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FOREWORD

In recent years, hybrid single photon emission computed tomography (SPECT)/computed tomography (CT)
imaging has become increasingly prevalent in nuclear medicine and diagnostic radiology. To accurately interpret
SPECT/CT images, it is important to understand the principles of image formation and the biological distribution
of the radiopharmaceutical, and also to understand the types of image artefact that can arise from these imaging
systems. This publication presents an overview of quality control procedures in SPECT and SPECT/CT and
describes the pitfalls and artefacts that can occur in these imaging modalities.

A series of case studies of image artefacts are presented that can occur, with descriptions of their causes and
the steps that can be taken to avoid their recurrence. Of the 67 case studies in this publication, some are actual
clinical cases, while others use phantoms in order to yield valuable data. The atlas is intended to be used as a guide
on how to take appropriate quality control measures and to assist with problem analyses and prevention. It is hoped
that this publication will be especially useful for medical physicists, physicians, nuclear medicine and diagnostic
radiology professionals, and service engineers.

The TAEA wishes to express its appreciation to all those who contributed to the drafting and review of
this publication, particularly J.C. Dickson (United Kingdom), S. Holm (Denmark), O. Mawlawi (United States
of America) and C.C. Robilotta (Brazil). The IAEA officer for this publication was G.L. Poli of the Division of
Human Health.
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1. INTRODUCTION

1.I. BACKGROUND

Single photon emission computed tomography (SPECT) is a modality whose roots were established in the
early 1960s following the work of Kuhl and Edwards [1]. However, it was not until the advent of systems using
the Anger gamma camera in the 1970s that SPECT was established as a technology that would be recognizable
today [2—4]. Little changed from these original gamma camera tomographic systems until the work of Hasegawa [5]
in the 1990s, which combined a SPECT and a computed tomography (CT) system in what is known as a hybrid
SPECT/CT scanner. This was nearly ten years before the inception of the first positron emission tomography/
computed tomography (PET/CT) scanner. The adoption of SPECT/CT systems into routine clinical use initially
proved to be slow. However, all major manufacturers have now released SPECT/CT systems with various
specifications and capabilities.

1.2. OBJECTIVE

The complexity of a combined SPECT/CT system requires rigorous quality control procedures. Similarly, the
wealth of information provided by combined SPECT/CT examinations needs to be complemented with a thorough
understanding of potential pitfalls and artefacts arising from the combined imaging procedure. SPECT/CT, as with
any other imaging modality, is acceptable for routine clinical and research applications only if technical pitfalls can
be avoided prospectively; if artefacts from incorrect or suboptimal acquisition procedures can be recognized and,
whenever possible, corrected retrospectively; and if the resulting image information can be interpreted correctly,
which entails an appreciation of variants of the represented image information.

1.3. SCOPE

This publication presents an overview of quality control procedures in SPECT and SPECT/CT and describes
the pitfalls and image artefacts that can occur. Clearly, it is impossible for any book to cover all potentially
encountered image artefacts at every site that uses a SPECT or SPECT/CT system. However, an understanding
of the source of these artefacts will help to support improved SPECT/CT operations along with the high quality
standards required for an increased acceptance of this modality. Guidance provided here, describing good practices,
represents expert opinion but does not constitute recommendations made on the basis of a consensus of Member
States.

1.4. STRUCTURE

This publication builds on the IAEA Quality Control Atlas for Scintillation Camera Systems [6], published
in 2003, and compliments the PET/CT Atlas on Quality Control and Image Artefacts [7], published in 2014.
Section 2 provides a brief overview of the basic principles of emission tomography, CT and the use of CT images
for attenuation correction (AC) of SPECT images, and concludes with a survey of SPECT and SPECT/CT systems
currently available. Section 3 describes the required quality control procedures for the operation of SPECT and
SPECT/CT systems in routine clinical practice, and additional literature is provided in the references. Section 4
presents the case studies of artefacts from different sources, ranging from hardware malfunctions to patient induced
artefacts. Each case study includes some background, a description and some guidance on how to interpret and
understand the nature of the artefacts and ways to avoid them.



2. SPECT AND SPECT/CT SYSTEMS

2.1. EMISSION TOMOGRAPHY
2.1.1. Basic design

SPECT is a modality whose roots were established in the early 1960s following the work of Kuhl and
Edwards [1]. However, it was not until the advent of systems using the Anger gamma camera [2—4] that SPECT
was recognized as a novel imaging technology (see Fig. 1(a)). Typically, SPECT systems use a gamma camera
detector capable of rotating around the object of interest, and projection images are acquired at multiple angles
to provide the information necessary to reconstruct a three dimensional distribution of activity. Until recently,
little had changed from these original gamma camera tomographic systems (see Fig. 1(b)), although configurations
of two, three and even four detector heads were developed to speed up the process of SPECT data acquisition
(see Fig. 1(c)). Based on some of these designs, SPECT systems specific to different areas of nuclear medicine
have been developed — namely, nuclear cardiology and the brain (see Fig. 1(d)).

More recently, equipment manufacturers have focused on novel SPECT systems that differ from the standard
gamma camera SPECT design. There has been a move towards hybrid SPECT/CT systems, and replacing the
scintillation detector based gamma camera systems with detectors based on semiconductor technology. The
introduction of SPECT/CT systems has been driven, at least initially, for the attenuation correction of myocardial
perfusion studies and basic anatomical mapping, with more recent developments focusing on better anatomical
mapping and quantitative evaluation of SPECT studies. Furthermore, imaging devices are now available that

(©)

FIG. 1. (a) An original gamma camera design (courtesy of R. Jaszczak and reproduced with permission courtesy of IOP Publishing)
and (b) a modern equivalent (courtesy of GE Healthcare). (c) Multidetector designs (courtesy of Siemens Healthineers) have led to
(d) application specific devices (courtesy of Mediso Medical Imaging Systems).



either replace the photomultiplier tube of a scintillation detector with pin or silicon drift diodes, or that replace the
complete detector with designs based on semiconductor materials such as cadmium zinc telluride (CZT). The use
of semiconductor designs has several advantages. Compared to a typical scintillation detector, solid state systems
offer much more compact imaging devices, which can lead to improved patient comfort and a reduced scanner
footprint. There are also additional benefits in performance that come with these systems [8, 9]. For example,
improvements in energy resolution offer clear benefits in dual radionuclide scanning, while high count rate
performance provides advantages in first-pass and dynamic imaging. Other improvements, such as discontinuing
the use of photomultiplier tubes, also offer the possibility of combining SPECT with magnetic resonance (MR) in
hybrid SPECT/MR scanners (see Fig. 2 for examples of current solid state based SPECT imaging systems).

2.1.2. Acquisition

A number of parameters are required to define the SPECT acquisition. As with standard gamma camera
imaging, the number of acquired counts determines the noise properties of the image. Since there is a limit to
the activity that can be administered to a patient, count and noise levels are controlled by imaging time. SPECT
requires images acquired at multiple angles, so the noise level at each of these angles needs to be considered. If the
time per projection is overextended, the acquisition could become prohibitively long, and the radiopharmaceutical
distribution might change. Conversely, very short projection times can result in low counts and high image noise
level, which might destabilize certain reconstructions [10]. Another factor that determines the level of image noise
is the pixel size used. Typically, SPECT acquisitions use either 64 x 64 or 128 x 128 matrices with some zoom
factor, resulting in pixel sizes between approximately 2 mm and 8 mm. With spatial resolution of modern systems

FIG. 2. SPECT systems with semiconductor technology: (a) D-SPECT cardio dedicated cardiac system (courtesy of Spectrum
Dynamics Medical SA); (b) Discovery 670 CZT all purpose SPECT/CT system (courtesy of GE Healthcare), and (c) Veriton wholebody
system (courtesy of Spectrum Dynamics Medical SA).



in the range of 8—10 mm, there is no benefit to acquire with smaller pixel sizes, while larger pixel sizes are avoided
because of sampling and partial volume issues.

To obtain SPECT data, images from multiple angles are acquired by rotating the detector(s) around the
object of interest. Traditionally, SPECT requires images obtained from 360 degrees of arc, which for multiple head
systems can be split between each detector, for example 180 degrees of arc per detector for dual headed systems
(see Fig. 3(a)). However, a split acquisition approach requires well matched detector sensitivities to avoid bias
artefacts. In nuclear cardiology, because of the left anterior sided position of the heart, images using 180 degrees
of arc are commonly acquired between right anterior oblique (RAO) to left posterior oblique (LPO) positions.
This provides optimal resolution and limits attenuation losses over the heart area compared to a full 360 degree
arc acquisition, but it does lead to distortion in the right posterior part of the reconstructed data due to the distance
dependent resolution of the collimator not being balanced out by an opposed view (see Fig. 3(c)). Fortunately,
this area is not diagnostically helpful in typical cardiac studies. To make this type of acquisition more efficient
on dual detector systems, the two detectors are positioned into a 90 degree or L-mode configuration to form a
right angle (see Fig. 3(b)). One additional rotational option available in many SPECT systems is the choice of
‘step-and-shoot’, or continuous acquisition mode. In the step-and-shoot mode, the detectors are stationary during
the acquisition of projection data, with a short quick movement used to move between different projection angles.
In continuous mode, data are being acquired while the detector moves at a constant speed, with the data binned into
angular projections as the detectors rotate. Continuous mode therefore slightly reduces the acquisition time, at the
cost of some blurring of the projection data.

As with planar imaging, collimation plays a key role in the performance and acquisition of SPECT systems.
Spatial resolution in SPECT is often inferior to that of planar imaging. This is due to the increased distance between

>

-

(a) (b)
360 degree arc 180 degree arc
General SPECT Cardiac SPECT

360 degree arc 180 degree arc

FIG. 3. (a) The standard position for SPECT on a dual detector system is for each detector opposed to each other with each detector
travelling through 180 degrees to acquire over 360 degrees of arc. (b) In nuclear cardiology, a right angle (L-mode) approach is

commonly used to acquire data over 180 degrees of arc. (c) Acquiring over 180 degrees of arc can lead to distortion in areas distant
to the acquired projections.



the individual detectors and the source in SPECT, and the additional resolution losses from the tomographic
reconstruction process. To limit this problem, non-circular orbits are frequently used, with the patient—collimator
distance minimized for each projection angle. This works well, although it is frequently avoided in head imaging,
where collisions between the patient and the detector could cause significant harm. In this application, circular
orbits are used instead, with the patient couch elevated so that the patient—collimator distance is minimized and
relatively consistent around the head. Furthermore, higher resolution collimators are preferred where available,
with increased injected activities used to compensate for the loss in system sensitivity. There has also been a
move to more novel collimator designs created for specific applications. In brain imaging, for example, fan beam
collimators have been used to improve the spatial resolution of SPECT imaging without reducing the sensitivity.
More recently, developments in slit-slat and multiple pinhole collimators [11-13] have led to the introduction of
clinical and pre-clinical systems for SPECT.

Similarly in the field of nuclear cardiology, the use of novel collimator designs has also been explored. Fan
beam collimators have again been popular, with designs adopting an off-centre plane [14] or using variable focal
planes [15]. More recently, the use of ultra high sensitivity collimators has been introduced in an effort to drastically
improve patient throughput [16, 17]. Typically, such systems have shown that diagnostic quality images can be
produced at a quarter of the time or administered activity compared to standard SPECT systems [18]. The typical
trade-off of using high sensitivity collimators is a corresponding loss of spatial resolution. However, developments
in tomographic reconstruction algorithms have led to new approaches that model these losses, allowing for the
recovery of spatial resolution (see Section 2.1.4). This combination of high sensitivity collimators and resolution
model reconstruction algorithms allows for the use of imaging protocols with shortened acquisition times (or
reduced administered activities) while still maintaining spatial resolution.

A consequence of the use of shortened acquisition times is that it offers greater potential for the implementation
of dynamic SPECT. Acquiring dynamic SPECT data allows the user to look at the changes in the distribution of the
radiopharmaceutical over time. Until recently, with standard SPECT acquisitions typically taking 20—30 minutes,
the available temporal resolution was only useful for applications looking at relatively slow tracer kinetics or
displacement studies [19, 20]. However, with the introduction of high sensitivity SPECT systems the potential
to achieve the temporal resolution required to track first-pass kinetics and to perform kinetic modelling can be
realized [21].

2.1.3. Image reconstruction

To form a three dimensional image, the individually acquired images obtained from different angles undergo
a mathematical reconstruction process. The two different reconstruction processes typically available in clinical
systems are filtered back projection (FBP) and iterative reconstruction [22, 23].

The process of FBP is shown in Fig. 4. Taking an object with two point sources of activity, Fig. 4 shows
that the image or projection acquired at each angle will be different. In an anterior view, the two point sources are

FIG. 4. (a) The acquisition of projection data from a source distribution and (b) its subsequent back projection to form the original
image.



represented as two individual objects, while in an oblique view, two objects will be seen, albeit with a different
distance between the sources. In the lateral view, however, the image will show only one object, with a signal
equal to the sum of the two source activities. Prior to reconstruction, only projection data are available, and the
distribution of source activity is unknown. By back projecting the projection data onto a blank image matrix and
summing contributions from each back projection, the image of two point sources starts to become resolved.
In Fig. 4, only one transaxial slice is represented to demonstrate the reconstruction process. In clinical SPECT,
however, because a two dimensional planar image is acquired at each projection angle, it is possible to reconstruct
a stack of consecutive multiple slides to form a three dimensional object.

One of the consequences of the back projection process is that the resultant image is a blurred version of the
original object. To address this, a ramp filter is applied before the back projection process. For ideal mathematical
projection data, FBP yields an exact solution. However, because SPECT is noisy, a modification of the ramp filter
is required, usually by applying a low pass filter such as Butterworth or Hann filters. The type and form of low pass
filter depend on the spatial resolution requirements and noise characteristics of the data.

Iterative reconstruction takes a different approach to the reconstruction process (see Fig. 5). In this method, an
algorithm predicts what the image might be, for example suggesting that 100 counts are in each voxel. An estimate
is then made of the projections that would result from this predicted image. In its simplest form, this would be a
basic forward projection step of image into projection images, but it can also consider factors such as attenuation
of photons or resolution losses (see Section 2.1.4). A comparison is then made between the acquired projection
images and the estimated forward projections. If the two image sets are identical or similar enough to within a
pre-set acceptable difference, the reconstruction algorithm can stop, and the estimated image can be assumed to
be a good representation of the true image. If there are significant differences between estimated and acquired
projection data, then an updated estimate is generated based on the ratio of the acquired and estimated data. This
process can then go through multiple iterations until a good representation of the object has been achieved. One
such process is maximum likelihood expectation maximization (MLEM) [24, 25].

One of the issues with MLEM is that during the iterative process the estimated image can become
increasingly noisy (see Fig. 6). Smoothing can be used to control this noise, albeit with the consequential loss in
spatial resolution. Alternatively (and more commonly performed), this effect can be accomplished by stopping
the iterative reconstruction process earlier. As can be seen in Fig. 6, at 20 iterations the image looks suitable for
diagnosis. However, a consequence of stopping the iterative reconstruction early is that the true value of uptake of
the radiopharmaceutical is not reached. Furthermore, the level of convergence to the true value can vary in different
parts of the image, which means the relative accuracy will change across the image. A possible solution is to use
maximum a posteriori reconstruction, which uses prior information from, for example, CT or magnetic resonance
imaging to regulate and control the iterative process more effectively [26, 27]. Such reconstruction algorithms are
being implemented in PET/CT systems, and are being introduced into SPECT/CT systems [28]. An alternative is to
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FIG. 5. Diagrammatic description of iterative reconstruction.



FIG. 6. Formation of image with increasing numbers of iterations.

use FBP algorithms for imaging techniques where accurate quantification is required, although this technique has
artefacts of its own, and it is difficult to implement correction algorithms into the reconstruction.

Another issue with MLEM is the speed of the reconstruction process. It is mathematically demanding to
perform MLEM reconstruction, particularly at 120 or 128 projections, with each containing 128 x 128 pixels.
This becomes even more challenging when reconstructing electrocardiogram (ECG) gated acquisitions, with up
to 16 bins for each projection. Ordered subset expectation maximization (OSEM) is commonly used to speed up
the reconstruction process, typically by a factor of ten [29]. In this technique, instead of using the complete set of
projections, only a subset of estimated and acquired projections is compared at a time in a series of subiterations.
Hence with a typical OSEM reconstruction of 2 iterations and 20 subsets using a 120 projection acquisition,
20 subiterations of 6 angle comparisons will be made for each full iteration. The resultant image is found to be
equivalent to 40 (= 2 x 20) full iterations of MLEM. As with FBP, following MLEM or OSEM reconstruction,
post-reconstruction filtering is often applied to produce images with acceptable noise characteristics.

2.1.4. Corrections

On gamma camera based SPECT systems, there can be significant mechanical stress on the detector-to-gantry
mounts as the system rotates during the SPECT acquisition. As a result, the mechanical centre of the field of view
(FOV) from the perspective of the detector can be different to the reconstructed centre of the image originally
assumed by the reconstruction software. For example, on a dual detector system, with the detectors in an anterior and
posterior position, the centre of the FOV is likely to be in concordance with the assumed centre of the reconstructed
image (see Fig. 7(a)). However, when both detectors are in a lateral position, the force of gravity may position the
mechanical centre slightly lower than the software assumed centre (see Fig. 7(b)), while detectors in a 90 degree
configuration (see Fig. 7(c)) demonstrate a mixed picture with one detector in concordance, and the second detector
in discordance with the assumed centre of rotation (COR). As the detectors rotate to different positions during a
SPECT acquisition, the gravitational effect on the detectors and the resulting shift away from the assumed COR
will change. This effect can be accounted for by a COR correction (see Section 3.2.4), which characterizes the
difference in the mechanical and image centres of rotation, and is applied prior to image reconstruction. Several
COR corrections are often required depending on the number of collimator and detector configurations available,
with each providing slightly different mechanical challenges to the gantry.

Other corrections can be applied during the reconstruction process. Correction for the attenuation of photons
within the body is commonly applied in SPECT. For applications in which the attenuating material can be assumed
to be constant in its density, calculated attenuation based on defined boundaries and a linear attenuation coefficient
can be used [30]. Application of this technique is most frequently seen in neurological SPECT studies. An
alternative method for areas with non-uniform attenuation is to use transmission imaging for AC. Such systems can



use radionuclide transmission sources, or now more commonly CT, to provide tomographic maps of attenuation.
Figure 8(a) shows how, for a point source, the projections from the estimated image can be derived using ‘forward
projection’ in the iterative reconstruction. By adding the information from an attenuation map (see Fig. 8(b)), it can
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FIG. 7. Mechanical stress on a dual detector system. (a) When the detectors are in the anterior/posterior position, the projection of
the mechanical COR corresponds with the software COR. (b) With detectors in the lateral position, this might not be the case. (c) In a
90 degree configuration, the differences in mechanical stresses can require a different COR correction.
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FIG. 8. Estimates of projections in iterative reconstruction (a) without attenuation, (b) including the effect of attenuation and
(¢) including the effects of both attenuation and resolution losses.



be seen how the estimated projections might change depending on the position of the source. This is how AC can
be incorporated into the iterative reconstruction. A similar technique can be used to model resolution losses into
the reconstruction. Figure 8(c) shows how, instead of a single point representation of the source, the probability of
where the count could occur can be spread depending on the source-to-collimator distance — a distance affecting
the spatial resolution of the image. Corrections for other physical effects, such as scatter, can be incorporated
into the reconstruction process [31], although simpler multiple energy window methodologies are currently more
commonly performed before the reconstruction process [32, 33].

2.2. COMPUTED TOMOGRAPHY
2.2.1. Acquisition

CT is similar to SPECT in terms of the reconstruction process. Using a rotating X ray tube detector system,
projections are acquired at multiple angles and reconstructed to form three dimensional images. The main difference
between the techniques is that the projections in CT use the measurement of the attenuation of an external X ray
radiation source to form the image, whereas in emission tomography an external detector measures the distribution
of in vivo radioactivity. Thus, the radiation fluence in CT is much more intense and much shorter in duration than
in SPECT because the radiation source can be switched on and off at will, and the intensity of the beam can also
be selected and collimated to the volume slices of interest. Nor does it dwell before and after imaging, which is the
case in emission imaging.

The hardware involved in CT is quite different to that in SPECT. Opposite to the X ray source is an array
of X ray detectors, typically 16-64 channels covering 2—4 cm in axial width and a few degrees in arc in the
axial direction (see Fig. 9(a)). The array is arranged to capture multiple slices of information simultaneously
(see Fig. 9(b)), albeit with a much reduced axial extent compared to SPECT detectors. Slice configurations can use
some or all channels to produce a multitude of slice options. The intense radiation used in CT allows for the rapid
continuous rotation of the source and detector, which typically sit on a slip ring to allow multiple uninterrupted
revolutions. Following each revolution, the patient couch can be moved to increase the amount of the patient
scanned, using what is known as axial mode. Alternatively, the imaging couch can move continuously during the
gantry rotation to acquire tomographic data in helical mode.

FIG. 9. (a) Schematic diagram of a typical CT system, showing an X ray source detector array pair with arc. (b) The detector array is
organized over a few degrees of arc in the axial direction and can acquire multiple slices of data simultaneously. A subgroup of eight
channels in this example can be chosen to limit the axial extent, if required.



On account of the continuous motion and high photon flux (typically five orders of magnitude greater than
seen in nuclear medicine), CT scans involve many more projections in the reconstruction. Furthermore, unlike in
SPECT, the reconstructed matrix size in CT is typically fixed to an array of 512 x 512 pixels within a reconstructed
slice. If smaller pixels are required, or if there is a lot of empty space in the image, a smaller fan beam (collimated
field size) is used. In the axial plane, the array of detectors can be configured to produce more or fewer slices per
rotation (see Fig. 9(b)), depending on the slice thickness required and level of noise. CT acquisitions have a number
of parameters which define the type and quality of the image (see Fig. 10). The following subsections describe the
reasons and consequences of parameter choices.

2.2.1.1. Tube voltage

The potential difference across the CT tube determines the maximum energy of X ray photons produced.
Typically in a range of discrete values between 80 kV and 140 kV, higher potential differences are chosen when
more penetrating radiation is required (i.e. for large patients), with smaller voltages used with smaller and paediatric
patients. The contrast in the image depends on the tube voltage chosen (see Section 2.3.1), with lower voltages
creating larger differences in attenuation and therefore better contrast. A consequence of using higher tube voltages
is that, for a given tube current, the radiation output and dose rate from the tube increases (almost by the square of
voltage), thus increasing patient radiation doses (for a fixed rotation time). On some modern systems, tube voltage
can be automatically chosen by the CT system, based on the preview scan.

2.2.1.2. Tube current

The current across the tube determines (for a given kV) the number of X ray photons produced. As mA
increases, the number of photons produced increases linearly, which results in more photons being detected and
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FIG. 10. An example of a CT acquisition configuration screen, showing the different parameters.
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therefore an improved image quality resulting from higher signal to noise ratios, but also a higher patient radiation
dose. On many CT systems, the mA can be modulated to decrease automatically the radiation output in areas or
projections with low attenuation. For example, when scanning the chest, the values of attenuation are less than
when scanning the pelvis, so it is possible to reduce the photon flux (i.e. mA) when scanning the lung region
compared to the pelvic region. Similarly, for most patients, the thickness in the anterior—posterior direction is less
than that when acquiring lateral projection data. It is possible therefore to vary the mA used at different angles
depending on patient thickness. Tube current varies between 10 mA and 700 mA, with currents above 500 mA only
(and seldomly) used for special applications.

2.2.1.3. Rotation time

In addition to the tube current, the total number of X ray photons detected for a given projection is determined
by the dwell time at that angle, which is given as the rotation time. A complete 360 degree gantry rotation typically
takes between 0.3 s and 2 s. The rotation time used often depends on the application: in nuclear cardiology, where
there is a need to ‘freeze’ cardiac motion, the shortest rotations times are used with 180 degree reconstructions.
For most other applications, rotation times of around 0.5-1.0 s are used. The total number of photons reaching the
detector is proportional to the product of tube current and exposure time (referred to as milliampere-seconds, mAs),
with the values of the two components being determined by the temporal resolution required.

2.2.1.4. Scanning mode

Scanning mode is normally used to describe whether the scanner table moves following each rotation of the
gantry (axial mode), or if it moves continuously during the rotation motion to scan the patient in helical mode. If
helical mode is selected, a further parameter needs to be defined. The pitch determines how fast the table moves
during a rotation. Higher pitches (wider spirals) offer shorter scanning durations and lower radiation doses at the
cost of poorer axial spatial resolution and higher noise. A third scanning mode is the cine or dynamic mode, which
produces multiple images at a given body position and is typically used for tracking CT contrast over time or for
dealing with motion, such as respiration.

2.2.2. Image reconstruction

Reconstruction of CT data offers similar options to those used in SPECT. Up until 2008, almost all CT
scanners only utilized FBP for image reconstruction. The technique in CT is similar to that used in SPECT, with
projections from the rotating X ray tube detector pair undergoing filtering and back projection to produce a three
dimensional stack of two dimensional images. There are, however, some subtle differences. One difference is that
CT requires a series of blank scans or air calibrations to reconstruct the attenuation map. An air calibration or blank
scan is simply a scan that is performed without an object in the CT FOV. Typically performed at the beginning of
the day for a series of kV, mA and detector configurations [34, 35], air calibrations are pulled into the reconstruction
process so that the attenuation from the patient can be calculated as a ratio to the signal measured with nothing in
the FOV.

The geometry involved in CT is also different from that used in SPECT. In CT, a fan beam geometry is used
in which a point source of X rays irradiates an arc of detectors to yield non-parallel projection data for a given
image angle (see Fig. 11(a)). Furthermore, with the axial extent of the detector array now reaching up to 16 cm
in specialist volumetric scanners, data are also no longer parallel in the axial direction either (see Fig. 11(b)). For
ease of reconstruction, it is normal to group parallel projections before the reconstruction starts (see Fig. 11(c)).
An additional challenge in reconstruction is when data are acquired helically. In this instance, interpolation of
projection data is used to allow the reconstruction of a stack of transaxial slices (see Fig. 11(d)).

The second option for reconstruction, as in SPECT, is iterative reconstruction. This technique was the original
form of reconstruction available for CT. However, because of computational and image quality issues, the technique
was quickly replaced by FBP. More recently, an improvement in computational power and algorithm developments
has led to the re-emergence of the technique. Iterative reconstruction in CT is basically similar to that used in
emission tomography. Following a first estimate from FBP, a series of iterations, typically involving forward and
back projection, are used to calculate the best match between an image estimate and the measured projection
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FIG. 11. Geometry involved in CT. (a) Most CT scanners work with a fan beam geometry. (b) With extended axial extent. (c) For
reconstruction parallel projections, data are rebinned prior to reconstruction. (d) Helical scans require interpolation to derive slice
information from the acquired data.

data. The advantages over standard FBP is that by including a model of the noise process and the imaging system
(e.g. X ray source and detector array), image artefacts and noise can be potentially reduced, thereby improving
overall image quality. The success in reducing image noise allows lower dose CT protocols to be adopted. Each
manufacturer has its unique ‘black box’ solution to iterative reconstruction, taking subtly different approaches.
A good general description of iterative reconstruction in CT and the approaches followed by the manufacturers is
given by Willemink [34]. A fuller, more mathematical description is given in the review by Beister et al. [36].

2.3. CT BASED ATTENUATION CORRECTION FOR SPECT
2.3.1. Attenuation correction

In order to obtain reliable quantitative images in SPECT, it is necessary to determine how attenuation by
the overlying tissues and organs influence acquired data. Even without a need for quantification, the relationship
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between observed activities in tissues of different density and at different depths in the body is strongly influenced
by attenuation and the inherent inconsistency of non-corrected projections. Historically in SPECT (as well as in
PET), AC was based on transmission sources (either lines or points). In PET, the correction can be performed in
the projection space before using FBP because the correction factor for a given projection element depends only
on the properties of the attenuating object and not on the source localization. In SPECT, however, the correction
also depends on the actual source depth. Therefore, the implementation in SPECT requires that the correction
be included in an iterative reconstruction loop. Single photon emitters which have been used for attenuation
measurements are '>*Gd and **Ba. However, due to the limited photon flux available from such sources, the
acquisition time is considerable; and even when simultaneous acquisition could be used, the necessary corrections
for the ‘cross-contamination’ between emission and transmission counts would significantly contribute to the noise.
In this regard, AC in SPECT using transmission sources has not been widely adopted in clinical use.

With the introduction of CT to SPECT systems, the adoption of AC has become more widespread. The
information provided in a CT measurement is basically that of tissue specific attenuation and, compared to the
results from transmission sources, this ‘i map’ is essentially noiseless. The reconstructed CT image contrast owes
its anatomical information to the fact that different tissues have slightly different composition and density, and
therefore different (linear) attenuation coefficients. The standard Hounsfield unit (HU) of CT numbers is calculated
from a linear scaling of the reconstructed attenuation coefficients, assigning the values —1000 to air and 0 to
water [37]. However, photon attenuation is strongly dependent on the photon energy, and therefore a ‘translation’
or ‘downscaling’ of the p map is needed between the effective CT energy and the relevant photon energy used for
emission imaging. For PET, one such translation for each CT energy suffices, since all nuclides used in PET have
the same annihilation photon energy of 511 keV. For SPECT, the need for downscaling to individual single photon
energies adds to the complexity.

The energy dependency of (mass) attenuation coefficients for all elements is different but well known [38, 39],
and the mass attenuation of a compound material or mixture is determined by its elemental composition alone, each
element having its own dependency on energy. Overall, the mass attenuation cross-section at the energies relevant
to CT and SPECT is dominated by the sum of Compton scattering o, and photoelectric absorption t, while pair
production k cannot occur (see Fig. 12).

Compton scattering is almost independent of the atomic number (Z) and has a low dependency of the photon
energy (E), while photoelectric absorption depends strongly on both Z (power of 3—4) and E (power of —3). At
effective CT energies of 50-80 keV, and for the soft tissue components, Compton scatter alone is of significance,
while for bone the photo absorption is important too (see Fig. 13).

2.3.2. Models for attenuation correction calculation from CT data

Each pixel of a CT image represents a mixture of elements, and the same composite value (in HU) can in
principle result from different underlying mixtures of unknown elemental composition and densities. Therefore, the
problem of energy translation does not have a strictly unique mathematical solution free of assumptions. Empirical
approaches have been shown to solve the problem adequately in most situations. However, exceptions can lead to
artefacts, which are covered in subsequent sections.

It is evident from Fig. 13 that a simple scaling with one common HU-to-p value factor cannot account for
the difference in materials, even among homogeneous pixels. A segmentation of the CT volume into the two major
components of bone and non-bone (soft tissue), assigning a single SPECT p value to each of the two domains, on
the other hand cannot itself reflect the fact that both types of tissue can still have very different densities (e.g. in the
lung volume the density is only ~0.3 g/cm?).

The common way to resolve this is to use a pixel wise scaling via a bilinear function (see Fig. 14). It represents
the u value as a continuous and unique function of HU and, therefore, does not require image segmentation. The
method generally assumes the presence only of air (—1000 HU), water or soft tissue (~0 HU) and bone (~1000 HU).
The lower part of the curve (line) intercepts at zero attenuation and therefore represents a simple scaling
corresponding to the density of a mixture of air and soft tissue. The upper curve (line) represents a mixture of soft
tissue and bone. The separation point corresponds to pure soft tissue (of density ~1 g/cm®) and the slope accounts
for an increasing amount of compact bone (~1.9 g/cm?) in the mixture. Originally proposed only for use with the
highest available CT energy (voltage 140 kV) to minimize the scaling factors and the effects of their potential
uncertainties, it has later been generalized to variable CT energy as well as to variable SPECT photon energy [40].
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FIG. 13. Linear attenuation coefficients (cm™") for some materials of interest in SPECT/CT. At low energy (mainly photo absorption),
compact bone and soft tissue differ by an order of magnitude owing to differences in Z; at higher energies (Compton scattering), they
differ only by the density factor (<2). Two contrast media (iodine and barium), two typical metals for prostheses (titanium and iron)
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FIG. 14. Translation of HU to linear attenuation coefficients at 140 keV for SPECT (based on Ref. [40]). Example of an implementation
of the bilinear method for three CT energies (given as kV) and conversion to SPECT (140 keV).

Once the p map is known, it can be included as part of the system matrix in the loop of an iterative
reconstruction (e.g. attenuation weighted OSEM). Violation of the assumptions by the presence of other materials
(e.g. contrast agents and metal) can result in image artefacts, which are shown and discussed in later sections.
Various proprietary extensions of the conversion methods have been introduced to reduce these effects. Table 1
shows linear attenuation values at a CT effective energy of 80 keV, at 140 keV (**™Tc) and 364 keV (**'I), as well as
the CT to SPECT ratios, the ‘downscaling factor’, for some tissues and materials of interest.

TABLE 1. LINEAR ATTENUATION COEFFICIENTS FOR CT AND SPECT

. p(em™h Ratio (downscaling factor)

. Density

Material (g/em’)
& 80 keV 140 keV 364 keV 80/140 80/364

Soft tissue 1.06 0.193 0.162 0.116 1.20 1.67
Compact bone 1.92 0.428 0.295 0.198 1.45 2.17
Ti(Z=22) 4.5 1.83 0.794 0.427 2.30 4.27
Fe (Z=26) 7.8 4.64 1.67 0.770 2.77 6.03
Iodine contrast 1.3 1.23 0.401 0.151 3.07 8.15
BaSO, contrast 1.5 1.61 0.502 0.174 3.22 9.27
Au(Z=179) 19.3 107 42.7 498 2.50 21.4
Hg (Z = 80) 13.6 71.5 30.8 3.58 2.32 20.0

Note: Mass attenuation values are calculated using XCOM [38] and multiplied by density to provide linear attenuation
values. The composition and density of soft tissue and bone are from Ref. [41]. Values for the four elements shown
(iron, gold, mercury and titanium) are for pure elemental material. The p values at 80 keV for gold and mercury are
calculated as a mean of the values above and below the K edge. The values for the contrast agents are for the material
before administration and dilution in the patient: the iodine contrast is an aqueous solution of a commercial product
containing 300 mg/mL of iodine; and the barium contrast is a suspension in water containing 600 mg/mL of BaSO,.
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2.4. BENEFITS OF SPECT/CT
2.4.1. Functional mapping

A key benefit of SPECT/CT is the ability to map function derived from nuclear medicine imaging onto
the anatomical information from CT. With the exception of neurological applications, where the poor soft tissue
contrast of CT is limiting, the advantages of SPECT/CT are very clear.

In oncology, many radiopharmaceuticals are specific for tumour physiology, which can be extremely
beneficial, particularly for agents that are also used for radionuclide therapy. An obvious consequence of this
is that these tracers also provide limited anatomical information, which makes the localization of metastatic
or nodal disease difficult. An example of the benefits of functional mapping is shown in Fig. 15. In this
123]-metaiodobenzylguanidine (mIBG) study, the SPECT images suggest that the uptake is in the liver, but it is not
completely clear which areas of the liver actually show this uptake. Once the CT images are provided, not only is
it possible to determine the regions of the affected liver tissue, but this can be done with great anatomical accuracy
on the CT image.

In cardiology, the use of myocardial perfusion SPECT to assess coronary artery disease is an extremely
powerful examination that helps cardiologists to distinguish between reversible and irreversible ischemia.
Although helpful, the data do not offer information on the vessels that might be causing the ischemia. A diagnosis
of irreversible ischemia typically results in the patient being referred to the interventional suite for an invasive
fluoroscopic angiography to confirm the location of the occlusion and to explore whether an interventional
technique can be performed to clear the blockage. With SPECT/CT, there is a non-invasive alternative. Information
on vessel occlusion can be explored using CT coronary angiography, which together with myocardial SPECT
can potentially provide information about functional and anatomical deficits in one patient visit. Unfortunately,
CT coronary angiography requires a high specification CT scanner, which is only available in a small number
of clinical SPECT/CT systems. An example of a combined cardiac perfusion emission scan with a CT coronary
angiography investigation performed in the same visit is shown in Fig. 16.

A functional mapping application of SPECT/CT that has seen significant success is in the assessment of
orthopaedic injury. Bone SPECT, with agents such as *™Tc-methylene diphosphonate (MDP) or hydroxyethylene
diphosphonate (HDP) is very good at highlighting areas of high bone turnover that are caused by fractures or
mechanical stresses. It also provides some anatomical information to localize these injuries. However, the superior
anatomical detail offered by CT provides better localization than SPECT alone, with the exquisite spatial resolution
also providing additional information on the type of bone injury. Combining bone SPECT and CT has therefore
proved incredibly helpful in the assessment of bone fractures and mechanical stresses (see Fig. 17).

2.4.2. Quantitative SPECT

An advantage of accurate AC provided from CT is the possibility of performing quantitative SPECT. One of
the earliest applications of quantitative SPECT/CT was in the field of nuclear cardiology to assess reversible and
irreversible ischemia, with visual interpretation typically involved in the assessment of relative perfusion deficits.
This generally works well. However, in larger patients the attenuation from breast tissue in females or from the
diaphragm in males can lead to apparent reductions in uptake which are not real and purely the consequence of
photon attenuation. This creates subsequent problems when the data are used to derive bullseye plots and compared
to normal databases. Calculated AC such as those described by Chang [30] are ineffective for this application
because the assumption of uniform attenuation throughout the body is clearly not valid in the thoracic region, where
soft tissue, lung and bone attenuation is present. Applying AC with CT on a multimodality SPECT/CT system can
clearly be helpful, as can be seen in Fig. 18. In this example, the inferior wall of the myocardium highlighted in the
slice data shows relatively homogenous uptake in the AC data (upper slice of each pair), while when no attenuation
correction (NAC) is applied, there appears to be reduced perfusion in the lower slice of each pair. This is also
observed in the bullseye or polar representation on the right of Fig. 18, where comparisons to normal databases
are typically made. On the right bullseye plot (no correction), there appears to be reduced perfusion which is less
significant in the left bullseye plot (with correction).

In neurology, the benefit of CT based attenuation correction (CTAC) for quantitative analysis is less clear.
Although quantification in clinical, neurological SPECT is performed, particularly in dopamine transporter and
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FIG. 15. I mIBG SPECT/CT study of the lower thorax/upper abdomen. The SPECT only study highlights uptake of the
radiopharmaceutical in the liver. With the addition of CT, the affected area of the liver becomes clearer and the SPECT uptake is also
shown to correspond with features on the CT.
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FIG. 16. Combined emission perfusion scan and CT coronary angiography performed in the same imaging session.

FIG. 17. SPECT, CT and fused SPECT/CT of an orthopaedic bone injury.

regional cerebral blood flow imaging, a calculated Chang approach is typically used for AC. This method can
work well; however, difficulties with highly attenuating head supports, and defining brain outlines, can lead to
inaccuracies and variability, which can be overcome using a low dose CT for AC.

A more recent application of quantitative SPECT is being implemented in oncology imaging. With the
expansion of radionuclide therapies, there is growing interest in using quantitative SPECT to determine activity in
tumours or organs so that dosimetric estimates can be performed. After some form of calibration, it is possible to
use CTAC together with other corrections (e.g. scatter) to determine the activity concentration in these areas [42].
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FIG. 18. Cardiac SPECT/CT study with upper slice of each pair of slices showing CTAC data, while the lower slice of each pair
represents data with no AC applied. At the bottom, AC (left) and NAC data (right) are shown as bullseye plots. The yellow arrows
indicate AC recovering attenuated counts (left) and diminished in the NAC data (right).

By applying the techniques over a series of images taken at different time intervals, it is then possible to determine
the accumulated activity and therefore the organ or tumour dose. Until recently, this technique had been performed
with users applying their own corrections and calibrations. However, manufacturers are now integrating information
and corrections into their own algorithms to provide direct activity concentration values in SPECT images with
greater ease.
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2.5. COMMERCIALLY AVAILABLE SPECT/CT SYSTEMS

Since its inception by Hasegawa in the early 1990s (see also Ref. [43]), all the major manufacturers have
released SPECT/CT systems with various specifications and capabilities. A description and comparison of some of
these systems can be found in Seret et al. [44].

2.5.1. General Electric

In 1999, General Electric was the first of the major manufacturers to release a clinical SPECT/CT system
with its Millennium VG Hawkeye product. The system used a low mA (2.5 mA) dental X ray tube and fan beam
detector system placed on the same slip gantry as the gamma camera detectors. Rotating at a slow speed of 16 s per
rotation, this 140 kV system provided axially acquired data with a 1 cm slice thickness using a photon flux (mAs)
adequate for AC of SPECT data and localization of SPECT features. In the following years, updates were released
providing 2 x 5 mm and the 4 x 5 mm slice thicknesses with a choice of kV (120 kV or 140 kV) and the possibility
of performing high pitch helical scans in order to reduce scan time and dose.

General Electric has since released the Optima 640 and a range of systems in the Discovery 670 series with
varying degrees of functionality. The Optima 640 is a SPECT system with a four slice CT scanner, offering slice
thicknesses of 2.5 mm and 5 mm, a tube current range of 10-30 mA, two tube voltages (120 kV and 140 kV) and
the possibility of axial and helical scanning. The Discovery 670 series uses 8 and 16 slice CT subsystems with a
wider range of tube voltages, rotation times, tube current and slice thicknesses, and includes options such as CT
iterative reconstruction and semiconductor (CZT) detector technology. This series is designed for a wide multitude
of SPECT/CT applications with the exception of cardiac CT. For combined cardiac SPECT and CT applications,
General Electric has produced the Discovery 570c, which incorporates a CZT multipinhole cardiac SPECT system
with a 64 slice CT subsystem capable of acquiring CT coronary angiography studies.

2.5.2. Mediso

The SPECT/CT product from Mediso is the AnyScan system, which offers the possibility of SPECT, CT and
PET in the same gantry. In terms of the SPECT/CT system, the AnyScan provides a 16 slice CT system with a wide
range of tube voltages, currents, pitches and slice thicknesses.

2.5.3. Philips

The first SPECT/CT product from Philips was the Precedence SPECT/CT. Based on the Skylight SPECT,
the two models Precedence 6 and Precedence 16 are based on traditional 6 and 16 slice CT systems, respectively.
Following the Precedence, Philips released the Brightview XCT. This system used the standard conventional
Brightview platform and added a flat panel cone beam CT subsystem with a 14 cm axial FOV and fast (12 s) and
slow (60 s) rotation speeds. Using a tube voltage of 120 kV and current range of 5-20 mA, this low dose approach
is in some ways similar to the initial strategy taken by General Electric with the Hawkeye systems, although with
smaller slice thicknesses (0.33 mm) and the capability of acquiring a 40 cm SPECT FOV in three gantry rotations
by using 180 degree reconstructions.

2.5.4. Siemens

The three SPECT/CT products from Siemens are the Symbia T2, T6 and T16 with 2, 6 and 16 slice CT
subsystems, respectively. The two slice system has more limited functionality compared to the T6 and T16;
and because of this, it is more limited in the clinical applications for which it can be used. The T6 and T16 are
effectively identical albeit with a different number of slices that can be acquired per rotation, and can be used for a
wide range of clinical uses with the exception of advanced cardiac applications. Siemens have updated the product
series to include the Symbia Intevo and Intevo Excel xSPECT systems, which automatically draw in corrections
and quantitative reconstruction methods to provide quantitative values of uptake in the image in terms of kBg/cm?®
or standardized uptake value (SUV). These systems also allow the possibility to use iterative reconstruction of
CT data.
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3. QUALITY CONTROL OF SPECT AND SPECT/CT

A quality control programme for SPECT and SPECT/CT systems is necessary to ensure optimal clinical
image quality. Elements of such a programme should include system calibrations and corrections as well as testing
of system performance characteristics at an interval consistent with that of a potential change in, or failure of, that
particular characteristic. These tests should be inclusive of both SPECT and CT (if applicable) components of the
system.

Several organizations, such as the IAEA, the American Association of Physicists in Medicine (AAPM),
the European Association of Nuclear Medicine (EANM) and the National Electrical Manufacturers Association
(NEMA), have independently developed recommendations for gamma camera/SPECT and SPECT/CT quality
control and testing. Although these recommendations have many similarities in what should be tested, they also
have differences in the testing method and frequency. Overall, there is consensus that testing should be performed
for both the planar as well as the tomographic imaging modes of a system and that the planar tests should be
conducted under both intrinsic as well as extrinsic (i.e. with collimators in place) conditions. A list of tests specific
to planar/SPECT and CT components of a hybrid system and their frequency as recommended by the different
organizations is presented in Table 2, Section 3.1. In addition, a brief description of only the SPECT tests in
the recommendations is provided in the following sections. (No such descriptions are provided for planar tests,
since this publication is specific to SPECT imaging.) More detailed description of these tests can be found in the
references given.

Prior to any testing, updated system calibrations and corrections should be performed by a medical physicist
or a service engineer to ensure optimal system condition. Depending on the gamma camera make and model, these
calibrations and corrections should include at a minimum:

— Detector energy correction and spatial distortion (non-linearity) maps;

— Intrinsic detector (including radionuclide specific) and system (also known as extrinsic, with collimator)
uniformity maps;

— Peaking (radionuclide photopeak energy window centring);

— Detector high voltage/photomultiplier tube gain adjustments (tuning);

— SPECT COR/multiple head registration (MHR); and SPECT/CT FOV registration.

3.1. ROUTINE PERIODIC PLANAR, SPECT AND SPECT/CT QUALITY CONTROL TESTS

There are a number of gamma camera quality control tests that are performed at various frequencies to ensure
the proper operation of the scanner. These tests are divided between planar, SPECT, SPECT/CT and CT related
tests. A list of these tests and their frequencies as determined by various organizations is provided in Table 2.
A description of each of the SPECT and SPECT/CT tests is in Sections 3.2-3.4.

3.2. SPECT AND SPECT/CT TESTING

Of the group of tests specific to planar mode operation, some quality control tests are also essential for
optimal SPECT and SPECT/CT imaging. These tests include planar uniformity, peaking and pixel size.

3.2.1. Planar uniformity

Uniformity is a measure of a gamma camera’s response to a uniform source of irradiation. It is quantified
intrinsically as the degree of uniformity exhibited by the detector itself or extrinsically as the uniformity exhibited
by the combination of the detector and collimator together. Depending on the particular gamma camera make
and model, it may be more convenient to acquire either intrinsic or extrinsic floods on a daily basis. If intrinsic
floods are acquired daily, then periodic (e.g. weekly or monthly) acquisition of extrinsic floods for the various
collimators should be specified to monitor for collimator damage. If extrinsic floods are acquired daily, then
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TABLE 2. QUALITY CONTROL TESTS AND THEIR FREQUENCIES

IAEA AAPM NEMA EANM
[45] TG177 [46] NU 1-2018 [47] [48, 49]
System checks
Physical inspection A A+Y A
Safety interlocks A+Y D
Collimator and detector head mountings D D
and collimator damage
Detector head shielding leakage A A+Y A A
Basic computer timing 7Y
Computer timing in dynamic acquisition %Y
ECG gated acquisition nY
Multiple window spatial registration A+nY A+Y* A A+%YY
Computer monitors A+Y
Good practice checks
Energy calibration of pulse height analyser D D
Background count rate D D
Flood field uniformity and sensitivity D D D
Film processing (if available) D
Planar tests
Peaking W
Intrinsic uniformity for *™Tc A+W A+M A A+W/M
Intrinsic uniformity other isotopes Y Q
Intrinsic resolution and linearity A+%nY A+Y A A+nY
Intrinsic hydration Y A+Y *
Intrinsic count rate A+%Y A+Y A *
Energy resolution A+Y A A
System uniformity A+nY
System resolution A+W A+W A A
System planar sensitivity A+%nY A+Y A
System count rate with scatter A
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TABLE 2. QUALITY CONTROL TESTS AND THEIR FREQUENCIES (cont.)

IAEA AAPM NEMA EANM
[45] TG177 [46] NU 1-2018 [47] [48, 49]
Whole body system resolution A+Y* A A+Y
Whole body scanning constancy *
Collimator penetration and scatter A
Collimator hole alignment A *
SPECT
Centre of rotation A+W/M M* A W/M
Pixel size A+nY A+%Y
SPECT uniformity A+%Y A+Y
SPECT resolution in air A+LY A+Y A A+nY
SPECT resolution with scatter A+LY A+Y A *
SPECT image contrast A+%Y A+Q Y
Slice thickness A+rnY
System volume sensitivity A
Detector to detector sensitivity A A
Sensitivity/uniformity with rotation A
Head to head registration A
SPECT/CT
SPECT/CT image quality A+Q A
SPECT/CT spatial registration A+Y A M
CT
CT number accuracy/linearity D A+M
CT dose assessment A+Y
CT image quality assessment D D

Note: A — acceptance; D — daily; W — weekly; M — monthly; Q — quarterly; /2Y — half yearly; Y — yearly; * — optional.

periodic (e.g. weekly or monthly) acquisition of an intrinsic flood should be specified, as collimator responses may
mask subtle intrinsic detector non-uniformities.

Intrinsic uniformity is usually measured using a point source (~37 MBq of *™Tc) placed at a distance
equivalent to 5 FOV from the detector surface, to expose the entire detector to a uniform photon flux (within 1%);
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while extrinsic uniformity is usually measured using a >’Co sheet source placed directly onto the detector head.
In both cases, data can be acquired for a total of 5—-10 million counts using a matrix size of 256 x 256 pixels. On
some systems, floods (intrinsic or extrinsic) of both scanner heads can be acquired at the same time. It is important
to remember that, depending upon the initial activity, a new *’Co sheet source may have sufficient *°Co and **Co
impurities to cause high dead time, and thus suboptimal floods, owing to their high energy gamma emissions that
easily penetrate through the septa of most collimators used clinically. Fortunately, the half-lives of **Co (77 d) and
38Co (71 d) are much shorter than 3’Co (272 d), so their effect will dissipate over time.

Intrinsic and extrinsic uniformities are evaluated using visual assessment, which involves comparing the
flood images to earlier ones or to expert observer judgement as to whether or not the image quality is acceptable.
Alternatively, NEMA uniformity quantitative results may be calculated and compared to manufacturer’s
specifications or to established limits based on initial or past results. These calculations include integral and
differential uniformity (IU, DU) for the useful and central fields of view (UFOV, CFOV), where IU and DU are
calculated as:

__ max—min __high—1Io

™ % 100(%)

IU =—
high + low

—x100(%) DU
max-+ min

where min and max are the minimum and maximum counts in pixels lying within the UFOV or CFOV, and high
and low are the maximum and minimum count difference in any five contiguous pixels in the X and Y directions
within the UFOV or CFOV. The CFOV is the area defined by 75% of the UFOV linear dimensions (see Fig. 19).

Flood name: EXT UNIF_E
Detector Number =1
Collimator Name = LEHR

Estimated Integ. Uniformity (%) = 1.76

Average min= 261.9 @ x= 128/ y=88

EXT UNIF_E&Rcis

FIG. 19. Extrinsic uniformity results from a General Electric Millennium gamma camera.

3.2.2. Peaking

Peaking is the ability to centre an energy window over a radionuclide’s gamma or X ray emission photopeak
that is used for imaging. Peaking should be performed intrinsically using a point source of about 37 MBq at a
distance equivalent to at least 5 FOVs from the detector to expose the entire detector to a uniform photon flux.
Peaking should be performed for all radionuclides used clinically. Peak shifts should be < £3% of the photopeak
energy for *™Tc and *’Co and < £5% for other radionuclides. Peaking is automated on some systems, while other
systems require manual positioning of energy windows. On most systems, the energy spectrum is displayed as a
histogram of counts versus energy with energy window limits shown as vertical lines. It can be useful to look at this
spectrum prior to imaging patients. A narrower energy window provides better scatter rejection but also reduces the
number of unscattered counts recorded in the image. Flood images acquired off-peak are characterized by visible
tubes (see Fig. 20), while an on-peak image shows no such tubing effect (see Fig. 21).
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FIG. 20. Flood images of *"Tc (140 keV photopeak; energy window of 20%,) acquired off-peak, using a photopeak centred at 126 keV
(top row) and 154 keV (bottom row) for both heads.
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FIG. 21. Energy spectrum and flood image of *"Te (140 keV photopeak) acquired on-peak showing a uniform count density across
the image.
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3.2.3. Pixel size

This test is used to verify the accuracy of the pixel size. In SPECT, this value has implications for quantitative
evaluation applicable for AC as well as determining organ sizes from resultant tomographic images. Pixel size is
determined using point sources or line sources (according to NEMA) placed at known locations along the X and Y
directions and imaged in planar mode. The centroid of these sources is then determined and the distance between
them calculated. This distance is then divided by the number of pixels that separate the point sources to determine
the pixel size in the X and Y direction. It is essential that the distance between the point sources (typically >10 cm)
be accurate to within 1 mm.

3.2.4. Centre of rotation and multiple head registration

The COR measurement verifies the alignment between the projection of the SPECT system axis of rotation
(AOR) and the centre pixel column(s) in the acquired projection image matrices. The MHR test, on the other hand,
is used to ensure that each detector head in a multiple detector SPECT system samples the same volume — which
means that the image of a point source on one detector is exactly at the same location on a mirror image of a second
detector placed at 180 degrees apart from the first detector. It is necessary, however, that the detector heads always
be parallel to the AOR (without head tilt).

Both of these tests are conducted as a verification of system calibrations for COR and MHR. The calibration
of both COR and MHR is usually combined in one test to be performed for each scanner model according to the
manufacturer’s procedure manual. The correction is collimator dependent, and on some SPECT systems, separate
calibrations are required for all detector configurations (e.g. 180 and 90 degrees). The 90 degree configuration is
typically used only for cardiac SPECT imaging.

The verification tests are described in Refs [45, 47] and use point sources placed at pre-set locations within
the FOV of the scanner. A SPECT scan of the sources is then acquired, and the offset locations (mean, maximum
and standard deviation) of the point sources from the COR is determined for each angle. This process is repeated
for each detector head (see Fig. 22). Manufacturers have pre-set tolerance values for these offsets, and if the value
is exceeded, the test results in a failed outcome. In such cases, a service call should be placed to rectify the issue
before the scanner can be placed for clinical use.

3.2.5. SPECT uniformity

The purpose of this test is to evaluate the tomographic image uniformity. It is conducted using a SPECT
performance phantom (e.g. Jaszczak phantom). The inclusion of the cold spheres and rods sections in the phantom
is optional for this test; however, it is good practice, since they can potentially be used for the resolution and
contrast (image quality) tests described later. The phantom is filled with about 370 MBq of **™Tc and mixed well
before positioning at isocentre. Tomographic phantom imaging is then performed with 120-128 views, using a
128 x 128 matrix and the smallest possible radius of rotation. The number of counts per view varies between
different standards but is typically in the range of 240 000—500 000. Upon completion, image reconstruction is
performed with all manufacturer corrections, including AC using FBP with sharp filter [45] or a Hann/Butterworth
filter using an order and cut-off frequency that would be used for clinical studies [46].

The analysis of tomographic uniformity (see Fig. 23) also varies between the different standards
and ranges from visual inspection [46] to the calculation of contrast of an image artefact as a measure of
non-uniformity (see Ref. [45], which also includes a visual assessment of the images).

3.2.6. SPECT resolution

The purpose of this test is to evaluate the tomographic image resolution. The different methods performed
depend on the standard used and range from: the visual inspection of the rods section of a SPECT performance
phantom to determine the minimum size rods [46]; to an evaluation of the radial, tangential and axial full width
at half maximum (FWHM) of the point sources in air used for the COR test described in Section 3.2.4 [45, 47];
or determining the FWHM of three line sources in a water phantom [47]. Reference [45] also includes a visual
assessment of the resolution (see Fig. 24). In any one of these tests, it should be noted that resolution is highly
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dependent on the radius of rotation used and that the obtained results in air are considerably different from those
measured in water due to scattering effects.
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FIG. 22. COR calibration results using five point sources.

FIG. 23. Images of the uniform section of a SPECT performance phantom showing ring artefacts (left) and good image
uniformity (right).
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FIG. 24. Solid spheres (left) and rods sections (right) of a SPECT performance phantom showing the different size spheres and rods.
In the left image, the fourth sphere (15.9 mm) is visible. The image on the right shows that the third (9.5 mm) or fourth (7.9 mm) rods
section is visible.

3.2.7. SPECT image contrast

The purpose of this test is to evaluate the tomographic image contrast. A SPECT performance phantom is
also used here with the solid spheres in place (see Fig. 24). Phantom data acquisition and image reconstruction are
performed as described in the previous sections. Image contrast is reported using visual assessment as the smallest
visible sphere.

3.2.8. Slice thickness

This test is unique to Ref. [45] and is used to test the thickness of a tomographic slice at the centre of the
FOV. The test uses a point source in air as described in Section 3.2.4. Analysis is performed by drawing a line
profile through the point source along the axial direction and the FWHM of the profile determined. The results of
this test are highly dependent on the radius of rotation, which should be set to 15 cm or, if this is not possible, then
the smallest radius possible. A circular orbit of rotation should be used.

3.2.9. System volume sensitivity

This test is unique to the NEMA standard [47]. The system volume sensitivity is the total system sensitivity
to a uniform concentration of activity in a specific cylindrical phantom. This measurement is dependent on detector
configuration, collimator type, radionuclide type, energy window setting and source configuration, among other
factors. The test is conducted using a uniform cylindrical phantom 20 cm in diameter. The phantom is injected
with a known amount of activity and positioned at isocentre. SPECT acquisition with at least 120 views, but no
more than 128, should be acquired, with each view acquired for 10 s. Field uniformity corrections or any other
mechanisms that alter the number of counts in these projection images are to be disabled (with the exception
of decay correction). The total count rate can then be determined by summing the total number of counts in all
projections and dividing it by the total acquisition time. The system volume sensitivity can then be determined by
dividing the count rate by the activity concentration.

3.2.10. Sensitivity and uniformity with rotation
This test is unique to Ref. [45] and is used to determine variations in system sensitivity as a function of

angular position of the detector. The test requires imaging a flood source of about 185 MBq that can be safely
attached to the collimator face. A tomographic scan is then acquired with different rotation speeds while keeping the
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same number of views. Analysis is then performed by calculating the mean and standard deviation of the number of
counts per view for the different speeds. Any variation in sensitivity exceeding 1% as a function of angle (view) for
each speed can be attributed to a lack of magnetic shielding or mechanical drive problems.

3.3. CT TESTING

In addition to SPECT quality control testing, a hybrid SPECT/CT system requires that the CT component
of the system undergo a similar set of quality control tests. If the CT component is to be used for diagnostic
CT scans, then a complete evaluation of the CT scanner should be performed by a medical physicist, and the results
reported [35].

3.3.1. Tube warm up and air calibrations

CT quality control consists of several tests, the first of which is an X ray tube warm up procedure. This is
necessary to bring the X ray tube to its optimal operating temperature to stabilize temperatures of both the cathode
and anode and aid in extending the lifetime of the X ray tube. This procedure takes about one minute to finish.

Tube warm up is followed by an air calibration (or fast calibration) procedure, which comprises a series
of calibrations and system tests, such as checking the operation of the data acquisition system converter board,
collimator calibration, gantry balancing, mylar window cleanliness, focal spot position, and finally an array of
detector gain calibrations performed at different X ray tube voltages based on user predefined settings. The overall
procedure takes about 20-30 minutes depending on scanner manufacturer and model as well as the user predefined
voltage settings.

3.3.2. Uniformity, noise, linearity, resolution and artefacts

Following tube warm up and air calibration, a CT number uniformity, linearity, image resolution and low
contrast detectability test is then performed using a water filled phantom which includes inserts. The phantom,
which is supplied with the scanner, allows for all these tests to be performed in a single scan and is placed on
a holder and then positioned centrally in the FOV (see Fig. 25). A scan of the phantom is acquired with pre-set
parameters, but typically at 120 kV, the most common clinically used tube voltage. Regions of interest (ROIs) are
then drawn on the resultant images at different locations and slices to evaluate CT number uniformity (see Fig. 26),
linearity (accuracy), resolution (see Fig. 27) and slice thickness. The CT images are also evaluated for the presence
of artefacts (see Fig. 28). For uniformity, it is expected that the CT number in the ROIs does not change significantly
across the FOV. The standard deviation of CT numbers within the ROIs of the uniformity test are also used to assess

FIG. 25. Examples of CT phantoms.
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FIG. 26. CT image of the water filled phantom with ROIs drawn at different locations to determine the CT number uniformity.

image noise, and can be helpful in determining the effect different exposure parameters have on this measurement.
For linearity, the CT numbers for water, air and acrylic (all part of the phantom) should be within expected ranges.
In addition, the CT images of the phantom should be void of any artefacts.

3.3.3. CT dose assessment

In addition to the image quality evaluation, an assessment of radiation dose should be performed for the
CT system. The dosimetric quantity for CT is the computed tomography dose index (CTDI), which, although not an
actual dose figure, is a parameter which permits relative dose comparison among different scanners. Measurements
require a polymethyl methacrylate cylindrical CTDI phantom and an ionization chamber (see Fig. 29). This test
should be performed annually or following a CT X ray tube or detector array replacement. The CTDI phantom is
placed at isocentre in the FOV of the scanner with the ionization chamber placed in the central hole of the phantom.
A CT axial acquisition is then performed and the radiation exposure (or kerma) measured. This measurement is
repeated for four different peripheral positions of the ionization chamber within the phantom. A weighted average
of these five exposure (or kerma) measurements is used to calculate the CTDI value, which is then compared to the
value reported by the scanner. The process is repeated for clinically relevant CT acquisition parameter combinations
(kV and mAs). The measured and reported values should be similar to within manufacturers’ specified deviations.

In addition, a review of the predetermined dose notification levels that have been set as part of each
CT protocol may be performed. When a CT study is suspected to exceed the pre-set notification value, an alert
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FIG. 27. CT image of the water filled phantom with ROIs drawn at different locations (white regions) corresponding to air, water and
acrylic to determine the CT number linearity.

message is generated before the exam is acquired in order to allow the user to modify the acquisition parameters.
This enables the user to reduce the patient dose, or override the alert if necessary. Furthermore, a dose alert
(different from a dose notification level) value can also be programmed into new CT scanners to trigger a message
when the cumulative dose at a location, plus the dose for the next planned and confirmed scan(s), is likely to
exceed a preprogrammed value. It is important to note that dose alert values are applicable across all protocols on
a scanner, while dose notifications are specific to protocols. These tools allow users to track patient CT doses and
ensure they are within specified limits.

34. SPECT/CT TESTS
3.4.1. SPECT/CT registration

For hybrid systems, a SPECT/CT registration test should be performed to ensure that the two scanners
are properly aligned. The motivation for SPECT/CT image registration is that spatial registration is critical for
accurate SPECT image reconstruction using CTAC and the display of fused images for clinical interpretation.
The standards of the AAPM [46] and the EANM [48, 49] are the only ones which describe this test. However, the
AAPM recommends that the manufacturer’s specific registration test phantom procedure and analysis tools be used
to evaluate the spatial registration accuracy (see Figs 30 and 31). Alternatively, the AAPM also suggests visually
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FIG. 28. CT image of the water filled phantom showing ring artefacts, which will necessitate a service call.

inspecting the SPECT/CT images of the SPECT performance phantom for spatial registration when acquired with
and without any table loading (placement of >50 kg on the patient couch to simulate a patient; see Fig. 32) [46].
An optional procedure in which point sources placed on the SPECT phantom that are visible on both SPECT and
CT images is also described. In this case, the alignment of the point sources on both images can be determined.
Currently, there are no generally accepted criteria for alignment accuracy between the SPECT and CT images;
however, an alignment mismatch that is less than the size of a SPECT image pixel should be acceptable.

3.4.2. SPECT/CT image quality

This test evaluates the overall SPECT/CT image quality when using CT based AC while all processing and
reconstruction parameters that are recommended by the manufacturer for routine use in clinical SPECT/CT imaging
(e.g. scatter corrections, iterative reconstruction parameters and resolution recovery, among others) are applied. The
test uses the same SPECT performance phantom described in Section 3.4.1 with the resolution and sphere insets
included except that, in this case, CTAC is applied. The phantom is first filled with about 740 MBq of activity and
placed at isocentre in the FOV. CT and SPECT scans of the phantom are then acquired and reconstructed using
standard clinical protocol parameters. The resultant images are then evaluated visually for uniformity, resolution
and contrast in a manner similar to standard SPECT imaging. Alternatively, a NEMA PET image quality phantom
could be used for this assessment, which is more applicable to body imaging.
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FIG. 29. CTDI phantom with an ionization chamber placed at the centre of the phantom and positioned at isocentre in the FOV of the
scanner.

FIG. 30. SPECT/CT registration tool from a manufacturer, which includes ten point sources (right) seen in the fiused SPECT and CT
images (left and middle).
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FIG. 31. SPECT/CT registration tool (left) from a manufacturer, which includes six line sources seen in the SPECT and
CT images (right).
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FIG. 32. Fused SPECT/CT images of a SPECT performance phantom that can be used for the assessment of the alignment of the
SPECT and CT scanners of the hybrid system.
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4. ARTEFACTS

Clinically useful diagnosis from SPECT and SPECT/CT imaging depends on accurate interpretation
of the images and corresponding quantitative results. This means that nuclear medicine professionals should
be acquainted with the different patterns associated with images of different organs or parts of the body being
examined. However, possible image abnormalities or artefacts related to machine, user or patient factors might
not be recognized by these professionals, which could hinder optimal patient management. This section provides
examples of abnormal patterns and artefacts caused by errors owing to system, user and patient sources and their
manifestation on resultant SPECT and SPECT/CT images. This section also describes methods to resolve these
abnormalities and artefacts.

4.1. SYSTEM RELATED ARTEFACTS

In order to deliver good and quantifiable SPECT images, it is essential that artefacts related to system factors
should not be present. These artefacts can manifest themselves as rings, which can be caused by, for example,
detector non-uniform response, COR offset or the wrong uniformity correction map. Other factors such as
inadequate energy peaking, head tilt, head to head registration, mismatched sensitivity and mechanical problems
can also generate artefacts that might hamper both visual inspection and quantification of clinical data.

4.1.1. Non-uniformity of detector response
Background

The response of a scintillation camera when subject to a uniform flux of photons should be uniform over the
whole FOV. When non-uniformities are present, full or partial ring artefacts will appear in the tomographic slices.
These can be caused by one or more of, but not limited to, the following factors:

(a) Poor detector uniformity;

(b) Small differences in the responses from the photomultiplier tubes;
(¢) Non-linearity of the detector and electronics;

(d) Defects in the collimator;

(e) Crystal hydration.

Gamma camera quality control tests (see Section 3 for more details) should be performed before SPECT
studies, so that most non-uniformity artefacts can be detected and corrected for prior to tomographic acquisitions.

Case A

Projections of a Jaszczak phantom filled with *™Tc were acquired for a radius of rotation of 17 cm and
using a 128 x 128 matrix. The 128 projections were reconstructed with FBP and Chang-AC. Figure 33 shows
the reconstructed images presenting ring artefacts in three of the four slices in the uniform section, indicating the
presence of detector non-uniformities.
Guidance

Poor detector uniformity may result in ring artefacts in the reconstructed SPECT slices, even when not

noticeable in planar image, as the tolerances permitted are far less than those accepted in conventional planar
imaging.
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FIG. 33. SPECT images of a Jaszczak phantom showing ring artefacts in several slices, indicating detector non-uniformities.

Case B

SPECT image quality was tested using a SPECT performance phantom. Data were acquired with a low
energy ultra high resolution (LEUHR) collimator, 128 x 128 matrix, 128 projections and 16 c¢cm radius of rotation.
FBP reconstructed slices presented ring artefacts, depicted in Fig. 34. Daily uniformity checks showed a degrading
trend of the uniformity parameters, although still within recommended values by the manufacturer.

Guidance

When daily uniformity parameters tend to degrade (e.g. for an ‘old’ camera) even when they are within the
manufacturer’s recommended limits, poor planar uniformity is amplified by the reconstruction process. SPECT
image quality tests should therefore be carried out in order to ensure that no damaging effects would affect the
clinical results.

Case C
A myocardial perfusion study was performed on a patient using *™Tc labelled methoxyisobutylisonitrile
(MIBI) and the stress images presented defects at the apex and anterior wall that were not consistent with the

patient’s clinical data (see Fig. 35). Daily routine tests were checked, and it was verified that one of the heads
presented non-uniform response over part of the FOV, as shown in the top row of Fig. 36. The system was

36



Row A- JASZCFAK UHR R = 16 cm [- Recon] Transverse

FIG. 34. Ring artefacts present in some of the FBP reconstructed Jaszczak phantom images, obtained with an LEUHR collimator.

FIG. 35. """ Te-MIBI myocardial perfusion results obtained with one detector of a dedicated cardiac system out of calibration.

recalibrated and the uniformity maps became normal, as indicated in the bottom row of Fig. 36. The patient study
was repeated and the new images were in accordance with his clinical information (see Fig. 37).

Guidance

It is necessary to check carefully, both visually and numerically, the daily operational tests before starting
clinical studies in order to avoid mistakes or repeating patient studies.
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FIG. 36. Uniformity maps for both heads before recalibration (top) and after recalibration (bottom).

FIG. 37. *"Te-MIBI myocardial perfusion results obtained for the same patient as in Fig. 35 after recalibration of the faulty detector:

4.1.2. Crystal hydration
Background

Crystal hydration is a rare event in gamma camera systems. When it occurs, however, it can have a large
impact on both planar and SPECT images.
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Case

After an incident involving a water leak in a SPECT scanning room, the SPECT system was tested and
hydration was found in both crystals of a dual head camera (see Fig. 38). SPECT data of a NEMA PET image
quality phantom is shown in Fig. 39. Data were acquired using a 128 x 128 matrix, 120 projections of 20 s and
reconstructed without AC.

On-peak images show that the hydration is only visible on head 2. The non-uniformity of these two close cold
spots form the half-ring artefact shown in the SPECT images. Once both crystals had been replaced, the system
functioned properly.

Guidance

Off-peak hydration tests should be carried out when physical factors, such as water leaks, affect the
environmental conditions in the room that houses the SPECT or SPECT/CT scanner. It is important to note that not
all hydration spots visible in off-peak flood images result in on-peak image artefacts.

4.1.3. Poor correction maps
Background

Nuclear medicine imaging systems have both intrinsic and extrinsic uniformity maps that are used to correct
for non-uniformities present in the detector and the collimated detector, respectively. The use of an appropriate
correction map is essential if non-uniformity artefacts are to be avoided. When liquid flood phantoms are not
mixed properly, or when collimators are exchanged between systems of the same scanner model, the uniformity
maps might introduce artefacts in the SPECT images. Furthermore, outdated correction maps that do not match the
current state of the detector can introduce image artefacts.

Low Peak High

Detector 1

Detector 2

FIG. 38. Lower (126 keV) and upper (154 keV) off-peak (left and right) and on-peak (middle) flood images showing hydration spots in
both crystals of a dual head SPECT system.
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FIG. 39. Halfring artefact caused by crystal hydration of a dual head SPECT camera.

Case A

SPECT uniformity test was performed with a Jaszczak phantom filled with **™Tc. FBP reconstructed and
uniformity corrected slices presented ring artefacts (see Fig. 40). It was verified that this defect was created by a
poorly mixed uniformity liquid flood phantom.

Case B

Uniformity corrected slices of a SPECT performance test phantom presented ring artefacts, as shown in
the top row of Fig. 41. When uniformity correction was excluded from the reconstruction process, the artefacts
disappeared (shown in bottom row). The loaded uniformity correction map was found to be outdated; and when the
proper map was used, ring artefacts did not appear.

Guidance

When creating tomographic uniformity maps using a flood tank, it is important that the radioactive solution
be properly mixed to ensure that the system correction map only corrects for varying detector performance. A prior
planar image of the phantom can help to ensure that the phantom is properly mixed. Where a choice of uniformity
maps is available, it is important that the correct map be chosen; and where collimators may be interchanged
between systems, any system uniformity correction should be for the desired detector—collimator combination.
4.1.4. Centre of rotation offset
Background

Ring artefacts that can occur owing to COR errors are not clearly seen on clinical images but result in a loss
of resolution or blurring in the reconstructed image. Therefore, evaluation using appropriate test phantoms, such as
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FIG. 40. Partial ring artefacts caused by a poorly mixed fillable flood phantom.
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FIG. 41. Ring artefacts resulting from using an outdated uniformity map (top row) and reconstructed slices without uniformity
correction (bottom row).

multiple point sources, should be carried out according to manufacturer’s recommendations. COR testing aims to
guarantee correct alignment of the physical COR with the reconstruction COR.

Case

A SPECT performance phantom filled with *™Tc was imaged with a 128 x 128 matrix and 128 projections.
FBP reconstruction and Chang-AC were performed. Figure 42 depicts the slices presenting ring artefacts in all of
them, indicating offset error (i.e. a shift of the physical COR in relation to the centre of the matrix of reconstruction).

Guidance

A periodic check of COR offset is essential in order to ensure that no distortions or ring artefacts be introduced
in SPECT studies, even if planar uniformity maps do not present inhomogeneities.

4.1.5. Energy peaking
Background

Before acquiring a SPECT image, it is important to ensure that the correct radionuclide be selected and that
the camera be peaked correctly on the chosen radionuclide.
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FIG. 42. Ring artefacts in a sequence of SPECT images of a performance test phantom owing to COR error. The centre of the rings
corresponds to the axis of rotation

Case

Two *™Tc-MIBI myocardial perfusion studies were performed. Patient (a) was acquired on-peak (centred at
140 keV) and at low off-peak (centred on 125 keV), as shown in Fig. 43(a). Patient (b) was acquired on-peak and
at high off-peak (centred on 155 keV), as shown in Fig. 43(b). If the energy window is placed too low, more scatter
radiation will be acquired in the projections, diminishing the contrast (see Fig. 43(a)). Conversely, with the energy
window placed high, less scattered radiation is present and borders are better defined, albeit at the cost of a lower
count rate. The resulting SPECT slices are shown in Fig. 44.

Due to the increase of scatter in the low off-peak images, resolution and contrast are compromised with
thicker myocardial walls and more non-myocardial uptake respectively. Using a high off-peak energy window
improves contrast — but with more noise — although this appears to be minimal in this example owing to high
acquired counts.
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FIG. 43. Projection views of a myocardial perfusion study (a) imaged at 125 keV and 140 keV with the lower energy window used and
(b) energy peak and projection views at 155 keV and 140 keV using the higher energy window.

140 keV
(a)
125 keV
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(b)
155 keV

FIG. 44. Projection views of two myocardial perfusion studies: patient (a) imaged at low off-peak and on-peak; and patient (b)
imaged at high off-peak and on-peak. The centre of the energy window settings is also shown for each image.

Guidance
The energy window needs to be well centred in order to produce good contrast, high resolution and low noise

images. In the case of a large contribution of scattered radiation, the window can be shifted towards the high energy
end, with the acquisition time per projection increased in order to keep an acceptable noise level.
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4.1.6. Head tilt
Background

COR artefacts typically present as ring artefacts that show throughout every slice of a tomographic dataset.
In some instances, however, a ring artefact might only be present in a small number of slices. While this may be
due to detector non-uniformity, another cause for this type of artefact is head tilt (i.e. detector sag in the axial
(Z) plane). With head tilt, the COR might only be correct for some, but not all, slices, giving the slice dependent
COR ring artefact.

Case A

Ring artefacts can be observed in reconstructed slices from a dual detector SPECT system (see Fig. 45). As
the uniformity maps for both detectors did not have noticeable inhomogeneities (see Fig. 46(a)), COR offsets were
checked and found to be within the manufacturer’s limits (see Fig. 46(b)). Once the head tilts were adjusted and a
new calibration performed, all slices were brought within tolerance, and ring artefacts were not seen in the resulting
uniformity transverse slices (see Fig. 47).

Case B

The reconstructed slices of a myocardial perfusion study showed abnormal shapes in all projections. It
was verified that the detectors were tilted, converging towards the gantry. The heads were repositioned and new
rest study was performed. The top row of Fig. 48 shows the tilted head slices, while the bottom row shows the
corrected ones.

Guidance

When ring artefacts are present in uniform phantom slices, with planar uniformity not showing
inhomogeneities and COR testing within acceptable limits, head tilt can be suspected as the cause of the artefact.

FIG. 45. Ring artefacts present in the slices further away from the centre along the AOR of a uniform cylinder.
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Parameter Name Value Acceptance Criteria

Delta X - Detector 1 0.37451 mm »=-0.5 and <=0.5
Delta X - Detector 2 0.16475 mm »=-0.5 and <=0.5
Delta Y - Detector 1 0.00000 mm <=0.0

DeltaY - Detector 2 -0.12223 mm »=-0.5 and <=0.5

X Deviation from fit Detector 1 (blue) radius = 200.0, Detector 2 (red) radius = 200.0 J
X Deviation from it Detector 1 (blue) radius = 200.0, Detector 2 (red) radius = 200.0

Y Deviation from fit Detector 1 (blue) radius = 200.0, Detector 2 (red) radius = 200.0 J
¥ Deviation from fit Detector 1 (blue) radius = 200.0, Detector 2 (red) radius = 200.0

(a) (b)

FIG. 46. Acceptable uniformity and COR corrections suggesting that SPECT artefacts are not associated with uniformity or COR.

FIG. 47. Reconstructed slices of the uniform cylinder after adjusting COR deviations.
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FIG. 48. Myocardial perfusion study reconstruction with tilted head (top row) and with no tilt (bottom row).

Improved COR calibrations can resolve the issue. If this is not successful, the manufacturer’s engineer may need to
be called to fix the head tilt.

4.17. Mismatched sensitivity

In poorly performing systems, there may be a change in detector sensitivity as the scanner rotates around the
patient. It is expected that this could have an adverse effect on image quality.

Case

A Jaszczak phantom filled with a *™Tc solution was imaged while positioned on the imaging couch of a
SPECT/CT system (see Fig. 49). Because the couch attenuated the signal from posterior projections as demonstrated
in the figure, this acquisition simulates a potential change in sensitivity of a SPECT system with acquisition angle.

Images showing the uniform section of the phantom with different reconstructions, together with a vertical
profile through this slice with each reconstruction is shown in Fig. 50. Using FBP and OSEM reconstructions
without AC, the profile displays a slight (~15%) reduction in counts between the bottom edge of the phantom
compared to the top edge. A small difference can also be seen visually in the rim of these phantom images.
This would be expected given that the projection counts were reduced in these posterior stations. No significant
difference was seen between the iterative and FBP methods.

Once Chang-AC is applied, this difference is less apparent (but still visible because it does not account for
bed attenuation) in both the image and profile data. For reference, the data iteratively reconstructed with OSEM
and CTAC, accounting for the bed attenuation, are given as truth for the phantom data. It shows no difference
between upper and lower phantom rims, signifying that any difference found in the other reconstructions are real.
Interestingly, there is also a bias between CT and Chang-AC, which is likely augmented by the inappropriate
choice of a linear attenuation coefficient for this phantom.
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FIG. 49. (A) Projection from an acquisition of a Jaszczak phantom clearly showing a reduction in counts from imaging couch
attenuation and (B) the change in total counts acquired for each projection.

FBP No AC FBP Chang AC OSEM CTAC

© 00

Counts

Top Vertical Position Bottom

FIG. 50. Uniform slice from the Jaszczak phantom reconstructed with four reconstructions: (left to right) OSEM with no correction
for attenuation; FBP with NAC; FBP with Chang-AC; and iterative CTAC. The profiles from each reconstruction are also shown.
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Guidance

Although SPECT reconstructions are relatively tolerant of detectors with changing sensitivity at different
angles, all efforts should be made to ensure that detector sensitivity is not affected by detector angle, particularly if
quantification is to be performed.

4.1.8. Phantom related artefacts
Background

When a phantom is used to test the characteristics and performance of a SPECT system, high activity spots
may be present in the reconstructed slices if radioactivity adheres to the phantom edges or its internal structures.
Conversely, cold spots may indicate the presence of air bubbles in the mixture. In addition, ring patterns may
appear if there are defects in the phantom.

Case

A dual head SPECT system was testing using a Jaszczak phantom with a 128 x 128 acquisition matrix,
800 kcounts per projection, OSEM reconstruction with 8 subsets and 3 iterations, and a Butterworth filter order 5
and 0.7 cut-off frequency. Chang-AC was applied with p=0.12 cm™'. Figure 51 shows reconstructed images across
all slices of the phantom, with a ring located at half the radius in the resolution rods section that is not observed
in the uniform section of the phantom. This defect was caused by damage to the rods section when it was dropped
onto the floor.

Guidance

The condition of a SPECT testing phantom should be carefully checked when used to verify the image quality
of a SPECT system, as damage to the phantom can hamper the results of the test.

4.2. ACQUISITION RELATED ARTEFACTS

Several acquisition parameters can be selected during a SPECT image acquisition, including: collimator
type, number of projections, time or counts per projection, matrix size, FOV and zoom factor, which define the
pixel size, rotation direction, type of orbit, radius of rotation and detector head orientation. All of these parameters
should be optimized in order to minimize image artefacts. In general, data are acquired over 360 degrees, with the
number of projections chosen depending on the detector FOV and the linear sampling interval. In cardiac studies,
however, data are acquired with the detectors positioned in 90 degrees and over a 180 degree arc, from RAO to
LPO projections.

4.2.1. Matrix and pixel size
Background

Pixel size is determined by dividing the camera’s FOV by the matrix dimension. Images with large pixel size
are characterized by lower image resolution. Conversely, smaller pixel size produces images with potentially better
resolution at the expense of a higher noise level. Zoom factors can be applied during acquisition to increase the
image area occupied by the same region of an object in the unzoomed mode, resulting in a better resolution.

Case A

AP™Tc filled Jaszczak phantom was imaged with a dual head SPECT system with a low energy high resolution
(LEHR) collimator, a radius of rotation of 20 cm, 120 projections with 800 kcounts per projection and acquisitions
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FIG. 51. Ring artefacts in the rods section from damage to the SPECT performance phantom.

matrices equal to 64 x 64, 128 x 128, 256 x 256, and 128 x 128 with a zoom factor of 1.33. Image reconstruction
was performed with FBP with a ramp filter (cut-off at 0.5 Nyquist frequency) and Chang-AC (p = 0.12 cm™).
Representative slices in the cold rods and spheres sections are shown in Fig. 52, where improvement in image
resolution with decreasing pixel size, at the expense of noise level, can be verified. More specifically, in the rods
the 256 x 256 acquisition and the 128 x 128 acquisition with a zoom factor of 1.33 resulted in four sections
resolved, in contrast to three sections in the 128 x 128 unzoomed acquisition.

Guidance

The appropriate choice of matrix size and filter cut-off frequency is essential to preserve the resolution of
the imaging system and to keep the details present in the object. When appropriate, zoom factor applied during
acquisition can be used to enhance spatial resolution. However, attention should be paid to the number of acquired
counts to maintain an acceptable image noise level.

Case B

A striatal phantom was imaged with a radius of rotation of 15 cm, 128 x 128 matrix, 120 projections and
a pixel size of 2.1 mm. Figure 53(a) shows a FBP Butterworth (cut-off at 0.45 Nyquist frequency and order 10)
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FIG. 52. Cold rods (top row) and cold spheres (bottom row) sections reconstructed slices of a **"Tc filled Jaszczak phantom, with
different matrix size, pixel size and reconstruction filter cut-off fixed at 0.5 Nyquist frequency: (left to right) 64 x 64, 8.84 mm,
0.028 cycles/mm; 128 x 128, 4.42 mm, 0.057 cycles/mm; 256 x 256, 2.21 mm, 0.113 cycles/mm; and 128 x 128 with zoom
factor = 1.33, 3.32 mm, 0.075 cycles/mm.

FIG. 53. Striatal phantom imaged with different pixel sizes (spatial frequencies): (a) 2.4 mm (0.094 cycles/mm); (b) 2.7 mm
(0.083 cycles/mm); (c) 3.9 mm (0.058 cycles/mm),; and (d) 4.8 mm (0.047 cycles/mm).
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reconstructed slice, after Chang-AC, where both caudate nuclei and putamina can be distinguished (dimensions
7—-15 mm). When the pixel size is enlarged from 2.1 mm to 4.8 mm (see Fig. 53(b—d)), the separation between the
four structures decreases until almost forming one sole structure. The images also show that the noise level in the
background has smoothed out during this process. Note that the cut-off frequency has been maintained fixed at
0.45 Nyquist frequency. So, in terms of cycles/mm, it increases with decreasing pixel dimension. This also has an
influence on spatial resolution, improving it with decreasing pixel size.

Guidance

Proper selection of pixel size according to the object of interest dimensions will preserve the information
collected. Note that filter cut-offs defined as a fraction of the Nyquist frequency may need to be altered to keep the
same noise and resolution characteristics.
4.2.2. Number of projections
Background

Increasing the number of projections improves image quality while increasing acquisition time for a fixed
dwell time per projection. Decreasing the number of projections degrades the image quality, particularly at the
edges of the FOV because of the poorer spatial sampling in this area. Although spatial resolution is a function of
distance to the collimator, at the centre of the FOV it is not highly dependent on the number of projections.

Case A

SPECT performance tests were obtained with a Jaszczak phantom, using a 128 x 128 matrix and different
angular samplings for a circular orbit with a radius of 20 cm. Figures 54-56 show reconstructed slices for 120,

FIG. 54. Matrix size: 128 x 128, 120 projections.
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FIG. 55. Matrix size: 128 x 128, 60 projections.

FIG. 56. Matrix size: 128 x 128, 30 projections.



FIG. 57. Slices in the cold spheres and rods sections for all angular samplings, showing differences in resolution.

60 and 30 projections, respectively. Figure 57 illustrates corresponding slices in the cold spheres and the rods
sections for all angular samplings. The same number of counts per projection was used in all acquisitions, so total
counts in the images differ. The degrading effect in resolution with decreasing number of projections can be seen in
both the cold spheres and the rods sections of the phantom. The effect of variable count density on the visualization
of a non-uniformity ring artefact is also evident in some slices.

Case B

A striatal phantom was imaged at a radius of rotation of 15 cm, matrix with 3.3 mm pixel size and the same
total counts, for angular samplings of 30, 64, 90 and 128 projections. Figure 58 shows the results of Chang-AC FBP
reconstruction with a Butterworth filter cut-off frequency set at 0.45 Nyquist frequency and order 10. Streaks are
more prominent in the 30 projections slice than in the 64 projections slice and are not present in the higher sampled
images.

Guidance

An adequate choice of linear and angular samplings will preserve the imaging system’s resolution and
produce tomographic images with fewer distortions.

Case C

SPECT performance tests were obtained with a Jaszczak phantom, using a variety of angular and linear
samplings (matrix sizes) for a circular orbit with a radius of 20 cm. The same total counts were acquired in all
studies. Figure 59 shows reconstructed slices for cold spheres and rods sections for 64 x 64, 128 x 128 and
256 x 256 matrix sizes with 120 projections. In addition, 30 and 60 projections data were also acquired for the
128 x 128 matrix.

53



FIG. 58. Striatal phantom imaged using the same number of total counts but with different angular sampling: (a) 30, (b) 64, (c) 90
and (d) 128 projections. Butterworth filter cut-off frequency fixed at 0.45 Nyquist frequency and order 10.

The degrading effect in resolution with decreasing number of projections can be seen more clearly in the rods
section slices. It can also be noticed that better image resolution and less distortion are achieved when the number
of projections is close to the matrix size, as in the case of 128 x 128 matrix with 120 projections. Furthermore,
there is no advantage in using a larger matrix, 256 x 256, due to the spatial resolution of the system and the higher
noise level.

Guidance

An adequate choice of linear and angular samplings will preserve the imaging system’s resolution and produce
tomographic images with fewer distortions. Attention should be paid to the number of counts to be collected, as the
image noise level is affected by the matrix size.

Case D

A Jaszczak phantom was placed under a dedicated cardiac study camera, with the two heads positioned at
90 degrees, and projections were obtained with 32 x 32 x 32, 64 x 64 x 64 and 128 x 128 x 64 matrix size and
projections. FBP reconstruction with Chang-AC was performed, and the results for a slice in the rods section are
shown in Fig. 60. Geometric distortions are seen at the border region of the half of the phantom that was imaged,
while strong blurring is present at the other half that was not directly imaged.
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FIG. 59. Jaszczak phantom acquired with same total counts: (left to right) 64 x64 x 120, 128 x 128 x 30, 128 x 128 x 60,
128 x 128 x 120, 256 x 256 x 120.

FIG. 60. Rods section slices obtained with a dedicated cardiac SPECT scanner (90 degree detector configuration, using a 180 degree
arc acquisition from LPO to RAO) reconstructed with FBP and Chang-AC: (top row) 32 x 32, 32 projections; (middle row) 64 x 64,
64 projections, (bottom row) 128 x 128, 64 projections.
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Guidance

In cardiac studies, incomplete 180 degree angular sampling is adopted despite the fact that it introduces
geometrical distortion, as the contrast is improved when compared to 360 degree acquisition and the study time is
shortened. It should be noted that the patient can be positioned in either supine or prone positions (see Section 4.4.3).

4.2.3. Counts per projection
Background

As with planar nuclear medicine imaging, reducing counts per projection will result in increased noise, while
longer scan times can reduce noise and improve image quality.

Case A

A ¥ filled Jaszczak phantom was imaged using 128 projections, a 128 x 128 image matrix and a range
of 100-1200 kcounts per projection. Data were reconstructed using FBP with the same reconstruction filter and
Chang-AC (see Fig. 61). There is a clear difference between 100 and 1200 kcounts per projection, although in this
instance, the improvement in image resolution and contrast between 800 and 1200 kcounts per projection is limited.

Case B
Another *™Tc filled phantom shows no clear ring artefacts at low (100) kcounts per projection, but does show

a non-uniformity artefact at high (1200) kcounts per projection (see Fig. 62). The two sets of data were acquired
one after the other on the same system.

FIG. 61. Transaxial slices through the rods section of a Jaszczak phantom at different numbers of counts per projections.
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Case C

A patient was referred for a '*I-ioflupane scan to distinguish between idiopathic Parkinson’s disease and
essential tremor. Three hours following the injection of 185 MBq of *I-ioflupane, the patient was imaged for 40 s
per projection using a 3 mm voxel size and reconstructed using OSEM iterative reconstruction. Using Poisson
resampling techniques, it is possible to derive images of different counts levels. In Fig. 63, images with between
4 and 40 counts per second are shown. Once more, there is a clear difference between the lowest (4 s) and highest
(40 s) times per projection; although in this example, there is no clear benefit of imaging beyond 24 s per projection.

Guidance

The number of acquired counts per projection should be chosen to match acceptable noise levels for the
specific application. For quality control purposes, using a Jaszczak phantom with very low levels of noise is
preferred, particularly to identify underlying problems leading to artefacts, whereas for clinical imaging, a higher
level of noise may be acceptable. Nevertheless, whichever application is used, there comes a point where increasing
the acquired counts per projection brings very little extra benefit to the imaging task.

FIG. 62. Ring artefact caused by detector non-uniformity which is visible at high (1200) kcounts per projection but barely visible at
low (100) kcounts per projection.

57



FIG. 63. '"PLioflupane imaging with varying levels of acquired counts per projection.

4.2.4. Acquisition arc
Background

In general, tomographic slices are reconstructions of projections acquired over 360 degrees around the
patient. However, for organs localized mainly on one side of the body, such as the heart, partial arc acquisition is
performed in order to improve the spatial resolution of the image by excluding projections that are further away
from the organ. Acquisitions typically use the two detectors positioned in a fixed 90 degree configuration moving
from the RAO to LPO position.

Case A

A Jaszczak phantom was placed at the centre of a dedicated cardiac SPECT system with a fixed 90 degree
head configuration, and both 180 degree and complete 360 degree arc acquisitions were obtained. Figure 64 shows
the reconstructed slices from the half circle acquisition (top row) and those from the complete circle (bottom row).
The top row clearly shows the distortions from the incomplete data in the rods section of the phantom, as well as
improved contrast in proximal regions due to improved resolution when compared to the results in the bottom row.

Guidance
With the exception of imaging organs localized mainly on one side of the body, acquiring SPECT data over

a 360 degree arc should be performed in order to minimize image distortion and to improve image resolution and
contrast.
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FIG. 64. Reconstructed slices of the rod section of a Jaszczak phantom from an LPO to RAO 180 degree acquisition (top row) and a
360 degree acquisition (bottom row).

4.2.5. Collimator
Background

The ability of an imaging system to distinguish two identical point sources is described by its spatial resolution.
The collimator is one of the most important components that defines the spatial resolution of a gamma camera. The
choice of collimator depends on the radionuclide, and the compromise of sensitivity and spatial resolution required
for the underlying application.

Case

A striatal phantom was imaged with **Tc, using a pixel size of 3.3 mm, with 120 projections and a radius
of rotation of 15 cm. In this instance, the time of acquisition was kept constant. Data were reconstructed with FBP
using a Butterworth filter with cut-off at 0.45 Nyquist frequency and order 10, and Chang-AC. Figure 65 shows
the results when imaging was done using collimators of the type: (a) LEUHR; (b) LEHR; and (¢) medium energy
general purpose (MEGP).

The loss of spatial resolution varies with the type of collimator used. An LEUHR collimator may be used
for optimal spatial resolution but with the penalty of reduced system sensitivity and potential image artefacts due
to reduced count density. MEGP collimators typically have wider holes to offset losses in sensitivity caused by
increased septal thickness and therefore have poorer spatial resolution than low energy collimators.
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FIG. 65. Striatal phantom imaged with different collimator types (a) LEUHR, (b) LEHR and (c) MEGP.

Guidance

The appropriate collimator should be used for the application and radionuclide being used. In modern systems,
resolution modelling in the reconstruction could be used to compensate for resolution losses on more sensitive
collimators (poorer spatial resolution). MEGP collimators are (as the name indicates) intended for nuclides with an
energy higher than *™Tc (e.g. '''In, '”’Lu and to some extent '*°I).

4.2.6. Radius of rotation
Background

Image resolution in SPECT degrades with distance from the detector head. Increasing the radius of rotation of
the camera heads will therefore cause a loss of spatial resolution.

Case

A striatal phantom was imaged with *™Tc, using an LEHR collimator and pixel size of 3.3 mm, with
120 projections. Five radii of rotation were used, with the resulting images shown in Fig. 66. In addition, the
FWHM of a line source placed centrally in the FOV of the SPECT scanner and imaged with increasing radius
of rotation is plotted in Fig. 67. The phantom images and plot clearly show the non-linear resolution losses with
increasing radius of rotation.

Guidance

All efforts should be taken to minimize the radius of rotation used for SPECT imaging. The use of non-circular
orbits is often advantageous, except when imaging the brain on account of its shape and safety considerations.

4.2.7. Orbit effects
Background

In the human body, the length of the anterior—posterior axis is usually smaller than the left-right one.
Consequently, circular orbits will collect anterior and posterior projections further away from the patient than the
lateral views. As illustrated in Section 4.2.6, the spatial resolution of a gamma camera degrades with the distance of

the object to the collimator. Therefore, to improve spatial resolution, non-circular orbits, such as elliptical or body
contoured, are preferable.
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17.5 cm

FIG. 66. Striatal phantom images with increasing radii of rotation showing degrading image resolution with increasing radius of
rotation.
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FIG. 67. Variation of spatial resolution with radius of rotation for a parallel hole collimator.

61



Case

A heart and lung torso phantom was used, with an anterior—posterior length of 20 cm and a left-right length
of 29.6 cm. In order to verify the effects of the different acquisition orbits with a dual head SPECT camera, the
heart was replaced by a set of two thick (2.5 cm in diameter) and two thin (1.5 cm in diameter) rods, mounted at
different depths (3.0 cm and 11.4 cm from the anterior wall of the phantom), and two saline bags were attached on
each side, simulating patient arms (see Fig. 68). A solution of 1.26 GBq of *™Tc diluted in 4 L of water filled the
phantom cavity. Projections were collected with LEHR collimators, 256 x 256 matrix and 120 angular samplings
for both circular (radius of 26.5 cm) and body contour (anterior—posterior radius of 21.9 ¢cm and lateral radius of
26.5 cm) orbits, with a total of 117.7 Mcounts and 115.3 Mcounts, respectively, and a zoom factor of 1.33.

Figure 69 shows the SPECT transverse and sagittal slices of the phantom inserts, depicting the rods at
different depths. Reconstruction was performed without AC, using OSEM (8 subsets and 5 iterations, Butterworth
filter with cut-off frequency at 0.7 Nyquist frequency and order 5) and FBP (ramp filter with cut-off frequency
at 0.6 Nyquist frequency). Figure 70 shows the transverse slices for both reconstructions. Some loss of spatial
resolution and contrast in the circular orbit acquisition is visible for both reconstructions. Note also that OSEM
preserves the geometry better than FBP, as well as dealing with the noise level in the image.

Four transverse slices were summed and count profiles were drawn for double lines passing through the
centres of both anterior and posterior rods (see Fig. 71). Body contour orbit data provided a more consistent result,
especially for the deeper structures, because the cameras were closer to the phantom at the anterior and posterior
projections, when the radius of rotation was 21.9 cm, than in the case of circular orbit, where this distance was
26.5 cm, equal to the lateral radius in body contour orbit.

FIG. 68. Torso phantom with rod inserts on the imaging table with two saline bags attached to each side simulating patient arms.
Thick yellow arrows indicate the thick rods, and thin green arrows indicate the thin rods.
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FIG. 69. SPECT transverse and sagittal slices depicting the thin and thick rod inserts in the thoracic phantom.

FIG. 70. FBP (top row) and OSEM (bottom row) reconstructed cold rod inserts transverse slices for both body contour and circular
orbits. Some loss of resolution and contrast is more noticeable in the FBP reconstructed images.
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FIG. 71. OSEM reconstructed transverse slices for both circular (left) and body contour (right) orbits. Profiles were drawn for a
double line across the centres of the (a) anterior and (b) posterior rods.
Guidance

On account of the geometry of the human body and whenever feasible, body contour (or elliptical) orbits

should be used for tomographic acquisition to keep the camera as close as possible to the body, minimizing any
loss of spatial resolution and contrast.
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4.3. RECONSTRUCTION ARTEFACTS

The formation of a three dimensional dataset from two dimensional projection data is achieved by
reconstruction, either by FBP or by iterative reconstruction methods such as OSEM (see Section 2.1.3). FBP is
a direct, fast and linear method, but often results in high noise levels, including streaking artefacts. Iterative
methods offer a better control of noise levels, but are non-linear and their results depend on the number of iterations
and subsets (for OSEM) used and the corrections included (e.g. resolution recovery). Quantitative results of
reconstructions may depend on the choice of method, filters and parameters for AC (e.g. by the Chang method).

4.3.1. Filtered back projection streak artefacts
Background

In FBP, data are back projected into image space to form the image. While this is a fast and direct method to
derive the tomographic data, it can cause streak artefacts — particularly where there are areas of high uptake in a
low uptake background.

Case A

This patient was referred to assess orthopaedic pain around the knee. SPECT/CT was performed following
the injection of *™"Tc-HDP (see Fig. 72). Although the salient features of the FBP reconstructed data within the
knee are the same as those reconstructed using OSEM, the FBP data have clear streak artefacts coming from the
back projection process which are not visible with OSEM. The reconstruction filter and scaling of both images are
the same.

Case B

Myocardial perfusion SPECT and 'I-ioflupane SPECT images reconstructed using FBP are shown in
Fig. 73. In the two images, streak artefacts are still clearly visible within and outside the patient boundary, but they
do not adversely affect the diagnostic quality of the data.
Guidance

FBP reconstructions create streak artefacts in the reconstructed data. Although this form of reconstruction

does not necessarily produce image data of inferior diagnostic quality, the streak artefacts mean it is not preferred
for imaging small areas of high uptake in a low uptake background.
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FIG. 72. Anterior projection (left) showing the position of a transaxial slice reconstructed using FBP (middle) and OSEM iterative
reconstruction (vight).
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FIG. 73. Myocardial perfusion SPECT (left) and **Lioflupane SPECT (right) reconstructed using FBP.

4.3.2. Filters
Background

Image resolution in SPECT changes with the type of filter used and its corresponding parameters. Increasing
image smoothing reduces image noise but at the expense of degrading image resolution.

Case

A striatal phantom was imaged with *™Tc, using an LEHR collimator and pixel size of 3.3 mm, with
120 projections. Data were reconstructed with FBP using a Butterworth filter order 10 and with increasing cut-off
from 0.30 to 0.60 Nyquist frequency (decreasing smoothing) with a 0.15 increment. In all cases, Chang-AC was
applied. The results are shown in Fig. 74, which clearly shows that as cut-off frequency increases (decreasing
image smoothing), image resolution improves but at the expense of increasing image noise.

0.30

FIG. 74. Representative striatal phantom images reconstructed using FBP with a Butterworth filter order 10 with increasing cut-off
from 0.3 (left) to 0.6 Nyquist frequency (right), showing improvement of image resolution but at the expense of increasing image noise.
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Guidance

The choice of filter type and associated cut-off frequency should be balanced between image resolution and
noise. Increasing image smoothing reduces image noise but degrades image resolution.

4.3.3. Iterations and subsets
Background

Iterative reconstruction using expectation maximization methods such as MLEM make many attempts at
matching an estimated image to the measured projections, using the differences in the current estimate to help to
improve the following estimate. As a consequence, the estimated image becomes a better representation of the true
activity distribution with increasing number of iterations.

This process can be accelerated by using OSEM, where the estimated image is only compared with a subset
of projections each time. With OSEM, the number of iterations and subsets are defined. The number of subsets
equals the number of projections divided by the subset size. One iteration is defined as a pass through all subsets.

Case

A thorax phantom with myocardial, liver and background compartments were filled with a solution of *™Tc
and imaged using a SPECT system with transmission AC. Figure 75 shows the image becoming more defined with

FIG. 75. Thorax phantom data reconstructed using MLEM reconstruction with between 1 and 150 iterations.
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increasing numbers of MLEM iterations. At a high number of iterations, the noise becomes amplified — a known
effect of iterative reconstruction.

Figure 76 demonstrates how OSEM can speed up the iterative reconstruction process. The left column
shows a reconstruction with 30, 60 and 120 MLEM iterations. Sixty projections were collected in the SPECT
acquisition. A subset size of 4 therefore corresponds to 15 (= 60/4) subsets. The middle column clearly shows
that: 2 iterations of 15 subsets are equivalent to 30 MLEM iterations; 4 iterations of 15 subsets are equivalent to
60 MLEM iterations; and 8 iterations of 15 subsets are equivalent to 120 MLEM iterations — each leading to a
huge saving in reconstruction time. The right column shows that even a subset size of 2 giving 30 subsets can be
used. The equivalence of 1, 2 and 4 iterations with these 30 subsets correspond to similar image features derived
from 30, 60 and 120 MLEM iterations, respectively.

Guidance

The formation of tomographic data using iterative reconstruction is defined using iterations in the case of
MLEM and iterations and subsets with OSEM. The number of iterations has an impact on image quality and on
the quantitative accuracy of the activity distribution. With OSEM, significant savings in reconstruction time can be
achieved using subsets of projections and the corresponding much reduced numbers of iterations.

OSEM OSEM
MLEM 15 subsets 30 subsets
(subset size 4) (subset size 2)

* numbers indicate number of iterations

FIG. 76. Thorax phantom data reconstructed using MLEM and OSEM reconstruction showing the equivalence and improvement in
reconstruction times using OSEM with a subset size of 4 and 2 (corresponding to 15 and 30 subsets, respectively).
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4.3.4. Use of resolution modelling
Background

Accounting for losses in spatial resolution within iterative reconstruction is an option available in most modern
SPECT/CT systems (see Section 2.1.4). Much of the focus on these algorithms is their ability to reduce noise in an
image, and in doing so provide an opportunity to reduce acquisition time and/or injected activity [50]. However,
by using resolution modelling which incorporates point spread function (PSF) information, it is also possible
to resolve small lesions that might be undetectable using standard reconstruction approaches. Unfortunately,
resolution modelling can also produce overshoot artefacts (also known as Gibbs artefacts), which can overestimate
activity and produce apparent cold spots in larger lesions. Such artefacts are particularly prevalent in areas of high
contrast (i.e. where there are large changes in activity).

Case A

A transaxial slice from a *™Tc filled NEMA image quality phantom reconstructed using OSEM with and
without resolution modelling is shown in Fig. 77. In the largest sphere, the overshoot effect of resolution modelling
is represented by overestimation of activity at the edge of the sphere and underestimation in the centre. In the
smaller sphere highlighted in the profile, the overshoot artefacts superimpose, artificially elevating the counts in
the sphere. Although potentially helpful in visualizing lesions, it may overestimate the relevance of the lesions.
Furthermore, if quantification is required, the use of resolution modelling can adversely affect the values recorded.

Case B

Figure 78 shows contrast recovery curves from a *™Tc filled NEMA image quality phantom highlighting
maximum sphere count, and contrast ratio (maximum sphere count to average count concentration) for spheres
in a phantom filled with a sphere to background ratio of 5:1. Clearly the use of resolution modelling increases
the maximum count in each of the spheres compared to standard reconstruction for all sphere sizes. In terms of
contrast, this difference is reduced given that the background counts increase, too. However, it can be seen that the
filling contrast ratio of 5:1 is overestimated using resolution modelling, while for standard reconstruction the result
in the largest sphere converges to 5:1. Note that for smaller spheres, the partial volume effect limits the recovery of
the true contrast.

Guidance

Although the use of resolution modelling within reconstructions can improve the noise characteristics of
the data and lead to better visualization of small features, overshoot artefacts from these reconstructions can
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FIG. 77. A transaxial slice of a “"Tc filled NEMA image quality phantom (A) with resolution (PSF) modelling and (B) without
resolution modelling. (C) Profiles through each image highlighting the effects of resolution modelling. All reconstructions also include
correction for attenuation and scatter.
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FIG. 78. Contrast recovery curves from a *"Tc filled NEMA image quality phantom: (left) maximum counts in each sphere of the
phantom with a sphere to background ratio of 5:1, (right) contrast ratios in each sphere represented as the maximum count to average
count concentration in the background compartment of the phantom. Reconstructions were corrected for attenuation (AC) and
corrected for attenuation and resolution losses using resolution modelling (AC + PSF).

lead to overestimated activity concentrations and ‘cold’ centres to larger features. Visualization of data with and
without resolution modelling can help to understand when these artefacts occur. It has to be noted, however,
that quantification with these techniques is prone to overestimate, or under certain circumstances underestimate,
activity. Reducing the numbers of iterations used in the reconstruction can help to mitigate these artefacts, although
resolution modelling typically takes many more iterations to converge compared to regular OSEM reconstruction.

4.3.5. Chang attenuation correction
4.3.5.1. Bad contouring
Background

SPECT images of uniform phantoms can be attenuation corrected using the Chang technique. This technique
requires that an ROI be defined around the boundary of the phantom. The correction then assumes a uniform
attenuation value in every pixel within the defined region and uses that to perform the AC.

Case

SPECT images of a **™Tc filled Jaszczak phantom were acquired and reconstructed using Chang-AC. Four
different boundaries were created (see Fig. 79). One of which matched the phantom boundary and is considered the
gold standard, one larger than the phantom, one smaller than the phantom and one that is offset with respect to the
phantom.

The effects of the different boundaries are very clear in the image. The images are improved when using
Chang-AC compared to NAC images. However, an overly large contour will produce central areas of the phantom
with relatively fewer counts, while boundaries that are too small will result in relatively elevated counts in central
regions. A shifted boundary introduces a gradient of counts across the images.

Guidance

Boundaries that are badly defined in Chang-AC will result in artefacts in the AC images. Care should be
exercised to ensure that object boundaries are defined correctly.
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(a) (b)

(c) (d)

(e)

FIG. 79. SPECT phantom images with Chang-AC using different boundaries: (a) correct boundary; (b) without AC; (c) large
boundary, showing an enhancement of the edges with respect to the central region; (d) small boundary, showing increased counts in
the central region; and (e) offset boundary showing non-uniform counts across the images.

4.3.5.2. Effect of different u values
Background

The Chang-AC approach assumes a constant attenuation coefficient within the imaged object. This constant
value is dependent on the tissue density of the object and the energy of the incident photon. For soft tissue or water
at 140 keV (**™Tc), many camera systems use a default value of 0.11 cm ™!, compared to the narrow beam definition
of 0.15 cm™, in an attempt to correct for scattered photons.

Case

A cylindrical SPECT phantom filled with a solution of **™Tc was imaged in a SPECT scanner. The acquired
data were reconstructed using Chang-AC with different p values in the range of 0.07-0.15 cm™'. The reconstructed
images are shown in Fig. 80, which shows that too low a value and the count density in central areas will be
underestimated, while too high a value and the count density will be overestimated. Interestingly in this example,
the optimal linear attenuation coefficient for image flatness is 0.09 cm'. This is a consequence of the acrylic walls
of the phantom and also the scatter environment in the phantom, with the lower value giving a flatter profile, but
not necessarily a more accurate value of count density. A similar effect may be seen in brain imaging owing to
the higher density and therefore attenuation of the skull. It should also be noted that the narrow beam value of
0.15 cm ™! is not appropriate for this wide beam source arrangement.

Guidance
The use of an adequate p value for Chang-AC of SPECT images is essential for good quality and more
accurately quantitative images. However, because no phantom or human brain has the same attenuation throughout,

the value of linear attenuation coefficient chosen to create the flattest image may not result in the most accurate
value of count density.
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FIG. 80. Images through the uniform area of a Jaszczak phantom using Chang-AC with different values of linear attenuation
coefficient.

4.3.5.3. Non-uniform attenuation
Background

Chang-AC assumes a uniform attenuation of photons within the imaged object. However, if the object is
composed of different materials with different attenuation coefficients then the application of the Chang technique
will result in errors.

Case

A uniform phantom containing three cylindrical inserts of different materials (air, water and teflon) was
imaged in a SPECT/CT scanner (see Fig. 81). The acquired data were reconstructed using CTAC as well as
Chang-AC with a p value of 0.11 cm™'. The CTAC SPECT image is used as the gold standard, since CT can
account for the different attenuating material during the SPECT image reconstruction. In addition, the data were
reconstructed without AC. None of the cylindrical inserts contained radioactivity and hence the resultant images
should show no counts in these regions. As can be seen from the images, the use of Chang-AC resulted in image
artefacts and large errors in quantification (see Section 4.7) particularly in the air insert. The image without AC also
showed more counts at the phantom boundaries as well as low counts in the central region which are characteristic
of uncorrected images.

Guidance

The use of Chang-AC should be restricted to objects of uniform attenuation; otherwise image artefacts will
appear in the resultant images.
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FIG. 81. SPECT and CT images of a uniform phantom with three cylindrical inserts: (top left) CT image with inserts clockwise from
top of water, teflon and air, (top right) iterative reconstruction with CTAC; (bottom left) FBP with Chang-AC; (bottom right) FBP
with NAC.

4.4. PATIENT RELATED ARTEFACTS

Image artefacts may be generated not only by system related factors, but also by the patients themselves. This
section includes patient motion (voluntary as well as involuntary cardiac motion), injection problems or residual
of tracer from previous examinations or treatments, together with specific problems in positioning and related
attenuation effects.

4.4.1. Voluntary patient motion
Background

In general, compared to planar imaging, SPECT requires a greater number of acquired counts to produce
robust, low noise diagnostic images. Ethical limitations to the injected activity that can be given to a patient mean
that high level of counts need to be achieved by relatively long scan times — normally between 15 and 45 minutes.
This obviously places a greater demand on the patient to remain still during the acquisition of image data. Although
for most patients this is achievable, in some cases long scan duration results in patient motion. This can make the
reconstructed data difficult, or even impossible to use, for diagnosis.

Case A

A 50 year old male with drug resistant frontal lobe epilepsy was referred for an ictal cerebral blood flow
study to help localize an epileptogenic focus. Immediately following the onset of an epileptic seizure, 485 MBq of
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9mTc-hexamethylpropyleneamineoxime (HMPAO) was injected, with imaging performed 2.5 hours later. Twenty
minutes after the start of imaging, the patient suffered another seizure, moved and left the scanner FOV at angles of
114 and 117 degrees, respectively. The consequences of the motion and empty projections reconstructed with FBP
and OSEM are shown in Fig. 82.

In Fig. 82(a), the artefact caused by the incomplete projection data is seen in the FBP reconstruction. With
iterative reconstruction, the study might not be recognized as being artefactual if the reconstructed data were shown
in isolation. However, the lack of counts in the lower left and the upper right of the transaxial image are caused by
the missing projection data.

Case B

A rest myocardial perfusion study was performed using *"Tc-MIBI. In the left panel of Fig. 83, the linogram
shows that the patient moved during the study. Motion correction was applied to the data to produce the linogram
in the right panel. The bullseye plots from uncorrected and corrected data show that on the uncorrected data, the
perfusion deficit is at a 9-10 o’clock position, representing the anterior wall of the heart. Once corrected, the
perfusion deficit moves to the apex of the heart (centre of the bullseye plot).

Guidance

During SPECT studies, it is important that the technologist fully explain the procedure and its duration prior
to patient set-up. When positioning the patient, it is equally important to ensure that the patient is comfortable, and
that appropriate immobilization straps are used to minimize any potential patient motion. It is important that the
doctor writing the report of the images be made aware that motion has occurred. Although it is always possible
to perform quality control for motion in projection or sinogram data, it may not always be possible to spot in the
reconstructed data that the patient has moved. Therefore, the projection images should be checked before releasing
the patient.

4.4.2. Involuntary patient motion
Background

A SPECT acquisition can take anywhere between 10 and 40 minutes. Consequently, any image of the
mediastinum will create a time averaged image of uptake within the heart, unless that acquisition is ECG gated.

However, because the heart spends most time in or close to the end diastolic phase, the myocardial uptake is
relatively well defined and not grossly affected by cardiac motion.

FIG. 82. Cerebral blood flow study showing an artefact caused by incomplete projection data: (a) FBP reconstruction, and
(b) iterative reconstruction (OSEM).
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FIG. 83. A rest myocardial perfusion study: (left) sinogram and linogram showing patient movement during the SPECT acquisition
which, before correction, presents with a perfusion deficit in the patients’ anterior wall; (vight) after motion correction of the sinogram
data, the sinogram and linogram now appears uninterrupted and the perfusion deficit moves to the apex.

Since the myocardium is relatively thin in the diastolic phase, the limited spatial resolution of SPECT systems
can produce partial volume artefacts, where the measured signal is less than the true signal. Indeed, this artefact
is actually used for clinical interpretation of myocardial perfusion imaging. The diastolic phases are significantly
affected by the partial volume effect, while in the systolic phases the myocardial wall thickens, which, with the
reduced effect of partial volume, increases the myocardial count level to produce the measure of ‘wall thickening’.

Case

A 54 year old man who was being assessed for coronary artery disease had a stress myocardial imaging
study using *™Tc-MIBI and adenosine pharmacological stress. The resultant images from ungated data show well
defined myocardium (see Fig. 84(a)). In the gated study (see Fig. 84(b)), the end diastole myocardial wall thickness
is similar to that shown in the ungated data, as would be expected given that the heart is mostly in this phase. At end
systole, the wall thickens, reducing the effects of partial volume artefacts and giving a relative increase in uptake
signal which is used to derive the ‘wall thickening’ metric.

Guidance

Non-voluntary motion from the heart can lead to some motion blurring, although in practice, since the heart
is mostly in the end diastolic phase, a time averaged image mostly represents the heart in the ventricle filling phase.
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FIG. 84. (a) Ungated studies showing a uptake of *"Te-MIBI in the myocardium and (b) a gated study showing the end diastolic
phase and end systolic phase, together with the concept of ‘wall thickening’.

4.4.3. Postural and positional artefacts
Background

On some dedicated cardiac SPECT scanners, there is the ability to perform scans in an erect or semirecumbent
position instead of the standard supine position. In the absence of AC, using a different position for SPECT scanning
can lead to different attenuation effects.

In some centres, to tackle attenuation artefacts in SPECT only scans of the myocardium (see Case B below),
patients can be positioned prone rather than the more traditional supine position. Although uncomfortable for some,
the prone position can compact (e.g. breast tissue) leading to a less attenuated signal.

Case A

A 59 year old man presenting with breathlessness and showing coronary artery calcifications on a recent
chest CT was referred for a myocardial perfusion scan. Under adenosine pharmacological stress, 1052 MBq of
9mTc-MIBI was injected intravenously, with imaging performed in both a semirecumbent and supine position
using a dedicated solid state imaging system. No attenuation correction was performed.

Figure 85 shows differences in image appearance with the patient in a semirecumbent and supine position.
Due to gravity, diaphragmatic attenuation is less of an issue with the patient semirecumbent, which is highlighted
by better perfusion in the inferior wall when compared to supine imaging. However, spill-in of activity from
neighbouring gastrointestinal activity into the myocardium is also more problematic in this patient when
semirecumbent. Perfusion in the septum is reduced in semirecumbent imaging compared to supine imaging, which,
in this instance, is due to the preferable attenuation environment found in the supine position.

Case B
A SPECT only myocardial perfusion study was performed using **™Tc-MIBI on a male patient. In the supine

image shown at the top of Fig. 86, there is a clear inferior wall attenuation artefact. When the patient was imaged
prone (bottom), this artefact disappeared.
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FIG. 85. Semirecumbent (upper row of each pair) and supine (lower row) stress **"Te myocardial perfusion images. Yellow arrows
show postural differences in uptake in the inferior wall and septum.

Guidance

Posture related artefacts can be reduced by using transmission based AC or by using prone imaging where
possible. When this is not possible, the reporting doctor should be made aware of the patient’s posture during
scanning to take account of attenuation artefacts. Dual scanning in multiple positions may also be helpful in some
instances.

4.4.4. Incomplete injection
Background

During injection of a patient, a drop of injectate may be left in the injection line if not properly flushed. In
that case, image distortions of different types may appear, depending on the method of reconstruction and the
selection of image display parameters. Similar results may appear in the case of a (partial) subcutaneous injection.

Case

A body phantom (volume 9.7 L) was filled with a concentration of *™Tc of 50 MBg/L and ‘arms’ consisting
of 1 L infusion bags with the same activity concentration were placed along each side (see Fig. 87). A droplet of
10 MBq ‘injectate’ (2%) in a test tube was placed at the left arm to simulate the injection site. SPECT/CT was
performed on a Philips Precedence 16. Acquisition parameters of a low energy general purpose (LEGP) collimator,
128 angles, 128 x 128 matrix, 60 s per angle; and reconstruction parameters of (left) FBP (NAC), Hamming filter
with cut-off frequency at 0.5 Nyquist frequency and (right) iterative method (OSEM: PSF, 4 iterations 16 subsets,
CTAC).
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FIG. 86. " Te-MIBI scan of a patient scanned in supine and prone positions. The inferior wall attenuation artefact seen in the supine
image is resolved when the patient is imaged in the prone position.
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FIG. 87. Body phantom with ‘arms’ attached and a test tube placed between the ‘body’ and the ‘left arm’with a hot droplet simulating
an injection site: (bottom left) FBP reconstruction (NAC), (bottom right) iterative reconstruction with CTAC. The grey scale in both
cases is logarithmic in order to represent the large dynamic range of the image contents.

Guidance

Injection problems may cause small spots of very high activity concentration. FBP reconstruction (NAC)
exhibits large artefacts, while the iterative method is able to handle the situation reasonably correctly. The dynamic
range may require that the images be shown in a logarithmic scale. Accepting an overflow at the ‘point source’ in a
linear scale can bring out the main information, but it can also result in the main part of the image being displayed
with very few levels of grey, resulting in a loss of information.
4.4.5. Radiopharmaceutical cross-contamination

Background

Gamma camera collimators are designed for a certain range of photon energies and are often referred to
as low, medium or high energy. If the upper limit is exceeded, the photons will penetrate the collimator septa to
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an unacceptable degree, leading to a diffuse image blur or a streak pattern that will impair image resolution and
general quality. In SPECT, reconstruction of inconsistent projections may lead to further errors.

Case

A 50 year old woman was referred for a bone scintigraphy and SPECT and was injected with 545 MBq of
9mTc-HDP. An examination was performed on a Siemens Symbia 16 with low energy collimators. The images
showed an unexpected pattern (see Figs 88 and 89), and it was recognized that there was an apparent high activity
in the neck region (front). An investigation revealed that four weeks earlier in another hospital, the patient had been
given a "' treatment with 400 MBq for a benign thyroid disease. The amount of '*'I remaining was not measured
but estimates were about 1-2 MBq.

Guidance

It is important to be informed about a patient’s previous nuclear medicine examinations and radionuclide
treatments. Of particular importance are nuclides used in therapy with higher energy and long half-lives, such as

2 %

R Anterior L L Posterior R

FIG. 88. Planar bone scintigraphy (**"Te-HDP) of a 50 year old woman who had received "'I treatment with 400 MBgq four weeks
earlier.
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FIG. 89. SPECT (**"Te-HDP) of 50 year old woman who had received "*'I treatment four weeks earlier.

BIT or "Ly, but also PET isotopes with an energy of 511 keV can even in small amounts seriously disturb SPECT
imaging at lower energies owing to collimator penetration.

4.4.6. Patient attenuation
Background

When SPECT data are acquired without CTAC, attenuation artefacts can be present in the reconstructed
image. For many SPECT studies, attenuation artefacts do not strongly affect clinical interpretation of the images.
However, for myocardial perfusion SPECT, the semiquantitative nature of the data, and the fact that stress and rest
images may be compared can lead to attenuation related artefacts causing problems in clinical interpretation.

Case A

A common attenuation artefact found in myocardial perfusion imaging is that caused by attenuation of
projection data by breast tissue — particularly in women with large breasts. In Fig. 90, short axis together with
horizontal and vertical long axis data from a myocardial perfusion study are shown highlighting breast attenuation
in the anterior wall (upper row). In the lower row, the breast tissue was strapped and compressed, resulting in a
reduction of the attenuation artefact.

Case B

Typically, when performing a myocardial perfusion study, patients are asked to put their arms above their
heads to avoid unwanted attenuation of the projection signal. For some patients, however, this position can be
difficult to achieve. For these patients, data are to be acquired with arms down. In Fig. 91(a), the sinogram in the
top row shows attenuation artefacts from an arm down by the patient’s side. In the bottom sinogram image, the
patient’s arm is moved above the head and there are no attenuation artefacts. In the reconstructed data in (b), the
upper rows show an apical-lateral artefact related to arm attenuation, which disappears once the arm is moved
above the patient’s head.
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FIG. 90. Myocardial perfusion study with breast attenuation artefact (upper row), and with breast tissue strapped to reduce the
attenuation artefact (lower row).

Guidance

Attenuation artefacts can cause problems in uncorrected SPECT data when quantification, semiquantitative
or comparative data are required. The simple way to address these issues is to perform CTAC if it is available. If
this is not an option, all steps should be taken to minimize attenuation issues before SPECT data are acquired.

4.5. CTISSUES

CT image quality may be limited by a number of factors in the scanner design or the choice of imaging
parameters. This section includes some examples that relate to the use of CT with SPECT.
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FIG. 91. Myocardial perfusion study. (a) Top sinogram shows reduced signal at the lower part of the sinogram because of arm
attenuation. In the bottom row the intensity of the signal is maintained with the patients’ arms raised. (b) An apical-lateral artefact
seen with arms down (upper row) disappears once the patients’ arms are raised (lower row).

4.5.1. CT slice thickness
Background

CT scanners can acquire data in helical or axial mode. In helical mode, there is a high degree of flexibility
in slice thickness because of the interpolation of helical data into transaxial slice bins. However, in axial
mode the transaxial slice thickness is set by the configuration of CT detectors. In modern multislice scanners,
slice thickness can vary from tenths of a millimetre to several millimetres. In some older systems, particularly
SPECT/CT systems, the transaxial slice thicknesses can be limited to 5-10 mm. As a consequence, although data
within a transaxial slice demonstrate good spatial resolution, in coronal and sagittal planes the spatial resolution is
severely compromised. This can cause problems when measuring feature dimensions across reconstructed slices.

Case

An abdominal CT from an early SPECT/CT system with a 1 cm slice thickness is shown in Fig. 92. While
spatial resolution within the transaxial plane is adequate, the 1 cm slice thickness creates partial volume effects in
coronal and sagittal views, which limits their usefulness.

Guidance

On modern multislice SPECT/CT systems, the issue of large slice thicknesses has virtually disappeared. If
such limits are applicable in a SPECT/CT system, the use of helical mode should be considered.
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Transaxial Coronal Sagittal

FIG. 92. Transaxial, coronal and sagittal slices through the abdomen using a 1 cm slice thickness. The large slice thickness results in
step like features in sagittal and coronal views.

4.5.2. CT helical pitch
Background

The use of helical CT is very common in SPECT/CT. This is primarily due to dose savings when high levels
of pitch are used. While this may be acceptable in areas where there are no rapid changes in the morphology of
anatomy, in some instances the use of a high pitch CT may break the assumptions required to interpolate missing
data used for reconstruction.
Case

A high pitch (1.375:1) helical CT of a patient’s arm was acquired (see Fig. 93). Due to the oblique position of
the arm, the interpolation used on the helical CT reconstruction produces a wave pattern in the bony structures of
the arm.
Guidance

Wave like artefacts in CT images can be avoided by placing anatomical structures in a straight position. If an
oblique position cannot be avoided, a lower pitch CT should be considered together with a reduced tube current to
maintain a similar patient dose.
4.5.3. Noise
Background

The choice of CT image quality (noise content) could in principle affect the SPECT image quality and
quantification when the CT image is used for the AC of the SPECT data.

Case

Figure 94 shows CT and corresponding SPECT scans of an anthropomorphic thorax phantom filled with
9mTe. CT scans with three different dose levels (CTDI,_: 21, 10, 0.5 mGy) were acquired and then used to correct

vol*

the SPECT data for attenuation. The results show that with decreasing CT dose level, the CT images become noisier
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FIG. 93. Coronal slice of an obliquely positioned arm acquired with high pitch helical CT produces wave like patterns in the structures
of the arm.

Reconstruct SPECT using
OSEM and CT-AC at
3 different CT dose levels

CTDlyo.: 21, 10, 0.5 mGy

CT «— <50HU
A images <50 HU
SPECT
A images

FIG. 94. The effect of CT noise on SPECT image quality of an anthropomorphic thorax phantom filled with *"Te. The top row shows
CT scans of increasing noise content (left to right). The second row shows the corresponding SPECT scan when reconstructed with
these different CTs. The third and fourth rows show CT and SPECT subtraction images, respectively, to highlight the effect of CT
noise on the resultant images. Even with large decreases in CT dose levels, the effect on the CT HU were less than 50 HU and the
corresponding quantitative difference on the SPECT images were less than 3% (red and yellow lines).
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and the corresponding HU changes. This change, however, has minimal impact on the SPECT image quality and
quantification, as seen in Fig. 94. It is important to note that a large change in CT dose (21 to 0.5 mGy: 2% of the
original dose) resulted in a change of only less than 3% in the SPECT image quantification. The reason for this
small change is primarily due to image smoothing which is applied to the CT images before they are used for AC of
SPECT data.

Guidance

A decrease in CT dose results in noisier CT images but has very little impact on the SPECT image quality and
quantification.

4.5.4. Slow rotation time CT
Background

In some SPECT/CT systems, CT data are acquired with rotation speeds of several seconds. This can cause
problems with patient motion being captured during the tube rotation, which results in inconsistent projection data,
for example the anatomical distribution in the patient changes as the projection data are being acquired. A common
artefact from this effect is seen in the abdomen, where gas in the gastrointestinal tract moves during tube rotation.
Case

Figure 95(A) illustrates an axial abdominal CT acquired on a slow rotation CT system. Involuntary patient
movement during the scan has led to inconsistent projections, some of which originates from moving pockets of
gas within the gastrointestinal tract. As a result, ‘streak’ type artefacts are seen in the transaxial data. Fortunately,
when used for AC, the CT data are smoothed (B) to reduce the level of noise translated into the SPECT data so the
streaks are not seen in the reconstructed emission data.

Guidance

In slow rotation CT systems, these artefacts are difficult to avoid. Faster rotation CT scanners are unlikely to
create this type of artefact.

FIG. 95. (4) Transaxial CT data from a slow rotation CT scan of the abdomen and (B) data are smoothed for AC and loses the streak
artefacts.
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4.6. SPECT/CT ARTEFACTS

The introduction of SPECT/CT imaging has brought several advances to SPECT imaging, such as anatomical
localization, AC and more recently quantification of SPECT data. However, the advent of this technology has also
introduced several artefacts primarily arising from the use of CT images for AC of SPECT data. Examples of such
artefacts include CT beam hardening due to high density material in the CT X ray beam such as metal objects or
bone, CT contrast media, truncation, and misregistration between the CT and SPECT data.

4.6.1. Beam hardening artefacts
4.6.1.1. External metal objects
Background

As described in Section 2.3.2, metal objects will often create artefacts in CT owing to beam hardening and
excess loss of photons (photon starvation). They will also erroneously reduce counts in the emission projection
data, and these errors can propagate into the final SPECT images depending on the reconstruction algorithm’s use
of CTAC. In this section, such artefacts are demonstrated based on a phantom experiment.
Case

The experiment was performed on a Philips Precedence 16, with a NEMA image quality phantom with

approximately 400 MBq of *™Tc in the background (40 kBg/cm®), spheres and lung insert were left empty for
simplicity. Several high density objects were used and they are listed in Table 3.

TABLE 3. METAL OBJECTS IMAGED

Object Mass (g) Material composition
(a) 2 euro coin 8.5 75% Cu, Zn, Ni
(b) Belt buckle — ok

(¢) Euro cent coins 14.6 Fe, Cu

(d) Gold earring 0.42 59% Au (Ag)

(e) Silver earring 0.28 Ag

(f) Gold ring 3.7 59% Au (Ag)

(g) Silver ring 5.0 Ag

5

—: data not available.
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The objects were attached to the sides of the phantom at different locations (see Fig. 96). A preview scan was
performed at 120 kV followed by two CT scans, one at the lower and one at the upper bounds for the system X ray
tube energy (90 kV (300 mAs) and 140 kV (200 mAs)). SPECT data were then acquired with 120 projections, 20 s
per projection, in a 128 matrix. Images were reconstructed first with NAC and then using the two CT scans for AC
including scatter correction and resolution recovery (Astonish kernel). No specific corrections were performed for
the presence of metal. High CT values were clipped at 3000 HU.

FIG. 96. Preview scan of the phantom with seven metal objects attached, all easily detectable. The finger rings (f) and (g) were
mounted on water filled syringe ‘fingers’. The remaining objects were taped directly to the surface of the phantom.

Figures 97-103 show a single slice of the NEMA image quality phantom at the location of each of the high
density objects from Fig. 96. In each figure, the top row shows the NAC image. The other two rows display the
AC SPECT images with their respective CTs at two different tube voltages: low (middle row) and high (bottom
TOwW).
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FIG. 97. A 2 euro coin on the surface of a **"Tc filled phantom.

In Fig. 97, the NAC image shows a lack of counts at the position beneath the coin. The metal is clearly visible
on the two CT scans with some streak artefacts, more prominent at 90 kV than 140 kV. The AC images on the right
displays a hot spot from overcorrection of the attenuation, more pronounced at 90 kV than at 140 kV (see also
Fig. 13, Section 2.3.1, and Table 1).
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FIG. 98. A belt buckle on the surface of a *"Tc filled phantom.

In Fig. 98, the NAC image looks rather unaffected by the presence of the belt, presumable made of rather light
materials. The metal parts, however, are clearly visible on the two CT scans with weak artefacts, more prominent at
90 kV than 140 kV. The AC images on the right do not show clear indications of artefacts.
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FIG. 99. Euro cent coins on the surface of a *"Tc filled phantom.

In Fig. 99, the NAC image shows a significant lack of counts at the position beneath the coins. The metal
is clearly visible on the two CT scans with strong streak artefacts, more prominent at 90 kV than 140 kV. The AC
images to the right still displays a count deficit, not entirely corrected by the CTAC.
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FIG. 100. Gold earring on the surface of a *"Tc filled phantom.

The tiny object of a gold earring is barely visibly in the NAC image in Fig. 100. The metal creates local streak
artefacts on the two CT scans with little or no difference between 90 kV and 140 kV, which may be explained by
the abrupt change in absorption properties of gold changing at the K edge (80 keV) (see also Fig. 13 and Table 1).
In the AC images on the right, no artefact is visible.
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FIG. 101. Silver earring on the surface of a *"Tt filled phantom.

Similarly, with the silver earring in Fig. 101, the tiny object is barely visibly on the NAC image. The metal
creates weak local streak artefacts on the two CT slightly worse with 90 kV than with 140 kV, and an artefact is not
visible in the AC images on the right.
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FIG. 102. Gold ring on the surface of a **" Tt filled phantom.

The gold ring creates a surface ‘hole’ in the NAC image in Fig. 102. The metal creates strong streak artefacts
on the two CT scans with little difference between 90 kV and 140 kV which, again, may be understood from the
absorption properties of gold (see Fig. 13). The count loss is partially corrected by the CTAC images to the right.
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FIG. 103. Silver ring on the surface of a *"Tc filled phantom.

The silver ring is hardly visible in the NAC image in Fig. 103. Yet, the metal creates strong streak artefacts
on the two CT scans, more evident at 90 kV than at 140 kV. The artefacts do not propagate into the CTAC images

in a visible manner.
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Guidance

The preview scan should be inspected for any kind of metal objects to be removed if possible, even if quite
small. The effect on both CT as well as the final corrected SPECT images is difficult to predict, since it depends
on the size, material composition and geometry of the object as well as the CT energy chosen and the activity
distribution (not included in this simple simulation).

4.6.1.2. Prostheses
Background

In some patients, it is impossible to avoid CT beam hardening effects when performing SPECT/CT studies.
Indeed, in some orthopaedic referrals, it may be the prosthesis itself that is the reason for the SPECT/CT study. The
presence of prostheses can affect both CT and SPECT images.

Case A

Imaging of bone surrounding prostheses is a common referral for SPECT/CT. In Fig. 104, the upper and
lower parts of a knee prosthesis in the right knee (left side) can be seen. In Fig. 105(A), a transaxial slice through
the lower part of the leg shows radial streak artefacts coming from the very dense centre of the prosthesis, which
extend into the opposite leg — a known metal beam hardening artefact. Figure 105(B) shows the bone SPECT
image from the same patient, together with the count profile from NAC reconstructed data (blue) and the ratio of
CTAC to NAC counts in red.

FIG. 104. Knee prosthesis in situ in an X ray preview scan.
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FIG. 105. (A) CT and fused bone SPECT/CT images through the lower part of the knee prosthesis and (B) bone SPECT profile
showing the NAC counts (blue) and the ratio of CTAC to NAC counts (red).

The two central red peaks and the smaller, right most peak corresponding to the outside of the leg represent
some misregistration between the emission and CT for AC — possibly due to patient movement. The dip between
these peaks is a consequence of there being no counts between the legs in the uncorrected image, leading to a
void in the plot. The centre of the knee prosthesis displays a clear reduction in counts because of the lack of bone
tissue, but the AC attempts to correct for the high attenuation in this area. Whether this correction is adequate for
a material that is very dense and outside the typical HU range is unknown, but it is unlikely to be under corrected
for attenuation. The smoothness of the profile through the rest of the knee suggests that the streak beam hardening
artefacts have not significantly degraded the AC.

Case B

A patient who had undergone spinal surgery was referred for a bone SPECT/CT scan to better understand
the source of the patient’s pain. A CT preview scan of the patient highlights two thin spinal prosthesis spanning
from the upper thoracic to upper lumbar vertebrae (see Fig. 106). In Fig. 107(a), a metal artefact can be seen with
dark streaks (green arrows) occurring along the lines of greatest attenuation and emanating from the two spinal
prostheses. The reconstructed emission data in Fig. 107(b) together with the profile of NAC counts (blue) and
ratio of CTAC to uncorrected counts show that overcorrection of counts in the small of the back (the lower curved
part of the back) can again be seen because of movement causing misalignment between emission and CT scans.
Furthermore, correction over the spinal prosthesis shows a step reflecting the correction for the dense prosthesis
material.

Guidance

When imaging areas that contain metal prosthesis, there is an effect on CT image quality. As a consequence,
there can also be an effect on SPECT image appearance and quantitative accuracy. However, the use of heavy
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FIG. 106. X ray preview scan of the spine with spinal prosthesis in situ.

(b)

FIG. 107. (a) CT and fused bone SPECT/CT images through the spine and prosthesis and (b) bone SPECT profile showing the NAC
counts (blue) and the ratio of CTAC to NAC counts (red).
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smoothing kernels during the CTAC process can remove most small metal artefacts, and the use of extended
HU scales can minimize the under correction for attenuation of SPECT.

4.6.1.3. Arms down versus arms up
Background

Whenever possible, patients undergoing a SPECT examination of the thorax or abdomen should be positioned
with their arms above the head to minimize attenuation. The attenuation of one arm may well constitute a half value
layer at the photon energies applied in both CT and nuclear medicine. Excess attenuation can result in photopenia
and beam hardening artefacts in CT that may influence the resulting SPECT images.

Case

The effect is here exemplified in a phantom study using a body phantom with 1 L infusion bags attached to
simulate the arms (see Fig. 108), and *™Tc was added to the phantom and the infusion bags to a concentration of
approximately 40 MBg/L (total of 500 MBq). The phantom was scanned on a Siemens Symbia SPECT/CT and
a selection of CT parameters was applied to simulate low dose as well as diagnostic scans (see Figs 109—-112).
SPECT was performed over an hour to improve statistics and thereby also improve the visibility of potential effects
implied by the CTAC. Reconstruction was made with Flash3D (8 iterations, 4 subsets), including scatter correction.

Guidance
For SPECT image quality, it is generally better if the patient can keep the arms above the head for the duration

of the examination, avoiding the excess attenuation from the arms. If this is not possible in a SPECT/CT study, the
CT settings should be sufficient to provide the information requested.

FIG. 108. Body phantom with ‘arms’ attached.
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FIG. 109. Preview of the body phantom without and with arms attached in the form of infusion bags (top row); NAC reconstruction of
phantom without and with attachments (bottom row).

FIG. 110. CT scan of 80 kV and 10 mAs, significant beam hardening artefacts are observed in the CT image when the arms are down
along the body. The influence in the SPECT image is visible.

100



FIG. 111. CT scan of 80 kV and 100 mAs, artefacts are still visible in the CT images with the arms down. Owing to the soft filter
applied to CT before the calculation of CTAC, the streaks do not propagate into the SPECT image, but quantitation is affected.

FIG. 112. CT scan of 130 kV and 170 mAs only a faint shadow is observed in the CT image, even with the arms down, and the
influence on SPECT is negligible.
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4.6.2. Contrast CT: Negative contrast

Background

In SPECT/CT imaging, negative contrast such as gas pockets can cause image artefacts owing to the transition

of the gas pocket in the gastrointestinal tract between the time of the CT and SPECT data acquisition (see Fig. 95,
Section 4.5.4).

Case

In Fig. 113, a CT scan (A) and corresponding attenuation map (B) illustrate an example of an air pocket
present in the CT scan which is not present in the SPECT acquisition (C) due to the transition of the air pocket

FIG. 113. (A) Transaxial CT data from a slow rotation CT scan of the abdomen showing an air pocket in the gastrointestinal tract and
(B) corresponding CT attenuation map clearly showing the air pocket. (C) The AC SPECT slice clearly shows the air pocket indicating
that the erroneous presence of the air pocket in the image is due to the AC process. (D) The corresponding uncorrected SPECT slice
shows the absence of the air pocket indicating that the air pocket had transitioned between the acquisition of the CT and SPECT data.
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in the abdomen/gastrointestinal tract between the CT and SPECT data acquisition times. As a consequence, the
AC data (D) show an area of reduced counts (photopenic area) at the position of the gas pocket. This reduction in
counts is not seen in the uncorrected data (C), indicating that the effect was introduced by AC.

Guidance

The transition of air pockets between CT and SPECT acquisitions can lead to artefacts that manifest as
photopenic areas in the reconstructed SPECT images. Unfortunately, such artefacts are unavoidable in SPECT/CT
imaging.

4.6.3. Truncation
Background

On SPECT/CT systems, the CT transaxial FOV is typically limited to a maximum diameter of 50 cm because
of the geometry of the CT tube and detector array used in CT scanners. On some occasions, the CT scan might be
truncated (i.e. part of the patient may be outside the CT FOV). This can occur with patients with large body habitus
with diameters greater than 50 cm, or when patients are mispositioned in the CT scanner so that parts of the body
fall out of the FOV.

Case A

In the bone SPECT/CT study of the neck and shoulder area shown in Fig. 114(A), it is clear that there is
truncation of CT data on both shoulders (red arrows). This truncation is due to the position of the patient being
too low in the CT FOV. A transaxial slice of SPECT data through the same area is also shown (B), with the count
profile from NAC reconstructed data (blue) and the ratio of CTAC to NAC counts in red. In the areas of truncation,
there is clear underestimation of counts — best seen in the AC transaxial image shown and the sharp drop at the
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FIG. 114. (A) A CT and fused SPECT/CT image of the neck and shoulder area showing truncation in both shoulders on the CT data,
and (B) bone SPECT profile showing the NAC counts (blue) and the ratio of CTAC to NAC counts (red).
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very edge of the AC/NAC ratio on the right shoulder (left side). There is also a small amount of motion in the left
shoulder (right side), which is shown as a peak on the other side of the AC/NAC ratio. In the space between the
neck and the left shoulder, the peaks and sharp drop in the AC/NAC ratio are a consequence of the lack of counts in
this area with NAC (zero), which if counts were present would match the profile seen on the opposite side because
of the bone present in this area.

Case B

A coronal view of an ''In labelled monoclonal antibody radiotracer SPECT/CT scan of a patient showing
truncation along both arms of the patient is shown in Fig. 115. The CT truncation results in large CT numbers
adjacent to the truncated anatomy (red arrows), which in turn also results in an artificial boosting of the radioactivity
uptake in these areas (white arrows).

Guidance

CT truncation has an effect on AC emission data and should be avoided wherever possible by positioning
patients centrally in the FOV. Some systems offer the ability of extended CT FOV reconstruction, which uses
non-truncated projections to estimate the signal outside the standard FOV [51]. Iterative CT reconstruction may
also offer better solutions with truncated CT data than FBP. Nevertheless, these CT reconstructions are estimates
and truncation should be avoided wherever possible.

FIG. 115. A coronal view of an "I labelled monoclonal antibody radiotracer SPECT/CT scan of a patient showing truncation along
both arms of the patient.
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4.6.4. Misregistration
4.6.4.1. Cardiac
Background

In many centres, when performing myocardial perfusion SPECT imaging, it is common to acquire a CT in the
same examination to correct for photon attenuation. This can be helpful to deal with attenuation from breast tissue
in women or diaphragmatic attenuation in men, both of which can lead to the false positive reporting of myocardial
ischemia or infarction. However, since SPECT and CT are performed sequentially on SPECT/CT systems, there
is the possibility for mismatch in the emission and AC data. This is particularly problematic in the thoracic region
where the heart is located. Breathing can easily lead to the misregistration of data in this region because the SPECT
images are an average representation of uptake through the respiratory cycle, while the CT is a snapshot of anatomy
at a particular respiratory phase. Misregistration of SPECT and CT data can induce artefactual changes in the
displayed myocardial blood flow polar map.

Case A

A 66 year old women with previous myocardial infarctions and stents was referred for a myocardial perfusion
study after complaining of dizziness and chest pain. A pharmacological stress myocardial perfusion SPECT/CT
imaging study was performed after the injection of 866 MBq of **™Tc-MIBI.

Figure 116(A) shows the position of the CT in relation to the SPECT data, with clear misregistration in the
apex of the heart. This leads to a mild apical defect (B). When the misregistration is corrected (C), the appropriate
AC is applied, and the severity and extent of this apical defect changes slightly.

Guidance

In cardiac SPECT/CT imaging, misregistration of emission and AC data from patient breathing is possible.
There is no easy method of reducing the likelihood of this artefact. Software postprocessing of the data to correct
for misregistration should be performed before reporting to ensure that the images can be interpreted correctly,
although any significant difference in the shape of the liver or spleen cannot be corrected for.

FIG. 116. Stress myocardial perfusion SPECT/CT study showing (A) misregistration of SPECT and CT data that results in (B) a small
apical defect. (C) Once the misregistration is corrected, the severity and extent of the apical defect changes.
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FIG. 117. (4) Myocardial perfusion SPECT/CT study showing misregistration between the emission and CT for attenuation scan and
(B) the resulting AC images and polar maps from this misregistration (IRACRR) together with NAC (IRNCRR).

Case B
In Fig. 117(A), the misregistration of emission data with CT data can be seen, showing the apex of the
heart on the emission data encroaching beyond the chest wall, and the lateral wall of the myocardium on SPECT

positioned in the lung on the CT. The consequences of this misregistration are shown in Fig. 117(B), where slice
and polar plot AC (IRACRR) data, and NAC (IRNCRR) data are shown.
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FIG. 118. (A) Myocardial perfusion SPECT/CT study showing good registration between the emission and CT for attenuation scan
and (B) the resulting AC (IRACRR) and NAC (IRNCRR) reconstructed images and polar maps from this registration.

Case C

In Fig. 118, the same patient study as Case B is shown with good registration between emission and CT for
AC scans. Comparing the two data (good and bad registration), the difference in counts in the polar plots with and
without AC shows that misregistration in the apex leads to a relatively small change in the accuracy of the AC
because of the small difference in the attenuation of myocardium and soft tissue beyond the chest wall. However,
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the lateral wall misregistration shows a bigger difference (most clearly seen in the polar plots) owing to the large
difference in attenuation between soft tissue and lung.

Guidance

Misregistration of CT and SPECT has a detrimental effect on the accuracy of AC used for myocardial
perfusion SPECT/CT studies. Most system manufacturers provide software to correct for any misregistration. Use
of this software avoids any potential misinterpretation of clinical myocardial perfusion studies.

4.6.4.2. Respiratory motion
Background

Mismatch between transmission and emission data is relatively common in SPECT/CT imaging of the
thoracic region. With a breathing cycle typically taking around 6 s, a 15-20 s SPECT projection will capture an
average image over the time period. However, a CT over the same area can take just over a second, and therefore
captures the respiratory cycle at a particular phase. During a typical breathing cycle, most time is spent in the
end expiration phase, which means that misregistration between SPECT and CT is often avoided or is small in
magnitude. However, if CT captures an inspiration phase misregistration will be seen — typically in the base of the
lung or in the dome of the liver where motion is largest.

In addition to misregistration, there can also be additional artefacts when CTAC is performed. These present
as an underestimation of the signal in the liver, and can also lead to an underestimation in the uptake in the inferior
wall of the heart in myocardial perfusion studies.

Case

A 65 year old man with metastatic neuroendocrine cancer was sent for post-therapy scanning following a
therapeutic 7.7 GBq infusion of '”’Lu-DOTATATE. In the SPECT/CT scan acquired 24 hours post-infusion (see
Fig. 119), there is mismatch between the CT scan used for localization and AC, and the SPECT data. The likely
cause of this misregistration is the acquisition of CT data in an inspiration phase. The dome of the liver from
SPECT (D) extends into what is seen as lung tissue on the CT (A). As a consequence, the area of mismatch is
undercorrected (B and C) because the reconstruction algorithm is correcting for lung attenuation when it should
be correcting for liver tissue attenuation. Figure 119(D), which does not use AC, provides a more accurate
representation of the activity distribution.

Guidance

Mismatch of SPECT and CT data in the thoracic region is difficult to avoid, given that it is difficult to acquire
the CT in the same phase as the time averaged SPECT. Although some have advocated the use of breath hold end
expiration CT to avoid this issue, the best results have been found when allowing free breathing. Steps to minimize
misregistration include warning the patient to avoid deep breathing during the scan, and allowing the patient to
rest for a short period on the bed before starting the CT scan. This final technique allows the patient to settle into a
regular resting breathing cycle before the CT starts.

4.6.4.3. Bladder
Background

Mismatch between CT and SPECT can occur in the pelvic region owing to the time difference between the
two acquisitions. During this time, the bladder may undergo significant filling, which will displace surrounding
tissue and potentially lesions. The probability of large changes increases with time, and therefore multiple position

SPECT images are more likely to show such an effect if performed with the head first (assuming that CT is
performed before SPECT).
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[ Pasting Confirmed |

FIG. 119. " Lu-DOTATATE SPECT/CT study showing (4) the CT used for localization and AC; (B) AC SPECT; (C) fused CT and AC
SPECT; and (D) uncorrected SPECT data.

Case

A 73 year old man underwent a whole body planar bone scintigraphy with *™Tc followed by a SPECT/
CT extending over three camera FOV, each lasting 8 min. The SPECT scan was started from the head position.
The time difference between the CT and the SPECT of the bladder (midpoint time) was approximately 25 min.
Figure 120 shows a considerable change in bladder size between the two modalities. In this case, there were no
lesions in the vicinity of the bladder, and the displacement is therefore without clinical significance. If a lesion is
displaced, it is important to remember that its anatomical correlate on the CT is not correctly placed.

Guidance

Looking for lesions in the pelvis, it is important to notice potential differences in bladder filling that may
displace lesions between CT and SPECT. In order to shorten the time between the scans, a composite SPECT scan
should be started from the pelvis upwards (assuming that CT is performed before SPECT).
4.6.4.4. Patient motion
Background

When using CT for AC, it is important that the SPECT and CT scans be in alignment so that appropriate

correction factors are applied. While misregistration can occur anywhere in the body, movement of limbs during
the scan can be particularly problematic.
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image ID: Volume knitting

FIG. 120. The time difference between CT and SPECT may cause the bladder to present with different degree of filling (arrows). This
may potentially displace lesions, causing a mismatch.

Case

Figure 121 shows a bone SPECT/CT study of the pelvis with motion of the pelvic area. In addition, movement
of the right hand (left side) can be seen in the emission data but not the CT data. There is also CT truncation of the
left hand (right side) and right pelvis.
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In Fig. 122(A), a transaxial slice of SPECT data and profile through the hand are shown, with the count
profile from NAC reconstructed data (blue) and the ratio of CTAC to NAC counts in red. The ratio of counts in
the right hand (left side) shows an AC/NAC ratio close to 1.0, which confirms that counts have not been corrected
for attenuation. In the left hand (right side), there has been a very small correction for attenuation with the hand
partially in the CT FOV. There are also several large spikes seen in the AC/NAC profile, which is indicative of
motion or misregistration of the emission data and CT used for AC.

In Fig. 122(B), a similar profile through the anterior aspect of the pelvis is dominated by patient motion
leading to misregistration between the emission and CT for AC data. This can be seen by the red peaks at either
side of the body. The misregistration of the most anterior aspects of the pelvic bones with the corresponding areas
on the CT have led to an under correction of counts in this area, which can be identified by the similar correction of
pixels in soft tissue areas neighbouring the bone.

HYBRID_CT T

FIG. 121. CT and fused bone SPECT/CT image of the pelvis area showing motion of the pelvis and hand, and truncation of the
opposite hand and slight truncation of the right pelvis (left side).
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FIG. 122. Bone SPECT profiles showing the NAC counts (blue) and the ratio of CTAC to NAC counts (red) (A) through the hands and
(B) through the pelvis.
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Guidance

Misregistration of CT and SPECT clearly has an effect on CTAC of counts. Good patient instructions and
strapping and light immobilization can help to avoid these problems in many instances.

47. QUANTITATIVE ISSUES

The addition of CTAC to SPECT imaging along with a host of other corrections, such as scatter, dead time and
efficiency for various radionuclides and collimators, has introduced for the first time a reliable approach to generate
quantitative SPECT data. Today, several commercial SPECT/CT systems have optional quantitative modules that
allow the user to quantify SPECT images in terms of standardized uptake value (SUV) similar to what is used in
PET imaging. The accuracy of quantification, however, depends on several factors, such as the reconstruction
algorithm parameters (number of iterations and subsets), the accuracy of data corrections (i.e. attenuation and
scatter), the presence of contrast or metal, and patient motion (voluntary or involuntary) that leads to mismatch
between CT and SPECT data.

4.7.1. Iterations and subsets
Background

SPECT iterative reconstruction creates a tomographic image by making many attempts (iterations) at
matching an estimated image to the measured projections updating estimates typically using MLEM. One method
of accelerating this process is to use OSEM, in which each update to the image is based only on angularly spaced
subset of the projections rather than comparing all projections. The product of subsets and iterations in OSEM can
be considered to be equivalent to the number of full expectation maximization realizations.

This process provides at each iteration an improved estimate of the image, and is typically stopped when an
acceptable image has been formed. Quantitatively, the uptake in this image may not fully have reached convergence.
Furthermore, convergence for different areas in the image may be reached after different numbers of iterations.

Case

A 79 year old man was referred for a '*’I-ioflupane study to assess whether he had idiopathic Parkinson’s
disease or essential tremor. Following the injection of 178 MBq of '*I-ioflupane, the patient returned for a
SPECT/CT scan 3.5 hours later. Figure 123 shows a transaxial slice through the basal ganglia following 1, 2, 5, 10,
15 and 20 iterations of 10 subsets effectively equivalent to 10, 20, 50, 100, 150 and 200 full MLEM iterations. It can
be clearly seen how the image develops visually following multiple iterations. Figure 124(A) shows quantitatively
how the uptake in the left striatum changes with iteration number as a percentage of the value measured using
FBP — a method that does not have convergence issues. Not until five iterations does convergence occur in this
region. However, in the background reference region, which is used to define the commonly used specific binding
ratio (SBR), convergence has already occurred after two iterations.

On closer inspection, the values of uptake in the background region using iterative reconstruction are actually
higher than that defined by FBP. This is a known problem with MLEM and OSEM called the non-negativity
constraint bias and occurs in areas of low uptake. During the MLEM and OSEM reconstruction process estimates
are not allowed to be negative, which if uptake is close to zero has the consequence of pushing the distribution on
which the estimate is made upwards producing an overly high final value.

Guidance
When performing quantitative SPECT, it is essential that sufficient iterations and subsets be used to ensure

convergence of uptake values. In areas of low uptake, the non-negativity constraint of MLEM and OSEM
algorithms can lead to an overestimation of the true value.
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FIG. 123. ®Lioflupane image of the basal ganglia reconstructed using 1, 2, 5, 10, 15 and 20 iterations of 10 subsets and the
FBP image.
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FIG. 124. (4) Striatal uptake and (B) background uptake represented as a fraction of the uptake calculated using FBP.

4.7.2. Corrections
Background

Unlike in PET, where many corrections are applied by default, in SPECT, corrections for physical effects
might not be applied, owing to either complexity or unavailability of required data or software licences. However,
when performing quantification, all corrections should be applied to achieve more accurate values of uptake.
Modern systems have quantification modules that apply all these corrections automatically.

Case

As in Section 4.7.1, a 79 year old man was referred for a '*I-ioflupane study to assess whether he had
idiopathic Parkinson’s disease or essential tremor. Following the injection of 178 MBq of '*’I-ioflupane the patient
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returned for a SPECT/CT scan 3.5 hours later. Figure 125 shows a transaxial slice through the basal ganglia
following OSEM reconstruction with 10 iterations and 10 subsets using:

(a) No corrections;

(b) Correction for scatter using a triple energy window scatter correction;

(c) Correction for attenuation;

(d) Correction for attenuation and scatter using a triple energy window scatter correction;
(e) Correction for attenuation, scatter and resolution losses.

Figure 126 shows the caudate count density and caudate specific binding ratio to an occipital lobe reference
region following each correction:

__striata count density — reference count density

SBR -
reference count density

What is clear from both A and B is that the scatter correction makes a significant difference to the contrast
between the striata and the background. Although the counts in the striata are reduced using this triple energy
window method, the counts in the background are also reduced, leading to an increased caudate specific binding
ratio. This benefit arises because of removal of the down scatter and septal penetration of higher energy emissions
from '®I. A similar measurement with *™Tc would not have shown as much of a benefit, but many other
radionuclides used in nuclear medicine have several gamma emissions and therefore do significantly benefit from

(a) (b) (c) (d) (e)

FIG. 125. Transaxial slice through the basal ganglia when reconstructed (a) without corrections, (b) with a correction for scatter,
(c) with AC, (d) with correction for attenuation and scatter and (e) with correction for attenuation, scatter and resolution losses.
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FIG. 126. Charts showing caudate count density and caudate specific binding ratio (to an occipital lobe reference region) with
different reconstruction strategies.
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this correction. AC makes an additional increase to counts and uptake ratios (dependent on the position of the
reference region). Owing to the size of the organ, resolution modelling makes a large difference to the caudate
count density and also increases specific binding ratios.

Guidance

The values derived from quantitative SPECT will depend on the corrections applied. To yield the most
accurate values, corrections for all physical effects should generally be used, although in some instances this might
lead to greater uncertainty in the measure. Where absolute quantification is required, a sensitivity calibration is
necessary to relate count densities in the image to activities per unit volume.

4.7.3. Todine contrast in *™Tc- and ""In-SPECT
Background

When iodine contrast is applied in a patient, the number of projection counts slightly decreases owing to
the excess attenuation of the iodine. This effect depends on the gamma energy and is larger for *™Tc than for
"n (see Fig. 127). However, CTAC generally increases the quantitative values of the final reconstructed SPECT
image, as explained in Section 2.3.2. Two situations of interest should be considered. A high and visible local
concentration of contrast in the blood vessels at the time of CT (which is one reason for applying contrast media)
may, at least in principle, lead to local SPECT artefacts by reconstruction, although the low SPECT resolution and
the filtering of attenuation maps can tend to hide them. A more distributed concentration at later times (e.g. repeated
CT scans) will slightly affect overall quantification. The latter situation is shown here.

Case

Phantom studies were performed to illustrate the effects (exaggerated). A 20 cm cylinder phantom (5.15 L)
was filled with water and activity was added (two independent studies with 50 MBq of '''In and 300 MBq of
9mTc). Measurements were performed with pure water, and with iodine contrast added (100 mL and 200 mL of
ioversol, 350 mg/mL), leading to iodine concentrations in the phantom of 6.8 g/L and 13.5 g/L, respectively. The
total amount of contrast agent given to a patient would normally be in the order of 100 mL (i.e. <50 g), and
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FIG. 127. Relative detected raw counts (in %) from **"Tc and '"'In as a function of increasing iodine concentration in a 20 cm cylinder
phantom. Likely patient concentrations are in the shaded area to the left.
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therefore the average concentration over extended volumes during SPECT would not exceed a few g/L (shaded
area in Fig. 127). SPECT acquisitions were performed on a Philips Precedence 16.

Images were reconstructed without AC (NAC) and with attenuation maps derived from CT scans at
peak voltages of 90, 120 and 140 kV. When an attenuation map for SPECT is created from the CT, the HU are
typically converted using a bilinear mapping (see Section 2.3.2). The presence of CT contrast will tend to create
an overestimation of the SPECT attenuation, and the size of the effect will depend on CT energy, actual SPECT
energy as well as the local concentration of iodine (see Figs 128 and 129). The effect on **™Tc (140 keV) is smaller
than that for '''In (average of 171 keV and 245 keV). Numerical values will depend on the actual implementation
that may differ between vendors.

Guidance

The quantitative effect of distributed iodine contrast during CT scans used for AC of SPECT is rather limited
and does not exclude the use of contrast scans for this purpose.
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FIG. 128. Relative change of reconstructed *"Te-SPECT values as a function of the concentration of iodine for NAC and for three
different CT energies. Likely patient concentrations are in the shaded area to the left.
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FIG. 129. Relative change of reconstructed "' In-SPECT values as a function of the concentration of iodine for NAC and for three
different CT energies. Likely patient concentrations are in the shaded area to the lefi.
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4.7.4. Local effects of iodine contrast in **™Tc-SPECT
Background

Iodine contrast is applied in CT examinations with the purpose of enhancing structures like blood vessels.
The timing of the CT scan relative to injection determines the distribution (e.g. arterial or venous). Within a few
minutes, the contrast will be distributed in a large volume of body fluids, and therefore have a relatively low
concentration. If a CT scan with applied contrast is followed by a SPECT scan, the influence of contrast on the
SPECT scan itself is very limited. However, if the contrast enhanced CT scan is used to create an attenuation map
for SPECT, the AC may, in principle, create artificially high activity concentrations in the area where contrast is
present. The size of the effect depends on the contrast concentration, the CT energy applied and the SPECT energy
(see Section 2.3.2). The problem is much smaller for SPECT than for PET due to: (i) the lower energy of SPECT
(closer to CT); and (ii) the limited resolution where the CT based attenuation maps are filtered by a smooth filter to
match the resolution of SPECT.

Case A

A phantom study was performed to illustrate this effect (slightly exaggerated). The phantom (see Fig. 130)
is a simplified thorax with fillable heart. The lungs are made from a light material that displaces water but cannot
take up activity. The lid has a number of valves that allow independent filling of internal structures. A tube was
connected in an internal loop between two valves, allowing it to be filled with contrast (ioversol, 350 mg/mL)
without removing it from the scanner. Figure 130 shows a three dimensional rendering of the phantom with contrast.
The phantom background (6.7 L) and the ‘myocardium’ (0.30 L) were injected with 300 MBq and 40 MBq of
99mTe, respectively, leading to a ratio of 3:1. The experiments were performed on a Philips Precedence 16. The
CT scans were performed at peak voltage 90 kV and 140 kV followed by SPECT for one hour (see Fig. 131). The
internal tube ‘vessel’ was then injected with undiluted contrast and the scans repeated.

Images were reconstructed NAC (not shown) and with attenuation maps derived from the CT scans with and
without contrast present (see Fig. 132). Only SPECT data without contrast are shown in Fig. 133, since this is the
most relevant condition, simulating that the injected contrast has been distributed in the body. Only if a difference
image is calculated is it clear that the contrast material induces an increase in reconstructed SPECT counts through
the attenuation map (see Fig. 134).

FIG. 130. Thorax phantom and a three dimensional rendering of SPECT/CT with contrast.
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CT 90 KV + iv contrast CT 140 KV + iv contrast
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FIG. 131. Reconstructed transaxial CT scans at two energies and with and without contrast present. The contrast induces streak
artefacts at tube sites, slightly worse at 90 kV than at 140 kV.

p map 90 kV pmap 140 kV

p map 90 KV + iv contrast p map 140 kV + iv contrast

FIG. 132. The generated attenuation maps from two different CT kV values each with and without contrast. The extent of the area of
increased attenuation is larger than the tube due to the applied smoothing. No streak artefacts are visible.
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SPECT (CTAC 90 kV) SPECT (CTAC 140 kV)

SPECT (CTAC 90 kV + iv contrast) SPECT (CTAC 140 kV+ iv contrast)

FIG. 133. Reconstructed SPECT images based on attenuation maps from two different CT kV values, with and without contrast. It is
difficult to detect differences by pure visual inspection.

FIG. 134. Difference image between reconstructions of acquisitions performed with and without contrast. Only if a difference image
is calculated is it clear that the contrast material introduces an increase in reconstructed SPECT counts through the attenuation
correction. In this case about 5—10% of maximum. Images reconstructed with attenuation maps based on 140 kV CT.
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Case B

A 22 year old woman had a renal arteriography with iodine contrast in the morning, followed by a SPECT/
CT of the abdomen later the same day after injection with 80 MBq of *™Tc-DMSA. Owing to reduced kidney
function, local, high iodine concentrations were seen in the CT images used for AC of SPECT, for example in the
right kidney (see Fig. 135). A visual comparison of the SPECT images without and with CTAC does not show any
significant difference (artefact) from the iodine (see Figs 136 and 137).

Low-Dose-CT
Acq. Date: 11-May-2017

Ser 3_._ Pos: 210.81(*38)
FIG. 135. lodine contrast is present in the right kidney (maximum value on the CT scan is about 400 HU).
CT: Low-Dose-CT

NM: Image ID: TRANS-NAC
CT: Acq. Date: 11-May-2017

CT: Ser: 3, Pos: 210.81(*38)
NM: Pos: 210.81(41)

Width:0 Level:3072
LL:0 UL:206

FIG. 136. SPECT image without CTAC.
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CT: Acq. Date: 11-May-2017

CT: Ser: 3, Pos: 210.81(*38)
NM: Pos: 210.81(*41)

Width:0 Level:3072
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FIG. 137. SPECT image with CTAC.

Guidance

The local effect of the presence of iodine contrast during CT scans used for AC of SPECT is generally rather
limited and does not exclude the use of contrast scans for this purpose. The magnitude of the effect depends on
several parameters, and it will also depend on the vendor’s actual implementation of the algorithm.
4.7.5. ECG gating: Arrhythmia

Background

Many myocardial SPECT studies require ECG gating to assess cardiac kinetics. If the regularity of the cardiac
cycle is compromised (e.g. by atypical cardiac arrhythmias), the resulting analysis of gated data can be affected.

Case

In the myocardial perfusion study shown in Fig. 138(A), an arrhythmia has caused problems with the analysis
of the cardiac study resulting in an inversion of the cardiac volume versus time curve and an inaccurate measured
left ventricular ejection fraction (LVEF). In Fig. 138(B), once the arrhythmia has been resolved in the patient, and
with the same injection, the data are processed correctly and the cardiac cycle is now accurately represented.

Guidance

When performing ECG gated SPECT, the ECG trace should be assessed to ensure that the cardiac cycle is
regular before acquiring data for clinical interpretation.
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FIG. 138. Myocardial perfusion SPECT study. (4) Patient with arrhythmia demonstrating a poor representation of the myocardial
cycle. (B) Once the arrhythmia has been resolved, the gated data are better represented.
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