performance). The cur-
rent version of the system includes only a low-energy ultrahigh-
resolution collimator.

Figure 7 displays a comparison between a bone SPECT image
obtained by a CZT camera and a conventional NaI(Tl) camera.
Acquisition time was 8 min.

CLINICAL SINGLE-PHOTON EMISSION CT BASED
ON MULTIPLE PINHOLES

The MILabs BV company in Utrecht, Netherlands, have recently
announced their development of a clinical camera for the brain,
and paediatric SPECT and envisage SPECT with an extended
FOV called G-SPECT. It is designed as a full-ring stationary
SPECT system with the capability of performing clinical imaging
with a spatial resolution in the order of approximately 3 mm.
The company also claims a unique capability of providing good-
quality imaging studies but with a significantly lower adminis-
tered activity due to the improved overall system sensitivity. The
SPECT system will also be able to perform imaging of fast tracer
dynamics. The inspiration for the clinical SPECT camera
has been taken from the design of their U-SPECT pre-clinical u
SPECT system. The system consists of 9 large FOV cameras
using 595 X 472-mm” Nal(Tl) scintillation crystals and the
system has an interchangeable nonagon-shaped collimator that
contains 54 pinhole apertures which thus results in 54 projec-
tions around the object acquiring data simultaneously. The
company initial results, published on their web page, were
obtained with a collimator with a bore diameter of 398 mm, but
the plans are also to introduce a second larger bore collimator
kit that will enable total-body and high-resolution cardiac im-
aging. SPECT images are reconstructed from list-mode data

Figure 6. Photographs of the new full-size field-of-view cadmium-zinc-telluride (CZT) detector system (a) that is included in the

new NM/CT 670 CZT camera (b).
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Figure 7. A comparison of bone scan coronal images obtained from the new NM/CT 670 cadmium-zinc-telluride camera and an
ordinary Nal(T)-based NM/CT 670 Pro camera. The improved contrast that is partly due to reduced scatter contribution can be

noted. [Courtesy Aharon Peretz, GE Healthcare, Haifa, Israel].

Nal(Tl) conventional technology

CZT technology

CZT technology (75% time)
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using a model-based 3D OS-EM reconstruction algorithm®* that
utilizes response function modelling of the system resolution
and position-dependent sensitivity to improve resolution (Figure 8).

To demonstrate the improvement due to the novel design in
terms of spatial resolution, the company have published images
of the G-SPECT, where they compare their system with a
commercial state-of-the-art Siemens dual-head SPECT camera
equipped with low-energy high-resolution parallel-hole colli-
mators using their OS-EM reconstruction (Flash3D) with res-
olution recovery.”> The source activity filled in a Derenzo hot
rod phantom was the same and the scan time was 15min
(Figure 9). MILabs researchers also claim that it may be possible
with the new SPECT system to acquire dynamic image projec-
tions with a time interval of <10s for focused scans and ap-
proximately 1 min when imaging the entire brain.

The prototype is not yet equipped with a CT, so image fusion and
attenuation correction are most likely made by mathematically
registered CT images. It should again be pointed out that at the

moment of writing, this SPECT system was not released in the
market; but, the authors of this review feel it still might be of
interest to the readers.

CLINICAL APPLICATIONS USING SINGLE-PHOTON
EMISSION CT/CT

Clinical reviews of applications of SPECT/CT have been com-
piled and published in several publications. The International
Atomic Energy Agency published, in 2008, a book entitled
“Clinical applications of SPECT/CT: new hybrid nuclear medi-
cine imaging system’,”® which is available free for download and
is an overview of the SPECT/CT technology and covers the
status of SPECT/CT imaging, the role in the clinical manage-
ment and possible future trends in development. Another book
is “Clinical applications of SPECT-CT”*” which reviews SPECT/
CT in the diagnosis and therapy planning of benign and ma-
lignant diseases. Other review articles of clinical applications
have been published."** ' Among these, Bailey and Willow-
son’” have published an evidence-based review of the use of
quantitative SPECT/CT.

Figure 8. A computer-rendered image of the new G-single-photon emission CT (SPECT) system announced by MilLabs. [Courtesy

Freek Beekman, Delft University of Technology, Netherlands].
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Figure 9. The image is showing a comparison between the G-single-photon emission CT (SPECT) and a Siemens Symbia system
using a high-resolution phantom: the same acquisition time and activity (30min and 22.5MBq) have been used in both
measurements. G-SPECT was reconstructed with a voxel-based ordered subset expectation maximization algorithm and Siemens
Symbia was reconstructed with Flash3D. [Courtesy Freek Beekman, Delft University of Technology, Netherlands].
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The traditional way of evaluating possible pulmonary emboli has
been to acquire planar views in different projections and compare
studies representing air ventilation with blood perfusion. The
group at the Lund University Hospital>> pioneered the in-
troduction of SPECT and especially the calculation and displaying
of ventilation/perfusion quotient images by normalizing the
counts in the ventilation image to the perfusion image and
from this calculating the Ventilation/Perfusion quotient images.
According to Bajc and Jonson,** the method has an excellent
sensitivity and specificity and can be performed in all patients
with a low radiation dose. A complete study can be made within
20min. They conclude that the outstanding qualities make it
qualified as a primary diagnostic method for pulmonary emboli.

99MTc and 2°'TI myocardial perfusion studies

Myocardial perfusion imaging (MPI) is one of the backbones of
nuclear medicine and probably the first to benefit from the
development of SPECT/CT; however, many clinicians and sci-
entists involved in MPI appreciated the importance of attenua-
tion and scatter correction prior to the availability of this
technology’>™° using transmission imaging.” It was also long
realized that resolution compensation®*’ should be part of the
solution to improve MPI and even to reduce injected activity.*'
It has been shown in an Receiver operating characteristic study
that compensating for all physical degradations, stress MPI has
a significantly better area under the curve than when filtered
backprojection is used in both rest and stress MPL** With all the
major vendors now offering SPECT/CT equipment with either
low-end diagnostic CTs (Siemens, GE) or low-dose CBCT
(Philips), these compensation techniques (photon attenuation,
scatter and collimator resolution) are greatly enhanced owing to

Siemens Symbia

the improved quality of the attenuation maps. Furthermore, an
additional value is added enabling clinicians to perform calcium
scoring*? as well as CT coronary angiography®’ in sequence with
SPECT MPI. CT coronary angiography in combination with
MPI also makes partial volume compensation possible,'*’ and
absolute blood flow measurements might not be far in the
future**** using technologies such as the GE Discovery 530c.
The simultaneous acquisition of projections also makes re-
spiratory motion estimation and compensation without re-
spiratory motion tracking possible.*’

A note of caution is necessary regarding the differences in
durations of the SPECT and CT portions of an MPI acquisition.
As discussed in the section on “Attenuation correction in
SPECT”, the newer SPECT/CT systems have CTs with much
faster scan times and are able to accommodate breath-hold
protocols. These protocols can cause mismatches between the
SPECT and CT even after manual registration owing to the
uncorrected respiratory motion in SPECT, especially when large.
A study by Pretorius et al*’ shows that >30% of patients have
respiratory motion estimates >10mm and a maximum of
25 mm during **™Tc stress MPI. Some cardiac CT protocols call
for slow or tidal breathing during acquisition (Philips Bright-
View with CBCT); however, in the study just mentioned,*’
streak artefacts in the location of the diaphragm are visible when
excessive breathing occurs. This is due to the short CT acqui-
sition time of 60's used for cardiac protocols, effectively dividing
approximately 15 respiratory cycles (4s/cycle) across 300 pro-
jections or 20 projections per cycle. Figure 10 gives example
coronal slices of low-dose CBCT slices of two female patients
with vastly different respiratory motions. The arrows point to
some of the differences.
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99MT¢ bone scanning

Bone scintigraphy generally has a very high sensitivity because of
the increased bone turnover caused by tumour growth. The
specificity of scintigraphy, however, is much lower. Planar
images acquired in anterior and posterior views has been the
standard scintigraphy method for many years. The method uses
inherently 2D projections and does not explore the information
of the source depth. Therefore, it is impossible in many sit-
uations to determine whether a possible lesion is located in the
spine or in the thoracic cage (Figure 11). Romer et al*® dem-
onstrated in 2006 the usefulness of SPECT/CT compared with
planar imaging or SPECT. In their study, they demonstrated that
the use of SPECT/CT-correlated images provided a definite di-
agnosis in 92% of skeleton lesions otherwise classified as in-
determinate on using only SPECT. In a recent article, de Zwart
et al*” showed SPECT/CT to have a potential of being more ac-
curate than planar scintigraphy imaging, as it uses anatomical
information of the CT to discriminate among the scaphoid, other
carpal bones and bone bruises. They concluded that SPECT/CT is
superior to planar bone scintigraphy in the detection of occult
fractures and presents additional information about the injury site
and localization of the fracture, and the method could potentially
serve as a future reference standard for studies concerning
scaphoid fractures. More information regarding SPECT/CT and
orthopaedic practice can be found in the review by Scharf.”’

Parathyroid imaging

Primary hyperparathyroidism is diagnosable by a routine serum
calcium measurement and since the first successful surgery early
in the twentieth century, the size of parathyroid adenomas has
decreased significantly.”’ Coakley et al>* in 1989 reported a new
imaging technique using **™Tc-sestamibi instead of the then
routine *°'T1/**™Tc-pertechnetate subtraction protocol and the
two methods were shown to be at least similar® by the same
group. The two *™Tc-sestamibi protocols currently in use have
been shown to benefit from the availability of SPECT CT.>*»>
The first,”® pre-operative '>’I/**™Tc-sestamibi subtraction
SPECT/CT, was more specific than subtraction SPECT alone,
while in the second,” dual-phase **™Tc-sestamibi parathyroid
scintigraphy, benefitted from the CT, improving both specificity
and sensitivity when planar imaging was used in combination
with SPECT/CT. Hindié et al,”® in an excellent continuing

education article, suggested the first method is better; however,
they did not reference the work of Lavely et al.”> The location of
the parathyroid in the neck close to the transition to the more
significant attenuation of the shoulders makes SPECT/CT even
more useful, “cleaning up” the highly non-uniform radioactive
distribution that can occur locally. Furthermore, it is well known
that smaller adenomas’' should be better visualized when all
physical degradations are included, similar to other disease states.””

Standard uptake values

The concept of standard uptake values (SUVs) has frequently
been used in PET for tumour staging by employing relative
quantification of tumour uptake. Recently, a study was pub-
lished that evaluated the clinical usefulness of SUV methodology
in *™Tc-methylene diphosphonate SPECT/CT bone scans for
the assessment of determining the response in prostate cancer
treatment.”® SUV is defined as the ratio between the activity con-
centrations in the tumour and the average activity concentration in
the normal tissue (which in practice is estimated by the body
concentration). For simplicity, the volume of the body is approxi-
mated by the weight of the body. To calculate SPECT SUV, a proper
compensation for photon attenuation, scatter and collimator re-
sponse is very important, since it is activity and activity concen-
tration that are obtained from the images and then normalized
to administered activity. SPECT SUV software is commercially
available by Hermes Medical Solutions (Stockholm, Sweden).

Prostate cancer

Prostate cancer is one of the most common cancers in males,
which leads to morbidity and mortality, and this makes imaging
very important for staging and to determine the proper treat-
ment. Presently, PET/CT is the method of choice for imaging
and here choline has been used as a radiotracer. Prostate-specific
membrane antigen (PSMA) has shown to be a promising new
target for both diagnostic imaging as well as therapy. Liitje et al>®
have published a review on the clinical status for PMSA appli-
cations. They describe studies of PSMA ligands with SPECT/CT
for "I and **™Tc and for PET/CT with ®®Ga and '*F. Because of
the increased frequency of incidence of this type of malignancy,
it can be expected that SPECT/CT will play an important role at
sites where PET/CT is not available. Reinfelder et al®® recently
presented their experiences with **™Tc-labelled PSMA inhibitor

Figure 10. Example low-dose coronal cone-beam CT slices through the heart (left) and oesophageal spine (right) regions of two
female patients of similar size (body mass indexes approximately 35.0 kg/m?). The patient at the top respiration was estimated as
2.6-mm left to right (x), 7.3 mm anteroposterior () and 21.0-mm head to feet (2), while the same estimated for the patient at the
bottom came to 1.7, 1.7 and 5.9 mm, respectively. The arrows are placed where the images at the bottom are more clearly defined

than that at the top owing to the differences in respiratory motion.
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Figure 11. A comparison of images obtained with single-photon emission CT (SPECT)/CT (left two columns) and planar imaging
(rightmost column): transversal and coronal images are shown for the two sections. The precise location of the lesion is hard to
determine in the planar images owing to the lack of depth information, but from SPECT/CT it is clear that the lesion is located within

one of the vertebras. Ant, anterior; Post, posterior.

Transversal

MIP-1404 detection of locally recurrent or metastatic prostate
cancer. Other types of PSMA inhibitors, labelled with '*’I, have
been studied by Barret et al.®!

Single-photon emission CT/CT in

radionuclide dosimetry

The number of nuclear medicine studies for dosimetry studies
related to radionuclide therapy has increased significantly. Al-
though PET is superior to SPECT regarding spatial resolution
and sensitivity (counts per second per megabecquerel), there are
not many potential positron-emitting radionuclides that are
good candidates for radiotherapy because most of the positron
emitters are short-lived. Dosimetry also relies on accurate
quantification methods because the absorbed dose is directly
calculated from quantitative SPECT/CT images. The ability to
obtain patient-specific activity distribution together with patient
geometry using a SPECT/CT system makes individual patient
dosimetry possible. Examples of commercial packages are Do-
simetry Toolkit (GE Healthcare),%* Stratos® (Philips Medical
Systems)63 and VoxelDose®® (DosiSoft, Cachan, France). A series
of guidelines for quantitative SPECT have been published by the
Medical Internal Radiation Dosimetry Committee including
a generic description® and two nuclide-specific guidelines for
B'odine®® and '"’Lutetium,®” respectively.

Two major treatments employing dosimetry from SPECT/CT are
the °°Y selective internal radiation therapy and the treatment of
patients with progressive metastatic neuroendocrine tumours
with ""Lu-DOTA-tyr3-Octreotate. Selective internal radiation
therapy is increasingly used for treating inoperable primary or
metastatic cancer in the liver. The treatment is accomplished by
intrahepatic arterial administration of microspheres attached
with “°Y and these spheres are trapped in the vascular capillary

Coronal (Ant)

Planar{Ant)

Planar (Post)

tree owing to their size. The energy from the emitted 3 particles
results in a lethal absorbed dose to the tissue that is proximal to
the capillaries where tumour cells are located. A risk factor for
the treatment is the shunting of *°Y microspheres to the liver
veins to be finally trapped in the lung capillary bed. A **™Tc-
labelled macroaggregated albumin study is therefore performed
prior to treatment in the same manner as the treatment with *°Y
spheres is performed to determine possible shunting. Quantitative
SPECT/CT can be used for the **™Tc-labelled macroaggregated
albumin administrations as part of a pre-therapy dose-planning
procedure or for imaging the bremsstrahlung from °°Y post-
treatment in order to estimate the actual delivered absorbed dose.

The ""Lu-DOTATATE treatments consist of a series of courses,
in which a fixed amount of activity is administered to the pa-
tient. In order to determine the numbers of courses, the
absorbed dose requires careful measurements and an accurate
compensation for the previously mentioned physical problems.
The treatment is continued until the cumulative absorbed dose
reaches the limit for the kidneys. The absorbed dose is determined
from multiple quantitative SPECT/CT or in combination with
quantitative planar images. The treatment is based on a low-dose
rate exposure over an extended time interval and reparation of cell
damages may occur. Therefore, calculation of the biological ef-
fective dose is often the end point, since this parameter takes into
account cell reparation during the irradiation time using a for-
malism based on the linear quadratic model for cell survival.*®

RADIATION DOSE

The radiation doses received by patients from SPECT/CT
examinations have been of concern for several years and seri-
ous efforts are been made to reduce the dose. In general, con-
cerning risk of late carcinogenic diseases, one cannot say
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anything about the absorbed dose to an individual. Instead, it is
the general population exposed to a particular study that is of
interest and where one should look at in order to find ways to
reduce the dose. Of course, in general, the principle of avoiding
unnecessary exposure should always hold true. Also, for certain
populations with higher risk, such as pregnant females and
young people, alternative investigations should be considered.
New technologies such as dose modulation and iterative re-
construction methods can help reduce the dose. However, all
new technologies are prone to taking time to garner widespread
acceptance. Iterative reconstructed CT images with a different
noise texture compared with filter backprojection methods make
physicians uncomfortable and therefore, they might resist using
such images for clinical evaluation of patients. A long-term
training in reading these images might solve this problem. An-
other but similar example is the slow introduction and accep-
tance of CT attenuation-corrected SPECT myocardial perfusion
images. It should also be kept in mind that the number of lives
saved by early detection using radiological investigations such as
SPECT and CT outnumber the potential risk of future late in-
duction of secondary diseases. However, the risk and benefits
should always be a taken into account.

CONCLUSION

It is clear that the introduction of combined SPECT/CT has
improved the confidence with which many nuclear medicine
studies are interpreted and has provided increased sensitiv-
ity. The availability of SPECT/CT may cause referring
physicians to gravitate back to oncological applications
traditionally performed by SPECT and planar scintigraphy
that now are performed by CT, PET/CT or MRI. In combi-
nation with iterative reconstruction methods with proper
modelling of photon attenuation, scatter and collimator
resolution degradation, SPECT/CT systems will be very
useful for studies requiring patient-specific dosimetry
or dose planning and longitudinal studies, especially when
longer half-life radionuclides not available in PET
are needed.
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