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cially key components such as the sodium iodide crystal, the function and performance of
photomultiplier tubes, and the collimator design. It is discovered that within each component of technol-
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the development of “time of flight” (TOF) technology for improving of image resolution in PET/CT sys-
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is the significantly higher number of photons detected with PET/CT technology and improved image
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1. Introduction

A key element of modern medicine is the unprecedented ability
to image the human body. The use of X-rays provides planar
images, as dose CT tomography, where images are based on photon
absorption. Magnetic resonance imaging (MRI) functions in the
context of the nuclear magnetic dipole of hydrogen atoms, where
images can be configured to identify specific tissue characteristics.
The role of nuclear medicine is to provide an imaging modality that
can usefully investigate specific patient conditions based on the
uptake of specific radionuclide markers.

Within a nuclear medicine department, a high level of skill is
needed to maintain camera systems that function optimally. This
includes the implementation of specific calibration checks using
special image phantoms to ensure image uniformity and prevent
image artefacts. This high level of skill will also include a sound
understanding of the physics of relevant imaging technologies
such as single photon emission computed tomography (SPECT)
and SPECT/CT, and positron emission tomography (PET) and PET/
CT. In the past few years, SPECT/MRI has developed into an imaging
modality, although it remains essentially a research tool.

Three specific themes are included in this paper. The first
relates to the basics of conventional gamma cameras, where refer-
ences are made to the core elements of photomultiplier tubes, an
energy discrimination window, collimators, and sodium iodide
crystals. SPECT/CT application examples are provided. These
include spinal, cardiac, and cancer investigations. The SPECT/CT
modality provides the ability, for example, to relate “hot spots”
of activity to precise anatomical locations. Such information, for
example, has the potential to make subsequent surgical interven-
tions more successful. The second theme relates to the develop-
ment and potential of PET/CT. Reference is made to the
development of a “Time of Flight” system where the relative times
of two photons detection event can potentially be calculated. The
third theme is a comparison of SPECT/CT and PET/CT systems, with
PET/CT having a significant advantage in terms of detected events
when compared to SPECT/CT. This allows for better scan statistics
with a larger number of detected events, as well as the ability to
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perform scans in shorter time periods. It is recognised that PET/
CT can play a role in patient diagnosis when sites of infection are
difficult to identify using CT/MRI, or SPECT/CT imaging
technologies.

In contrast, by comparing nuclear medicine imaging technolo-
gies such as SPECT/CT and PET/CT, it is important to note that both
of these technologies are developing, as if in parallel, and are
demonstrating significant improvements in performance over a
relatively short period of time. Reference is also made to the inte-
gration of MRI into SPECT and PET imaging. In the context of
SPECT/MRI, there remains a key issue relating to the shielding of
photomultiplier tubes in high magnetic fields for SPECT/MRI sys-
tems. In PET/MRI systems, however, modern semiconductors are
essentially immune to high static magnetic fields. In general, how-
ever, MRI imaging takes significantly longer than CT imaging and
so would restrict patient scan throughput.

Within the paper, key references to techniques and technolo-
gies are illustrated using images from published and reviewed
journal papers. This has been found to be useful in identifying
the core clinical set of applications that make use of nuclear med-
icine imaging technology.

2. Single photon emission computed tomography and SPECT/CT
systems

2.1. Principle of SPECT imaging

The core of imaging technology within a nuclear medicine
department relates to the detection of gamma ray photons from
radioisotopes which decay within the tissue of the patient being
scanned. In the earliest detection systems, a single detection device
was moved across the site of interest (Blahd, 1996). This approach;
however, was both slow and inflexible. The development of the
gamma camera detection system provided to improve the image
quality; nevertheless, the transition from rectilinear scanner sys-
tems to gamma camera technology was very slow. The conven-
tional gamma camera image does not provide information about
the relative distribution of radiation within the volume of the
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patient. Fig. 1 indicates the basic elements of the original gamma
camera where the initial gamma radiation passes through a colli-
mator to absorb non-relevant photons. The basics of this design;
however, are still replicated in even the designs of current state
of the art gamma camera systems. Gamma rays passing through
the collimator to be detected in the scintillation crystal. It is fabri-
cated from sodium iodide material which is typically 6 to 12 mm
thick. Light guides couple light from the upper surface of the scin-
tillation crystal to the array of photomultiplier tubes. The crystal
requires to be hermetically sealed to prevent the crystal material
absorbing water vapour from the atmosphere. In addition, the
lower surface of the scintillator crystal is lined with reflective
material to increase the level of light detected by the photomulti-
plier tubes (Kharfi, 2013, Gramuglia et al., 2021).

In the photomultiplier devices, incoming photons of light eject
electrons from the photocathode layer as indicated in Fig. 2. Ini-
tially these electrons are attracted to the first dynode where a mul-
tiplication of electrons takes place and which is repeated between
the dynodes that resulting in a voltage pulse at the output of the
device.

Fig. 3 indicates the types of collimator which can be used for
conventional image capture. The use of diverging, converging and
parallel hole collimators; however, reduces the potential number
of photons to reach the detecting crystal.

Pinhole collimators as indicated in Fig. 3 utilise simple geomet-
rical optics, for example to magnify the image size of small organs
such as the heart and thyroid. The parallel plate collimator is the
most widely used collimator for use with conventional gamma
camera systems and where the object plane size is replicated in
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the image plane without inversion. In the diverging collimator
the channels of the collimator converge to a point some distance
behind the image plane, resulting in a non-inverted image of
reduced size. In the converging collimator, the channels of the col-
limator converge to a point some distance behind the object,
resulting in a non-inverted image of increased size. The collimator;
therefore, has a key role in scaling the size of detected images. It is
important in state of the art imaging systems involving SPECT/CT
and PET/CT that there is complete registration between the images
captured within independent imaging technologies.

Such direct planar imaging technology can image specific
regions of interest or be used in whole body imaging to create bone
scans as indicated in Fig. 4.

This level of image quality provides specific clinical information
that can be benefit for patient diagnosis and treatment. There is;
however, a low level of confidence relating areas of increased
radioisotope activity with specific anatomical features.

2.2. Factors influencing image quality

A number of factors have been identified which determine the
intrinsic spatial resolution of a gamma camera system. One factor
relates to Compton scattering of the incident gamma ray photon
where information of the initial trajectory of the incident photon
is degraded. Another key factor influencing spatial resolution is
the inherent statistical fluctuation in the number of photons
detected by the photomultiplier tubes from each scintillation
event. In addition, as gamma photon energies reduce, then the
level of statistical fluctuations in the number of light photons

—— > PM tube array
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Fig. 1. Basic principles and components of a modern gamma camera.
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Fig. 3. Basic types of collimator use in conventional gamma camera (O: object, I: Image) (Kharfi, 2013).

released within the detection crystal also increases (Cherry et al., experienced Compton scattering will improve overall image qual-

2012). ity. For °™Tc, for example, a typically selected energy window of
Increasing the thickness of the scintillation crystal increases between 130 keV and 150 keV is selected.

both the chance of Compton scattering and the level of statistical

fluctuation in light detected by the photomultiplier tubes. 2.3. Most common radionuclides used in SPECT nuclear medicine
With increasing gamma ray energy; however, the photo peak applications

detection efficiency decreases (Fig. 5) so a compromise is required

between overall detection efficiency intrinsic spatial resolutions Table 1 summarises radionuclides most frequently used for
(Cherry et al,, 2012). . ) ) ) ] imaging applications in SPECT nuclear medicine.
Energy resolution is also a consideration for image quality, The emission of low energy photons from °™Tc which are not

where the ability to reject photons of reduced energy which has  completely absorbed by the body help to reduce the radiation dose
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Fig. 4. Whole body scan using 99mTechnetium-methylene diphosphonate (99mTc-
MDP) showing involvement of Paget’s disease (Cook, 2010).
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absorbed by the patient with administration of the radioisotope. In
addition, ®*™Tc can be combined with biologically active com-
pounds to track physiological activity within the body. The use of
20171 in cardiac imaging dates back to McKillop in the 1980's where
it was the first radioisotope to be used for this application
(McKillop, 1980). 6’Ga can be attached to specific compounds for
preferential take up at sites of acute and chronic infection where
Gallium 67 is particularly useful in imaging osteomyelitis that does
not involve the spine. !''In can be labelled with platelets to iden-
tify the location of thrombus and can also be attached to peptides
and proteins to identify certain rare forms of cancer.'*3*Xe is used in
the gas form for respiratory studies and as gas in liquid solution for
cerebral blood flow (Cherry et al., 2012; Appelgren, 2020).

2.4. SPECT and SPECT/CT imaging

Details of radioisotope distribution within tissue volumes can
be obtained with the use of SPECT where the gamma camera head
is rotated around the patient in a mode similar to CT using X-rays
and where a reconstruction of radioisotope image capture data is
undertaken. In some applications, SPECT images can be achieved
by a single 360-degree rotational scan. This technology is now rou-
tinely integrated with CT to provide SPECT/CT imaging where the
CT information provides a reference framework of anatomical
information to improve the diagnostic value of the SPECT image
data. SPECT images are typically created based on a matrix of
64x64 or 128x128 pixels within small fields of view such as in
heart studies. Single head camera can be rotated around the
patient to capture a SPECT image, while dual headed cameras are
also employed where each camera independently acquires data
from its own field of view. Gamma cameras can be configured
through body contouring mode to remain as close as possible to
the region of the body being imaged; such as in cardiac studies
in order to optimise scan quality. While early SPECT systems uti-
lised “image fusion technology” of CT images taken from separate
imaging systems, current SPECT/CT systems with inbuilt CT sys-
tems allow automatic fusion of images and with appropriate tomo-
graphic correction based on body mass detected in CT mode. There
is also an advantage in the footprint of scanning systems to pro-
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Fig. 5. Variation of photo peak detection efficiency with gamma ray energy for Na (Tl) detectors (Cherry et al., 2012).
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duce radioisotopes and CT imaging undertaken in the one inte-
grated system such as the Philips BrightView SPECT/CT system as
indicated in Fig. 6.

2.5. SPECT/CT applications

2.5.1. Bone imaging

Fig. 7 shows a typical SPECT/CT image where the scan is assess-
ing the uptake of a radioactive nuclide within the spinal column.
The annotated regions in the right image of the spinal column

Table 1
Indication of radionuclides with potential imaging application in SPECT Nuclear
Medicine applications.

Radioisotope Decay Mode Energy emission Half Life
(Hour/Day)

99mTc Isomeric transition 140 keV 6.03 h
201 Electron capture 68-80 keV x rays 3.05d
57Ga Electron capture 93, 185, 300 keV 3.26d
Mp Electron capture 171, 245 keV 2.8d

1231 Electron capture 159 keV 132 h
133x%e Beta emission 81 keV 5.25d

Vs “ -
L i
N\ - Gamma camera 1
) = =
i \—4—— Couch
— > | ———
cT Scan‘N.
Gamma
camera 2

Fig. 6. Philips BrightView SPECT/CT system. (Courtesy Philips Medical).
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are indicated regions of interest. SPECT images provide therefore
a new dimension in radioisotope diagnostic imaging where the
matrix of radioactivity activity is closely referenced to the anatom-
ical framework provided by the CT image. In many systems, SPECT
and CT image capture take place at the same time.

Fig. 8 indicates the usefulness of fused SPECT and CT images to
identify areas of increased radioisotope uptake and where
increased activity was identified with degenerative bone condi-
tions rather than bone metastases. The radionuclide that used
was 99mTechnetium-methylene diphosphonate ™Tc-MDP.

2.5.2. Myocardial perfusion imaging

Increasingly SPECT/CT is becoming a reference diagnostic tool
for identification of heart disease where arterial stenosis can be
identified with high precision using CT facility and associated
ischemic regions within each arterial branch can be readily identi-
fied using SPECT. This SPECT technique is described as myocardial
perfusion imaging (MPI). In Fig. 9 (right image) the white arrow
indicates a region of 99 % stenosis (indicated by CT) and the black
arrows indicate a region of reduced perfusion (indicated by SPECT)
(Jinzaki et al., 2011).

Fig. 10 indicates the scan of an 84 years old male patient with a
history of congestive heart failure, hypertension, coronary artery
disease and myocardial infarct as captured by a Philips BrightView
SPECT/CT system (Philips, 2010).

A previous study shows that SPECT/CT appears to offer superior
diagnostic and reference information to identify heart defects
rather than fusion of data from separate systems (Gaemperli
etal.,2011). In addition, another study identifies the phase of rapid
technological change in the context of cardiac imaging and identi-
fies the emerging trend for SPECT/CT and PET/CT to take a domi-
nant role in such developments (Flotats et al.,, 2011). It is also
indicated that on-going studies are likely to confirm such trends
(Hachamovitch et al., 2009).

2.5.3. 131 thyroid Scan:

Diagnostic '3'I SPECT and SPECT/CT imaging.

The natural uptake of the thyroid for iodine as '3!I provides a
useful means of monitoring function of this organ (Avram, 2012).
Fig. 11 indicates the use of SPECT/CT function to identify status
of regions of increased '3'I uptake and this example indicates no
evidence of tumour extension beyond the original margins. The
fused SPECT image with CT scan image allows improved identifica-
tion of anatomy identified with increased radioisotope take up.

Fig. 7. SPECT/CT image of fused sets of data (transverse and coronal) where the scan is assessing the uptake of 99mTechnetium-dicarboxypropane diphosphonate (°*™Tc-

DPD) within the spinal column (Cachovan et al., 2013).
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Fig. 8. Image A/B: Planar whole body scan images. Images C/D and E indicate separate CT, SPECT and fused SPECT/CT images of selected anatomical spinal areas (Bhargava

et al,, 2012).

Fig. 9. Right Image: The white arrow indicates a region of 99% stenosis (CT scan) and black arrows an area of reduced perfusion as highlighted from SPECT image (Jinzaki

et al.,, 2011).

3. Positron emission tomography (PET) and PET/CT systems
3.1. Principle of PET imaging

The principle of PET imaging is indicated in Fig. 12 where a posi-
tron is released by the radioisotope as part of the process of posi-
tive beta decay. The positron loses energy as part of interactions in
tissue and after the positron has travelled a short distance (typi-
cally around 1 mm), the positron will decay into two gamma ray
photons where each one has energy of 511 keV. As a result, with
no subsequent interactions experienced by the photons, these pho-
tons will track in equal and opposite directions. However, it is pos-
sible for either photon (or both) to experience some degree of
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Compton scattering; so that the 180-degree is modified slightly.
In addition, there may be residual momentum associated with
the positron before it decays and which is reflected in the net
momentum of the radiated gamma ray photons. However, the
angular deviation between photons will be typically less than
0.25 of a degree (Cherry et al., 2012).

3.2. Coincidence events in PET

Coincidence events can be described as true events where the
event arises from a valid coincidence event. As well as this, it can
be as background events where some degree of photon scattering
is experienced or the event is based on random event detection
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Fig. 10. Comparison of 64 x 64 matrix (top) with 128 x 128 matrix (bottom) for Philips BrightView SPECT/CT system for a patient with a history of congestive heart failure,
hypertension, coronary artery disease and myocardial infarct (Philips, 2010).

A

Fig. 11. Image A: Planar whole body image indicates three centres of potential activity. Image B: SPECT/CT image indicates benign involvement of nasolacrimal duct; Image C:
Indication of benign embryologic migration of thyroid. Image D: Indicates tumour that remnant post-surgery (Avram, 2012).
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where; for example, two separated positron emissions produce
detections events where only one photon from each event is
detected by the system and where one of the photon pairs is
absorbed in the patient tissue. These states of detection are indi-
cated in Fig. 13. In the middle example, the coincidence event
arises when two independent positrons decays result in only two
photons being detected by the detector ring. The process of event
detection is also termed annihilation coincidence detection (ACD)
(Shukla and Kumar, 2006).

Within the process of image analysis, a key element is to iden-
tify the distribution of so-called line of response (LOR) of the coin-
cidence events. Where in practice, the LOR has a limited width, as
the emitted photons are not exactly 180 degrees apart. The photon
energies of the CT scan component are typically in the range
100-140 keV, which requires the CT attenuation map to be scaled
up to that of 511 keV in order to correct PET images for tissue
absorption. This tends to be undertaken within specific LOR trajec-
tories. Therefore, it is relevant to consider that image reconstruc-
tion based on technique of TOF method. For detection at the
level of 1 mm, time resolution at the level of picoseconds (ps) is
required (Cherry et al., 2012; University of Virginia, 2012).

Most detector systems, however, would have detection times of
several hundred picoseconds, indicating that measurement resolu-
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tion less than 1 c¢cm is not possible with TOF technology. Moses
identifies that while time of flight PET is not widely utilised in cur-
rent commercially available systems, there remains potential for
improvement with on-going developments in scintillators, pho-
todetectors, and high-speed electronics (Moses, 2007). Addition-
ally, the potential advantages of TOF mode are more recently
described to include shorter scan times and improved image qual-
ity (Conti, 2011). Performance factors for specific PET scintillators
are indicated in Table 2.

Table 2 would suggest that Lutetium oxyorthosilicate (LSO)
scintillator material would be more appropriate for TOF image
re-construction algorithms.

The detection system looks for two events within a coincidence
time window specific to the detection technology utilised. The
value of this coincidence window is typically in range from 4 to
12 ns. Where an element of collimation is applied within the detec-
tion ring and which restricts the range of coincidence events
detected, then the reconstruction mode is termed two-
dimensional (2D). Where collimation is essentially not used, the
image reconstruction mode is described as three-dimensional (3
D) and requires more complex algorithmic image reconstruction
processes (Cherry, 2012).

3.3. Most common radionuclides used in PET nuclear medicine
applications

Table 3 indicates the set of radionuclides potentially available
for PET/CT studies.

18F js generated from cyclotron irradiation of water enriched
with '80. 13N is created by irradiating'® O water atoms by
16.5 MeV protons. Cardiac imaging can also be undertaken with
the use of 82Rb and where ¥ Rb is rapidly absorbed by heart tissue.
In addition, 82Rb, with a half life of 1.27 min, is produced by means
of a generator rather than a dedicated cyclotron source.

One consideration for image quality is the distance positrons
are likely to travel in matter before they revert to two gamma rays.
Table 4 indicates the relative performance of PET radionuclides.

A key requirement for PET imaging is that the radionuclide is
transferred to a molecule that will be absorbed in the target scan
volume. Fluorodeoxyglucose (FDG) or 2-deoxy-2-('®F) fluoro-p-
glucose is a compound which is created where '8F replaces groups
within a glucose molecule. The FDG molecule, however, is small
and able to cross the blood brain barrier and in its metabolic activ-
ity closely resembles the characteristics of glucose. The!! C
radioisotope can be readily attached to small organism visa
replacement of C atoms, thus giving rise to a broad range of imag-
ing tracers. In addition, use is being made of '®F FDOPA for identi-
fication of brain tumours whose structure is indicated in Fig. 14.

Fig. 13. (left) True coincidence event: (centre) accidental or random coincidence event; (right) misposition of coincidence event (Shukla and Kumar, 2006).
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Table 2
Characteristics of PET scintillators.
Characteristic/parameter  Bismuth Lutetium Sodium
germanate oxyorthosilicate iodide Nal
(BGO) (LSO) (TI)
Crystal Density (gm/cc)  7.13 7.40 3.67
Eff. Atomic Number (Z 74 66 51
eff.)
Decay Time (nano sec.) 300 40 230
Light output 15 75 100
Refractive Index 2.15 1.82 1.85

Table 3
Summary of radionuclides used in PET/CT studies.

Isotope Half life (minutes) Production mode
18 110 Cyclotron
e 20 Cyclotron
BN 10 Cyclotron
150 2 Cyclotron
58Ga 68.3 Generator
82 Rb 1.27 Generator
Table 4

Range and energy of positrons emitted by major positron emitting radionuclides.

Radionuclide Maximum energy Maximum range in the tissue

(MeV) (mm)
18F 0.63 2.6
150 1.74 8.4
BN 1.20 5.4
e 0.96 4.2

HC Cl_—
\ /
C

\

C—C

IBF

Fig. 14. Structure of '8F FDOPA that is uses for detection of brain tumours.

3.4. PET and PET/CT imaging

In PET imaging, use is made of the coincident emission of two
photons from the decay of radioactive isotopes such as'®F. In this
process of positron emission, the gamma ray photons carry equal
and opposite levels of momentum from the decay and the detec-
tion system can compute the co-ordinate of origin of the photons
by measurement of the relative TOF of the two particles. As the
PET scanning system is rotated round the patient, details of
radioisotope concentration within a slice of tissue can be
computed.
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The inclusion of CT scanning using X-ray beam technology has
been incorporated into PET imaging to produce PET-CT imaging
where the imaging modalities are combined to improve the diag-
nostic usefulness of the separate modalities. Therefore, for exam-
ple, regions of interest that highlighted by radioisotope imaging
can be more closely related to patient anatomy. There is a prefer-
ence for systems which provide PET/CT within a single scanning
facility rather than separate PET and CT systems where images
are fused from essentially different imaging systems. A key ele-
ment of the software of such systems is the software function
which fuses the two imaging data together. In addition, the data
of the CT scan provides key information to provide image correc-
tion for tissue absorption of radionuclide detection data. An exam-
ple of this fusion or image systems is indicated in Fig. 15, where the
PET image shows the extent of progression of right nasopharyngeal
carcinoma and which would allow improved management of the
patient condition either through radiotherapy or surgery
(Varoquaux et al., 2013).

3.5. PET/CT applications

3.5.1. Lung cancer scanning

PET/CT is used routinely to identify sites of lung cancer, where
the functional activity is identified with!® F FDG uptake and the
precise location and size of the lesion is confirmed with the CT
scan. Fig. 16 indicates the routine use of PET/CT for diagnosis of
lung cancer.

3.5.2. Brain imaging

L-DOPA is a drug used in the treatment and investigation of
Parkinson’s disease where its action increases concentrations of
dopamine on a short-term basis. Fluorodopa (F-DOPA) is created
where radioactive '®F is inserted within the molecule as shown
in Fig. 17. F-DOPA is selectively taken up by neuro endocrine
tumours and consequently allows PET/CT to image such structures
(Jora et al., 2011).

Jora et al. study describes the use of a range of PET radionuclide
traces for diagnosis of a range of 23 patients (8 preoperative and 15
postoperative) for primary brain tumours. It was identified that
18F-FDG provided better correlation to identify tumour grade than
18F-FDOPA. Moreover, '8F-FDG PET imaging can be used to diag-
nose Alzheimer’s disease (Chételat et al., 2020) and as shows in
Fig. 18 (Johnson et al., 2012).

Radioactive tracers are also playing a significant part in research
into disease progression of Alzheimer’s disease where specialist
tracers such as C-Pittsburgh compound B (PIB) and FDDNP in addi-
tion to'8F FDG are able to detect different aspects of disease pro-
gression/control in association with specific drug treatments
(Wang et al., 2022). The radionuclides are in effect sensitive to
specific levels of metabolic activity. This indicates the value of
PET imaging as both a diagnostic tool and as a means of assessing
a range of pharmaceutical interventions.

3.5.3. Cardiac PET/CT

A range of radionuclides are available for undertaking PET/CT
cardiac studies and where a key parameter being investigated is
the degree of perfusion of tissue at specific levels of exercise (see
Fig. 19)

Cardiac PET and cardiac PET/CT imaging has been undertaken
using'3N since the earliest days of PET technology (Schelbert
et al., 1982). Machac describes details of >N PET cardiac imaging.
One advantage of the >N PET radionuclide is the low residual value
of the momentum carried by the positron before it decays to the
two gamma rays. This improves the overall image resolution. The
BN radionuclide is present in the form of ammonia molecules
(NH3) which pass readily from the vascular pool into cardiac tissue
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Fig. 15. Image (d) is the fused image of PET scan and CT image for identification of right nasopharyngeal carcinoma (Varoquaux et al., 2013).

(Machac, 2007). Fig. 20 indicates a specific investigation relating to
13N.

Rubidium 82 has been in routine use in North America since the
1980's as a radionuclide used for cardiac functional analysis. An
expert review by Juarez-Orozco et al. describes Rubidium 82 con-
stitutes the most used PET perfusion radiotracer in the USA
(Juarez-Orozco et al., 2018). Within clinical investigation, a key
parameter relates to identification of normal and abnormal clinical
conditions such as the identification of the Transient ischemic dila-
tion (TID) ratio. Fig. 21 indicates a series of scans to identify TID
values for a range of patients with heart conditions and where
comparison was made to TID values derived from SPECT images
(Rischpler et al., 2012).

4. SPECT CT and PET CT Modalities: Comparisons
4.1. Introduction

Since the emergence of SPECT/CT and PET/CT as imaging modal-
ities in nuclear medicine, there have been efforts to evaluate clin-
ically the relative advantages of their techniques. Rahmim and
Zaidi identify many of the areas of debate relating to the two tech-
nologies (Rahmim and Zaidi, 2008). One example is the relevance
of the biological activity of the tracers of SPECT and PET and which
is subsequently reviewed within analysis of SPECT/CT and PET/CT
imaging in specific clinical investigations. Authors indicate that
while the potential of dual tracer imaging has already been realised
for SPECT/CT, the potential of this technique remains uncertain for
PET/CT; however, more recent researchers indicate the value of
18E_FDG and ''C-acetate PET/CT in the diagnosis of renal angiomy-
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olipoma (Rahmim and Zaidi 2008; Ho et al., 2012). Dual tracer
imaging is easier to achieve in SPECT where it is typically possible
to use appropriate different energies such as °**mTc (140 keV) and
201T] (75 keV/167 keV). For PET; however, the gamma ray photons
are the same energy. The authors also indicate that PET/CT tech-
niques can apply superior attenuation algorithms to image recon-
struction compared with SPECT/CT (Madsen, 2007). This
contributes to higher diagnostic function of PET/CT imaging. It is
relevant to indicate that while PET/CT and SPECT/CT have been
compared as separate modalities, it may also be possible to com-
bine the modalities (SPECT/PET/CT) in a single imaging system
(Madsen, 2007). This system will aid as a key for early diagnosis
and treatment for cancer, cardiac and neurological diseases, how-
ever, the body will receive high dose of radiation. Such systems
are in fact now available but not widely taken up available
(Madsen, 2007; Veit-Haibach et al., 2013).

4.2. PET/CT and SPECT/CT resolution

Both PET/CT and SPECT/CT systems are developing technologies
to improve image resolution. Typical values of PET resolution are
around 5-7 mm while those of SPECT are around 10-14 mm
(Lodge et al., 2005). However, the resolution of PET is linked to
the radionuclide used, due to the effect of the transmission dis-
tance of the positron before it releases the pair of gamma ray pho-
tons. With SPECT; for example, developments in collimator are
expected to lead to a reduction by an order of magnitude in cardiac
scan time and improve resolution from around 8 mm to 3-4 mm
(Beekman and van der Have, 2007). Further improvements in res-
olution are anticipated with TOF technology in PET imaging with



F.F. Algahtani

Brain ——>

Tumor

Myocardium

Suv
max

4.0

0.0

T1WI1MRI

18F-FDG

Saudi Pharmaceutical Journal 31 (2023) 312-328

S5cm

13N-Ammonia 18F-FDOPA

Fig. 17. Imaging of primary brain tumours using PET radionuclides (Jora et al., 2011).

development of faster responding scintillator materials and elec-
tronic circuits.

4.3. PET/CT and SPECT/CT sensitivity

One of the key differences between PET/CT and SPECT/CT is the
significantly higher sensitivity of PET technology, where PET tech-
nology can detect in the region of two or three orders of magnitude
more events than SPECT technology. One key contributing factor is
the use of collimators with SPECT which while improving geome-
try of detection also remove a significant portion of incident radi-
ation. This makes it possible to use PET/CT for obtaining multiple
images from different fields of view and to complete individual
scans more rapidly. While PET imaging is associated with rapid
administration of radioisotope and prompt scanning, SPECT imag-
ing has a key role for detecting long duration metabolic processes
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where metabolic processes may take several hours to become
established. As a result, there are specific application areas for
PET/CT and SPECT/CT which will remain non overlapping modali-
ties based on different metabolic pathways (Crisan et al, 2022).

4.4. Specific clinical applications: SPECT/CT and PET/CT Comparisons

4.4.1. Myocardial perfusion imaging

Recent studies describe the advances in PET techniques for car-
diac imaging and also highlight the problems of implementing
advanced techniques using state of art imaging technologies (Di
Carli et al., 2007; Dilsizian, 2021). PET radionuclides are identified
as %2Rb and '®*N-ammonia and where 82Rb (half life 76 s) is avail-
able as a generator unit and '*N-ammonia is produced from cyclo-
tron systems. Uptake and distribution of 82Rb, however, is strongly
influenced by blood sugar levels of the patient, which can delay
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Alzheimer
disease

Fig. 18. Trans axial '8F FDG-PET image of normal and patient with Alzheimer’s
disease. Where warm colours indicate normal metabolic activity and cool colours
indicate reduced metabolic activity (Johnson et al., 2012).

Fig. 19. Image shows the equivalence of 99mTc-MIBI perfusion (left) and '8F FDG
uptake (right) and where arrows indicate extensive perfusion defect (Kobylecka
et al,, 2012).

such testing. Evidence of the higher diagnostic value of PET is ref-
erenced in a number of early studies (Go, R.T et al., 1990; Stewart
et al., 1991) and subsequently confirmed by a recent systematic
reviewes (Al Moudi et al., 2011; Santos and Ferreira, 2019). It has
been shown that myocardial perfusion PET/CT has high sensitivity
and accuracy for detecting cardiac artery disease, including

324

Saudi Pharmaceutical Journal 31 (2023) 312-328

Stress

Rest

Fig. 20. Detail of >N cardiac imaging indicating anterior and lateral defects during
induced pharmacological stress. SA, short axis; HLA, horizontal long axis; VLA
vertical long axis (Machac, 2007).

women, and obese patients. Naya and Carli describe the usefulness
of PET/CT imaging to quantify left ventricular function during peak
stress and also to quantify levels of myocardial perfusion. The
authors show that the combination of PET technique with the CT
imaging data provide comprehensive scans of anatomy and func-
tion at a relatively low radiation dose (Naya and Di Carli, 2010).
A review of role of SPECT/CT and PET/CT in myocardial perfusion
imaging indicates that a significant advantage provided by PET |/
CT is the ability to provide accurate correction for tissue attenua-
tion and which is reflected in provision of high levels of sensitivity
and specificity identification of cardiac disease (Beller and
Bergmann, 2004).

4.4.2. Whole body imaging

A key role of nuclear medicine imaging is whole body scanning
for identification and localisation of primary and secondary lesions.
A range of studies have been undertaken to assess the performance
of whole body scintigraphy, SPECT/CT and PET/CT (Rager et al,
2018; Mosci et al, 2020; de Leiris et al, 2020). For example,
Schirrmeister indicates the advantage of PET imaging for whole
body image aimed at detection of bone metastases (Schirrmeister
et al., 2001). The relative effectiveness of '*'I whole-body imaging,
1311 SPECT/CT, and 'F-FDG PET/CT have been compared in the
detection of spread of lesions from thyroid cancer (Oh, J.R et al,
2011). It was identified that while *'I SPECT/CT, and '8F-FDG
PET/CT were both superior to ' whole-body imaging, '®F-FDG
PET/CT was superior to ' SPECT/CT in diagnosis of lesions asso-
ciated with patients receiving multiple sequences of radioiodine
therapy. However, there was no significant difference in diagnostic
accuracy of bone metastases between whole body bone SPECT/CT
(AUC 0.824 [0.74-0.90]) and PET/CT (AUC 0.829 [0.75-0.90],
p = 0.41) as well as SPECT/CT does not provide additive diagnostic
information over concomitant PET/CT (de Leiris et al, 2020).

Nuclear medicine imaging has also developed a role in the iden-
tification of conditions such as spondylodiskitis (inflammation of
spinal disc space). A study evaluates the diagnostic value of
whole-body PET/CT and bone scan combined with planar and
SPECT/CT with %7Ga (Fuster et al., 2012). It was identified that
PET/CT provided the best diagnostic indication of spondylodiskitis.
Where PET/CT gives fundamental information that may influence
the treatment management of the disease. In addition, it was iden-
tified that the use of PET/CT as a general-purpose screening tool for
the identification of abnormal sites of metabolic activity. Fig. 22,
for example, identifies the image set of a patient where PET/CT
was able to diagnose tuberculosis infection (Fuster et al., 2012).
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Fig. 21. Rubidium 82 scan Transient Ischemic Dilation Ratio (Rischpler et al., 2012).

Fig. 22. Set of images in study for diagnosis of Spondylodiskitis in C1 and C2 where planar images are indicated (A) and SPECT/CT %’Ga scan images are indicated as (B) and
PET/CT as (C) and (D) shows the adjacent soft tissue, which was diagnosed as infection of M. tuberculosis (Fuster et al., 2012).

4.4.3. Brain imaging ditions such as Alzheimer’s disease (Silverman, 2004). Compar-
As reported by Silverman, there is increasing confidence in the isons have been made of the relative ability of SPECT and PET to
use of PET/CT as a diagnostic tool for diagnosis of neurological con- detect recurrent glioma (Which is a type of tumor that starts in
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the brain or spine) after various clinical interventions. In a study
comparing the effectiveness of °°mTc- glucoheptonate (GH)
SPECT/CT and'®F-FDOPA PET/CT for detection of recurrent glioma,
it was identified that both provided equivalent diagnostic value
though %mTc-GH SPECT/CT was more readily available and
cheaper to use (Karunanithi et al., 2013).

Within the brain, there is an identified role for radionuclides
that can be used to track concentration of glutamate receptors,
which is the main excitatory neurotransmitter in the human brain.
These receptors are potential targets in the treatment of many neu-
rodegenerative and neuropsychiatric disorders (Majo et al., 2013).
Therefore, this reflects the increasing trend to use PET/CT and
SPECT /CT as areas where *°mTc-GH SPECT/CT and '8F-FDOPA
PET/are readily available. With an ageing population, such diagnos-
tic tools will play an increasing role in identification of various
grades of dementia. In addition, such imaging technology has the
ability to provide a valuable research tool to contribute in the
development of new forms of medication where it was identified
that the PET/CT and SPECT/CT images provide objective evidence
of cognitive changes (Pupi et al., 2005).

While the main role of functional brain imaging is for the diag-
nosis of various presentations of dementia/Alzheimer’s disease,
there is also a requirement to diagnose Parkinson’s disease, which
is the second most frequently occurring cerebral degenerative dis-
ease, after Alzheimer disease. A study reported by Trott and Fakhri
identifies the relative diagnostic performance of single isotope
sequential SPECT (°°mTc), dual isotope simultaneous SPECT (%°-
mTc/'231) and PET (!!C-altropane) (Trott and El Fakhri, 2008). The
highest diagnostic ranking was with PET, followed by simultaneous
SPECT and then single isotope sequential SPECT. As a result, the use
of PET and SPECT is being used as a diagnostic tool for identifica-
tion and classification of neurological disorders. This reflects the
increasing number of clinical specialties that are making use of
PET/CT and SPECT/CT for both diagnosis of condition and disease
management.

4.5. The limitations and capabilities of SPECT/CT and PET/CT

It is apparent that PET functionality is limited by short time
scales of radionuclides such as >N and 'O which essentially
require on site cyclotron radionuclide production facilities. There-
fore, developments in PET relating to these and similar radionu-
clides will be limited by funding resources. There is also a
general appreciation have been described in Lewellen’s review that
developments in PET detector technology has the potential to fur-
ther improve image quality and reduce image capture times. Such
developments in detector technology are identified from areas of
high-energy physics experiments (Lewellen, 2008).

The high number of scattered gamma ray photons associated
with SPECT images, however, is identified as a factor limiting
image quality. Specific techniques such as scatter correction tech-
niques have been identified for minimising the effect of such scat-
tering on image quality (Zaidi and Koral, 2004).

4.6. PET/MRI and SPECT/MRI: Challenges and difficulties

The integration of PET and SPECT with magnetic resonance
imaging (MRI) provides both the opportunity and the challenge
of integrating radioisotope imaging modalities with tissue-
specific structural imaging technology. This flexibility within MRI
is based on the ability to select scan parameters based on selected
tissue characteristics, with the option of identifying of specific
metabolic pathways. The characteristics of MRI technology, how-
ever, have major problems with high values of static magnetic
fields (from MRI) and photomultiplier tubes, where the photomul-
tiplier tubes must be kept far away from the magnet. One solution
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is to physically separate the MRI high magnetic field zone from the
SPECT or PET zone and transport the patient using an extended rail
between systems. Early developments in PET/SPECT/MRI systems
used light guides or optical fibres to distance photomultiplier tubes
from the MRI zone of high static magnetic field. More recently,
however, hybrid PET/MRI systems have been developed that utilise
avalanche photodiodes that are relatively immune to static mag-
netic field values. Moreover, the nature of the MRI technology, such
as the superconducting magnetic field system and the radiofre-
quency amplifier systems, would significantly raise the cost of
the hybrid PET/MRI system above that of the equivalent PET/CT
facility, and therefore that might restrict the availability of such
systems. In addition, the image acquisition time of MRI scans is sig-
nificantly longer than that of CT scans and is likely to be the limit-
ing factor determining scan time.

A recent experiment described an MRSPECT (SPECT/MRI) sys-
tem where a cadmium-zinc-telluride (CZT) detector sub system
was placed within an existing MRI scanner. It was identified that
while satisfactory SPECT images could be obtained, the metallic
components of the SPECT sub system introduced degradation in
MRI image quality (Hamamura et al., 2010). However, a relevant
review of the role of combined PET/MRI imaging for use in oncol-
ogy, such as for tumour staging and lymph node assessment, has
produced high-resolution images of whole body scan (Schmidt
et al., 2007).

5. Conclusions and future developments

Nuclear medicine imaging technology can look back on an ini-
tial active phase with the invention of the anger camera technology
and development of planar camera imaging, leading onto SPECT
and eventually SPECT/CT. Nuclear medicine imaging is currently
in a phase of rapid technological development where routine
radioisotope scanning is now typically being undertaken using
SPECT/CT technology and is becoming less of a specialist diagnostic
facility. The basic technology of the planar gamma camera is still
applicable to state of the art SPECT imaging technology currently
available. The more recent rapid development phase of PET and
PET/CT is still active and with improvements being identified in
imaging quality as detection systems become faster. It is impor-
tant, however, for physicists working with such technology in the
clinical environment to appreciate the basics of operation of such
systems. In the context of SPECT/CT and PET/CT technologies, how-
ever, a key difference between such imaging modes will be the nat-
ure of the uptake in the body of the carrier radioisotope
pharmaceutical. Therefore, SPECT/CT technologies will maintain
the advantage of imaging patients where uptake of radiopharma-
ceuticals takes place over several hours. Moreover, it is likely that
there will be continuing developments of such technology to
improve scan quality, reduce patient radiation dose from radionu-
clide (SPECT) and X-ray exposure from CT scanning and reduce
scan time.

It was clear that there is a preference for systems, which pro-
vide PET/CT within a single scanning facility rather than separate
PET and CT systems where images are fused from essentially differ-
ent imaging systems. A key element of the software of such sys-
tems was the software function which fuses the two imaging
data together. In addition, the further uptake of PET/CT is likely
to be influenced by the availability of appropriate radiopharmaceu-
ticals and where the development of mini cyclotrons as integral
elements of PET/CT imaging system would significantly boost
PET/CT imaging uptake. This is likely; however, to both increase
capital and revenue requirements of such installations.

Nuclear medicine has established imaging technologies which
provide key diagnostic information for patient management. It is
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also identified that they provide a key research tool in the study of,
for example, Alzheimer’s disease and Parkinson’s disease where
the patient’s status can be objectively related to potential drug
treatments. Future developments in SPECT/CT and PET/CT imaging
are also likely to be associated with detection system, the supple-
mentary of radionuclides and new pharmaceutical preparations
that target specific metabolic pathways.
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