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Abstract

Despite some neurological conditions also affecting the spinal cord, research using
PET/MRI has focussed on brain imaging. Spinal cord MRI is common due to its
high resolution and soft tissue contrast. PET, however, presents challenges due
to its low resolution relative to the spinal cord’s diameter. In PET/MR, spinal
cord PET may also be affected by incorrect attenuation correction due to a lack of
vertebral bone in MR-derived attenuation maps.

The impact of these effects and possible solutions were determined through a
series of studies. A literature review established whether currently available phys-
ical phantoms were suitable for assessing the performance of PET/MR scanners.
It was found that replicating tissue properties for both modalities within the same
phantom was challenging, so typically one modality is prioritised.

Phantom experiments were performed using a PET performance phantom and
an anatomical ‘head and neck’ phantom to assess the performance of the SIGNA
PET/MR Scanner. It was found that for features less than 20mm, the size and
tracer uptake in these regions was underestimated in PET images.

A simulation study is presented exploring the impact of MR-derived attenu-
ation maps and PET detector resolution on measured tracer uptake in the spinal
cord. This was compared to patient data. The results indicate that whilst tracer
uptake is underestimated when vertebral bone is not accounted for in attenua-
tion maps, partial volume effects due to PET detector resolution have the greatest
impact.

MR-guided reconstruction of PET data was investigated as a solution to re-
solving partial volume effects during PET image reconstruction, using MR images
simultaneously acquired with PET data. Images reconstructed with MR-guided
algorithms showed an increase in measured tracer uptake in the spinal cord com-
pared to existing reconstruction algorithms. This suggests that MR-guided recon-
struction of PET data can contribute to resolving partial volume effects.
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Chapter 1

Introduction

1.1 Context and Motivation

Medical Imaging serves as an important tool in the research, diagnosis and mon-
itoring of diseases by providing minimally invasive mechanisms for visualising
anatomical and physiopathological biomarkers.

PET/MRI is a combined imaging modality introduced to the clinical market in
2010, allowing for the simultaneous acquisition of Positron Emission Tomography
(PET) and Magnetic Resonance Imaging (MRI) images using the same scanner
in a single imaging session. Both modalities have been used extensively for neu-
roimaging in research, with the field benefiting from simultaneous acquisition and
the development of specific PET tracers for neuroimaging applications. Initially
challenges to overcome included compatibility of PET detectors with the large
magnetic field required for MRI [18], and then find solutions in image reconstruc-
tion for attenuation correction due to having no tissue density information such as
with PET/CT[19]. Brain imaging has been a large area of focus in the optimisation
and development of PET/MRI and the associated image reconstruction software
performance. This has led to significant improvements in the correction of PET
data for attenuation in the skull [20], motion correction for bulk head motion [21],
and in the localisation of radiotracer distribution in the brain with respect to MRI
defined anatomy [22].

The promising results from clinical research using brain PET/MRI and pre-
clinical studies have revealed new imaging opportunities, and spinal cord imaging
offers further insights into the function of the central nervous system (CNS). De-
spite many diseases of the central nervous system also impacting the spinal cord
and previous research into these diseases using PET and MRI as separate modal-
ities, there has been very little focus on the development of optimised PET/MRI
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acquisition and image reconstruction for spinal cord imaging.

There are still some technical barriers to accurate quantification of PET tracer
uptake in the spinal cord for PET/MRI. The spinal cord is surrounded by ver-
tebral bone, which attenuates the gamma rays detected in PET, and corrections
applied in PET/CT for this aren’t possible as cortical bone doesn’t generate a sig-
nal for imaging with MRI. Additionally, the spinal cord’s small diameter makes it
susceptible to partial volume effects at the detector resolution available in clinical
PET.

Accurate quantitative spinal cord PET/MRI would benefit translational neuro-
science research by providing simultaneously acquired complimentary functional
information. The benefit of acquiring PET and MRI simultaneously is in improved
registration to identify and correlate features from both modalities, for a small di-
ameter structure such as the spinal cord [23]. A single scan session is also more
tolerable for patients with CNS disorders who may find multiple long imaging ses-
sions difficult [24]. This could improve the understanding of disease mechanisms
and assess therapeutic efficacy of treatments in clinical trials through monitoring
of receptor activity and neuronal structure in the spinal cord [25]. This thesis fo-
cuses on investigating the necessary PET data corrections and the optimisation of
image reconstruction to facilitate more accurate quantification of spinal cord PET
in PET/MRI systems.

1.2 Thesis Aims

The focus of this thesis was to establish the impact of attenuation correction and
detector resolution on spinal cord imaging for PET/MR. Then to determine the
corrections required such that the quantification of PET uptake in the spinal cord
is increased in accuracy, and its visualisation in PET images is improved. This was
achieved by addressing 3 questions throughout this thesis:

Aim 1: Do phantoms exist that are capable of replicating tissue properties and
anatomical geometry of the spine and spinal cord for the performance assess-
ment or PET/MR scanners?

Imaging the spinal cord has not been a widespread application in PET pre-
viously, with the review by Kiamanesh et al. identifying only 6 adult studies
previously reporting baseline values for [18F]FDG uptake [26], and one study in
PET/MR [5]. As such, the first aim of this thesis was to determine the current
state of the field, and whether there exists physical phantoms that can the mimic
tissue proprieties and anatomical proportions of the spine to allow establish base-
line performance in house. The literature review presented in this thesis details
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research into tissue mimicking phantoms and the use of phantoms in assessing
the performance of PET/MR scanners.

Aim 2: To what extent are attenuation correction and partial volume effect
sources of error in PET images for spinal cord PET/MR?

It was necessary to establish a baseline for the capability of the GE SIGNA
PET/MR in imaging the spinal cord, as this hasn’t previously been reported. The
performance of a current, commercially available scanner and associated software
in the GE PET Toolbox (GE Healthcare) was assessed through a series of phantom
experiments and clinical acquisitions. The open source software packages STIR
(Software for Tomographic Image Reconstruction) [27] and SIRF (Synergisitic Im-
age Reconstruction Framework) [28] was also used to perform simulation studies
modeling the GE SIGNA PET/MR scanner properties, allowing access to addi-
tional image reconstruction algorithms used by the PET/MR research community.
This allowed for the investigation of the impact of two known sources of error
in PET/MR that affect PET images of the spinal cord: attenuation correction of
cortical bone in the spine [5], and partial volume effects due to the spinal cord’s
small diameter [26]. This is also the first investigation to quantify these effects in
spinal cord PET/MR.

Aim 3: Can MR guided PET image reconstruction reduce the impact of partial
volume effects in spinal cord PET/MR?

The third aim of this thesis was to compare MR guided reconstruction algo-
rithms to the commercially available and widely used algorithms, and determine
whether they provide any improvement in PET quantification or the visualisation
of spinal cord anatomy in PET images. The spinal cord can be difficult to visu-
alise in [18F]FDG PET due to it’s relatively low tracer uptake compared to nearby
organs, as demonstrated in figure 1.1.

From the GE PET Toolbox, MR guided Q.Clear was compared to Q.Clear and
TOFOSEM-PSF (Time of Flight Ordered Subset Expectation Maximisation with
Point Spread Function modelling). From the open source packages, HKEM (Hy-
brid Kernel Expectation Maximisation) [29] was compared to OSEM (Ordered
Subset Expectation Maximisation). Both MR guided algorithms utilize anatom-
ical MR acquired simultaneously to PET data in the PET image reconstruction
process, and were expected to reduce the impact of partial volume effects on the
spinal cord, improve contrast of spinal cord uptake to background activity, as well
as reduce noise in PET images [30]. This requires images from both modalities
that are highly co-registered to avoid introducing additional errors during image
reconstruction [19].
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Figure 1.1: Image taken from [1] demonstrating the expected normal physiological
uptake in the spinal cord for [18F]FDG PET/CT. The arrow indicates a known
region of increased uptake in the thoracic spinal cord.

1.3 Thesis Organisation

The organisation of the thesis chapters is as follows:

Chapter 2 summarises relevant information on clinical imaging of the spinal
cord, and technical information on PET/MR scanners and different PET recon-
struction algorithms. This acts as the background required for full understanding
of the work presented in this thesis.

Chapter 3 is a literature review of physical phantoms and test objects for as-
sessing performance in PET/MRI scanning and image reconstruction. This was
published in EJNMMI physics as a review article under the title "Multimodal
Phantoms for Clinical PET/MRI" [31]. This literature review explores options for
physical phantoms that can be used in assessing PET/MR scanner performance
for different applications and the challenges involved in creating tissue equivalent
phantoms for multi-modality systems.

In chapters 4 and 5, the second aim of the thesis is addressed. First, the perfor-
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mance of the GE SIGNA PET/MR scanner was assessed in imaging small diameter
features on the scale of the spinal cord through a set of preliminary experiments
using physical phantoms. The results presented indicate the causes of error for
investigation in further experiments.

In chapter 5, a simulation study was performed using an anthropomorphic
computational phantom and clinically acquired data to assess the impact of atten-
uation correction and partial volume effects of the quantification of activity in the
spinal cord. The performance of existing algorithms available on the GE Health-
care SIGNA PET/MR scanner are also benchmarked for quantification of activity
in the spinal cord. This chapter represents the first study to quantify errors in the
quantification of PET data in the spinal cord through simulation.

Chapter 6 presents the results of applying state of the art MR guided PET
reconstruction algorithms to spinal cord imaging. This has not been demonstrated
previously, and the work in this chapter illustrates the benefits these algorithms
provide to quantification of PET data in the spinal cord.

Finally, in chapter 7 the work presented in this thesis is summarised and overall
conclusions drawn from it. Future work building on the results of this thesis
is suggested and the thesis finishes with an outlook for spinal cord imaging in
PET/MR and the role MR guided image reconstruction could play in this going
forward.



Chapter 2

Background

2.1 Spinal Cord Involvement in Neurodegenerative Diseases

Neurodegenerative diseases are a wide range of disorders that affect the central
nervous system through the degradation of neurons in the brain and spinal cord.
This can lead to symptoms of cognitive impairment and difficulties with move-
ment. Multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS) and the other
motor neurone diseases (MND) are all types of neurodegenerative disease which
are caused by demyelination and degradation of neurons in the brain and spinal
cord. They include symptoms such as muscles weakness, cramps, twitches, mus-
cle atrophy and slurred speech [32]. The rapid progression of MND’s also leads
to patient death as breathing and swallowing become more difficult.

The spinal cord is a length of grey and white matter that runs down the spinal
canal and is surrounded by cerebral spinal fluid (CSF). Within the cord, grey mat-
ter forms in the centre of the spinal cord in a “H” shaped column, shown in figure
2.1, and predominantly consists of neuron cell bodies and neuroglia. These pro-
cess sensory input, motor commands for skeletal muscle and direct impulses to
the appropriate tracts [33]. White matter is formed around the grey matter in
columns of ascending and descending myelinated axonal tracts. The amount of
white matter decreases along the length of the spinal cord, however the spinal cord
diameter bulges in the lower cervical spine and in the lumbar spine just before the
end of the spinal cord. These are known as the cervical and lumbar enlargements
and are the nexuses for spinal roots joining the cord from the upper and lower
limbs.

Each vertebra of the spine has a gap called the vertebral foramen, where the
spinal canal sits. In most vertebra, this is behind the main body of the vertebra
and surrounded by the articular processes laterally, and spinous process anteri-
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Figure 2.1: A representation of the spinal cord and sections as well as a depiction
of the cross section of the spinal cord. The cross section depicts the grey mat-
ter "horns", showing how grey and white matter are arranged within the cord.
Graphic created in BioRender.

orly. The spinal cord begins at the medulla oblongata in the brain stem and ex-
tends to the upper sections of the lumber spine with the conus medullaris, around
the L2 vertebra. The transverse diameter of the spinal cord is on average largest
around the C4 vertebra at 13.3 ± 2.2mm [34] and smallest at T10 (8.2 ± 2.1mm).
The anterior-posterior diameter is overall smaller and starts at 8.3 ± 1.6mm at C1,
decreasing to 6.3 ± 2.0mm at T6 [34]. It has three meninges to provide stability
and a protective layer: the pia mater, arachnoid mater and spinal dura mater.

When the axonal tracts in the brain and spinal cord undergo demyelination
in neurodegenerative disease, there is a breakdown in nerve signalling that leads
to disordered movement and affects organ function. It would be beneficial for
understanding treatment mechanisms and as part of clinical trials to image this
process. However, there are no reliable imaging biomarkers for ALS and the other
MND’s in the spinal cord [35].



22 2.2. Imaging Modalities

2.2 Imaging Modalities

2.2.1 Magnetic Resonance Imaging

Magnetic Resonance Imaging (MRI) examination of the spine is a well established
clinical pathway in many areas of medicine owing to the good contrast and visi-
bility of the soft tissue structures in the spine such as disks, spinal cord, CSF and
bone marrow. It can be used to identify inflammation, necrosis and lesions within
the spinal cord, with more advanced techniques such as diffusion tensor imaging
(DTI) and myelin water fraction imaging providing insights into structural and
functional changes in the microstructures of the spinal cord [36].

MRI uses a strong magnetic field to align the protons with the hydrogen atoms
of water molecules in the human body into the same orientation. A spatially vary-
ing magnetic field is then applied to create a different field strength at different
positions in the body to adjust the proton alignment to provide spatial encod-
ing. Radiofrequency (RF) waves are then applied to the protons to disrupt their
alignment with the magnetic field. As the protons realign they emit a RF signal
which is detected by a receiver coil placed externally near the area of interest on
the body, with different tissues displaying different signal intensity due to their
proton density and tissue structure. Broadly, this leads to images that display
fluids, water-based tissues and fat-based tissues tissues with different intensities.
Pulse sequences comprising of RF pulses and gradient pulses are used to acquire
images and can be manipulated to change how tissues are displayed by changing
the contrast mechanism.

Tissue contrast is controlled by the tissues spin-lattice relaxation time (T1) and
spin-spin relaxation time (T2). The relaxation time is how long protons in the tis-
sue take to return to an equilibrium state after being disrupted by an RF pulse.
T1 is the relaxation time for protons to realign along the primary magnetic field,
and T2 is the relaxation time for proton spins to de-phase after an RF pulse causes
them to spin in phase [37]. In T1-weighted images, fluids have low signal inten-
sity, water-based tissues have a mid-range signal intensity and fat tissues have the
highest signal intensity. Whereas in T2-weighted images, fluids have the highest
signal intensity whilst other tissues exhibit a range of intermediate signal intensi-
ties. Pulse sequences can be manipulated to keep these contrast weightings whilst
suppressing fluid or fat signals. Advanced methods such as diffusion MRI ex-
ploit the dependence of relaxation times on mechanisms such as water diffusion
or tissue geometry, and apply techniques to detect this from the MR signal.

Specialised techniques can be employed to visualise desired tissues. One ex-
ample is the Dixon sequence for creating images of fat and water in the body [38].
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To do this, a gradient echo sequence is used to acquire an "in-phase" image, where
readout occurs at the moment fat and water excitations are in phase, and an "out
of phase" image when the fat and water molecule excitation is exactly 180◦ out of
phase. By adding these two images together, only the water signal remains, and
by subtracting the two images only the fat signal remains [37]. This is known as a
spectroscopic imaging technique.

Another example is UTE (ultrashort echo time) and ZTE (Zero Echo time)
imaging, which allows cortical bone to be imaged despite its low MR signal. This
became possible with the development of radial sampling, where projections are
acquired at different angles through the object. By sampling in this non-cartesian
way, a phase encoding gradient is no longer required [37]. This allows images to
be acquired at the lowest TE possible by the system so the tissues with very short
T2 can be visualised. Often for post processing, an additional image is acquired
at a later TE to subtract from the UTE image, so that the short T2 features appear
bright against a dark background [37].

MR acquisitions are susceptible to artefacts. As they rely on magnetic field
gradients, artefacts can appear where these are disrupted by the presence of im-
plants or non-magnetic metals due to their vastly differing properties to human
tissue [37]. Metals will also respond to the field gradients and RF pulses through
the creation of eddy currents and may heat up. Gibbs artifacts can also occur at
tissue boundaries where there is a sudden change in relaxation properties when
the MR acquisition is under-sampled and appears as a ringing artifact.

Some MR sequences can take a long time to acquire, and patients must re-
main still throughout the exam to avoid motion artifacts. Physiological motion
cause also cause motion artifacts, particularly in the abdomen where breathing
motion causes organs to shift. Blood and CSF flow can also create artifacts, as
the disrupted protons have already moved on before their relaxation signal can be
detected, creating an empty space where this relaxation signal is lost.

2.2.2 Positron Emission Tomography

Positron Emission Tomography (PET) is performed by administering patients with
a molecule labelled with a radioactive β+ (positron) emitting element, commonly
called the radiopharmaceutical or radiotracer, so as to detect the gamma photons
generated when the positron undergoes annihilation with an electron within the
patients body. The annihilation event creates two 511keV gamma photons trav-
elling in opposing directions and are detected within the PET scanner by a ring
of scintillation detectors around the patient. A coincidence window applied to
detected photons allows a line of response (LOR) to be generated between two de-
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tectors, indicating that the annihilation event occurred between these two detector
positions. Scanners utilising scintillation crystals with a very short decay time
and high light yield, such as Lutetium Oxyorthosilicate or Lutetium-Yttrium Oxy-
orthosilicate based crystals, backed by silicon photomultiplier demonstrate and
much shorter coincidence timing resolution (CTR) [39] compared to the previous
generation of PET detectors and are able to provide time of flight (TOF) informa-
tion. TOF is where the difference in arrival time between photons is measured to
determine the region of the line of response that the photon annihilation event is
more likely to have occurred, rather than assigning all positions along the LOR
with equal probability.

A radiotracer, which is a pharmaceutical or physiological molecule labelled
with a radioactive nuclide, is injected into patients prior to PET imaging. The
tracer is then taken up by tissue or organs in the body and the radiation emitted
by the radionuclide is detected during scanning. Fluorodeoxyglucose ([18F]FDG),
a sugar molecule labelled with a fluorine radio-isotope, is the most commonly
used PET tracer. PET imaging identifies areas of increased radiotracer uptake, in-
dicating areas of inflammation or increased metabolic activity, which in the CNS
can suggest increased axonal connectivity, when [18F]FDG is used as a tracer. More
specialised tracers are able to provide information on the activity of specific neu-
rotransmitters within the spinal cord [36, 40]. Uptake can be quantified through
the calculation of values such as the Standardised Uptake Value (SUV).

There are also challenges with imaging artefacts in PET. Commonly, PET is
paired with computed tomography (CT) in a combined PET/CT scanner, an x
ray imaging modality to provide radiation attenuation information for tissues to
attenuation correct PET data prior to image reconstruction. This is because the
human body and hospital equipment attenuates the radiation emitted by the ra-
diotracer. This reduces the activity detected, with attenuation having a greater
impact on resulting images the deeper the decay event occurs within the body.
Incorrect attenuation correction can lead to activity being under or over corrected,
and not appearing with the correct signal intensity in the resulting PET images.

PET images can take a long time to acquire, with a whole body PET scan
taking around 10 - 15 minutes. This is particularly the case for dynamic scans,
where imaging begins at tracer administration to observe the uptake of tracer in
the organ of interest over time periods such as 90 - 120 minutes. This can lead
to motion artifacts if patients are unable to remain static for the full scan time,
although a number of methods for motion correction are available to resolve this
[21, 41]. PET scans may also be sped up by administering high activities, to allow
for a higher photon yield in a short time frame and decreasing overlap between
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bed positions - although this risks losing sensitivity at the edges of the FOV. Long
axial field of view (LAFOV) scanners [42] are now available which are able to
perform whole body imaging in more shorter timeframes.

Partial volume effect in PET describes two processes [43]. The first is common
across many imaging modalities including CT and MRI, and is due to the finite
size of the voxel grid that images are sampled over. This is where multiple tissues
are present within a single voxel at tissue boundaries, and find their signal aver-
aged over that voxel [44], as demonstrated in figure 2.2. Resolution in PET images
is lower than that of CT or MRI, at around 4-6mm, which can lead to the partial
volume effect at tissue boundaries. Unlike other modalities, PET also experiences
a contribution to the partial volume effect from its finite detector resolution. For
smaller structures less than 3 times the scanner resolution at full width half max-
imum (FWHM), this generally means a loss of signal to the neighbouring tissue
[45]. This is due to signal "spilling" outside of the true source boundaries, reduc-
ing the signal intensity of small features, blurring the edges and reducing their
quantitative value [43].

Figure 2.2: A representation of the spinal cord cross section imaged over a voxel
gird. Part A shows the target region of uptake to be imaged, while part B shows
how this may be represented in the voxel grid due to the region only partially
occupying some voxels, leading to spill over of the activity into neighbouring
regions. Graphic created in BioRender.

Partial volume correction (PVC) is an active area of research in PET imaging
[44–46]. Many post-reconstruction PVC methods also use anatomical information
such as MRI or CT. Early methods such as the Geometric Transfer Matrix (GTM)
[47] , Region-based voxel-wise correction (RBV) [48] and iterative yang (IY) [46]
require anatomical images to be segmented into regions to resolve partial vol-
ume effect between each region, but these assume uniform activity within regions
[45] and rely on accurate segmentation and registration of the anatomical images
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[49]. Later, deconvolution techniques combined with anatomical imaging such
as presented in [49] were introduced that reduce blurring without requiring prior
segmentation of MR regions, and are also able to apply PVC within tissue regions.
However, these techniques lead to increased noise in resulting images [45] unless
regularised [49], which then introduces a trade off between feature visibility and
noise suppression.

Resolution recovery can be applied during image reconstruction through mod-
elling the scanner point spread function (PSF), the degree to which signal is
blurred by the detector. This is often modelled as a Gaussian function [45], al-
though detector performance varies across the scanner field of view (FOV). PSF
correction can be applied during the image reconstruction process.

2.2.3 PET/MRI

Combined PET/MRI scanners allow for the simultaneous acquisition of PET and
MRI data. Clinical PET/MRI scanners currently on the market (GE Healthcare,
Siemens Healthcare and United Imaging) are built with the PET detector ring
fitted within the main body of the MRI scanner by using radio frequency shielded
solid state detectors. A diagram representing the layout of hardware in clinical
PET/MR systems is shown in figure 2.3.

PET/MRI was developed from a desire to combine high resolution anatomical
imaging with functional imaging [18]. This modalities have been correlated previ-
ously from separate acquisitions, however different positioning and scan geometry
make registration between modalities challenging, particularly when trying to few
small structures.

The benefits of PET/MRI are improved image registration compared to offline
registration of images acquired on the individual modalities. Additionally, active
lesion identified in quantitative MRI and PET imaging provides opportunity to
correlate functional information from each modality both spatially and temporally,
as has been demonstrated for epileptic foci and in Alzheimer’s research in the
brain [50].

There are also increased opportunities available to explore in image recon-
struction, largely to the benefit of PET image reconstruction. As the data can be
acquired simultaneously, fast MRI sequences may be used to motion correct the
longer acquired PET data [51]. Furthermore, quantification metrics in PET can
be improved through the application of partial volume correction (PVC) and have
already been applied to PET/MRI of the brain in multiple sclerosis (MS) patients
[52]. These methods use the higher resolution anatomical T1 and T2-weighted
MRI to recover PET image resolution and define tissue boundaries [44]
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Figure 2.3: A diagram illustrating the arrangement of instrumentation within the
main body of a clinical PET/MR scanner and a schematic of PET detectors used
in the PET/MR system. Adapted from [2] with permission.

Simultaneous PET/MRI acquisition does present some challenges. Initially,
difficulty in constructing a functional combined scanner with PET detectors able
to withstand the high magnetic fields of MRI was a significant barrier to overcome
[18]. Additionally, the detectors should not disrupt the magnetic field homogene-
ity for MRI [53]. Solid state detectors in PET made this possible and are stable in
the presence of fluctuating magnetic and rf fields used in MRI [54].

Attenuation correction of PET data in the absence of CT still presents barriers
in many imaging applications due to the effect these corrections have on quantita-
tive PET [5]. Photons from PET tracer decay primarily undergo Compton interac-
tions in soft tissues, which is directly related to the electron density of the material
the photons are interacting with. Photon attenuation along a line of response is
described by the formula

I = I0e
∫

LOR −µ(x)dx (2.1)

where I0 and I represent the tracer emitted photon fluence and the transmitted
or detected photon fluence respectively. µ is the linear attenuation coefficient,
which describes the probability that a photon will undergo an interaction within
the tissue, and L is tissue (or other material) thickness.

Attenuation is important to correct for in PET imaging as the effect is substan-
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tial, leading to a heavily reduced activity concentration inside attenuating tissues
in PET images. This renders quantitation impossible unless attenuation correction
is applied [55]. Incorrect attenuation correction in PET will lead to lesions deep in
tissue appearing to produce less signal that superficial lesions, and can lead to an
overestimate in signal in low attenuation tissues such as the lungs [56].

In PET/CT, pixel values in CT images are directly related to the linear atten-
uation coefficient as calculated for the energy of the X-Ray photon beam used to
acquire the CT data [55]. This allows for a bilinear model to convert CT numbers
acquired at a specific energy (usually in the range of 100 - 140 kVp), to linear
attenuation coefficients for PET photons at 511keV.

In PET/MRI, this is not the case, as MR signal is related to proton density
rather than electron density. Current approaches to deriving MRI based attenua-
tion maps use Dixon MRI sequences for the patient legs and abdomen to acquire
images of the fat and water distribution of tissues, and an additional Zero Echo
Time (ZTE) sequence in the head to acquire a relaxation signal from the bone of
the skull [57]. Images acquired from the Dixon sequence are used to create a map
of the patients body with 4 tissue classes - muscle, fat, lung and air. These are
then assigned appropriate attenuation coefficients for each tissue type to generate
the attenuation map used for attenuation correction. The ZTE sequence allows for
the addition of a bone tissue class. This can fail to take into account varying tissue
density and is prone to errors in tissues such as the lung and bone features [58].

Many highly attenuating tissues and structures, such as bone, hair, headphones
and MRI coils are not traditionally visible in MRI and must still be corrected for
[59]. For fixed position coils, vendors can provide an attenuation data to be in-
corporated into MRI derived attenuation maps, however a fixed map is unable to
account for anatomical variations [60]. Another aspect to consider is the trunca-
tion of the arms and shoulders in MRI acquisitions and the need to ensure the
full extent of the patient is included in the attenuation map [61]. Additionally,
scatter correction is also affected by the attenuation values calculated, as typi-
cal approaches incorporate both the attenuation coefficient directly as well as the
corrected emission map, which will be underestimated if applied attenuation cor-
rection is too low.

Attenuation correction in PET/MRI will benefit from the continued develop-
ment of ultra-short echo time (UTE) and zero echo time (ZTE) MRI sequences,
which allows for the imaging of tissues with short-T2 relaxation times such as cor-
tical bone. ZTE has been shown to successfully image bone fractures [62] and to
generate pseudo-CT’s [63], an approach already used in brain PET/MRI to correct
for skull attenuation [64].
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2.3 PET Image Reconstruction Algorithms

To best understand how MR anatomical information can be incorporated into PET
reconstruction algorithms, it is necessary to understand the methods and algo-
rithms that have come before. This section explores how algorithms have devel-
oped from initial analytical reconstruction algorithms, to more recent model based
methods that have become available as computational power has increased. It is
these iterative model-based reconstruction algorithms that provide the mathemat-
ical foundation to enable MR anatomical information to be utilised during image
reconstruction.

2.3.1 Analytical Reconstruction Algorithms

Detections in PET are typically stored as a sinogram. This is a data representation
that categorises coincidence events by plotting each line of response as a function
of its angular orientation and its displacement from the PET detector ring isocen-
tre. The mathematical function for this process is known as the Radon transform.
A diagram demonstrating this principle is shown in figure 2.4.

Figure 2.4: A 2D representation of how data points detected in a PET scanner can
be depicted as a sinogram.

Image reconstruction in PET began as 2-dimensional (2D) reconstructions by
a method known as filtered back projection (FBP). In tomographic imaging, this
is when values measured are by the detector are projected along every line of re-
sponse by inverse Radon transform to build up an image as each of these back
projections intersects. This is a fast way to reconstruct images, but images need
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high count rates and can be very blurred. Filtering the data prior to back pro-
jection with a high pass filter improves image quality and reduces blurring. For
3-dimension (3D) PET reconstruction, the 3D dataset is first rebinned into a set of
2D sinograms, which can then be reconstructed by FBP.

These models allow for direct reconstruction, are easy to implement and com-
putationally inexpensive. However they assume noiseless data, requiring the need
for noise control through filtering and post-processing, and don’t account for
many of the physical processes behind photon detection in PET such as, but not
limited to, inter-crystal scatter and the stochastic nature of radioactive decay [65].

2.3.2 Model Based Reconstruction Algorithms

Model based methods describe the problem of PET reconstruction as a probability
of finding image λ from the measured sinogram data (Y) using statistical models.
This allows for the data acquisition process to be modelled as

Y = Aλ + S + R (2.2)

where A is the system matrix, S is the scatter contribution and R is the randoms
contribution to the measured data. The system matrix A can then be defined to
model the system properties and attenuation effects for the PET data. Modelling
these effects is much more computationally expensive than the previous analytical
solutions but leads to improved image reconstruction [65].

The most common approach to finding the image solution is to maximise the
likelihood of the image estimate using an expectation-maximisation algorithm,
known as maximum likelihood expectation maximisation (MLEM). This is an iter-
ative algorithms that produces an updated image estimate with each iteration by
forward projecting the existing image estimate to compare to measured data. The
ratio between these is back-projected to generate a voxel-by-voxel weighting that
is then applied to the existing image to give a new image estimate. The objective
function to be solved in these algorithms is described by

λ̂ = arg max
λ≥0

nd

∑
i=1

{yilog[aλ]i − [aλ]i} (2.3)

for each element i of the PET sinogram and nd is the number of projections in the
dataset.

MLEM is able to fully converge to an accurate solution, however it requires
a high number of iterations to do so, and the resulting images are very noisy
due to the ill conditioned nature of the problem. Ordered subset expectation
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maximisation (OSEM) overcomes some of these limitations by partitioning data
into subsets, applying each of these subsets individually to the image update in
turn. This accelerates the convergence of the algorithm, but still requires early
stopping to minimise noise introduced into the final images [66], or applying
filters post-reconstruction to reduce the appearance of image noise.

2.3.3 Bayesian Reconstruction Algorithms

An alternative to the MLEM and OSEM algorithms is to use a Bayesian frame-
work, applying a statistical prior to combat the ill-conditioned nature of the prob-
lem. The statistical prior imposes expected properties that the resulting image
should adhere to, and acts as an additional parameter to be maximised so that the
objective function becomes

λ̂ = arg max
λ≥0

nd

∑
i=1

{yilog[aλ]i − [aλ]i − βR(λ)} (2.4)

where R(λ) is the prior and β is the weighting applied to the prior.

Typically in image reconstruction, rather than assume all voxels are indepen-
dent, the Markov Random Field (MRF) is utilized for the prior. This describes the
interactions between voxels within a local neighbourhood. The voxel neighbour-
hood can be defined by the number of nearest neighbours suitable for the appli-
cation and computational power available, with larger neighbourhoods increasing
the complexity of describing the potential functions and the computational cost
[30]. The prior takes the form of a Gibbs energy function so that the penalty
function for each pair of voxels typically takes the form of a weighted sum of
differences for a quadratic prior:

R(λ) = ∑
J

∑
l∈Nj

β jl(λj − λl)
2 (2.5)

where β jl are weighting factors determining how similar voxels j and l within
a neighbourhood should be. This is known as the maximum a posterior (MAP)
approach to PET image reconstruction [67].

The aim of these methods is to place higher likelihood on images that are lo-
cally smooth, but must be careful not to over-smooth across edges with large signal
changes such as organ boundaries. Similarly, weighting of the penalty function is
optimised to moderate the strength with which they are enforced on the final im-
age [66]. A Bayesian penalised likelihood reconstruction method is implemented
by GE Healthcare on the SIGNA PET/MR scanner with the Q.Clear algorithm
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[68], which is used for image reconstruction throughout this thesis. Q.Clear uses
a relative difference prior given as

R(λ) = ∑
J

∑
l∈Nj

wjwl
(λj − λl)

2

(λj + λl) + γ|λj − λl |
(2.6)

to suppress noise whilst preserving edges at tissue boundaries [69].

2.3.4 MR Guided PET Image Reconstruction

The principle underlying the desire for anatomically guided PET image recon-
struction is that whilst both anatomical and functional imaging are measuring
different biological processes, the anatomy and physiological process share mu-
tual spatial information [30]. For example, in most cases it is reasonable to as-
sume that when measuring the physiology of an organ, those processes should
be measured within that organ’s anatomical boundaries. However, whilst we do
not know whether uptake within the organ is homogeneous, we would not expect
continuous tracer uptake across organ boundaries. It is this boundary information
that anatomically guided reconstruction aims to introduce to PET images. In this
way, partial volume correction is integrated into the image reconstruction process.

Both of the model based approaches mentioned in the previous sections lay
the foundations for inclusion of anatomical information into the PET image re-
construction process. However, it is perhaps more intuitive to see how this is
performed in the case of Bayesian algorithms as follows.

Anatomical A Priori Reconstruction

Once the mathematical framework was found to include a priori information as
an additional penalised constraint in PET image reconstruction, the next stage
of development was to adapt the method so that anatomical images from other
modalities can form these constraints. As discussed in section 2.3.3, implementa-
tions of the MRF in MAP reconstruction is at risk of over-smoothing across organ
boundaries in an effort to modulate noise in the final PET image. Introducing
a way for the prior to enforce edge preservation could present a solution to this
pitfall.

This is incorporated into the MRF by using a function for βij in equation 2.5
dependent on the edge strength of the anatomical image, rather than a constant
penalty, to become

βij = F(gI , gj) (2.7)
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Figure 2.5: A schematic of the HKEM reconstruction process, originally published
by Deidda et al [3], demonstrating the idea of including anatomical imaging from
CT as a prior for PET reconstruction.
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where gi, gj represent the edge map. Different implementations will change this
weighting function and how the edge map is calculated, but all aim to achieve
a non-uniform resolution [30] and smoothing of the final image. For a Gaussian
guided MR prior, β becomes:

βij = exp
(
−
∥xi − xj∥

2σ2
MR

)
(2.8)

for PET signal x and σ is a scaling factor. Some methods choose to segment or-
gan volumes from anatomical images [70], but these are exposed to segmentation
errors and mis-registration between PET and anatomy images. The widely used
Bowshers algorithm [71] avoids the requirement for segmented images by only
applying a non-zero weighting to voxels with a small difference to their nearest
neighbours in the anatomical image. However, this may still be affected by mis-
alignment between imaging modalities. Another pitfall of these approaches is that
by only penalising for edges present in the anatomical prior, PET features may be
suppressed where their edges aren’t present in MRI, for example, lesions in tissue
that appears homogeneous in MR [67].

The Anato-functional method [67] extends Bowshers algorithm further to in-
corporate similarity weights for the PET current image update at each iteration,
giving a function for the weighting of:

βij = exp
(
−
∥xi − xj∥

2σ2
MR

)
exp

−
∥θ

(n)
i − θ

(n)
j ∥

2σ2
PET

 (2.9)

for MR signal intensity x and PET signal intensity θ.

This avoids over-smoothing of PET unique features whilst still allowing anatom-
ical boundary definition from the MR prior over a local neighbourhood of voxels.
This implementation is the basis of the MR guided reconstruction developed for
the GE Healthcare SIGNA PET/MR scanner which used in later chapters of the
thesis. When a PET input is not provided, or the weighting for the PET component
of the function is zero, the equation reduces back to Bowshers algorithm.

Kernel PET Reconstruction Methods

The kernel method is employed in machine learning to allow non-linear problems
to be solved by linear estimation [72]. In PET image reconstruction, this allows for
anatomical information to be introduced to the model based algorithms described
in section 2.3.2. This is achieved by using a kernel, which corresponds to a dot
product of feature maps for the data in a higher dimensional feature space so that
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expressions formulated using the kernel can be expressed linearly. The kernel acts
as a similarity measure so that previously unseen data can be estimated based on
a known or training data set. So for data vi, vj ∈ V, the kernel is described as

k(vi, vj) = ⟨Φ(vi), Φ(vj)⟩ (2.10)

where k is the kernel and Φ is it’s feature map. As the kernel is always a positive
definite kernel in these cases, the feature map is not required to be known and
only the kernel need be defined. In medical imaging, this will most commonly
take the form of the Gaussian kernel:

k(vi, vj) = exp
(
−∥vi − vl∥2

2σ2

)
(2.11)

where sigma controls edge sensitivity. To apply this to PET imaging, as described
by Deidda et al. [29], the PET signal intensity at each pixel, λj, can be modelled as
a function of a set of features, fj:

λj = Γ(fj) (2.12)

Which may be any number of complex, high order models.

However, we can then map this to the feature space using

Γ(fj) = wTΦ(fj) (2.13)

where the weight vector w is described as:

w =
N

∑
l=1

αlΦ(fl) (2.14)

and αl is the coefficient vector. Substituting this in for the model described in
equation 2.12 allows us to then take advantage of the kernel trick:

λj =
N

∑
l=1

αlΦ(fl)
TΦ(fj) =

N

∑
l=1

αlk(fj, fl) (2.15)

which in it’s matrix form is x = Kα. Looking back to equation 2.2, this matrix form
can be used to create a kernel based projection model for use in EM approaches
to PET image reconstruction as

Y = AKα + S + R (2.16)
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replacing λ with its kernel representation so that the objective function is now

α̂ = arg max
α≥0

nd

∑
l=1

{yl log[aKα]l − [aKα]l} (2.17)

Because the kernel matrix would be too large to compute for the entire image,
kernel PET reconstruction also uses a nearest neighbours approach to compute the
kernel matrix over smaller voxel neighbourhoods.

Initial methods [73, 74] constructed the kernel matrix from the anatomical im-
age prior before reconstruction and this remained consistent for each iteration,
using the Gaussian kernel to compute a similarity coefficient between voxels in
the anatomical prior. This allowed for MR guided reconstruction of PET data
using kernel expectation maximisation (KEM), which achieved noise suppression
but was found to over-smooth PET unique features [67]. Subsequently, KEM was
extended to the hybrid kernel expectation maximisation (HKEM) algorithm [29].
In HKEM, the kernel matrix is formed with both a PET and MR component, with
the PET component being iteration dependent. The kernel is now defined as:

k(n)l j = km(vl, vj) · kp(zl
(n), zj

(n)) (2.18)

with the MR component being:

k(vl, vj) = exp

(
−
∥vl − vj∥2

2σ2
m

)
exp

(
−
∥xl − xj∥2

2σ2
dm

)
(2.19)

and the PET component:

k(zl
(n), zj

(n)) = exp

(
−
∥zl

(n) − zj
(n)∥2

2σ2
p

)
exp

(
−
∥xl − xj∥2

2σ2
dp

)
(2.20)

where the second Gaussian in each component acts on positional vectors xl and
xj so that voxels must not only be similar in features, but also close range enough
to be considered correlated voxels. This has been shown to preserve PET unique
features better than the initial KEM implementation even before the addition of
the PET kernel [75].

KEM reconstruction has been tested for brain imaging [67, 76], and HKEM for
the carotid arteries [29], abdominal aorta [3] and brain [67].
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2.4 Clinical Imaging of the Spinal Cord

2.4.1 MRI in the Spinal Cord

Spinal MRI for neurodegenerative diseases is performed in patients under inves-
tigation for a diagnosis of MS or ALS. In ALS it is predominantly used to exclude
other diseases with a similar clinical presentation [32] however there is no specific
indicator for ALS in medical imaging. For MS, MRI of the spinal cord plays a key
role in diagnosis, as brain and spinal cord lesions are one of the diagnostic crite-
ria [77]. Typically a spinal cord protocol for patients with neurological disorders
would consist of a T1-weighted, T2-weighted and FLAIR pulse sequences [4, 78],
some examples of which are shown in figure 2.6.

Figure 2.6: Examples of T1 (b without contrast agent, c and e with contrast agent)
and T2 (a,d) weighted images of the spinal cord reproduced from [4]. The arrows
indicate regions of swelling and edema within the spinal cord.

There is a clinical research interest in developing MRI sequences to observe
evidence of upper motor neuron degeneration and develop biomarkers to mon-
itor disease progression and therapeutic response, particularly within the spinal
cord as this enables investigation of both upper and lower motor neurons [78].A
decreased spinal cord cross sectional area measured in MRI images due to spinal
atrophy has been shown to correlate with disease severity and progression in ALS
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[78]. However, a reliable biomarker for ALS would be beneficial to tracking disease
progression in clinical trials, provide a deeper understanding of disease mecha-
nisms, and could prevent delays in diagnosis [35].

Optimising MR pulse sequences for spinal cord imaging can be challenging
given its small diameter, field inhomogeneity in the region, partial volume effects,
and movement artefacts arising from CSF flow, respiration and cardiac motion.
[36].

2.4.2 PET in the Spinal Cord

For neurodegenerative diseases, the majority of PET imaging in clinical research
focus on assessing brain function [35], although the tracers used are also suitable to
assess different changes in the spinal cord. [18F]FDG is the most widely used and
accessible tracer, and can identify areas of inflammation and changes in metabolic
activity corresponding to axonal damage in the spinal cord.

Several studies report an increased [18F]FDG uptake in the cervical spinal
cord of ALS patients compared to healthy controls [79–82] with more pronounced
metabolic activation corresponding to patients presenting with clinical symptoms
in the upper limb. Yamashita et al. have also paired [18F]FDG PET with [11C]FMZ
PET [83] and [18F]FMISO [84] data to demonstrate hypoxia in the cervical spinal
cord corresponding to the rate of disease progression.

Conversely, there is no avid [18F]FDG uptake in MS lesions [77], and a global
reduction of [18F]FDG uptake along the spinal cord has been reported compared
to healthy controls [85]. As MS lesions are already visualised in MRI, PET re-
search focuses on the imaging of myelin binding tracers for monitoring disease
progression and treatment response in MS [86].

Performing PET/CT imaging on a structure as small as the spinal cord intro-
duces a number of challenges due to its small size and a lack of tissue contrast in
the spinal canal from the CT. Because contrast in these CT images is inadequate
to identify the spinal cord itself, it is common to use the entire spinal canal as the
region of interest and record maximum SUV (SUVMAX) [5, 80] when establishing
tracer uptake in the spinal cord. When using this method, the maximum uptake
is assumed to occur in the spinal cord matter rather than CSF.

2.4.3 PET/MR in the Spinal Cord

To date there are no human PET/MR imaging studies in the spinal cord for neu-
rodegenerative diseases. There are 6 studies in neuro-oncology investigating tu-
mour visualisation, and 7 in other areas of research. These have mainly focused
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on clinical findings with small patient cohorts, although some have had a more
technical focus to optimise patient imaging.

Figure 2.7: Examples of whole body PET/MR images from which spinal cord
[18F]FDG uptake measurements were made in [5], showing and MRI image (top)
and CT image (bottom) in the first column, fusion images in the second and PET
images in the third column.

Aiello et al [5] published their results comparing [18F]FDG uptake in the spinal
cord in PET/MR to PET/CT acquisitions. Patients were retrospectively recruited
from whole body lymphoma staging scans performed on both PET/CT and PET/MR,
with no clinical indication of spinal cord injury or tumour involvement. Region of
interest (ROI) analysis was used to calculate SUV for normal spinal cord and com-
pare this to the values obtained using established PET/CT methods, demonstrated
in figure 2.7. By using the MR acquisition to delineate the spinal cord they were
able to analyse average SUV in the spinal cord specifically, rather than the more
commonly used SUVMAX from a region encompassing the entire spinal canal. Re-
sults for Normalised Standard Uptake Values (NSUV) are also provided, where
uptake is taken as a ratio to background region. SUVs of the spinal cord matched
well between PET/MR and PET/CT, but NSUVs were higher in the PET/MR im-
ages. This study indicates that spinal cord PET/MRI is quantifiable within the
expected range of activity uptake, and provides a set of baseline values against
which to compare future work. The group also performed a study looking at the
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impact of introducing additional tissue groups to MR attenuation correction tem-
plates [87]. However, in both studies data was used retrospectively from whole
body acquisitions and were not optimised for spinal acquisitions.

Receptor specific PET/MRI has already demonstrated significant benefit in
the characterisation of therapies in neurological disorders in preclinical research
[88]. By performing dynamic PET in PET/MRI studies, it is possible to quantify
radiotracer uptake changes alongside MRI functional changes according to stimuli
[89]. Such works suggest that the monitoring of therapeutic activity in human
studies may also be possible using a combination of DTI and the range of specific
PET tracers available.

Figure 2.8: Examples of PET/MR images of the spinal cord using the tracer FET
for pre- and post-operative assesment in pediatric patients with spinal cord tu-
mours, from [6].

Another benefit to PET/MRI is the reduced radiation exposure compared to
PET/CT [90]. This is a significant consideration when imaging paediatrics and
longitudinal studies, however recent developments in PET/CT have been able to
significantly reduce radiation dose from the CT component [91]. Marner et al. [6,
92] have presented the clinical experience of Denmark University Hospital in using
PET/MRI [18F]FET for paediatric patients with neurological tumours, images from
which are reproduced in figure 2.8. PET/MR is used in their workflow for patients
where there is difficulty in identifying malignant tumours from MRI alone. More
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broadly, PET/MRI in the assessment of spinal tumours in adult patients has also
shown the benefit a combined PET/MRI scan has to offer, such as whole body PET
staging able to identify both spinal and none-spinal tumours combined with site
specific MRI for identification of tumours with low FDG uptake [93]. Acquiring
both datasets in one scanning session is also beneficial to patients as it decreases
the time spent undergoing diagnostic tests in the hospital.

These studies along with extensive brain imaging performed with PET/MRI
[88, 94–98] using FDG, TSPO, β-Amyloid binding and myelin protein binding PET
tracers, provide strong indications of the clinical benefits to spinal cord PET/MRI
in differential diagnosis through providing complementary information regarding
pathophysiology and disease progression.

Although there are no human studies imaging the spinal cord for neurodegen-
erative diseases performed using a combined PET/MRI published to date, there
are other PET/MR spinal cord studies in other areas of medicine [80, 99] in addi-
tion to previous research where the modalities were acquired separately and the
required co-registration [83, 84].

2.5 Technical Challenges to Spinal Cord PET/MRI

Studies imaging the spinal cord with PET/MR are limited in the research of neu-
rodegenerative diseases, despite the value to the field demonstrated by both PET
and MRI as summarised in this chapter. The wider use of PET radiopharmaceu-
ticals that target specific biological pathways known for involvement in neurode-
generative diseases and neuroinflammation also presents a promising avenue of
research for spinal cord PET/MR. Where it has been utilised, spinal cord PET/MR
has been performed using a whole body imaging approach to both the PET and
MRI protocols and image reconstruction. The main technical issues for quantify-
ing spinal cord tracer uptake in PET/MR are:

• Vertebral bone representation in MR derived attenuation correction

• Partial volume effects

Attenuation correction remains a challenge to spinal cord PET/MRI. Samarin
et al. [58] showed that replacing bone attenuation coefficients with tissue in at-
tenuation maps yields results close to the true values for lesions near to smaller
bone structures such as the ribs, and soft tissue regions distant from the skeleton.
However, this didn’t hold true for lesions within the spine and pelvis, which were
underestimated by up to 16% [58]. However, it has also been shown that attribut-
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ing incorrect bone attenuation coefficients, or misclassifying soft tissue as bone
also negatively impacts measured PET tracer uptake and PET image quality [19].

Partial volume effects (PVE) are also a source of error in PET/MR as recon-
structed PET scanner resolution for the GE Signa PET/MR is 4.2mm in the axial
plane and 5.8mm in the axial plane [100](increasing to 3.7mm and 4.8mm when re-
constructed with Time of Flight algorithms). As discussed in section 2.1, the spinal
cord diameter ranges from an average of 6-8mm in the anterior-posterior direction
and 8-13mm in the transverse direction, so is within the order of magnitude to
be affected by PVE. Indeed, Patel et al. (2017) [101] show that neighbouring bone
marrow uptake correlates to measured spinal cord uptake, suggesting the proxim-
ity of these regions within the vertebral column may be leading to an averaging of
activities across the two structures. As the positrons mean free path length before
annihilation can also affect activity localisation, imaging with different radionu-
clides may have different PVE, as will the presence of an external magnetic field
which can disrupt the proton path, as is the case in PET/MRI [102]. However,
given that PET/MRI provides a high resolution, co-registered MR images of soft
tissue anatomy, efforts to correct for this in post-processing [44, 103] and in im-
age reconstruction [30], as described in section 2.3, have been developed and are
becoming more widely used in PET/MRI. This thesis focuses on approaches that
incorporate MR images into PET image reconstruction algorithms.

These unresolved sources of error limit the use of spinal cord PET/MR in re-
search studies, particularly where quantitative accuracy are required. However,
the extent of the impact of these effects has not previously been explored. Sim-
ilarly, partial volume correction, both post-reconstruction approaches and algo-
rithms that incorporate this into the reconstruction process, is an active area of
research in PET imaging. However, the solutions presented in section 2.3 have not
been assessed for their performance in the spinal cord.

In this thesis, the technical challenges to quantification in PET images of the
spinal cord acquired with the GE Signa PET/MRI scanner have been investigated.
This is the first study to use phantom and simulation work to explore the impact
of incorrect attenuation correction and partial volume effects in the spinal cord
specifically. Novel MR guided image reconstruction algorithms were then assessed
for image quality and semi-quantitative accuracy in the spinal cord.
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Multimodal Phantoms for Clinical
PET/MRI

The main body of this section was composed as an article published in the Euro-
pean Journal of Nuclear Medicine and Molecular Imaging Physics [31].

3.1 Introduction

Positron Emission Tomography (PET) and Magnetic Resonance Imaging (MRI)
are both well established clinical imaging modalities. PET images are formed by
detecting the annihilation photons of positrons emitted by a radioactive tracer ad-
ministered to patients [14]. These are considered functional images, as tracers are
targeted to a particular physiological process and the amount of radiation detected
is proportional to the uptake of tracer in a region. Measures such as Standardised
Uptake Value (SUV) allow the radiotracer uptake of a region to be quantified. MRI
detects a radio frequency (RF) signal emitted by protons excited by RF pulses in a
strong external magnetic field [37]. This can produce high resolution anatomical
images with high contrast between different soft tissues. In recent years, combined
PET/MRI scanners have been released by manufacturers and are entering clinical
use. These scanners allow for the simultaneous acquisition of PET and MRI data
resulting in combined images from both modalities, the advantages of which are
evident in a range of clinical areas [23].

In both PET and MRI, test objects known as phantoms are used for scanner
performance testing and monitoring, verification of new image acquisition pro-
tocols and reconstruction methods, standardisation across equipment and other
experimental work. PET phantoms are typically solid vessels of various size and
geometry filled with different concentrations of radiotracer solution [104]. For
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quality assurance and performance testing, these would typically be a single con-
tainer filled with fluid to provide a uniform image, or larger acrylic containers
with inserts of simple geometries such as cylinders or spheres. The National Elec-
trical Manufacturers Association’s (NEMA) report NEMA NU-2 [105] sets out the
measurements required for performance assessment of clinical PET systems. This
covers assessments of image uniformity, spatial resolution, sensitivity and the as-
sessment of scattered emissions, detection of randoms and the accuracy of any ap-
plied corrections. These are typically assessed by filling a phantom or test object of
a know size and geometry with a known amount of radioactive tracer. Addition-
ally, phantoms of a known activity concentration are required for the calibration
of PET systems to ensure accurate quantification of tracer uptake. This allows
for determination of the number of decay events detected against the amount of
radioactive tracer the phantom is known to contain. Anthropomorphic phantoms,
with cavities which appear to match anatomical geometries in PET images, are
used to simulate radiotracer uptake in a specific organ, often against a lower ac-
tivity background.

MRI phantoms adhere to similar designs for performance testing and are often
filled with a highly MRI-visible fluid such as Nickel Chloride or Manganese Chlo-
ride solution, as used in the phantom developed by the National Institute of Stan-
dards and Technology (NIST), the International Society for Magnetic Resonance in
Medicine (ISMRM), the NIST/ISMRM system phantom [106] and American Col-
lege of Radiology (ACR) phantom [107]. A typical quality assurance program
for MRI would look to measure signal to noise ratio (SNR), uniformity, reso-
lution, spatial linearity and assess for imaging artifacts such as distortions and
ghosting [108]. The NIST phantom allows for quantitative assessment in MRI,
by mapping inserts of known T1, T2 and proton density values with quantitative
MRI sequences to validate measurements made by the scanner. Anthropomorphic
phantoms in MRI often use gels such as agar to achieve MRI relaxation properties
close to human tissues [109].

In these existing forms, neither PET nor MRI phantoms are compatible for
imaging with the other modality to take advantage of the simultaneous acquisi-
tion available with a combined PET/MRI scanner, simply due to the difference in
radiological properties required.

Valladares et al. [110] compared the quality assurance programs for PET/MRI
scanners of 8 sites across Europe and found significant variation in approaches.
The authors recommend a regime in line with available guidelines such as the Na-
tional Electrical Manufacturers Association’s (NEMA) report NEMA NU-2 [105]
for PET and the American Association of Physicists in Medicine (AAPM) Report
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028 for MRI [111]. This satisfactorily covers performance monitoring of scanners,
but still leaves both modalities tested individually. This doesn’t reflect clinical use
of the scanners, and in particular doesn’t allow for a complete assessment of the
image reconstruction process when using MRI based attenuation maps with PET
data. It also raises the question as to how phantoms have been used in the field
of PET/MRI to date, and to what extent phantoms have been developed that are
compatible for simultaneous PET/MRI.

This article examines publications between 2011 and 2021 to identify the phan-
toms used and developed by institutions working with clinical PET/MRI scanners.
In order for a publication to be included in this review, the utility of both PET and
MRI data sets must be demonstrated, thus indicating that the phantom chosen
shows potential as a test object for simultaneous PET/MRI acquisitions. Mathe-
matical and computational/software phantoms are not considered in this review.

The main part of this review begins by summarising the materials used in
phantom design and the challenges faced when choosing materials to create PET/MRI
phantoms. We then categorise the phantoms identified from literature into two
broad categories. First we cover geometric phantoms, those that feature simple
geometries such as those designed for quality assurance programs, which may be
commercially available or manufactured in-house. The second is anthropomorphic
phantoms, designed to replicate specific human anatomy, physiology or tissue
properties in PET/MRI for which there are commercially available and in-house
manufactured solutions. For each category we present phantom designs and the
use cases demonstrated in recent publications, a summary of which can be seen
in figure 3.1. We then discuss how the presented phantoms address key research
areas posed in the field of PET/MRI, and the developments still needed to cre-
ate widely available, reproducible phantoms suitable for simultaneous PET/MRI
acquisitions.

3.2 Materials in Phantom Design

Ensuring the materials chosen for phantom development exhibit the properties
required for both PET and MRI imaging simultaneously can be challenging as
PET/CT phantoms focus on radiotracer distribution and electron density of mate-
rials, whilst MRI phantoms are optimised to the desired proton relaxation times.
A list of the polymers mentioned in this review and their abbreviations are shown
in table 3.1. Polymethyl methacrylate (PMMA) is the preferred choice in com-
mercially available phantoms as it is strong, transparent and offers a similar x-ray
radiation attenuation to human tissue [14]. However, it is not MRI visible, so the
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Figure 3.1: Research and publication categories within MRI identified in this re-
view and the number of unique phantoms used in each category, separated by
custom and commercially available phantom designs.

attenuation properties of PMMA phantoms cannot be easily derived in PET/MRI
acquisitions and so alternative materials for phantom development have been ex-
plored.

Abbreviation Polymer Name
PA Polyamide
PE Polyethylene

PEEK Polyether Ether Ketone
PMMA Poly(Methyl Methacrylate)

PP Polypropylene
PTFE Polytetrafluoroethylene

PU Polyurethane
PVA Polyvinyl Alcohol
PVC Polyvinyl Chloride

Table 3.1: Abbreviations and corresponding full names of polymers used in the
manufacture of phantoms featured in this review.

Phantom development, including characterisation of the materials, is an active
area of research among groups performing phantom studies in PET/MRI, with 12
phantoms featured in publications on phantom development between 2011 and
2021, as shown in figure 3.1. In-house manufactured anthropomorphic and tissue
equivalent phantoms in particular are often featured in a dedicated publication to
describe the phantom design and manufacture, or demonstrate its properties as a
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suitable PET/MRI phantom.

3.2.1 Tissue Mimicking Materials

A recent review on tissue mimicking materials has been published by McGarry
et al. [112] providing an overview of the material properties and manufacture
methods across a range of imaging modalities. The authors outlined both the re-
quirement for and challenges present in developing tissue mimicking material dis-
playing the desired properties for multiple imaging modalities. Here, an in-depth
focus on the materials used as tissue analogues in PET/MRI phantom develop-
ment is presented, a summary of which is provided in table 3.2.

Tissue Type Materials Used
Brain Agarose Gel, PE, Saline soaked Cotton, Water
Bone Gypsum plaster, Dipotassium Phosphate, Cadaver,

Petroleum Jelly
Soft Tissue Agarose Gel, Methyl-cellulose Gel, Gelatin, Gel (unspecified),

Saline, Water
Adipose Peanut oil, Silicone

Tumour/lesion Wax, Agarose Gel, Gel (unspecified), Gelatin, Plastic or Glass
Spheres

Heart Silicone, Gel (unspecified), Water
Lung Rubber Balloon, Cadaver, Silicone

Other Tissue Rubber Balloon, Hosepipe, Silicone, Agarose Gel
Other Materials PMMA, VeroClear, Agilus 30 Clear, PU, PU/PVA mix

Table 3.2: Materials used in anthropomorphic phantoms categorised by the tis-
sues they have been used to represent.

Three phantoms were developed to include animal cadavers of porcine and
bovine origin for bone and lung tissue. Animal cadavers can provide materials
with similar structure and properties to the equivalent human tissues, however
these may be altered in ex-vivo samples [113]. Two of these phantoms were used
as part of the validation process for MRI-based attenuation correction [114, 115].
One study described a phantom built with animal femur bone and lung lobe as a
feasible solution to create tissue equivalent phantoms for PET, CT and MRI [57].
However, consideration is required as to how components will be cleaned between
experiments, to ensure a like-for-like replacement for cadavers at appropriate time
intervals and to accommodate for the embalming process. Whilst there are bene-
fits to utilising such phantoms in work around tissue classification in MRI-based
attenuation techniques, particularly where a range of tissue types are represented
[116], there are no known and verified relaxation properties or attenuation coef-
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ficients to validate against. Applications are also limited by a lack of anthropo-
morphism and the limitation of introducing a meaningful and realistic radiotracer
distribution to a cadaver.

Soft Tissue

Three approaches to modelling brain tissue are encountered in this review. The
Hoffman Phantom [117](Data Spectrum Inc.) and Iida phantom [118], as shown in
figure 3.2, both form models of the human head using polymers for white matter
and an open compartment filled with radiotracer solution for grey matter. This
provides an ideal radiotracer distribution, but the polymer structure is invisible
to MRI. Saline soaked cotton as used by Okazawa et al. offers limited use as a
brain tissue surrogate given that in the form presented no radiotracer is admin-
istered [119]. Agarose gel used by Harries et al. benefits from displaying closer
MRI signal properties to soft tissue than water or saline [120], however establish-
ing a detailed grey and white matter structure could be challenging in terms of
structural integrity, level of detail achievable and how a heterogeneous radiotracer
distribution could be established or even reproduced.

Figure 3.2: Images of the Iida brain phantom, reproduced from [7]

Agarose, gelatin and methyl-cellulose gels are used more widely as soft tissue
surrogates in several phantoms identified for this review [8, 10, 57, 115, 121, 122].
The ability to customise the MRI relaxation properties of gels with relative ease at
manufacture by varying the concentration of gelling and contrast agents, demon-
strated extensively by Gillmann et al. [121], allows for flexibility in the num-
ber of tissue types represented. Gels can be used to fill cavities or moulded to
hold structure without a casing, both of which provided a reproducible geometry.
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Moulded structures such as tumours or lesions may then be placed inside a larger
gel tissue surrogate [122]. In phantoms simulating cardiac and respiratory motion
[9, 10, 123, 124], gels offer an alternative to water whilst maintaining the flexibility
to allow movement to occur. Additionally, gels are easily manufactured in-house
without the need for specialist equipment.

However, if using short half-life radiotracers such as [18F]FDG, gel tissue surro-
gates must be remade each day they are required, so manufacture and setting time
must be accounted for to ensure sufficient radiation is detectable at time of scan-
ning. Alternatively a long half-life radionuclide could be suspended within the
gel, but this would require careful consideration of the safe long term storage and
disposal of the radioactive gel. Furthermore, each manufacture session is subject
to a level uncertainty. McIlvain et al. [125] have encouraged sites to understand
the impact the variations in manufacture may have on the material properties. Us-
ing gels inside intricate casings may introduce air bubbles during manufacture,
and be difficult to clean for re-use. Finally, all of the phantoms identified in this
review use homogeneous radiotracer distribution throughout each gel tissue sur-
rogate, however this does not represent every clinical scenario as highlighted by
Valladares et al. [126], who presented proposed solutions for heterogeneous tissue
equivalent materials for medical imaging phantoms.

Bone

Bone material analogues are challenging to create for PET/MRI applications as the
chosen material should exhibit a cortical bone, or average bone, electron density
for realistic PET attenuation, whilst maintaining very short T1 and T2 relaxation
times.

Phantoms with bone surrogates were most commonly created in house using
gypsum plaster [120, 121, 127] doped with iodine CT contrast agents and either
gadolinium MRI contrast agents or copper sulfate to modify the linear attenuation
coefficient and relaxation times respectively. Chandramohan et al. [127] assessed
the radiological properties of several samples of gypsum plaster mixed with vary-
ing concentrations of each doping agent for comparison with human bone. They
found that plaster doped with copper sulfate provided the combined radiological
properties suitable to mimic cortical bone, however the relaxation properties of
the material were unstable over time and were affected by the introduction of mi-
crobubbles into the plaster during manufacture, warranting further investigation.
Harries et al. [120] casted a skull from iodine doped plaster, which is classified
as bone in five out of six MRI-based attenuation maps, but results in an under-
estimation of PET activity within the phantom of on average 5%, to a maximum



50 3.2. Materials in Phantom Design

of 11%. Gillmann et al. [121] took additional steps to create bone structures that
also include a bone marrow surrogate of petroleum jelly mixed with dipotassium
hydroxide, allowing for lesions to be place inside. As the use of PET/MRI in ar-
eas of the body with larger bone structures increases, the differentiation between
cortical bone and other features such as bone marrow may become more relevant
in phantom experiments. Dipotassium phosphate was used as a bone equivalent
material in the Iida phantom [118], however as a liquid solution it is highly visible
in MRI images and so is not classified as bone in MRI-based attenuation maps
[128].

Overall, gypsum plaster has presented a promising solution to replicating the
material properties of cortical bone in PET/MRI phantoms and is a widely avail-
able crafting material. However further work is required to assess the effects of
different manufacturing methods and the long term stability of the material prop-
erties of doped plaster, as has previously been performed for agarose gels in MRI
phantom work [125].

Adipose Tissue

Fats are largely ignored across the phantoms produced, with only individual use
of silicone [120] and peanut oil [121]. Of these materials, peanut oil provided
MRI relaxation properties close to those of adipose tissue, whilst silicone exhibits
a much shorter T2* [120]. Phantoms designed to represent anatomy such as the
breast would benefit from further investigation into use of materials with radio-
logical properties similar to adipose tissue.

3.2.2 Polymers and 3D Printing

Casings for organs and the overall phantom were manufactured using a variety of
polymers. Most commonly PMMA and PU were used, but 3D printable polymers
were also used for individual organs. Of the phantoms featured in this review, the
Iida phantom [118] provided attenuation properties for the 3D printed polymer
and Talalwa et al. [129] demonstrated the dielectric properties of their proposed
porous MRI-visible 3D-printed polymer made of a PU/PVA mix. Gillman et al.
[121] reported the CT Hounsfield units and MRI relaxation times for VeroClear
(Stratasys) but this is not referenced to any tissue value, suggesting it was not
selected to exhibit tissue equivalent properties.

In their systematic review to identify trends in the use of 3D printing in the
development of medical imaging phantoms, Fillipou and Tsoumpas [130] found
that radiological properties are not commonly tested by manufacturers for 3D
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printing. However, Rausch et al. [131] have recently created a phantom using
3D printed polymer RGD252 (Stratasys), previously demonstrated as MRI visible
[132], that is visible in both modalities for simultaneous PET/MRI acquisitions.

NIST have released two publications [133, 134] demonstrating CT and MRI
properties for a range of commercially available 3D printable polymers for com-
parison with human tissue. Although several challenges exist to utilising 3D
printed phantoms in multimodal imaging [130], future work would benefit from
further consideration of the MRI relaxation and PET attenuation properties when
choosing polymers from which to 3D print PET/MRI phantoms. In particular, this
would encourage the correct classification of structures for MRI-based attenuation
correction. Silicone and rubber balloons used to represent the heart [9, 10], lung
[123, 124] or bladder [121] also lack MRI visibility. Whilst this is less of an issue
for lung tissue as this is typically classified as air, care must be taken to ensure
this does not lead to an overestimation of PET activity.

3.2.3 Summary of materials in PET/MRI Phantom Design

Gel based phantoms with radiotracer introduced prior to setting provide the op-
tion of creating phantoms with soft tissue equivalent MRI relaxation times with a
uniform radiotracer distribution, however radiotracer solutions of water or saline
are also commonly used and may be doped with gadolinum-based contrast agent.
Gypsum plaster has been the most utilised option for bone analogue materials,
however further work is required to establish the stability of the phantoms pro-
duced and reproducibility of manufacture methods. Few options have been ex-
plored in mimicking adipose tissues. Advances in 3D printing and the range of
polymers available may offer solutions in the future in creating phantoms for si-
multaneous PET/MRI, particularly in light of the work performed in assessing the
radiological properties of materials available. However, these materials generally
lack the large scale manufacture and shelf life capable of creating reproducible
phantoms able to be distributed across multiple sites. Subsequently, established
polymers in phantom design such as PMMA continue to be used widely for build-
ing PET/MRI phantoms despite their lack of signal in MRI.

3.3 Geometric and Homogeneous Phantoms

Geometric phantoms are those which feature simple geometric inserts and can-
not be considered anthropomorphic. Homogeneous phantoms are phantoms for
which there are no inserts, providing a uniform fluid distribution within the phan-
tom body. Twenty-five geometric or homogeneous phantoms were identified in
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this review, a breakdown of which is shown in figure 3.3. Although this is only
slightly more than half of the phantoms encountered, they appear in 59 of the 92
publications reviewed. Thirteen of these take the form of geometric phantoms, of-
ten used in quality assurance measurements. The 9 homogeneous phantoms take
the form of a cylindrical container, bottle or canister filled with a single fluid, and
are considered to be commercially available.

Figure 3.3: Physical PET/MRI phantoms categorised by design features. Material
samples consist of small amounts of material for characterisation. The fruit cate-
gory refers to the use of modified fruits as PET/MRI test objects, although these
are not discussed in detail.

Of the Geometric phantoms, 9 are custom designed and included in 14 pub-
lications. 31 publications use 5 commercially available geometric phantoms, the
most common being the International Electrotechnical Commission (IEC) NEMA
Body Phantom featured in 19 publications. The predominant use cases for these
phantoms within PET/MRI literature are measuring image quality and scanner
performance, verifying MRI based attenuation correction and image reconstruc-
tion methods, and generating attenuation maps for radio-frequency coils or other
hardware.
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3.3.1 Homogeneous Phantoms

Homogeneous phantoms act as a test object filled with a single, homogeneous
fluid, an example of an MRI acquisition for which is shown in figure 3.4. These
are simple to use and give indication of performance through assessment of image
uniformity and image noise. They are easily accessible, given that they can be
fashioned from any water-tight, MRI safe container. The variety of containers
available allows researchers to tailor the size of the phantom appropriately.

Figure 3.4: Cross section of a uniform phantom acquired in MRI (GE Signa
PET/MRI scanner).

MRI visibility can be improved by using Nickel Sulfate [135], Sodium Chlo-
ride [136] or introducing a gadolinium-based contrast agent [137] alongside the
radioactive tracer. This allows researchers to create solutions that can be imaged
with both PET and MRI, however containers are not MRI visible and so cannot
easily be included in MRI-based attenuation maps. This can be mitigated by using
containers with thin walls to minimise PET attenuation by the container and al-
low for attenuation maps to be approximated to the fluid volume. No two groups
of authors used the same uniform phantom, and phantom volumes range from
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160ml to 29L. This reflects the differences in studies presented, but also suggests
a lack of a standardised approach to assessing uniformity in PET/MRI.

3.3.2 Commercially Available Geometric Phantoms

All commercially available geometric phantoms featured in this review are phan-
toms initially designed for PET or Nuclear Medicine use and licensed by Data
Spectrum Corporation:

• IEC (NEMA) Body Phantom

• Esser (ACR) PET Phantom

• Jaszczak Phantom

• NEMA 94 PET Phantom

• Mini Deluxe Phantom

They are widely available and many sites with existing Nuclear Medicine and PET
facilities are likely to already possess a subset of these phantoms in order to ad-
here to quality assurance guidelines [105]. In particular, the IEC (NEMA) Body
Phantom continues to be recommended for PET and PET/MRI acceptance test-
ing and quality assurance under the NEMA NU-2 (2018) standard [105, 110]. It
consists of a large, elliptical PMMA container with a central cylinder filled with
polystyrene, around which hollow spheres are suspended from one end of the
phantom. The standardised geometry, manufacture and protocols used ensure
comparable measurements between sites and promote reproducibility across dif-
ferent scanners. This is reflected in literature through publications where the IEC
Body Phantoms was used to evaluate PET/MRI scanner performance [138–140],
and compare performance and protocols to PET/CT [141–144] prior to introduc-
ing patients studies. Krokos et al. [139] illustrated the crucial example of ensuring
standardisation between several PET/MRI scanners for use in multicentre demen-
tia trials.

A significant drawback of these phantoms is the inability to create accurate
MRI-based attenuation maps due to the widespread use of PMMA for the phan-
tom body and its lack of visibility in MRI. Ziegler et al. [145] compare results
generated from the NEMA NU-2 Protocol for a Siemens Biograph mMR using im-
ages reconstructed with both an MRI-derived attenuation map and a CT-derived
attenuation map. They found that using an MRI-derived attenuation map de-
creased contrast recovery in radioactive spheres, increased contrast recovery in



Chapter 3. Multimodal Phantoms for Clinical PET/MRI 55

non-radioactive spheres and increased background variability, indicating a degra-
dation in both image quality and PET quantification due to insufficient correction
for attenuation. Their recommended solution was to acquire a CT scan of the
phantom separately in order to generate a suitable attenuation map that can be
registered to the MRI or PET images to perform image reconstruction of the phan-
tom offline. Further comparisons [146] extended this to include the MRI-based
attenuation correction methods employed in the Philips Ingenuity TOF and GE
Signa PET/MRI scanners for phantoms, as well as assessment of clinical MRI-
based attenuation correction in phantom studies. Replacement of the MRI-based
attenuation map with a registered CT-based map appears to be the preferred solu-
tion in publications included in this review where geometric phantoms are used.
As such, vendors provide a predefined PET attenuation map in the scanner recon-
struction software for the IEC Body Phantom for PET performance testing under
the NEMA protocol, however this doesn’t extend to all commercially available
phantoms. The drawback to this however, is that it doesn’t allow for assessment
of PET images reconstructed with MR derived attenuation maps, which is the
method used for patient imaging.

Addressing MRI Visibility of Commercially Available Phantoms

In an earlier publication, Ziegler et al. [147] assessed a variety of fluid fillings to
improve MRI visibility and attenuation map generation for the IEC Body Phan-
tom. By varying the fluid filling for the phantom, they were able to significantly
improve homogeneity in the MRI images and reduce bias in PET data resulting
from inconsistencies in the MRI-based attenuation map. The key finding was that
a pure water radiotracer solution as recommended in the NEMA NU-2 protocol
was the least suitable of the fluids assessed, with triethylene glycol providing the
greatest homogeneity. However, none of the fluids presented appear to provide
a robust solution for routine use due to risk of toxicity, additional cleaning re-
quirements and costs. Use of any alternative fluids also does not address a lack of
phantom housing visibility in MRI.

Currently, no geometric phantoms for the quality assurance of PET/MRI sys-
tems exist on the market that are both PET and MRI visible. Whilst many perfor-
mance issues will be detected by separate testing of MRI and PET components of
the scanner, enabling quality assurance phantoms to undergo simultaneous imag-
ing and use the same attenuation correction and image reconstruction methods as
would be used clinically is highly desirable. This would act to both confirm the
performance of these systems and to allow phantom testing to form part of wider
imaging protocol validation projects. Additionally, there is little standardisation
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in MRI quality assurance programs [110], increasing the likelihood of cross-site
variation in PET quantification given clinical reliance on MRI-based corrections.
It is clear that more work is to be done in this area, either through alteration of
MRI sequences used to generate phantom attenuation maps, or through the de-
velopment of phantoms from materials exhibiting properties that allow for their
visualisation in MRI acquisitions.

3.3.3 Custom Designed Geometric Phantoms

The custom designs of geometric phantoms featured in this review are all borne
from a requirement to test features for which no commercial option existed, often
extending beyond performance testing of clinical PET/MRI scanners.

Rectangular Whole Body Phantom

Braun et al. [148] assessed the feasibility and performance of continuous table
motion acquisitions in PET/MRI by developing a large Polypropylene (PP) rect-
angular phantom to approximate the dimensions of the human body, which was
separated into cubic compartments. Each compartment had holes of varying size
drilled into the sides to visually assess image quality and quantitatively assess
resolution in both PET and MRI. The phantom was filled with a radiotracer so-
lution. Whilst this phantom addressed the question it was designed for and was
able to assess both PET and MRI performance [148, 149], it still suffered the same
set-backs as commercially available phantoms and requires an external CT-based
attenuation map to be used during PET reconstruction.

Phantoms to Study Motion Correction

In their assessment of motion correction methods, cylindrical acrylic phantoms
filled with water and containing inserts featuring 22Na point sources were used by
two groups [150, 151]. Given that a CT-based attenuation map was required for the
reconstruction of PET data in order to account for the trolleys and bases used in
these studies, the ability to generate an MRI-based attenuation map may have not
been a design priority. However, in both cases motion correction was informed
by MRI data and so MRI visibility of the phantom was crucial. Previously, a
phantom made of PVA cryogel with radiotracer introduced during manufacture
was demonstrated as a PET and MRI visible phantom able to undergo non-rigid
movement [152].
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MRI Visible Polymers in Phantom Design

Rausch et al.[131] demonstrated the first PET/MRI phantom in-house-made with
MRI visible housing. The cylindrical phantom had rod features on the bottom lid,
whilst keeping the top section of the phantom homogenous. The phantom was
filled with an aqueous solution of [18F]FDG, sodium chloride and a gadolinium-
based MRI contrast agent. They compared PET reconstructions of the phan-
tom performed using no attenuation map, attenuation maps generated from the
Siemens Biograph mMR DIXON sequences, an optimised phantom-specific MRI-
based attenuation map and PET/CT images. Their work demonstrated that poly-
mers are available for phantom construction that can be imaged by simultaneous
PET/MRI, although the MRI-based attenuation map overestimated the phantom
extent. Further work should be done to verify approaches for optimising MRI-
based attenuation maps for phantoms using MRI visible polymers across different
scanner models.

Geometric Phantoms for Brain PET/MRI

Grant et al. [153] first demonstrated a 3D-printed geometric image quality phan-
tom for performance testing the BrainPET (Siemens Healthcare) [53] MRI insert,
for which the full characterisation is presented by Bieniosek et al. [154]. It was a
cylindrical phantom with one empty quadrant containing plastic rods and three
quadrants of solid polymer with cylindrical holes in a range of diameters. The
empty spaces were then filled with a radiotracer solution. The group used the
phantom for two further publications [155, 156]. The use of 3D printing in phan-
tom development is increasing due to the widespread availability of 3D printers
and low manufacturing costs [130], but the field lacks consistent assessment of the
reproducibility in 3D printed phantoms. The publication of the phantoms design,
manufacture and characteristics [154] facilitates the ability for other groups with
3D printing capabilities to produce and use this phantom in further work. Addi-
tionally, they validated the manufacture method through replication of a commer-
cially available phantom and compared PET/CT acquisitions of the commercial
and in-house printed phantoms [154], confirming its suitability for phantom man-
ufacture. However, the phantom design does not address MRI visibility of the
phantom housing and attenuation correction adequately.

Size appears to have been the driving factor for custom phantoms in brain
PET. A cylindrical PMMA phantom with hollow rods and a Polytetrafluoroethy-
lene (PTFE) insert was utilised to validate the use of an orbiting transmission
point source for attenuation correction of PET data compared to that of an MRI-
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based attenuation map [157]. The authors addressed the challenges in generating
accurate MRI-based attenuation maps through implementation of a transmission
source mechanism in generating attenuation maps for brain PET/MRI [157]. How-
ever, this was then used to replace the MRI based attenuation map entirely with
one derived from the transmission source measurements, requiring the use of a
specialised MRI coil that is applicable to head imaging only.

Geometric Phantoms in Radiosurgery Planning

Lim et al. [158] used two acrylic phantom designs in their study on the feasibil-
ity of using [11C]Methionine PET in Gamma-Knife radiosurgery planning. This
required phantoms that are suitable in validating multiple imaging modalities as
they are introduced into the radiotherapy planning framework. These phantoms
were imaged with CT, MRI and PET to assess geometric accuracy, image registra-
tion and quantitative PET within the Gamma-Knife radiosurgery planning system.

Summary of Geometric Phantom Designs

Each of these phantoms is used at one site and designed to address specific re-
search questions, with only one fully presented and characterised to promote its
use by other institutions. Characterisation of materials and methods presents a
barrier to widespread adoption of in-house manufacture methods such as 3D
printing [130], as each group must then perform these measurements. The de-
sign and verification of a phantom requires a significant time commitment, and
so distribution of this information is valuable to the imaging community to ac-
celerate phantom development. Most recently, an MRI visible polymer has been
demonstrated as suitable for PET/MRI use [131], providing a potential solution to
MRI-based attenuation correction issues in phantom studies.

3.4 Anthropomorphic Phantoms

A total of 20 anthropomorphic and tissue equivalent phantoms were identified in
this review, of which 16 are custom designed or in-house manufactured. These
phantoms cover 5 areas of human anatomy, as displayed in figure 3.5, with a final
category describing phantoms that contain materials equivalent to specific human
tissues but do not represent any specific anatomy.

Head and Brain phantoms are the most published category of anatomical
phantoms at 16 publications. This reflects the commonly desired clinical PET/MRI
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Figure 3.5: Anthropomorphic PET/MRI phantoms categorised by the area of hu-
man anatomy they represent

application of neurology and the subsequent areas of research addressing atten-
uation correction in brain imaging [159]. Correcting for bulk and physiological
motion are also an important area of interest, the mechanisms of which are be-
yond the scope of this review, but are presented by Polycarpou et al. in their
recent review [41](in press). Physiological motion in particular requires the use of
phantoms able to replicate the anatomical geometries and motion required. Again,
this is reflected in the phantoms designed and their publications with 7 torso and
cardiac phantoms used across 14 publications.

3.4.1 Commercially Available Anthropomorphic Phantoms

As with geometric phantoms, the commercially available options utilised for PET/MRI
are phantoms originally designed for Nuclear Medicine and PET. These phan-
toms are well established within the field due to the necessity of administering
a radioactive tracer for PET and γ-camera imaging limiting the recruitment of
volunteers for investigative work. By comparison, MRI phantoms often focus on
quantitative performance through simple geometries [160], although some anthro-
pomorphic MRI phantoms are commercially available and tissue equivalent mate-
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rials are in use throughout the MRI community [109].

Hoffman Phantom

The Hoffman brain phantom [117] (Data Spectrum Corporation) is one of the most
popular anthropomorphic phantom featured in 7 publications identified by this re-
view. It is a PMMA cylinder containing 19 composite polycarbonate plate inserts
which, when filled with fluid, simulate normal [18F]FDG radiotracer distribution
in the brain and a realistic MRI proton density distribution. Optional inserts are
also available to simulate defects. The Hoffman phantom has been used to assess
the performance of PET inserts in clinical MRI scanners [161–163], evaluate mo-
tion correction methods [164, 165], the demonstrate of PET image reconstruction
methods [166] and MRI-based attenuation correction [167] methods. This is the
only commercially available phantom identified within this review that is also ad-
vertised for MRI use, although the polycarbonate plates are not visible in MRI.
The design lacks a skull component for a realistic attenuation profile, it does not
replicate brain tissue relaxation properties in MRI and the cylindrical design does
not conform to human head geometry, which are major limitations for it’s use as
a human head surrogate in PET/MRI.

Torso Phantoms

Two commercially available phantoms of the Thorax were used: the elliptical
Lung-Spine [168] and Anthropomorphic Torso Phantom [169]. Both phantoms
are licensed by Data Spectrum Corporation and are constructed from PMMA with
polystyrene-filled lung inserts, solid PTFE spine insert and an optional PMMA
cardiac insert modelled on the left ventricle and myocardium. The Anthropomor-
phic Torso phantom also features a liver insert. The phantom body, cardiac and
liver inserts are then filled with radiotracer solution. A PU cardiac insert (Radi-
ology Support Services) representing two cardiac chambers and the myocardium
was used independently in one study [170].

Commercially Available Anthropomorphic Phantom Summary

All of the commercially available anthropomorphic phantoms are constructed
from PMMA or PU, and so any solid material is not MRI visible. Despite the
concerns raised around MRI-based attenuation correction in geometric phantoms,
many studies use MRI-based attenuation maps to reconstruct PET data for these
anthropomorphic phantoms, including two studies actively using these phantoms
to assess the impact of using MRI-based attenuation correction[167, 169]. This
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may be because the differences between MRI-based and CT-based attenuation
correction in PET quantification still need to be quantified prior to clinical use,
or because MRI-based attenuation methods based on tissue segmentation from
anatomical maps [171] are more easily applied to anthropomorphic phantoms than
non-anatomical shapes.

The current commercially available phantoms are only able to assess brain
and cardiac protocols. This excludes some key applications of interest in clin-
ical PET/MRI, such as [68Ga]-PSMA imaging in prostate cancer patients [172].
Crucially, no commercially available anthropomorphic phantoms are able to accu-
rately represent human tissue in both PET and MRI.

3.4.2 Custom Anthropomorphic Phantoms

Whilst an accurate representation of anatomical geometry is a key aspect of design
across all anthropomorphic phantoms, many in-house manufactured phantoms
identified in this review take additional steps to achieve both PET and MRI tissue
equivalence, or mimic additional physiological properties.

Head and Brain Phantoms

Three human head phantoms were developed between 2011 and 2021. The first
of these was the Iida Brain phantom [118], initially developed for use in PET and
Single-Photon Emission Computed Tomography (SPECT) imaging, it is designed
to represent a realistic human head contour and include a cavity around the brain
material filled with dipotassium phosphate to simulate the skull. Both of these
features address some of the limitations presented by the Hoffman phantom in
brain imaging. The phantom was manufactured through 3D printing, for which
Iida et al. [118] demonstrated a high degree of reproducibility. The Iida phantom
has been assessed for PET/MRI use, with Johansson et al. [173] providing a de-
scription of potential applications, highlighting the issues around a lack of white
matter radiotracer distribution and difficulties with MRI-based attenuation correc-
tion when scanned with the Phillips Ingenuity PET/MRI scanner, but ultimately
concluding it to be a useful test object. The Turku PET Centre group later used
the phantom in three additional PET/MRI publications [128, 167, 174] including
an international multi-centre study.

Harries et al. [120] presented their solution for a human head phantom with a
focus on mimicking both MRI and PET tissue properties. The authors detailed the
relevant properties of their chosen materials as well as the limitations in the de-
sign and manufacture of this phantom. In particular, the design did not mimic the
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structures of grey and white matter in the brain, so whilst the feasibility of manu-
facturing such a phantom and its compatibility with MRI-based attenuation meth-
ods was demonstrated, applications may be limited due to the reduced detail in
brain structure compared to the Iida and Hoffman brain phantoms. Additionally,
this phantom necessitates in-house manufacture due to the use of short shelf-life
materials such as agar. As a result, a centre reproducing this phantom should still
perform validation measurements to ensure the desired material properties and
geometries have been achieved. Finally, Okazawa et al. [119] used a human skull
filled with saline-soaked cotton and radiotracer filled rubber tubes to represent
arteries. This phantom was specifically designed to address the authors research
question regarding the reliability of quantitative [15O] imaging in the carotid ar-
teries using PET/MRI.

Torso Phantoms

Larger phantoms representing the pelvis [121] [136] and torso [8] have also been
designed and used within PET/MRI. These phantoms feature multiple organs
with differing tissue properties and radiotracer uptake, and so 3D printing was
utilised to enable the individual design of each component. Currently, the print-
able materials commonly available to sites without an extensive manufacturing de-
partment are limited in the tissue-equivalent properties they can display [112, 130].
As a result, groups developing these phantoms often opted to either 3D-print an
outer shell of the organ of interest which may be filled with an appropriate tissue-
equivalent material, or use a 3D-printed mould to cast a model using a gel or
wax.

The ADAM PETer pelvis phantom [121] was designed for applications regard-
ing the use of multimodal imaging in radiotherapy. It was based on the ADAM-
pelvis phantom [175], by further developing the model to be compatible with PET
imaging in addition to CT and MRI with the aim to utilize the phantom in the
optimisation of PET/MRI guided radiotherapy for prostate cancer patients [121].
The ADAM PETer also introduced 3D printing into the phantoms manufacture
to improve the modular design. The phantom featured a large number of ma-
terials to simulate various tissues, which were extensively described along with
the phantoms lengthy assembly process. However, the authors reported that due
to a modular design, switching out of organs of interest was less laborious once
the phantom was constructed and so allowed customisation of the phantom for
several clinical scenarios [121]. Further work validating the reproducibility of 3D
printing organ modules for this phantom would facilitate its use external to the
home institution.
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Another pelvis phantom [136] consisting of a PMMA container filled with a ra-
diotracer solution has also been tested. It was noted that the phantom is described
in other works excluded by the review criteria [176, 177] as featuring multiple or-
gan inserts, however these features were not highlighted in any of the PET/MRI
work.

The Wilhelm Anthropomorphic Torso Phantom [8] has been developed by the
European Institute of Molecular Imaging as a phantom for PET, CT and MRI capa-
ble of replicating cardiac and lung motion. Bolwin et al. [8] described the design,
manufacture and characterisation extensively, however this phantom has been
used by the institute in several works addressing motion correction in PET/MRI
since 2011 [178–181]. Wilhelm features inflatable silicone lung inserts and a sil-
icone cardiac insert. Both sets of inserts are piston driven to induce motion. A
double silicone membrane is used for the cardiac insert to create an outer layer
that can be filled to represent the myocardium, a schematic for which is shown
in figure 3.6. Lung inflation is controlled from the base of the lungs by a rubber
membrane to simulate the diaphragm. A liver compartment is also included. The
phantom could be customised by the choice of fluid filling for each compartment
and additional wax spheres mounted within the phantom as lesions. Models of
the heart and lungs were 3D printed to create moulds on which to shape the sili-
cone. No skeletal structure was featured in the phantoms’ design which may limit
its application in other areas of interest such as MRI-based attenuation correction.

Motion correction is an on-going area of research with different methods ap-
propriate to assess different types of motion [41]. As such, the Wilhelm phantom
occupies a niche the needs of which have not been met by commercial vendors.
However, this phantom is highly complex, having been developed over many years
[8], with a multitude of materials and manufacture methods required for its con-
struction.

Cardiac and Lung Phantoms

Inflatable double-membrane cardiac phantoms of a reduced complexity have also
been demonstrated as suitable for motion correction applications in PET/MRI
[9, 10]. These phantoms focussed exclusively on cardiac motion, placing one bal-
loon inside another, filling the interspace with a mix of radiotracer, gadolinium-
based contrast agents and gelling agent to represent the myocardium. This was
then suspended within a second radiotracer gel mix to simulate a soft tissue back-
ground. Similarly, a single membrane balloon has been used to simulate respira-
tory motion [123, 124]. The materials in these phantoms are more widely accessible
to sites without the large time, cost and facilities to create a phantom as complex
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Figure 3.6: A schematic demonstrating the general design concepts of phantoms
to simulate cardiac motion, as used by [8–10].

as the Wilhelm phantom. However, these phantoms were not described as exten-
sively and are less representative of the clinical scenario both anatomically and in
terms of physiological motion.

In myocardial perfusion, O’Doherty et al. [182] used a different phantom,
initially designed and described as an MRI phantom [183], to demonstrate the
feasibility of first pass myocardial perfusion imaging in PET/MRI. The phantom
featured four chambers simulating the atria and ventricles of the heart, with two
cylindrical compartments each side representing the myocardium. Tubes repre-
senting veins and arteries have been arranged such that the flow of fluid through
the phantom simulates entry to the heart from the vena cava. Water is deliv-
ered to the phantom from an external pump and control unit. The phantom was
demonstrated as suitable for PET/MRI, however the lack of tissue equivalent ma-
terials and true anthropomorphism may impact how applicable any results are to
clinical imaging. Matusiak [184] presented a Multimodal Heart Phantom (MHP)
constructed of PMMA featuring two chambers to simulate left and right ventricles
and a surrounding space to simulate the myocardium. The imaging compatibility
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of the phantom across SPECT, PET, CT and MRI was demonstrated through visual
assessment and image registration between the imaging modalities [184], but no
quantitative data were presented.

Breast Phantom

A modular breast phantom was presented by Aklan et al. [185]. Breast imaging
in MRI uses specialised RF coils for which anthropomorphic phantoms are not
typically available. The modular breast phantom consisted of two PMMA domes
with optional MRI and PET/MRI inserts. The PET/MRI insert features four sizes
of glass sphere to be filled with radiotracer solution assembled onto a cross struc-
ture that is MRI visible [185]. This phantom was more of a hybrid between the
anthropomorphic and geometric phantoms, as the insert features are more repre-
sentative of those expected in a quality assurance phantom and when filled with
water does not replicate the tissue composition of the breast. However, the design
has been well described and offers a solution to performance testing and valida-
tion of equipment and protocols for breast imaging in PET/MRI, for which the
only alternative demonstrated has been uniform bottle phantoms [137].

Summary of Anthropomorphic Phantom Designs

The in-house manufacture of anthropomorphic phantom featured in this review
have demonstrated numerous benefits. One is the relatively low cost of producing
phantoms where manufacturing techniques such as 3D-printing [130] and casting
from moulds are used. The other is that increasingly complex phantoms can be
developed to address specific needs within the field of medical imaging, as with
the Wilhelm phantom [8] and ADAM PETer [121]. The ability to customise these
phantoms to simulate multiple clinical scenarios also makes the designs appealing,
and may lead to validation for patient specific anatomy as seen developing in other
modalities[186]. Use of materials able to display similar PET and MRI properties
to human tissues promotes the testing of clinical protocols as would be applied to
patients, and by extension greater compatibility with systems such as radiotherapy
treatment planning or dosimetry software.

The anthropomorphic phantoms presented also demonstrate applications where
representation of anatomical geometry is important for a given application even
where tissue equivalence may not be achieved. For example, breast phantoms
or brain phantoms are useful in the testing and validation of scanner hardware
specifically designed for this anatomy [167, 173, 185]. They are also useful in the
demonstration of clinical applications which rely more on visual assessment or
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organ segmentation, such as in PET and SPECT myocardial perfusion imaging
[182].

Conversely, the development, manufacture and characterisation of such phan-
toms can present a significant time commitment and an initial investment cost
for sites without existing manufacture facilities. Even well characterised materi-
als such as agar introduce additional uncertainties to the phantoms properties as
they have to be remade for each experiment. Across the literature in this review,
description of phantom designs, the material properties assessed, and detail of
results presented varies.

Further work is required in this area to increase the utilisation of anthropomor-
phic phantoms in PET/MRI. The Iida phantom is the only design that appears to
have been utilised by multiple institutions [128], but have not demonstrated an
adequate level of reproducibility. Significant investment is made into developing
and characterising tissue equivalent materials, yet the majority of these designs
are housed in a PMMA or PU casing, both of which are not visible in MRI and
could affect quantitative PET data when MRI-based attenuation correction is used.

3.5 Discussion

This review has presented an overview of the phantoms used and developed by
institutions for PET/MRI during the period 2011-2021. These range from simple
containers filled with a uniform fluid to large anthropomorphic phantoms simu-
lating human anatomy and physiology. Commercially available phantoms remain
the dominant test objects in performance evaluation of PET/MRI systems, and
solutions have been proposed to facilitate their continued use by improving MRI
visibility [145, 147].

In-house design and manufacture is a more popular choice for producing an-
thropomorphic phantoms, as they are often designed with specific clinical sce-
narios or research questions in mind. Consequently, a wide range of materials,
designs and manufacture methods are presented. The characterisation and publi-
cation of radiological materials for phantom construction and their comparison to
human tissue properties is increasing which, alongside the rise in adoption of 3D
printing, facilitates the more widespread use of tissue equivalent materials [130].
Through continued assessment of these properties and the uncertainties in man-
ufacture methods, PET/MRI phantoms can move towards adopting standardised
approaches suitable for quantitative imaging assessment and cross-site compar-
isons.

PET/MRI phantom development would benefit from an increase in options
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available from the commercial sector and professional bodies pushing for im-
proved solutions for multimodal imaging systems. Of the designs presented in
this review, only custom designed phantoms begin to address the question of
creating phantoms exhibiting suitable radiological properties for acquiring quan-
titative data in both PET and MRI. This restricts not only the dissemination of
available phantoms, but also the standardisation of clinical procedures and val-
idation related software where these phantoms have been used. The impact of
this is that patient imaging is then not necessarily comparable across institutions,
with particular concern if patients move across different sites during periods of
monitoring reliant on quantitative PET/MRI to inform their clinical pathway.

Applying MRI-based attenuation and scatter correction to phantoms remains
challenging. No commercially available phantoms exist that exhibit radiological
properties suitable for both PET and MRI, either as quality assurance test objects or
anthropomorphic phantoms. PMMA remains the preferred choice for constructing
phantoms, but is not MRI visible and is often either omitted from or incorrectly
classified in MRI-derived attenuation maps. Polymers available for 3D printing
may offer some solution to this, with MRI visible options available. Commercial
vendors are key stakeholders in PET/MRI phantom development, offering stan-
dardised manufacture, material properties and rigorous quality control to their
products. As PET/MRI enters routine clinical use, covering a wider variety of ap-
plications, it can only be expected that the necessity for studies performed using
widely available, reproducible phantoms increases.

3.6 Conclusion

Several commercially available phantoms have been demonstrated as appropriate
for limited use in PET/MRI studies, although no vendor has yet released a phan-
tom specifically designed and optimised for both, let alone simultaneous, PET
and MRI acquisitions. The development of anthropomorphic phantoms and tissue
equivalent materials for PET/MRI has been an active field over the past decade,
with an increasing focus toward material characterisation and reproducible manu-
facture. Further work is required to develop phantoms suitable for holistic perfor-
mance evaluation of PET/MRI scanners, and in establishing robust manufacture
techniques accounting for variation in tissue equivalent materials for improved
anthropomorphic phantoms.



Chapter 4

Exploration of Resolution Effects
in PET with Multi-modal
Phantoms.

4.1 Introduction

The literature review turned up a number of options for physical PET/MR phan-
toms, however it also highlighted the difficulties in replicating tissue properties in
both PET and MRI. Physical phantom acquisitions remain an important mecha-
nism in benchmarking the performance of a clinical scanner. PET scanners are also
calibrated against physical phantoms for quantitation of tracer uptake. For the GE
SIGNA PET/MR (GE Healthcare), the scanner is calibrated to a flood phantom
with attenuation correction provide by means of a manufacturer supplied correc-
tion map registered to the phantom emission tomogram, rather than use of an MR
derived attenuation map.

The impact of partial volume effect on PET images [44], and the difficulties of
attenuation correcting images in materials and tissues without an MR signal [59]
has already been reported on in earlier studies, as described in Chapter 2. How-
ever, it was necessary to investigate these effects in the SIGNA PET/MR scanner,
and benchmark the performance of both the scanner and most up-to-date PET im-
age reconstruction algorithms. This was achieved through phantom experiments
conducted with a geometric phantom and an anatomical phantom.

The aim of these experiments was to assess any partial volume effects arising
in measuring structures of a size similar to the spinal cord diameter in PET images
at the current performance of the SIGNA PET/MR scanner (GE HealthCare) when
using existing MR derived attenuation correction and standard image reconstruc-
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tion methods as are used in phantom and clinical scanning. Contrast recovery is
also assessed to see how quantification may be affected by partial volume affects
and the use of MR derived attenuation maps. A tertiary aim was to determine
whether a physical phantom with the tissue surrogates used in this model would
be appropriate for this project into spinal cord PET/MRI.

4.2 Methods

The NEMA IEC PET Body phantom [105] is recommended as part of the protocol
for assessing scanner performance and image quality in clinical PET systems, as
described in the previous chapter [31]. Typically a line source is used to assess
resolution and point spread function (PSF), however the spheres of the IEC body
phantom are of comparable diameter to the spinal cord. The drawback to this is
that the partial volume effect is a 3-dimensional effect, and a line source will not
experience contribution to the PVE from the axial direction as a spherical or point
source does.

Figure 4.1: Images of the NEMA IEC PET Body phantom, showing spherical fill-
able inserts at the top and a central column filled with polystyrene. Images cour-
tesy of Data Spectrum.

A custom phantom designed by collaborators at the University of Leeds [187,
188] and manufactured by Leeds Test Objects Ltd is also used in this study. This
phantom was constructed for applications in Radiotherapy planning using MR
systems, and was designed to replicate the head, neck and shoulders. It is a 3D
printed phantom with an external PMMA shell, 41cm in length from the top of the
head to the base and 51cm wide at the widest point of the shoulders. It contains
a brain surrogate material made from a 10% Polyvinyl Acetate (PVA-c) solution,
an air-filled lung and trachea insert, and a bone surrogate material 3D printed
using a ceramic resin. This allows the phantom to replicate these tissue types in
CT and MR acquisitions [187], with the PVA-c solution exhibiting a T1 relaxation
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time of 1387ms and a T2 relaxation time of 139ms. There is a small hole of 2mm
diameter at the top of the head for insertion of a radiation dosimeter. An image of
the phantom is displayed in figure 4.2 part A.

Figure 4.2: A) The anthropomorphic Head and Neck Phantom for MRI/Radiother-
apy planning and B) modified to attach a tube to simulate spinal cord radiotracer
uptake.

The SIGNA PET/MR Scanner (GE Healthcare) used in this thesis features a 3T
MR scanner with a TOF-PET scanner located within the bore. The PET scanner
features LYSO crystal detectors backed by silicon photomultipliers It has an axial
field of view (FOV) of 50cm for the MR component and 25cm for the PET scanner
[189]. Image reconstruction is performed either on the scanner workstation with
dedicated reconstruction software, or may be performed offline using GE Health-
care reconstruction software. The use of silicon photo-multipliers permits a high
detector timing resolution and enables these systems to have TOF capability.

4.2.1 IEC NEMA Phantom Acquisition

All acquisitions were performed on the GE HealthCare SIGNA PET/MR scanner
at the University of Sheffield MRI unit at the Royal Hallamshire Hospital. The
NEMA IEC Body phantom was set up according to the NEMA NU2 standard
for performance measurements of PET scanners (2018) [190]. The phantom was
filled with a total of 75.6MBq of [18F]FDG PET tracer in the main phantom body
and more concentrated activity in some of the spherical inserts. Activity was dis-
tributed such that the main body of the phantom has a radioactivity concentration
of 5.3kBq/ml at the time of scanning, and the ratio of activity in the ’hot’ spherical
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inserts to the main phantom body is 4:1. The smallest four spheres were filled
with activity (’hot’ sphere) whilst the two larger spheres were filled with water
(’cold’ spheres). Acquisitions were performed for 5 minutes, with and without
MR ’pulsing’ running simultaneously. Finally, a longer acquisition was performed
for 20 minutes.

Images were reconstructed using Time of Flight Ordered Subset Expectation
Maximisation (TOF-OSEM) (2 subsets, 28 iterations) with a 5mm Gaussian filter
applied post-reconstruction in the transaxial plane and a [1 4 1] axial convolution
filter for de-noising. Data was also reconstructed using the TOF Q.Clear (beta =
350) algorithm, which includes PSF correction. Both images were reconstructed
using attenuation correction derived from a DIXON MRI sequence (known as MR
Attenuation Correction or MRAC).

Analysis

Spherical regions of interest (ROIs) were drawn in each sphere using regions set
to the true sphere diameter centred over the matching sphere insert in the PET
images. As the sphere diameter is known for the phantom, this assessed how well
the PET images of the phantom conform to the it’s physical parameters. Back-
ground radioactivity concentration was measured as an average over 8 spherical
ROIs of 40mm diameter placed in the main body of the phantom where no other
PET features are present. Contrast Recovery Coefficient (CRC) was calculated as

CRC =

CH
CB

− 1
aH
aB

− 1
× 100 (4.1)

where CH and CB are activity concentration (kBq/ml) in the hot sphere and back-
ground respectively and aH and aB are activity in the hot sphere and background.
A contrast recovery of 100% indicates fully recovered contrast that reflects admin-
istered activity.
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Figure 4.3: An example of how spheres are identified in the results section.
Spheres are labelled "cold" for spheres filled with water and "hot" for spheres
filled with [18F]FDG solution.

Line profiles were drawn across the spheres in 3 perpendicular directions along
each scanner axis and analysed to obtain full width half maxima (FWHM) in 3D
Slicer. These were averaged for each sphere in each reconstruction to give the size
of the sphere in each image.

4.2.2 Head and Neck Phantom Acquisition

A protocol for the Head and Neck phantom was developed in collaboration with
colleagues at University of Sheffield, Sheffield Teaching Hospitals NHS Founda-
tion Trust, University of Leeds and with input from industrial partners at GE. As
the phantom does not have a spinal cord insert, a rubber tube of 10mm diameter
was attached to the outside of the phantom to allow some assessment comparable
to physical dimensions of the spinal cord. It was attached along the back of the
phantom to be as close as possible to the spine and bone surrogate material. The
head insert was also used to place a radioactive source into the brain region. The
phantom set up used in the experiment is shown in figure 4.2.

It was initially planned to fill the main body of the phantom with an [18F]FDG
and Gadolinium contrast solution to act as the background tissue activity and
bring the T2 relaxation time of the fluid more in line with values for muscle.
However, the phantom had some small leaks and so it was decided to proceed
with the phantom filled with water and only fill the head insert and spinal cord
tube with radiotracer.
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MRI Sequence TE TR Matrix Size Slice Thickness
Sagittal T1 FSE 20ms 600ms 320x320 3mm
Sagittal T2 FSE 101ms 2200ms 320x320 3mm
Proton Density 31ms 2500ms 384x384 3mm
Axial T2 Cube 105ms 3000ms 512x512 5mm

Table 4.1: MRI sequence parameters used to image the Head and Neck Phantom,
where TE is Echo Time, TR is Repetition Time, Bw/Px is Bandwidth per Pixel and
NEX is Number of Signal Averages.

The tube acting as the spinal cord surrogate was cut to 50cm and capped at
one end. A mix of 8.9MBq [18F]FDG radiotracer, 1.4g agar and 4.6g gelatin was
prepared with hot water up to a total volume of 50ml. These values were approx-
imated from Blechinger et al. [191] to give a T2 relaxation time of 80ms. The tube
was filled with 28ml of the solution to give 5MBq activity. The open end of the
tube was then capped and the gel was left to set for 30 minutes. A gel was used to
ensure the activity distribution remained in place and retained its shape, to pre-
vent leakage during scanning, and to allow for imaging that would replicate tissue
in MRI. A syringe cap was used to create a point source of 6.2MBq [18F]FDG, this
was sealed and then secured in the head cavity. At the time of scanning the total
activity in the phantom was 8.5MBq.

On the scanner bed, the phantom was positioned in a 16 channel head and
neck coil. Three PET acquisitions were performed. An initial PET bed position
to acquire data of the head of the phantom was conducted for 5 minutes to check
positioning, a bed position over the neck and shoulders for 30 minutes, and a
second acquisition of the head was then performed for 30 minutes. PET data was
acquired in list mode to enable offline reconstruction.

PET images were reconstructed on the scanner using a Time-of-flight Ordered
Subset Expectation Maximum (TOF-OSEM) algorithm with point spread function
(PSF) modelling with 2 iterations and 28 subsets. Images were reconstructed with
attenuation correction derived from a Dixon MR sequence, with the Dixon MR
images shown in figure 4.4. All data was exported from the scanners and stored
on an XNAT database to access for offline processing. This data consists of com-
pressed List Mode (LM) files (BLF), compressed Histogram DICOM (RPDC) with
HDF5 files, PIFA files, reconstructed DICOM images and MRI pfiles.

Analysis

Line profiles were drawn at each vertebral level from C1 to T3 to acquire the
FWHM of the spinal cord tube at that position in both PET and MR acquisi-
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Figure 4.4: Example slices of images from the Dixon MRI sequence used to derive
attenuation maps, showing the A) water, B) fat, c) In Phase and D) Out of Phase
spectroscopic images.

tions. Radioactivity concentration was also measured to compare to administered
radioactivity concentration. This is presented as a ratio of measured radioactiv-
ity concentration to administered radioactivity concentration, where a ratio of 1
indicates that measured radioactivity concentration accurately reflects the admin-
istered tracer radioactivity concentration.

4.3 Results

4.3.1 IEC NEMA Phantom

Images of the NEMA phantom are displayed in figure 4.5. Measured radioac-
tivity concentration and CRC is higher in images reconstructed with the Q.Clear
algorithm, as shown in figure 4.6 and 4.7 respectively. In all cases, measured
radioactivity concentration and CRC also increase with the size of the sphere,
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particularly for the [18F]FDG filled spheres. Average background measured was
consistent between PET reconstructions (range: 5.47 - 5.77kBq/ml) and close to the
true background radioactivity concentration of 5.3kBq/ml. For a true activity ratio
of 4:1, the spheres should measure around 21.2kBq/ml, however all of the active
spherical inserts are underestimated in radioactivity concentration measurements.
The smallest spheres show the lowest measured radioactivity concentration.

Figure 4.5: Reconstructed PET images of the NEMA IEC Body Phantom with
TOFOSEM and TOF Q.Clear algorithms, acquired with MR idle and MR pulsing
on the PET/MR scanner. The difference image shows the absolute image when
the TOFOSEM image is subtracted from the Q.Clear image.
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Figure 4.6: A plot showing measured activity plot against the diameter of the
spherical inserts for [18F]FDG filled spheres for the NEMA IEC Body Phantom.

This is also reflected in the CRC, shown in figure 4.7, where a maximum of
59.4% contrast recovery is achieved for the 10mm sphere, despite Q.Clear images
showing contrast recovery of over 80% in spheres greater than 17mm diameter.
Cold spheres show a "spill in" effect, reading up to 1.4kBq/ml despite containing
no radiotracer, as shown in figure 4.8.

Measured FWHM of line profiles across the spherical inserts shows that sphere
size is also underestimated in the [18F]FDG filled spheres, as shown in figure 4.9,
with the FWHM measuring 2-3.6mm smaller than the actual sphere size for the
22mm,17mm,13mm spheres and 1.3-2.7mm smaller for the 10mm sphere.
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Figure 4.7: A plot showing contrast Recovery Coefficient (CRC) plot against the
diameter of the [18F]FDG filled spheres for the NEMA IEC Body Phantom.

Figure 4.8: A graph displaying mean activity concentration in the spheres filled
with water only, so contain no administered activity.
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Figure 4.9: A graph displaying measured size of spherical insert for the NEMA
IEC Body Phantom for different PET reconstruction algorithms.

4.3.2 Head and Neck Phantom

Activity in the PET image is well localised to the tube acting as a spinal cord
surrogate, as demonstrated in figure 4.10. This indicates that the measured width
of the tube is only slightly larger than those measured in the MR image. On
average, the FWHM of the tube in PET images is 4.7% larger than the FWHM for
the same line profile in the MR image. Images of the head and neck phantom
are shown in figure 4.11. The MR image shows different signal intensities for the
main body, bone surrogate material, brain surrogate material and the spinal cord
tube attached at the back. An example of the line profiles obtained at position
C2 is displayed in figure 4.12, showing the sloping edges of the PET radioactivity
concentration peak past the edges of the tube compared to the sharp edge and
consistent signal measured from the T1 MR image.
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Figure 4.10: A plot showing FWHM of the "spinal cord" tube measured from PET
and MR images at each vertebral position for the head and neck phantom.

Figure 4.11: Sagittal slices of the Head and Neck phantom acquired with T1
weighted MRI (A) and with PET image overlaid (B). The tube is of constant diam-
eter attached to the back of the phantom, however it isn’t exactly aligned with the
acquisition plane.
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Figure 4.12: An example of a line profile for the spinal cord surrogate tube for
PET and T1 MRI signal intensity at position C2.

Figure 4.13: A plot showing measured radioactivity concentration in the tube at
each vertebral position for the head and neck phantom.
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Mean radioactivity concentration measured in ROI’s within the tube decreases
with vertebral position from the neck to the shoulders, as displayed in graph
B of figure 4.13. When decay corrected to acquisition start time, an activity of
69kBq/ml is expected to be detected. The highest measured activity is 30.5kBq/ml
at C2, which is 43.8% of the expected activity, and decreases to the lowest mea-
sured activity of 20.7kBq/ml at T2.

The attenuation maps, or pseudo-CT images, generated within the on board
scanner reconstruction software are shown in figure 4.14. These indicate that some
areas of the ceramic resin representing bone structures have been assigned as a
low density tissue, similar to the lungs, in the chest area. In figure 4.14 this is
most clear where the body of the vertebra appears black, indicating a low linear
attenuation coefficient is assigned. However, in the shoulders bone features are
assigned a higher attenuation value. For accurate attenuation correction, it would
be expected that all bone features have a higher linear attenuation coefficient than
the surrounding background tissue and lung.

The head insert, shown in figure 4.15, also shows activity outside the point
source as measured on MRI. The FWHM of the head insert in the T1 weighted
MR images is 3.50mm, but increases to 4.47mm in PET images. Measurements
were taken in both x and Y transaxial planes, then averaged. This shows a 27.7%
increase in the size of the point source.

Figure 4.14: Example slices in axial and sagittal views of the attenuation map
generated of the Head and Neck Phantom from a Dixon MR acquisition, displayed
as linear attenuation coefficient in µm−1.
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Figure 4.15: Sagittal slices of the Head and Neck phantom at the head position,
acquired with T1 weighted MRI (A) and with PET image overlaid (B).

4.4 Discussion

The results presented here are in line with previously published contrast recovery
performance for [18F]FDG on the GE SIGNA PET/MR [140], which also show a
decrease in CRC with sphere size. For the NEMA IEC Body Phantom, images re-
constructed with Q.Clear measured higher radioactivity concentration and higher
CRC, with CRC reaching over 90% for the 22mm [18F] FDG filled sphere. Contrast
recovery coefficient drops in the larger spheres (28mm and 37mm), however these
are filled with water only, and a measured radioactivity concentration above zero
can reasonably be expected when scatter and background are considered.

The results measuring the FWHM of the spheres suggest some insight into
why this decrease in measured radioactivity concentration occurs. Each [18F]FDG
filled sphere is underestimated by at least 13%, and in some cases up to 27%. The
inaccurate measurement of the sphere sizes suggests PET resolution may not be
accurate to image features on this scale, giving rise to partial volume effects which
reduces quantified activity concentration measured within the spheres.

However, this same underestimation in size is not observed in the tube used
to simulate the spinal cord in the Head and Neck phantom. This may be due to
phantom geometry, deforming of the tube shape during the experiment leads to
inconsistent diameter in some regions, although the diameter of the tube already
doesn’t accurately reflect changes in human anatomy, which generally decreases
into the thoracic spinal cord. In an adult human the diameter may be as small
as 6mm [34], so it could be expected that more impact from PVE would occur
in these regions. There are also no axial contributions to the PVE due to it’s
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Tissue CT
Hounsfield
Units

PET linear
Attenuation
Coefficient
(cm−1)

T1
Relaxation
time at 3T
(ms)

T2
Relaxation
time at 3T
(ms)

Cortical Bone 1000 to 2000 0.130 to 0.172 400 0.3 to 0.5
Muscle 25 to 40 0.094 to 0.100 800 to 1000 25 to 35
Lung -200 to -500 0.018 to 0.027 1000 0.7 to 1
Spinal Cord 35 to 40 - 800 to 1000 70 to 80

Table 4.2: Tissue properties and ideal tissue mimicking phantom of the spinal
cord should aim to replicate for assessment of spinal cord imaging in PET/MR.
Values for tissue properties reported in a range of literature sources [11–17]

cylindrical geometry as there are for the spheres of the NEMA phantom.

The tube also isn’t submerged in background activity, but rather is attached to
the outside of the phantom. In this respect, the spinal cord surrogate is an inaccu-
rate physical representation, as the tube is effectively a larger line source suspend
in air. This changes its position relative to the highly attenuating vertebral bone
features. However, a decrease in measured radioactivity concentration relative to
the administered activity is still seen in the results for mean ROI radioactivity
concentration. This may be due to incorrectly applied attenuation correction. As-
signing large sections of the vertebra, the most dense material in the phantom,
with an air or lung linear attenuation coefficient will lead to under-correction of
PET activity along the affected lines of response. This mainly occurred in the re-
gion of the chest and shoulder sections of the phantom, but not in the neck, which
would provide some explanation as the why measured radioactivity concentration
decreases along the length of the tube from the base of the head into the chest.
This is also true in clinical scanning, where bone in Dixon derived PET/MR at-
tenuation maps is assigned the same value as soft tissue, which can lead to an
underestimation of activity in the spine [58].

The head and neck phantom was modified for this experiment, but still did
not reflect the anatomy under investigation. Ideally, a custom built phantom for
the spinal cord would feature a section of the neck and chest with a fillable 1cm
diameter tube insert running through the spine surrogate material to more closely
simulate the anatomy of the spine and spinal cord. We would propose that such
a phantom should aim to replicate both MR and PET tissue properties for the
anatomy of interest, the properties of which are displayed in table 4.2.

Whilst acquiring phantom data was useful in identifying areas of investigation
in spinal cord PET/MRI, neither phantom was able to replicate the conditions in
clinical spinal cord imaging for both PET and MRI. Considering the information
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gained from the literature review, it was determined that the cost, timescale and
workload required to create a tissue mimicking phantom for the spine and spinal
cord in PET/MRI would constitute a substantial project in itself. As a result,
further phantom work for this project used the computational phantom - the XCAT
version 2 mathematical phantom, created by Segars et al. [192] at Duke University,
and widely used as a computational phantom in Nuclear Medicine.

4.5 Conclusion

Analysis of the phantom acquisitions from this experiment revealed two sources
of error for investigation into their impact on spinal cord PET/MRI. By measuring
radioactivity concentration and line profiles across phantom features of compa-
rable size to the spinal cord diameter, we have found the size and boundaries
of these features to be inconsistent with their true extent. This indicates that an
investigation into partial volume effects in the spinal cord is required.

Secondly, when assessing the attenuation map for the head and neck phantom,
we have found features that do not produce an MR signal have been incorrectly
assigned when the attenuation map is derived from the Dixon MR sequence. As
this applies to cortical bone, a tissue with close proximity to the spinal cord, an
investigation into the impact of MR derived attenuation correction on spinal cord
imaging in PET/MR is also needed.



Chapter 5

Quantification of [18F]FDG in the
Spinal Cord for PET/MRI

5.1 Introduction

Combined Positron Emission Tomography and Magnetic Resonance Imaging (PET/
MRI) has been used extensively in the research of neurological conditions in the
brain, however, no reliable imaging biomarkers in the spinal cord have been found
for a number of neurodegenerative diseases [35]. Previous studies looking at
spinal cord PET and PET with computed tomography (PET/CT) in adults have
observed a generally decreasing pattern of [18F]FDG uptake in the spinal cord
from cervical to thoracic spine with a peak in the lower cervical spine[26, 101, 193].
This peak in activity at the lower cervical spine has been explained as being due to
an increased amount of grey matter and enlargement of the spinal cord diameter
at this position [26]. However, partial volume effects may lead to underestima-
tion of activity in other regions of the spinal cord with a smaller (< 10mm) size
[193]. Additionally, it is reported that there are quantitative differences in the
spinal cord uptake between PET/CT and PET/MRI [5]. One explanation is that
the properties of bone are not accounted for in attenuation and scatter correction
in PET/MRI when using attenuation maps derived from a Dixon MRI sequence.
Some brain imaging protocols implement a Zero Echo Time (ZTE) or Ultrashort
Echo Time (UTE) sequence [64, 194], allowing for the skull to be delineated and as-
signed bone attenuation values However, no commercially available software has
implemented solutions for other areas of the body [195]. Some attempts to resolve
attenuation correction challenges have lead to investigations into deep learning
[196] and other novel methods such as dual tracer imaging to implement an addi-
tional bone tissue class into pseudo-CT generation [197].

85



86 5.2. Methods and Materials

The first aim of this study is to investigate whether failing to fully account
for attenuation and scatter contributions of bone in image reconstruction leads
to errors in measured spinal cord activity. This is achieved through a simulation
study using the XCAT mathematical phantom [192] to simulate an [18F]FDG PET
activity distribution to include the spinal cord, which allows for simulated MR
derived attenuation maps to be compared to a known true attenuation map. We
also investigate how this is impacted by detector resolution and partial volume
effects.

The second aim is to determine whether currently implemented image recon-
struction methods can resolve attenuation correction errors and partial volume
effects in the spinal cord through the use of point spread function (PSF) modelling
and time of flight (TOF) corrections. Use of TOF image reconstruction algorithms
has previously been reported to reduced quantification errors in bones and lungs
when MR derived attenuation maps are used [56], and to improve image contrast
and detection of small lesions [198]. We compare mean Standardised uptake val-
ues (SUVmean) in a section of the spinal cord in images reconstructed from clinical
research data using algorithms implemented in the vendor software. To compare
against attenuation corrected data, the spine is manually segmented for each sub-
ject to introduce as a bone structure into the pseudo-CTs used for attenuation
correction.

5.2 Methods and Materials

5.2.1 Simulation

The XCAT mathematical phantom (version 2) [192] was used to generate [18F]FDG
tracer distributions of organs in the neck and thorax, shown in figure 5.1, for a
single 25cm field of view based on reported uptake in healthy subjects [101, 199–
203]. The values used are listed in table 5.1. We used the XCAT standard male
and standard female phantoms. Phantoms were simulated to a voxel size of 2.1 ×
2.1 × 2.8mm. 511keV photon attenuation maps were also generated for the region
by the XCAT software. Attenuation maps were scaled to units cm−1. Modified
attenuation maps were also generated to simulate those derived from Dixon MRI
sequences, which was achieved by replacing all bone linear attenuation coefficients
≥ 1.2cm−1 with a muscle linear attenuation coefficient of 0.99cm−1 [14]. Both
attenuation maps are shown in figure 5.2.
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Figure 5.1: The male XCAT phantom as simulated in this project, with an [18F]FDG
distrbution for 1 field of view of the neck and thorax, scale is in units of kBq/ml.

Figure 5.2: The attenuation maps of the male XCAT phantom as simulated in
this project, with A) showing the original 511keV photon attenuation map, and B)
showing the same map with bone features removed to simulate an MR derived
attenuation map, scale in units cm−1.

Each XCAT distribution was forward projected using SIRF [28] to generate a
sinogram of the distribution. Attenuation correction factors (ACFs) were obtained
from the attenuation maps with bone attenuation coefficients present, and scat-
ter was calculated using the Single Scatter Simulation (SSS) algorithm in STIR
[27]. The XCAT activity, ACF and scatter sinograms were combined for sinograms
simulating acquired PET data [204]. Poisson noise was added to sinogram data
by scaling the number of counts in the sinogram to a value representative of the
acquired PET and randomly drawing samples from a Poisson distribution. The
sinogram was then scaled back to the original number of counts prior to image
reconstruction. Time of flight information was not included in simulated data.
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Organ Organ
Activity
(male
XCAT)
kBqml−1

Organ
Activity
(female
XCAT)
kBqml−1

Reference

Spinal Cord 8.75 8.5 Patel et al. [101]
Cervical Vertebrae (Marrow) 7.6 8 Shen et al. [199]
Thoracic Vertebrae (Marrow) 8.8 9 Shen et al. [199]
Myocardium (LV) 26 33.5 Zincirkeser et al. [200]
Lung 3 3 Zincirkeser et al. [200]
Aorta (Ascending) 9.5 9.5 Zincirkeser et al. [200]
Aorta (Descending) 10 8.5 Zincirkeser et al. [200]
Vena Cava 8.5 8 Zincirkeser et al. [200]
Thyroid 7.5 7.5 Zincirkeser et al. [200]
Salivary Glands 8.5 9.5 Zincirkeser et al. [200]
Nasopharynx 8.5 9.5 Zincirkeser et al. [200]
Tongue 9.5 9.5 Zincirkeser et al. [200]
Tonsil 19 18.5 Zincirkeser et al. [200]
Esophagus 7.9 7.9 Ramos et al. [201]
Larynx 16.5 16.5 Ramos et al. [201]
Lymph 12.5 12.5 Kang at al. [203]
Cerebra 44.5 47.5 Zincirkeser et al. [200]
Cerebellum 33.5 37 Zincirkeser et al. [200]
Breast - 2.15 Ramos et al. [201]
Blood Pool (Heart) 10 10 Heusch et al. [202]
Muscle (Background) 3.7 3.7 Heusch et al. [202]
Skin 4.7 4.7 Ramos et al. [201]

Table 5.1: PET organ activities used in assigning uptake when configuring the
XCAT phantoms, calculated from values reported in literature. Where SUV was
reported, organ activity was estimated for an administered activity of 400MBq and
body weights supplied for the relevant XCAT phantoms. In cases where values
were not segregated by sex the same value was used in both phantoms.
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ACFs and scatter were also calculated for the attenuation maps without bone
to be used during image reconstruction. Simulated sinograms were reconstructed
using an Ordered Subset Expectation Maximisation (OSEM) algorithm (28 subsets,
2 iterations, voxel size 2× 2× 2.8mm) with attenuation and scatter correction. Im-
age reconstruction for each phantom was performed twice: once with attenuation
and scatter correction calculated from the attenuation map with bone and once
with corrections calculated from the attenuation map without bone. A schematic
of the main processes involved in this simulation is shown in figure 5.3. Point
spread function (PSF) modelling was not included.

Figure 5.3: A simple schematic of the simulation and image reconstruction pro-
cess as described in this chapter. Step A) represents the forward projection of the
phantom distributions to sinogrma data, b) represents the calculation of correc-
tion factors for the two different image reconstruction methods and C) represents
reconstruction of the corrected data to the resulting images.

To perform simulations at scanner resolution, the average distance of the spinal
cord to the image centre was measured on patient acquisitions so that NEMA
performance results for the scanner could be used to determine an appropriate
resolution for the simulation representative of spinal cord acquisitions. From an
average distance of 2.4cm, a transaxial resolution of 4.4mm and an axial resolution
of 6mm, which was simulated by applying a 3D Gaussian filter to the generated
XCAT activity distributions and attenuation maps using ImageJ [205]. The simula-
tion and image reconstruction process in STIR was repeated as described above for
these filtered XCAT phantom distributions to simulate sinogram data and images
acquired on a scanner detector resolution representative of a clinical PET/MRI
scanner.
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Analysis

5mm spherical ROIs were drawn in the spinal cord at each vertebral level corre-
sponding to vertebra C1 to T5. Mean activity and standard deviation were mea-
sured for each ROI.

Measurements were averaged for the male and female XCAT phantom images
and linear regression was performed using mean measured uptake from each
ROI to demonstrate the trend of activity along the length of the spinal cord, with
95% confidence intervals also calculated. Wilcoxon signed rank test was used
to determine the statistical significance of results, as this analysis is suitable for
non-parametric paired data. Results are considered statistically significant where
P < 0.05.

5.2.2 Clinical Acquisition

Imaging was performed on the SIGNA PET/MR scanner (GE HealthCare Inc.) in
accordance with the Declaration of Helsinki, with ethics committee approval and
all participants gave written informed consent. Two participants were adminis-
tered 250MBq [18F]FDG 60 minutes before acquisition. This gives a mean effective
radiation dose of 4.75mSv to the patient, using the conversion of 0.19mSv/MBq as
stated in International Commission on Radiological Protection (ICRP) report 106
[206]. PET data was acquired at two bed positions for 10 min per bed in head-first
supine orientation. MRI was performed simultaneously to PET using the body
coil for the dedicated attenuation correction Dixon and Zero Echo Time (ZTE)
sequences, as well was as the following anatomical sequences using a head and
neck coil: axial T1-weighted Fast Spin Echo (FSE) and Axial T2-weighted FLAIR
(Fluid Attenuated Inversion Recovery) for the brain, and sagittal T2-weighted FSE,
Sagittal T1-weighted FLAIR and Axial T2-weighted FSE of the spinal cord.

PET image reconstruction was performed offline using the vendor-provided
software Duetto version 02.18, using both OSEM and TOFOSEM (Time of Flight
OSEM) with 28 subsets and 2 iterations to a voxel size 2.3 × 2.3 × 2.8mm. Recon-
structions with PSF modelling were performed separately to the same parameters.
MR-derived attenuation correction was used with ZTE sequences included for the
head, and built-in templates for MR coils [207]. Images were reconstructed both
without any post-filtering and with a 5mm transaxial Gaussian filter and 3-point
axial convolution filter of [1 4 1] applied post reconstruction. All parameters were
chosen as representative of clinical use cases.

Reconstructions were also performed using the Q.Clear algorithm, a Bayesian
penalised likelihood reconstruction method (GE HealthCare Inc.) with a single
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parameter beta (b) that can be modified by the user. This dictates the strength of
the prior as shown in equation 2.4 (denoted at β). Q.Clear and TOF Q.Clear were
performed with b = 100, 200, and 400, all of which are initialised using a 2 iteration
OSEM reconstruction. Q.Clear reconstruction improves signal to noise ratio and
visual detection of lesions, however previous work to quantify measured activity
and contrast recovery has shown that b ≤ 400 is required for features with less
than 10mm diameter without losing signal intensity and contrast to noise ratio
(CNR) [68], so optimisation of higher beta values was not pursued in this study.

Introducing Vertebral Bone to Attenuation Correction

Another avenue of investigation into the effects of vertebral bone in attenuation
correction was to introduce vertebral bone into the image reconstruction process
for participant acquisitions. Cortical bone in the vertebra was manually segmented
using the software 3DSlicer 5.6.1 [208] from ZTE, and anatomical T1 and T2 images
acquired simultaneously with PET for study participants.

Pseudo-CTs derived from Dixon MR images, from which attenuation maps are
calculated and are displayed in Hounsfield units (HU), were modified by introduc-
ing the vertebral bone segmentations as areas with 800HU [11]. These pseudo-CTs
were then used for attenuation and scatter correction, and image reconstruction
was performed as described in section 6.2.2.

Analysis

Activity is normalised to body weight and displayed as Standardised uptake val-
ues (SUVbw), which is used in all results presented for this part of the study.
Spherical ROIs, 5mm in diameter, were drawn in the spinal cord at each vertebral
level on the T2 weighted MRI from C1 to T4 and used to mean SUV (SUVmean)
and standard deviation for each ROI in the PET images.

SUVmean for each ROI was averaged over both patient acquisitions and linear
regression was performed to demonstrate the trend of activity along the length
of the spinal cord. Wilcoxon signed rank test was used to determine the statis-
tical significance of results, with Bonferroni corrections applied where test were
applied to compare several different results. The Bonferroni correction is a con-
servative safeguard against type 1 errors in statistical analysis, by dividing the
usually accepted significance value of P > 0.05 by the number of times the test is
run.
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5.3 Results

5.3.1 XCAT Simulations

For the XCAT phantom simulated at 2mm resolution, a decreasing pattern of up-
take along the length of the spinal cord is measured, as shown in figure 5.4, despite
a constant value initially assigned in the XCAT distribution. When bone features
are maintained in attenuation and scatter correction, measured uptake in the cer-
vical spine is more consistent with the initial assigned value, but decreases in the
thoracic spinal cord. For images reconstructed without bone included in attenu-
ation maps measured uptake is overall lower then the fully attenuation corrected
images, ranging from 3%-6.7% decrease in the cervical spinal cord and 9.5%-10.4%
in the thoracic spinal cord (P < 0.001).

Figure 5.4: Average activity measured in the spinal cord at each vertebral position
for images of the simulated XCAT phantoms at high resolution (2 × 2 × 2.8mm)
when reconstructed using an attenuation map with or without bone.
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Figure 5.5: Average activity measured in the spinal cord at each vertebral position
for images of the simulated XCAT phantoms at scanner resolution (4.2 × 4.2 ×
6.1mm) when reconstructed using an attenuation map with or without bone, with
trendlines calculated by linear regression.

Figure 5.6: Graphs comparing different simulated detector resolution when recon-
structed using an attenuation map with bone.
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Figure 5.7: Graphs comparing different simulated detector resolution when recon-
structed using an attenuation map without bone (b).

Images reconstructed from sinograms of the XCAT phantom simulated with a
4.2mm detector resolution show a more rapidly decreasing trend in measured up-
take along the length of the spinal cord compared to the higher resolution images,
as shown in figures 5.5, 5.6 and 5.7. This is also shown visually in fig 5.8 where the
difference between the original distribution and reconstructed images is higher in
the thoracic spine. The difference in uptake is measured at a 17.8%-32.2% differ-
ence in images fully attenuation and scatter corrected (P < 0.001) when comparing
different simulated resolutions. The difference in measured activity in the spinal
cord between attenuation correction methods is also greater, giving a 6.4%-14.8%
difference in the cervical spine and 19.4%-23.9% difference in the thoracic spine
(P < 0.001).
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Figure 5.8: Images of the XCAT male phantom reconstructed with OSEM at high
resolution (rows A,B) and scanner resolution (rows C,D) with rows B and D using
attenuation maps without bone. The last image in each row shows the difference
between reconstruction and original simulated distribution.
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5.3.2 Clinical Acquisitions

SUVmean in images reconstructed with vertebral bone added to pseudo-CT’s for
attenuation correction was increased across all algorithms, compared to using the
original MR derived pseudo-CT. In non-TOF OSEM reconstructions, this corre-
sponds to a 1.7%-11% increase in SUVmean in the cervical spinal cord and 10.7%-
16.4% in the thoracic spinal cord (P < 0.001) when the spine is included for at-
tenuation correction, as demonstrated by the trends displayed in figure 5.9. An
example of the modified pseudo-CT, incorporating vertebral bone as segmented
from MR, is provided in figure 5.10.

Figure 5.9: Linear trend lines of average measured activity along the spinal cord
for PET images reconstructed using an OSEM algorithm with an MR derived at-
tenuation map and an attenuation map with segmented vertebral bone added.
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Figure 5.10: An example of pseudo-CT’s used to derive attenuation maps when
created from Dixon MRI sequence by the vendor software (A) and with segmented
cortical bone from the spine added (B)

Figure 5.11: Linear regression of SUVmean along the spinal cord for images recon-
structed with TOFOSEM with PSF modelling, showing measurements for images
with and without the vertebral bone segmentation included in the attenuation
map.
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Figure 5.12: Examples of PET images reconstructed using different image recon-
struction algorithms for the same acquisition, with no post-filtering applied, dis-
played in SUVbw. The algorithms used are OSEM (A), OSEM-PSF (B), Q.Clear (C),
TOFOSEM (D), TOFOSEM-PSF (E), TOF Q.Clear (F).

Using time of flight (TOF) algorithms, as in figure 5.11, reduces the difference
between reconstructions with and without vertebral bone attenuation to 0.7%-6.6%
for TOFOSEM-PSF (P < 0.001), compared to the 1.9%-17.2% when OSEM-PSF is
used. Changes to SUVmean in the spinal cord following TOF correction are not
considered significant when compared to the same algorithm without TOF (0.03 ≤
P ≤ 0.7 for compared algorithms, with significance taken to be α = 0.017 following
Bonferroni correction for 3 comparisons). This is highlighted in figure 5.12, which
displays images for the same patient and same pseudo-CT reconstructed with each
algorithm option available, with no obvious differences in the spinal cord.

Applying PSF corrections doesn’t introduce any change to the trend in activity
along the spinal cord (P = 0.6 for MR derived pseudo-CT and P = 0.9 for modified
pseudo-CT, shown in figure 5.13) or impact the comparison between attenuation
correction approaches at the chosen parameters of 2 iterations and 28 subsets,
as shown in figures 5.14. However, figures 5.16 and 5.18 demonstrate that at an
increased number of iterations images reconstructed with PSF correction do see
an increase in measured activity for OSEM and TOF-OSEM algorithms (P = 0.01
and P = 0.05 respectively at 10 iterations), and this is greater than the increase
from OSEM convergence alone (figures 5.15 and 5.17. However, as displayed in
figure 5.19, increasing the number of iterations significantly increases noise in the
final images.
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Figure 5.13: Linear trend lines of average measured activity along the spinal cord
for PET images reconstructed with attenuation corrected with an MR derived at-
tenuation map, using an OSEM algorithm at 2 iterations and 28 subsets, with and
without PSF correction applied.

Figure 5.14: Linear trend lines of average measured activity along the spinal cord
for PET images reconstructed using an OSEM algorithm with PSF correction, and
attenuation corrected with an MR derived attenuation map and an attenuation
map with segmented vertebral bone added.
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Figure 5.15: Linear regression of SUVmean along the spinal cord for images recon-
structed with OSEM with an MR derived attenuation map. Dashed lines indicate
measurements for images reconstructed to 2 iterations while the solid line shows
the same measurements in images reconstructed to 10 iterations.

Figure 5.16: Linear regression of SUVmean along the spinal cord for images re-
constructed with OSEM-PSF, with an MR derived attenuation map. Dashed lines
indicate measurements for images reconstructed to 2 iterations while the solid line
shows the same measurements in images reconstructed to 10 iterations.
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Figure 5.17: Linear regression of SUVmean along the spinal cord for images re-
constructed with TOFOSEM, with an MR derived attenuation map. Dashed lines
indicate measurements for images reconstructed to 2 iterations while the solid line
shows the same measurements in images reconstructed to 10 iterations.

Figure 5.18: Linear regression of SUVmean along the spinal cord for images recon-
structed with TOFOSEM-PSF, with an MR derived attenuation map. Dashed lines
indicate measurements for images reconstructed to 2 iterations while the solid line
shows the same measurements in images reconstructed to 10 iterations.
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Figure 5.19: Example images for images reconstructed with TOFOSEM-PSF at 2
iterations (A) and 10 iterations (B). The image becomes sharper and recover more
activity in the spinal cord at higher iterations but with a large increase in image
noise.

Figure 5.20: Linear trend lines of average measured activity along the spinal cord
for PET images reconstructed using the Q.Clear algorithm, with attenuation cor-
rected with an MR derived attenuation map and an attenuation map with seg-
mented vertebral bone added.
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The same trends were observed in images reconstructed using the Q.Clear al-
gorithm, demonstrated in figure 5.20 and 5.21. Changing beta in TOF Q.Clear
reconstructions introduced small quantitative changes (P < 0.001 for β = 100 to
β = 400, P = 0.002 for all other comparisons) with SUVmean decreasing with in-
creasing beta, as shown in figure 5.22. Of the beta values tested, assigning b = 100
gave the smallest difference in SUVmean between images reconstructed with the
MR-derived and modified pseudo-CT’s for attenuation correction, ranging from
0.6%-5.2%. This result was the smallest range of difference in SUVmean found when
comparing images reconstructed with different attenuation correction pseudo-CTs
in this study.

Figure 5.21: Linear trend lines of average measured activity along the spinal cord
for PET images reconstructed using the TOF Q.Clear algorithm, with attenuation
corrected with an MR derived attenuation map and an attenuation map with seg-
mented vertebral bone added.
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Figure 5.22: Histogram of SUVmean in the spinal cord by vertebral position for
images reconstructed using TOF Q.Clear with beta = 100, 200, 400.

Examples of images for each OSEM algorithm used with and without post-
filtering are displayed in figures 5.25 and 5.26. Images with post-filtering applied
demonstrate the same trends in SUVmean along the spinal cord, but with an reduc-
tion in measured activity by 1.1%-20.7%. This was only considered significant for
reconstructions with PSF modelling (P < 0.001 OSEM-PSF, P = 0.002 TOFOSEM-
PSF, with an example of this trendline shown in figures 5.23 and 5.24). Differences
between images reconstructed with and without vertebral bone included in the
attenuation maps were also consistent with unfiltered images. In time of flight
reconstructions, the difference in SUVmean between spinal cord ROI in equivalent
images when post-filtering was applied was greater, up to 20.7% of TOFOSEM and
17.9% for TOFOSEM-PSF, than the difference measured when applying different
attenuation correction approaches (range 0.7%-6.6%).

Whilst in all clinical acquisitions the linear trendlines show a decrease in radio-
tracer uptake along the length of the spinal cord, it is apparent from the plotted
data points in figures 5.9, 5.11, 5.13, 5.14, 5.20, 5.21 that the pattern of measured
tracer uptake is consistent at the start of the cervical spine, but decreases rapidly
into the thoracic spinal cord. This is also consistent with visual interpretation of
the images in figure 5.12, as well as the expectation that uptake may be reduced
here due to increased attenuation along LORS in the thorax compared to the neck,
and the known decrease in spinal cord diameter in the thoracic spine.
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Figure 5.23: Linear trend lines of average measured activity along the spinal cord
for PET images reconstructed using an OSEM algorithm with PSF correction and
a Gaussian post-filter applied, and attenuation corrected with an MR derived at-
tenuation map.

Figure 5.24: Linear trend lines of average measured activity along the spinal cord
for PET images reconstructed using an OSEM algorithm with PSF correction and
a Gaussian post-filter applied, and attenuation corrected with an attenuation map
with segmented vertebral bone added.
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Figure 5.25: Examples of PET images with post-filtering (5mm transaxial Gaussian
filter and 3 point axial convolution [1 4 1] filter) applied (bottom row) to OSEM
reconstructed images with and without PSF modelling, displayed in SUVbw.
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Figure 5.26: Examples of PET images with post-filtering (5mm transaxial Gaussian
filter and 3 point axial convolution [1 4 1] filter) applied (bottom row) to TOFOSEM
reconstructed images with and without PSF modelling, displayed in SUVbw.
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5.4 Discussion

XCAT simulation results indicate that disregarding bone in attenuation correction
maps affects the quantification of the activity in the spinal cord, with a statis-
tically significant decrease in measured uptake of up to 10.4% when compared
to fully attenuation corrected images. This is in line with a previous study [58]
reporting on the impact of MR-derived attenuation correction on SUV in spine
lesions, where they conclude that the impact of removing bone from attenuation
maps is dependent on the proximity of the region of interest to bone. Detector
resolution also plays a role in this by reducing overall measured activity by up
to 32.2% relative to the true uptake which we conclude is due to partial volume
effect. This acts in combination with the choice of attenuation correction leading
to a further reduction in activity when bone is ignored in MR derived attenuation
maps, particularly in the thoracic spine. This consideration is important as previ-
ous literature reports a decreased pattern of uptake along the length of the spinal
cord to be physiological [101, 193]. Whilst there is other evidence to suggest this
may be true for [18F]FDG uptake [26, 193], research is ongoing into novel central
nervous system tracers for which this is not the case [209] and the effects presented
in this study may confound results for these studies.

Time of flight is not considered as part of the simulation phase of this study,
which would also improve the localisation of detected photons. These results
suggest that partial volume effects do occur in spinal cord PET, as previously pro-
posed [26], and that partial volume correction should also improve quantification
in the spinal cord. One way in which this is commonly performed is by detector
response modelling, which is not considered during simulation due to the lack of
an appropriate model in the current implementation of SIRF.

In patient data, the addition of cortical bone from the vertebra to attenuation
maps lead to an overall increase in measured uptake in the spinal cord of up to
17.2%. Although this wasn’t as large a difference as demonstrated in simulated
data, it is in line with previous work investigating 5-tissue class attenuation maps
for spinal cord PET/MR [87]. OSEM and OSEM-PSF reconstructions saw the
largest disparity between images reconstructed with or without vertebral bone.
Inserting segmented bone features into attenuation maps can be prone to errors
when applying a Hounsfield unit that is not patient specific [19]. MR derived
segmentation can also be affected by patient motion [210], which is not accounted
for in this study. However, in the absence of same patient CT acquisitions this
provides a useful example of the role vertebral bone plays in attenuation correc-
tion. The PSF modelling used in this software is based on the scanner model and
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includes spatial variation across the field of view, but introducing PSF modelling
didn’t make a significant difference to measured activity in the spinal cord for
the reconstruction parameters used. The OSEM parameters were chosen to reflect
common clinical practice, however, it has been shown that applying PSF in EM
algorithms can slow convergence in early iterations [211]. Subsequently, we have
demonstrated that applying PSF corrections when reconstructing PET data does
lead to an increase in SUVmean in images reconstructed with OSEM and TOFOSEM
to 10 iterations, however this must be balanced with increased image noise and
computation time.

TOF correction caused the inclusion of vertebral bone in attenuation correction
to have less of an impact on measured uptake, suggesting that time of flight in
PET-MR can overcome the barriers faced by a lack of CT or transmission based
attenuation correction. This aligns with previously reported results in other organs
[56]. This may be due to improved contrast recovery and faster convergence in
TOF reconstructions as emission data is better localised [56, 198]. As PET image
reconstruction is a complex problem with multiple sources of error, including
those arising from attenuation and scatter, using TOF algorithms may lead to the
effects of these errors also becoming more localised. Further assessment against a
known ground truth image would help in determining the impact TOF algorithms
have on quantification across the whole image.

Applying post-filtering reduced measured uptake in all cases, to a maximum
reduction of 20.7%. In TOF reconstructions this had a greater impact on SUVmean

in the spinal cord than changing attenuation correction approach, which showed a
maximum of 6.6% change in SUVmean. For small diameter structures, care should
be taken in performing quantification on post-filtered images.

Results from the Q.Clear algorithm displayed the same trends as in OSEM,
with TOF reducing the difference in SUVmean between different attenuation cor-
rection maps from a maximum of 18.3% reduction in SUVmean for Q.Clear to a
maximum of 6.2% with TOF Q.Clear at beta = 200. Increasing beta decreased
measured uptake in the spinal cord, in agreement with previously reported results
[68, 212]. The images reconstructed with beta = 100 gave the lowest difference be-
tween the two attenuation maps, which also corresponds to the previous studies
in suggesting that a beta value of 100 - 200 is more appropriate for applications
with small (< 10mm) regions of interest when using Q.Clear.

5.4.1 Future Work

Future work in this area would be to investigate resolution recovery and partial
volume correction that can be applied to PET data in PET/MRI. Hybrid recon-
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struction algorithms, using anatomical MRI as a prior for PET data reconstruction
[29], could be beneficial in maintaining the distinction between the spinal cord and
surrounding active tissue in PET/MRI, and has previously been implemented for
time of flight PET data [189].

Numerous partial volume correction and resolution recovery methods using
features from other imaging modalities have also been published [49, 103] with
specific interest in this area for application with PET/MR scanners allowing for
readily available spatially registered MR images acquired simultaneously with
PET data [213]. Further investigations into applying these to spinal cord PET
could prove advantageous, given the high resolution and tissue contrast available
in the spine through MRI [214].

5.5 Conclusion

In this study we have demonstrated that in systems without time of flight, ignor-
ing vertebral bone in PET/MRI leads to an underestimation in tracer uptake in
the spinal cord of up to 23.9%, particularly in the thoracic spine. We have also
demonstrated that for a system performance with a 4.4mm resolution, measured
PET uptake in the spinal cord is reduced by up to 32.2% compared to higher
resolution systems. We conclude that this is due to partial volume effects and
has more impact on quantification than ignoring bone in attenuation correction.
Applying TOF correction can reduce disparity in SUVmean between images re-
constructed with and without vertebral bone included in attenuation maps to a
range of 0.7% - 6.6%. Applying PSF modelling to both OSEM and TOFOSEM
reconstruction methods requires a higher number of iterations than is often used
in clinical practice to recover measured uptake, although reconstruction with the
Q.Clear algorithm was able to recover more activity. More research is needed as to
how best to apply partial volume correction in PET imaging to facilitate accurate
quantification of PET tracer uptake in the spinal cord in PET/MRI.



Chapter 6

MR Guided PET Reconstruction
for Spinal Cord PET/MRI.

6.1 Introduction

Anatomically guided PET reconstruction is a longstanding field of research in
medical image reconstruction [30], with the algorithms made more feasible by the
widespread use of combined PET/MR scanners. MRI can provide high resolu-
tion anatomical images with high contrast between different soft tissue structures,
which can be utilised by MR-guided PET image reconstruction algorithms to im-
prove localisation of PET activity and resolution recovery in PET images.

Several approaches have been developed for anatomically guided PET recon-
struction which include anatomical information into an iterative reconstruction
technique. The maximum a posteriori expectation maximisation (MAP-EM) algo-
rithm [215] can be modified to include anatomical information from MR as a prior
[216]. Bowsher et al proposed a method to incorporate an anatomical prior into
Bayesian reconstruction algorithms [71] by computing edge information from an
anatomical image to avoid over-smoothing across edges by the penalisation fac-
tors. This approach is popular, and has since been applied to MAP-EM reconstruc-
tion [67, 217]. Joint entropy (JE) or mutual information (MI) approaches [218] de-
vise a similarity weighting between PET and MR information to further guide the
penalty function in Bayesian reconstruction methods, making the algorithm more
robust to mismatches between PET and MRI. Finally, kernel expectation maximi-
sation (KEM) [74] and the hybrid kernel expectation maximisation (HKEM) [29]
incorporate anatomical information into the more familiar maximum likelihood
(ML) iterative algorithm by constructing a kernel matrix prioritising similarity be-
tween the image update and the kernel matrix.

111
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Simultaneous acquisition of PET and MR improves spatial co-registration of
images and reduces errors in anatomically guided image reconstruction [30, 219],
while the inclusion of both PET and MR information into the image reconstruction
process further reduces the impact of image misalignment between PET and MR
[220, 221]. These methods have been shown to outperform partial volume correc-
tion applied post-reconstruction [217]. Many of these algorithms are demonstrated
for use in brain PET/MRI [22, 67, 74, 216, 217], however, studies in the spinal cord
are lacking. Conditions that affect the wider central nervous system (CNS) such
as Multiple Sclerosis (MS) and Amyotrophic Lateral Sclerosis (ALS) warrant inter-
est in imaging the spinal cord [95, 222], particularly as more CNS specific tracers
continue to be developed [223].

The aim of this study is to establish whether using MR-guided PET recon-
struction algorithms can improve the accuracy of measured uptake in the spinal
cord, when compared to commonly used algorithms OSEM and Q.Clear. The sec-
ondary aim is to determine whether MR-guided PET reconstruction leads to an
improvement in PET image quality compared to OSEM and Q.Clear reconstructed
images.

In this study, we present the first results in applying MR-guided reconstruction
algorithms to spinal cord imaging in PET/MRI. We investigate use of the HKEM
algorithm [29] in the STIR software package [27]. This algorithm has previously
been shown to improve the image quality for PET images of the carotid arteries
[29] and aortic aneurysms [3], which are both small structures in areas of relatively
high background activity.

We also demonstrate the use of MR-guided PET image reconstruction on clin-
ical PET/MR data using an algorithm developed by GE Healthcare in their offline
PET image reconstruction software Duetto (GE HealthCare). This algorithm is
an implementation of a Bowsher’s prior [71] modified to incorporate both PET
and MR data through the calculation of a similarity coefficient between the PET
and MR images, and incorporated into the existing Bayesian penalised likelihood
reconstruction algorithm, Q.Clear [68].

6.2 Methods and Materials

6.2.1 Simulation

The XCAT mathematical phantom (version 2) [192] was used to generate [18F]FDG
tracer distributions of organs in the neck and thorax for a single 25cm field of view
based on reported uptake in healthy subjects [101, 200–202, 224]. We used the
XCAT standard male and standard female phantoms. Phantoms were simulated
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to a voxel size of 2.1 × 2.1 × 2.8mm3. 511keV photon attenuation maps were also
generated for the region by the XCAT software. Attenuation maps were scaled to
units cm−1. Modified attenuation maps were also generated to simulate those de-
rived from Dixon MRI sequences, which was achieved by replacing all bone linear
attenuation coefficients ≥ 1.2cm−1 with a muscle linear attenuation coefficient of
0.99cm−1 [14].

An anatomical MR image of the XCAT phantom was simulated by assign-
ing pixel intensity values for major tissue types in T2-weighted MR images, as
measured from a sagittal T2-weighted FSE image acquired on-site, to the XCAT
phantom in place of organ activity values for the spinal cord, bone marrow, corti-
cal bone, and lung, then assigning a single fat or muscle image pixel intensity to
all other organs and tissues within the field of view. A prior with just the spinal
cord segmented from the synthetic MR was also created for each phantom.

To perform simulations at a scanner detector resolution representative of a clin-
ical PET/MRI scanner, the average distance of the spinal cord to the image centre
was measured on patient acquisitions so that NEMA performance results for the
scanner could be used to determine an appropriate resolution for the simulation
representative of spinal cord acquisitions. From an average distance of 2.4cm, a
transaxial resolution of 4.4mm and an axial resolution of 6mm, which was simu-
lated by applying a 3D Gaussian filter to the generated XCAT activity distributions
and attenuation maps using ImageJ [205].

Each XCAT distribution was forward projected using SIRF (version 3.4.0) [28]
to generate a sinogram of the distribution. Attenuation correction factors (ACFs)
were obtained from the attenuation maps with bone attenuation coefficients present,
and scatter was calculated using the Single Scatter Simulation (SSS) algorithm in
STIR (version 5.0.2) [27]. The XCAT activity, ACF and scatter sinograms were
combined for sinograms simulating acquired PET data [204]. Poisson noise was
added to sinogram data by scaling the number of counts in the sinogram to a
value representative of the acquired PET and randomly drawing samples from a
Poisson distribution. The sinogram was then scaled back to the original number of
counts prior to image reconstruction. Time of flight information was not included
in simulated data.

ACFs and scatter were also calculated for the attenuation maps without bone
to be used during image reconstruction. Simulated sinograms were reconstructed
using an Ordered Subset Expectation Maximisation (OSEM) algorithm (28 subsets,
10 iterations, voxel size 2 × 2 × 2.8mm3) with attenuation and scatter correction.
Image reconstruction for each phantom was performed twice: once with attenu-
ation and scatter correction calculated from the attenuation map with bone and
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once with corrections calculated from the attenuation map without bone. Point
spread function (PSF) modelling was not included. A 5mm Gaussian filter was
applied post-reconstruction as this is often used in the clinical setting.

HKEM image reconstruction (28 subsets, 10 iterations, voxel size 2× 2× 2.8mm3)
was performed with the simulated T2-weighted MR image provided as a prior for
the reconstruction kernel and uses the attenuation map without bone features for
attenuation and scatter correction. One of the previous publications using the
HKEM algorithm segmented the organ of interest from MR images before using
them as a prior [220]. To determine whether the prior should have the organ of
interest segmented out first, reconstructions were also performed using just the
spinal cord segmented from the synthetic T2 MRIs. Parameters for the kernel
used were varied to determine the optimal parameters for most uptake measured.
σdm = 3, σdp = 3 where kept consistent, but σm = 0.1, 1, σp = 0.1, 0.5, 1, and neigh-
bourhood size N = 3, 5 were tested, where σm and σdm are scaling factors for the
MR part of the kernel and σp and σdp are scaling factors for the PET part.

Analysis

5mm spherical ROIs were drawn in the spinal cord at each vertebral level corre-
sponding to vertebra C1 to T5. Mean activity and standard deviation were mea-
sured for each ROI.

Contrast to noise ratio (CNR) and Coefficient of Variation (CoV) were used as
image quality metrics. CNR is calculated as

CNR =
s − b√

SD2
s + SD2

b

(6.1)

where s is the mean value in the spinal cord ROI, b is the mean value in the
reference region. SDs and SDb are the standard deviation in the spinal cord ROI
and the reference region respectively. CoV is

CoV =
σ

µ
× 100 (6.2)

where σ is the ROI standard deviation and µ is the ROI mean. CNR and CoV
were calculated from results averaged across all spinal cord ROI. A 10mm ROI in
the aortic arch was used for the reference region. The aortic arch was chosen as a
reference region due to being the only blood pool region within the field of view,
as other more common reference regions such as the liver and cerebellum were not
simulated as part of this study. Wilcoxon signed rank test was used to determine
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the statistical significance of results, as this analysis is suitable for non-parametric
paired data. Results are considered statistically significant where P < 0.05.

6.2.2 Clinical Acquisition

Imaging was performed on the SIGNA PET/MR scanner (GE HealthCare Inc.) in
accordance with the Declaration of Helsinki, with ethics committee approval and
all participants gave written informed consent. Two participants, a healthy vol-
unteer and an ALS patient, were administered 250MBq [18F]FDG bolus injection
60 minutes before acquisition. PET data was acquired at two bed positions for
10 min each in head-first supine orientation. MRI was performed simultaneously
to PET using the body coil for the dedicated attenuation correction Dixon and
Zero Echo Time (ZTE) sequences, as well as the following anatomical sequences
using a head and neck coil: axial T1-weighted Fast Spin Echo (FSE) and Axial T2-
weighted FLAIR (Fluid Attenuated Inversion Recovery) for the brain, and sagittal
T2-weighted FSE, Sagittal T1-weighted FLAIR of the spinal cord.

PET image reconstruction was performed offline using the vendor-provided
software Duetto version 02.19 using an MR guided list-mode reconstruction al-
gorithm with TOF Q.Clear. The penalisation factor for Q.Clear, beta (b), is user
defined and was set to 0. An initial PET seed is reconstructed with OSEM (30 sub-
set, 1 iteration) and the Sagittal T1- and T2-weighted spine MR images are used to
generate a similarity coefficient for assigning voxel neighbourhoods. Subsequent
image updates apply Q.Clear with noise suppression over pixel neighbourhoods
defined using the similarity weighting between PET and MR anatomical images.
Areas of the PET field of view for which no anatomy is provided are reconstructed
by the Q.Clear algorithm with no additional weighting or penalisation except beta
as a user defined parameter. TOF Q.Clear with b = 200 was used for comparing
algorithm performance. Both of these algorithms include PSF correction.

Reconstructions were also performed using the TOF Q.Clear algorithm for
comparison, with b = 0, 100, 200, and 400, all of which are initialised using a 2
iteration OSEM reconstruction.

Analysis

Activity is normalised to body weight and displayed as Standardised uptake val-
ues (SUVbw), which is used in all results presented for this part of the study.
Regions of interest (ROIs), 5mm in diameter, were drawn in the spinal cord at
each vertebral level on the T2 weighted MRI from C1 to T6 and used to calculate
mean SUV (SUVmean) and standard deviation for each ROI in the PET images.
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SUVbw was averaged over the datasets and a linear regression was performed
to demonstrate the trend of activity along the length of the spinal cord. Wilcoxon
signed rank test was used to determine the statistical significance of results. CNR
and CoV were also calculated using a reference region in the aortic arch.

Figure 6.1: A graph showing the effect of different T2 MR priors on measured PET
uptake in the spinal cord for the male and female XCAT phantoms.

6.3 Results

6.3.1 XCAT Simulations

No difference was found between using the synthetic T2 MR as a prior compared
to segmenting out the spinal cord first, as show in figure 6.1. Graphs showing
the difference in uptake measurements for the XCAT phantoms are displayed in
figures 6.2 and 6.3. Changing σm = σp = 0.1 reduced uptake measured at some
vertebral positions compared to σm = σp = 1, but made no significant differ-
ence to results (Male XCAT phantom p = 0.3, female XCAT phantom p = 0.06).
Similarly, setting σp = 0.5 with σm = 0.1 made no apparent difference to up-
take measurement compared to σm=σp=1 (Male XCAT phantom p = 0.09, female
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XCAT phantom p = 0.06). Therefore, σm=σp=1 was chosen as the optimal HKEM
reconstruction values for comparison with OSEM in line with previously reported
results [3]. Increasing the number of voxels in the voxel neighbourhood N from
3 to 5 reduced measured uptake along the length of the spinal cord (Male XCAT
phantom p = 0.04, female XCAT phantom p = 0.02). This is to be expected, as
this permits smoothing over a large area of voxels, which improves image quality
metrics whilst smoothing the signal intensity over the larger neighbourhood. As
a result, N=3 was chosen as the optimal value for HKEM reconstructions.

Figure 6.2: A graph showing the effect of different HKEM parameters on mea-
sured PET uptake in the spinal cord for the male XCAT phantom.

Images of both XCAT phantoms with OSEM and HKEM algorithms, and dif-
ference images are presented in figure 6.4. HKEM reconstructions appear markedly
different to OSEM reconstructions, particularly in noise present across the entire
image, which is shown in rows A and C of figure 6.4. However, when compared
to post-filtered OSEM reconstructions, the difference between images is reduced
and remains predominantly in the areas of the brain, with slight difference visible
in the spinal cord (rows B and D of figure 6.4). However, this could be a reflection
of the fact that both images have much less noise and lower coefficient of variation
than the OSEM reconstructed images without post-filtering, given that the images
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Figure 6.3: A graph showing the effect of different HKEM parameters on mea-
sured PET uptake in the spinal cord for the female XCAT phantom.

themselves show different quantitative values for spinal cord ROIs in figure 6.5
and 6.6.

Analysis of measured activity uptake in the spinal cord showed an average
increase in measured uptake of 3.9% in the HKEM male XCAT phantom image
compared to OSEM, and a maximum of 12% increase at T3, visible in figure 6.5.
Differences were statistically significant with a p-value of p = 0.03. Image quality
metrics are displayed in table 6.1, and are improved in the HKEM image (CNR =

0.86, CoV = 17.7%) compared to OSEM (CNR = 0.31, CoV = 46.1%). Image
quality metrics are further improved for post-filtered OSEM images (CNR = 2.2,
CoV = 5%), however the dashed line in figure 6.5 shows that measured uptake is
decreased throughout the spinal cord in these images.

In the female XCAT phantom, the average increase in measured uptake is over-
all much smaller, with an average increase of 0.7% in measured uptake in the
HKEM image, despite the larger maximum increase of 18.4% at C1. This is shown
in graph B of figure 6.6, which also demonstrates that in the female phantom, mea-
sured uptake in the HKEM is generally increased in the cervical spine compared
to OSEM, but decreased in the thoracic spine (p = 0.62). Image quality metrics
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Figure 6.4: Images of the XCAT male (rows A,B) and female (rows C,D) phantoms
reconstructed with OSEM (first column) and HKEM (second column). Rows B
and D show post-filtered reconstructed OSEM images. The last image in each row
shows the difference between OSEM and HKEM reconstruction.

Reconstruction Average CNR Average CoV
Algorithm Male XCAT Female XCAT Male XCAT Female XCAT

OSEM 0.3 0.6 46% 36%
OSEM + Post Filter 2.2 3.9 5% 5%

HKEM 0.9 1.5 18% 16%

Table 6.1: Image quality metrics in reconstructed PET images of the XCAT phan-
toms for OSEM, Post-filtered OSEM and HKEM algorithms, for ROIs in the spinal
cord.
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are also improved in the HKEM image (CNR = 1.52, CoV = 15.7%) compared to
OSEM (CNR = 0.59, CoV = 35.9%) for the female XCAT phantom. Similarly to
the male XCAT phantom, image quality metrics are furthered improved through
post-filtering OSEM image reconstructions (CNR = 3.9, CoV = 5%), however
quantitative accuracy is once again reduced in figure 6.6.

Figure 6.5: A graph showing measured uptake along the spinal cord for the male
xcat phantom in OSEM, Post-filtered (5mm Gaussian) OSEM and HKEM images.
All images are attenuation and scatter corrected using an attenuation map without
bone, simulating an MR derived attenuation map.

When post-filtering is applied to OSEM images, measured uptake is reduced
compared to both OSEM without post-filtering and HKEM reconstructed images
in both phantoms. In the male phantom, measured uptake in the HKEM recon-
structed image is an average of 4.6% higher (p = 0.02, maximum increased uptake
29.6% at C6) and in the female phantom by an average of 7.4% (p = 0.002, maxi-
mum increased uptake 19.6% at T5). These results are displayed as a dashed line
in figure ??. CNR for the post-filtered OSEM images is lower than the HKEM
reconstructed image for the male XCAT phantom (CNR = 0.7), but not the female
XCAT phantom (CNR = 3.9). However, CoV is lower in post-filtered OSEM im-
ages the HKEM reconstructed images in both cases (male phantom: CoV = 4.4,
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Figure 6.6: A graph showing measured uptake along the spinal cord for the female
xcat phantom in OSEM, Post-filtered (5mm Gaussian) OSEM and HKEM images.
All images are attenuation and scatter corrected using an attenuation map without
bone, simulating an MR derived attenuation map.

female phantom: CoV = 4.8).
The spinal cord isn’t at a fixed distance from the isocentre for it’s full length.

As resolution varies across the PET field of view, decreasing with transaxial dis-
tance from the isocentre [140], we have shown how uptake changes with ROI
displacement from the centre of the field of view in the transaxial plane in figure
6.7 and6.8. Both phantoms show a decrease in measured uptake with increasing
distance from the image centre, and in figure 6.7, it appears that HKEM recovers
activity well in the distal ROIs, however this isn’t demonstrated for both cases.
These graphs show an expected pattern of uptake, as the spinal cord is further
from the isocentre as it moves along the thoracic spine. A reduced uptake along
the length of the thoracic spinal cord is expected as the cord diameter is smaller
in this region compared to the cervical spine [34].
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Figure 6.7: A graph showing measured uptake in the spinal cord for the male xcat
phantom against ROI displacement from the centre of the field of view transaxi-
ally.

Figure 6.8: A graph showing measured uptake in the spinal cord for the fe-
male xcat phantom against ROI displacement from the centre of the field of view
transaxially.
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6.3.2 Clinical Acquisitions

Images of both clinical subjects reconstructed with TOF Q.Clear and MR-guided
Q.Clear are displayed in figure 6.9. The MR-guided reconstructed images maintain
the noise suppression provided by Q.Clear, but visibly enhance anatomical edges
of the spine and spinal cord. As a result, resolving between bone marrow uptake
and spinal cord uptake in the thoracic spine is visually clearer in image C of both
figures compared to images A or B.

Figure 6.9: [18F]FDG PET images of a volunteer (row A) and Amyotrophic Lateral
Sclerosis (ALS) patient (row B) reconstructed with TOF Q.Clear, MR-guided TOF
Q.Clear and showing a difference image betweens the reconstruction algorithms.

Given the difference in HKEM performance during the simulated study be-
tween the male and female phantom presented in 6.3.1, results here are also seg-
regated with graphs showing SUVmean against vertebral position presented for
both subjects in figures 6.10 and 6.11. However, in both cases the MR-guided
reconstruction shows an increased uptake in the spinal cord when compared to
TOF Q.Clear (average increase in measured uptake: 24.7%, p ≤ 0.001 and 50.6%,
p ≤ 0.001) reconstructed images. This is demonstrated by looking at plots of
SUVmean averaged over both patients in figure 6.12, where the higher quantifica-
tion in MR guided reconstruction is seen compared to TOF Q.Clear for comparable
values of beta (p = 0.49).

As demonstrated in the XCAT phantom, both the patient and volunteer show a
decrease in SUVmean in ROIs measured further from the centre of the field of view,
show in figures 6.13 and 6.14. In both cases, MR guided reconstruction is able
to recover more activity in distal ROIs than TOF Q.Clear, and this is particularly
prominent in figure 6.13.
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Figure 6.10: A graph showing SUVmean along the spinal cord in a volunteer recon-
structed with TOF Q.Clear and MR guided TOF Q.Clear algorithms.

Only one subject had the reference region within the MR field of view, so image
quality metrics are only reported here for those datasets, displayed in table 6.2. At
an average CNR of 1.94, the MR-guided reconstruction outperforms a comparable
TOF Q.Clear with b = 0 (CNR = 1.00), but higher b gives a higher CNR. CoV is
higher also higher (CoV = 19%) than TOF Q.Clear with b = 0 (CoV = 43%) and
comparable to b = 100 (CoV = 19%), indicating that MR guidance is reducing
image noise.

Reconstruction Algorithm Average CNR Average CoV
TOF Q.Clear (b = 0) 1.00 43%

TOF Q.Clear (b = 100) 2.32 19%
TOF Q.Clear (b = 200) 3.42 12%

MR Guided TOF Q.Clear 1.94 19%

Table 6.2: Image quality metrics for a clinical acquisition reconstructed with TOF
Q.Clear (b = 0, 100, 200) and MR-guided Q.Clear, for ROIs in the spinal cord.
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Figure 6.11: A graph showing SUVmean along the spinal cord in an ALS patient
reconstructed with TOF Q.Clear and MR guided TOF Q.Clear algorithms.

Figure 6.12: A graph showing the average SUVmean along the spinal cord when
reconstructed with TOF Q.Clear for different b values and MR guided TOF Q.Clear
(b = 0).
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Figure 6.13: A graph showing SUVmean along the spinal cord in a volunteer against
ROI displacement from the centre of the field of view transaxially.

Figure 6.14: A graph showing SUVmean along the spinal cord in an ALS patient
against ROI displacement from the centre of the field of view transaxially.
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6.4 Discussion

6.4.1 XCAT Simulations

In optimising the HKEM algorithm for measuring tracer uptake in the spinal cord,
we opted for a smaller voxel neighbourhood for the kernel of N = 3 compared to
previous studies where image quality metrics were prioritised [3]. However, other
changes to parameters made only small differences to both measured uptake and
image quality metrics. As the HKEM algorithm is still establishing use cases,
there’s a lot to be explored here in balancing MR and PET kernel contributions to
each image update given the many possibilities permitted for unequal weighting
of the factors.

Significant improvement to measured uptake compared to OSEM was ob-
served in the male phantom. HKEM also shows a good recovery of activity both
near the centre of the field of view, and in more distal ROIs in the transaxial plane,
despite a known decrease in detector resolution with distance from the isocentre.
In figure 6.6 it appears that HKEM underestimates spinal cord activity most in
the thoracic spine of the female phantom. This is region of the spinal cord has a
smaller diameter compared to the cervical spine. No previous patient studies in
adults have shown sex differences in spinal cord uptake for [18F]FDG PET [26],
but aspects of the different phantom models and how they are set up could be
a factor. For example, uptake of vertebral bone marrow has previously been re-
ported to affect measured spinal cord activity [101] due to it’s close proximity to
the spinal cord. Both XCAT phantoms were assigned organ activity values previ-
ously reported in literature [101, 200–202, 224], which leads to the female XCAT
phantom having a higher activity assigned to the vertebra and bone marrow than
the male phantom, whilst spinal cord uptake is slightly lower. Additionally, the
skeletal volume of the spinal column is smaller in the female XCAT phantom [192],
so bone marrow is also be closer to the spinal cord.

In the optimised results, post-filtering OSEM reconstructed images gave the
highest image quality metrics, however, the test with an N = 5 voxel neighbour-
hood size indicate comparable performance to the filter chosen. This highlights the
necessity in choosing HKEM reconstruction parameters according to the desired
application and is in line with previous studies [3, 29]. Note that performance
in image quality metrics doesn’t necessarily indicate that these are the optimal
image reconstruction parameters, particularly where we’re considering noise re-
duction. In the results presented, despite reduced noise and increased CNR, the
post-filtered images lose quantitative accuracy. Quantification of tracer uptake is
a crucial measure in PET for both clinical and research applications, and must be
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considered when choosing optimal PET image reconstruction parameters.

6.4.2 Clinical Acquisitions

MR guided PET image reconstruction as implemented in Duetto, and with the
parameters used in this study, gives an increased SUVmean in the spinal cord com-
pared to the currently implemented TOF Q.Clear algorithm. Given the results
demonstrated in the simulation section of this study, it can be inferred that the in-
creased uptake measured in the MR-guided reconstructions represent an increase
in accuracy towards measuring true uptake. In figure 6.13 MR-guided recon-
struction showed a greater increase in SUVmean for distal ROIs, which could be
attributed to resolution recovery by inclusion of the MR prior, as counts further
from the PET isocentre are imaged with lower intrinsic resolution [140].

The edge preservation mechanism creates images that appear sharper, how-
ever there is a risk of losing PET unique features in the image if these parameters
are not appropriately weighted [67]. This occurs more frequently where PET ac-
tivity crosses the boundaries of MR features [220]. Generally, this would not be
expected in spinal cord imaging due to low uptake of [18F]FDG in cerebral spinal
fluid (CSF) [101], indicating that MR guided reconstruction presents a benefit to
spinal cord PET/MR. Here we used parameters largely tested on brain images
previously, so additional work is still needed to optimise reconstruction param-
eters for spinal cord imaging, particularly the weighting of MR and PET priors.
Overall, the reduction in noise and improved resolution at tissue boundaries is a
much more pronounced effect than observed in the study performed using the
HKEM algorithm with the XCAT phantom. Whilst these are not directly compa-
rable due to the fact two different algorithms are assessed, the parameters chosen
for MR guided Q.Clear weight the MR anatomical contribution are very highly
weighted to demonstrate the algorithms utility in image quality improvements,
and may not reflect the optimal parameters for PET clinical and research use.

When compared to TOF Q.Clear, CNR and CoV are improved when MR guid-
ance is used for comparable beta value. This means that noise is reduced in the
resulting PET images despite increasing sharpness at tissue boundaries, which is
beneficial for imaging small structures that can become overly smoothed when re-
ducing noise in PET imaging [76]. There is potential to investigate a combination
of the choice of b with different PET and MR prior weightings.

MR guided reconstruction was applied retrospectively to data that had already
been acquired in this study, however, an investigation into the impact that the cho-
sen MR acquisitions have on reconstructions would also be beneficial. Due to hav-
ing only acquired spinal cord images typical in clinical imaging for Amyotrophic
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Figure 6.15: An example of MR guided PET image reconstruction viewed in the
coronal plane, showing regions where the MR prior doesn’t cover the full PET
field of view. Outside of MR coverage, the PET image is noisy and unclear.

Lateral Sclerosis (ALS) [78], this study used sagittal MRI with low resolution in the
axial plane and a field of view restricted to the spine itself. The parameters chosen
in this study compromise the PET image outside the MR field of view, which is
more apparent when viewing other image planes such as the coronal displayed in
figure 6.15. Therefore either a large field of view MR sequences would be needed
to cover all anatomy, or the weighting of the MR prior may be too high if we are
unable to resolve PET features without it. Increasing b may also reduce noise out-
side the MR field of view to present clearer images. For some applications it may
be reasonable to reconstruct both a TOF Q.Clear for the full field of view to assess
wider anatomy, whilst using MR guided reconstruction to focus on an organ of
interest.

6.4.3 Limitations

STIR doesn’t have robust PSF modelling for PET data reconstruction, limiting the
resolution recovery of reconstructions performed within the framework. It would
help to improve partial volume effect by utilising both HKEM and PSF modelling.
The GE Healthcare PET Toolbox includes PSF modelling in MR guided PET re-
construction, so this limitation no longer applies to these images.

By assigning the XCAT phantom PET tracer uptake from values reported pre-
viously reported in PET imaging, the values assigned will have been affected by
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partial volume errors and attenuation correction errors that have been identified in
this thesis. This means that we may be propagating some effects in the simulated
data. For example, if measured uptake is reduced in the spinal cord due to partial
volume effect, then our XCAT phantoms are already starting out the study with
lower activity than a true uptake value. However, these values were taken from a
range of sources [101, 200–202, 224] and act as representative activity distributions
in the absence of histological values.

Hybrid image reconstruction algorithms can be prone to artifacts where PET
and MRI are misaligned, which in the torso may occur due to both bulk and phys-
iological motion [210], as MR sequences often take less time to acquire than PET.
Therefore, motion correction may also be required in addition to PSF modelling.
However, HKEM has been demonstrated to by more robust to small misalignment
between PET data and anatomical imaging than previous MR guided reconstruc-
tion algorithms [220, 221] due to the dependence of the kernel on PET iterative
updates in addition to anatomical MR, and similarly the MR Guided Q.Clear al-
gorithm allows users to select appropriate weightings for both PET and MR image
contributions to the penalisation term.

6.5 Conclusion

We have demonstrated that two algorithms, HKEM and GE HealthCare’s MR
guided reconstruction, both lead to an increase in measured [18F]FDG PET tracer
uptake in the spinal cord. With care taken to optimise for the desired application,
novel PET image reconstruction algorithms using PET and MR data to inform iter-
ative image updates lead to improved quantification and improved image quality
compared to OSEM. Further work is needed to investigate the optimal parameters
and assessing their performance over a greater number of acquisitions.



Chapter 7

Overall Conclusion and Future
Outlook

7.1 Conclusions

The overall objective of this thesis was divided into three main questions to be
addressed, the outcomes of which allow for an overarching conclusion of this
work to be drawn.

Aim 1: Do phantoms exist that are capable of replicating tissue properties and
anatomical geometry of the spine and spinal cord for the performance assess-
ment or PET/MR scanners?

The literature review present in chapter 3 identified a large number of tis-
sue mimicking phantoms that had been developed for the assessment of PET and
PET/MR scanner performance for a range of clinical applications. However, many
of these we in use only by the individual centres they were developed in, and
weren’t reproducible to other sites. It was mainly found that commercially avail-
able geometric phantoms saw the most widespread use. Based on this work, I
set out a specification for the ideal tissue mimicking phantom of the spine and
spinal cord, however this would have been a substantial project in itself to build
and validate. As a results, a combination of experiments using the NEMA IEC
Body Phantom, an anatomical phantom loaned from collaborators at the Univer-
sity of Leeds, and a computational phantom were used to assess the performance
of the SIGNA PET/MR scanner and image reconstruction methods used in later
chapters of the thesis.

Aim 2: To what extent are attenuation correction and partial volume effect
sources of error in PET images for spinal cord PET/MR?

Phantom experiments performed on the SIGNA PET/MR scanner revealed a
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high recovery of activity in larger sphere of the NEMA IEC Body Phantom, and
the spinal cord surrogate on the anatomical head and neck phantom. However,
this wasn’t sustained in smaller spheres, and sphere sizes as measured from the
full width half maxima of line profiles across the spheres indicated that sphere
size was underestimated. Similarly, line profiles of the head and neck phantom
showed activity within the spinal cord surrogate material was blurred into the
background regions.

Through simulation study and clinically acquired data, it was established that
removing vertebral bone from attenuation maps of the spine or inserting them into
MR derived attenuation maps did not impact measured uptake in the spinal cord
to a great extent, and was further minimised by the use of Time of Flight algo-
rithms where TOF data is able to be acquired. However, incorporating Gaussian
blurring into the initial data distribution prior to forward projection, simulating
the point spread response of the detector, had a much greater effect on measured
uptake in the spinal cord. The combination of results from the experiments de-
scribed in chapters 4 and 5 lead to the conclusion that partial volume effect is
a greater source of error in spinal cord PET imaging. As such, applying effective
partial volume correction would have a greater impact in facilitating reliable spinal
cord imaging in PET/MR going forward.

Aim 3: Can MR guided PET image reconstruction reduce the impact of partial
volume effects in spinal cord PET/MR?

A number of partial volume correction approaches are available, however the
ability to acquire highly spatially co-registered PET and high resolution, anatom-
ical MR images is a benefit provided by the SIGNA PET/MR scanner. Post-
reconstruction partial volume correction methods often increase noise in PET im-
ages, and the spinal cord is a low uptake region in [18F]FDG PET relative to nearby
structures. Therefore, MR guided PET reconstruction algorithms were chosen for
PVC in spinal cord PET/MR. Two algorithms were assessed and found to have
promising results, indicating an ability to both correct for partial volume effect
and reduce noise in the spinal cord region compared to commonly used algo-
rithms in most of the cases that were investigated.

The work presented in this thesis concludes that partial volume effects remain a
dominant source of error when imaging the spinal cord due to its small diameter
compared to achievable PET detector resolution. This has been the first assess-
ment of the impacts of both attenuation correction and partial volume correction
on PET images of the spinal cord acquired on the SIGNA PET/MR scanner.

MR guided PET image reconstruction was investigated as a means of applying
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partial volume correction to PET data. In this preliminary work, MR guided PET
image reconstruction from simultaneously acquired PET/MR data demonstrates
improvements to image quality and quantification accuracy in two algorithms,
HKEM and MR guided Q.Clear, when compared to OSEM and TOF Q.Clear re-
spectively. This is the first time MR guided reconstruction algorithms have been
used in spinal cord imaging, and assessed for their performance in reducing image
noise and the impact of partial volume effects for this application.

7.2 Recommendations for Future Work

This thesis constitutes a preliminary investigation into MR guided PET image
reconstruction for spinal cord PET/MR. Whilst results indicate that MR guided
image reconstruction could reduce the impact of partial volume effect in PET im-
ages, there is more work needed before this could be widely applied to spinal cord
PET/MR in clinical research.

Firstly, image reconstruction should be optimised for spinal cord imaging.
Both HKEM and MR guided Q.Clear allow the user to fine tune the weighting
of PET and MRI data used for reconstruction, as well as the degree of noise re-
duction through penalisation factors. More work is needed to find the optimal
combination of parameters to balance accurate quantification with the desired
noise reduction for visualising the spinal cord in PET images. An example of
such a study for the abdominal aorta is presented in [3], where each parameter is
assessed individually for it’s impact on the desired image quality metrics before
results for the abdominal aorta are presented as a whole.

Optimisation of the anatomical MR acquisitions used for MR guided PET re-
construction is also needed. High resolution, 3-dimensional isotropic imaging is
often recommended for anatomically guided MR in brain imaging, however this
isn’t commonly acquired in abdominal imaging, and particularly not to the ex-
tent that the full PET field of view would be acquired. This was seen in chapter
6, where the MR Guided Q.Clear reconstruction was only performed where MR
anatomical information was available, and the rest of the image wasn’t at the same
quality as TOF Q.Clear. If MR images for the full PET FOV were to be required,
then dedicated MR sequences would need to be acquired for the MR guided re-
construction and a large field of view at high resolution would take a long time to
acquire in MR. A solution to this is to use MR images from different planes, as MR
guided Q.Clear permits any number of anatomical images to be used in addition
to PET data inputs. This also allows for the use of different contrast weighted
MR images, and may allow for existing clinically required images to be used and
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reduce the amount of time needed to acquire dedicated MR anatomy for the MR
guided reconstruction. Another solution could be to only use MR guided Q.Clear
for specific organs of interest, with TOF Q.Clear used to reconstruct the full field
of view for an overall PET image covering the rest of the acquisition.

For more widespread use, these methods would need to be validated on a
larger number of datasets than are presented here. Ideally this would be a prospec-
tive study to enable any dedicated spinal cord imaging needed to be performed,
however retrospective reconstruction of PET data could also be used for validation
where anatomical MR acquisitions are available for the spine and spinal cord.

Additionally, it would be recommended to validate this for a range of tracers
applicable to spinal cord imaging. Of particular interest out of the PET tracers
used in the central nervous system would be [18F]FET, for the assessment of CNS
tumours [6], myelin protein binding tracers such as [11C]MeDAS [86] and TSPO
tracers [209, 223], used to identify areas of neuroinflammation. Additional con-
siderations may be needed to account for positron range in radiotracers using
isotopes such as [82Rb] or [68Ga], which see positrons travel further from their
origin before an annihilation event occurs.

Finally, deep learning has previously been applied to MR guided image re-
construction for brain PET/MR [225]. Deep learning can accelerate image re-
construction and find optimal parameters for image reconstruction once trained
and validated on sufficiently large datasets without requiring user input. How-
ever, deep learning methods highlights the necessity of ensuring MR acquisition
parameters are carefully chosen with image reconstruction in mind, as previous
work has found that simply using the highest resolution imaging available may
not be optimal when used in synergistic reconstruction [226].

To be widely applicable, deep learning models need to be trained on a large
dataset, ideally from a variety of institutions, patient populations and acquisition
protocols to ensure the model generates accurate results for widespread general
use. Evaluation and validation of models for widespread clinical use has been
a downfall in AI research previously, however recommendations and guidelines
are becoming available to facilitate the dissemination of deep learning models, an
example of which is the Society of Nuclear Medicine and Molecular Imaging (SN-
MMI) RELIANCE (Recommendations for EvaLuation of AI for NuClear medicinE)
guidelines [227].
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[200] S. Zincirkeser, E. Şahin, M. Halac, and S. Sager. Standardized uptake values
of normal organs on 18F-fluorodeoxyglucose positron emission tomography
and computed tomography imaging. Journal of International Medical Research,
35(2):231–236, 3 2007.

[201] C.D. Ramos, Y.E. Erdi, M. Gonen, E. Riedel, H.W. Yeung, H.A. Macapinlac,
R. Chisin, and S.M. Larson. FDG-PET standardized uptake values in normal
anatomical structures using iterative reconstruction segmented attenuation
correction and filtered back-projection. European Journal of Nuclear Medicine,
28(2):155–164, 3 2001.

[202] P. Heusch, C. Buchbender, K. Beiderwellen, F. Nensa, V. Hartung-Knemeyer,
T.C. Lauenstein, A. Bockisch, M. Forsting, G. Antoch, and T.A. Heusner.
Standardized uptake values for [18F]FDG in normal organ tissues: Compar-
ison of whole-body PET/CT and PET/MRI. European Journal of Radiology, 82
(5):870–876, 5 2013.

[203] W.J. Kang, J.K. Chung, Y. So, J.M. Jeong, D.S. Lee, and M.C. Lee. Differ-
entiation of mediastinal FDG uptake observed in patients with non-thoracic
tumours. European Journal of Nuclear Medicine and Molecular Imaging, 31(2):
202–207, 2 2004.

[204] C. Tsoumpas, C. Buerger, A.P. King, P. Mollet, V. Keereman, S. Vanden-
berghe, V. Schulz, P. Schleyer, T. Schaeffter, and P.K. Marsden. Fast gen-
eration of 4D PET-MR data from real dynamic MR acquisitions. Physics in
Medicine & Biology, 56(20):6597, 9 2011.

[205] C.A. Schneider, W.S. Rasband, and K.W. Eliceiri. NIH Image to ImageJ: 25
years of image analysis. Nature Methods 2012 9:7, 9(7):671–675, 6 2012.

[206] Radiation Dose to Patients from Radiopharmaceuticals - Addendum 3 to
ICRP Publication 53. ICRP Publication 106. In Annals of the ICRP, volume 38,
chapter 1-2. ICRP, 2008.

[207] M. Eldib, N. Oesingmann, D.D. Faul, L. Kostakoglu, K. Knešaurek, and Z.A.
Fayad. Optimization of yttrium-90 PET for simultaneous PET/MR imaging:
A phantom study. Medical Physics, 43(8Part1):4768–4774, 7 2016.



158 Bibliography

[208] A. Fedorov, R. Beichel, J. Kalpathy-Cramer, J. Finet, J.C. Fillion-Robin, S. Pu-
jol, C. Bauer, D. Jennings, F. Fennessy, M. Sonka, J. Buatti, S. Aylward, J.V.
Miller, S. Pieper, and R. Kikinis. 3D slicer as an image computing platform
for the quantitative imaging network. Magnetic resonance imaging, 30(9):1323,
11 2012.

[209] N. Arlicot, J. Vercouillie, M.J. Ribeiro, C. Tauber, Y. Venel, J.L. Baulieu,
S. Maia, P. Corcia, M.G. Stabin, A. Reynolds, M. Kassiou, and D. Guil-
loteau. Initial evaluation in healthy humans of [18F]DPA-714, a potential
PET biomarker for neuroinflammation. Nuclear Medicine and Biology, 39(4):
570–578, 5 2012.

[210] C. Buerger, C. Tsoumpas, A. Aitken, A.P. King, P. Schleyer, V. Schulz, P.K.
Marsden, and T. Schaeffter. Investigation of MR-based attenuation correc-
tion and motion compensation for hybrid PET/MR. IEEE Transactions on
Nuclear Science, 59(5 PART 1):1967–1976, 2012.

[211] K. Thielemans, E. Asma, S. Ahn, R.M. Manjeshwar, T. Deller, S.G. Ross, C.W.
Stearns, and A. Ganin. Impact of PSF modelling on the convergence rate
and edge behaviour of em images in PET. IEEE Nuclear Science Symposium
Conference Record, pages 3267–3272, 2010.

[212] G. Reynés-Llompart, C. Gámez-Cenzano, J.L. Vercher-Conejero, A. Sabaté-
Llobera, N. Calvo-Malvar, and J.M. Martí-Climent. Phantom, clinical, and
texture indices evaluation and optimization of a penalized-likelihood image
reconstruction method (Q.Clear) on a BGO PET/CT scanner. Medical Physics,
45(7):3214–3222, 7 2018.

[213] A. Rahmim, J. Qi, and V. Sossi. Resolution modeling in PET imaging: The-
ory, practice, benefits, and pitfalls. Medical Physics, 40(6), 2013.

[214] H. Kearney, D.H. Miller, and O. Ciccarelli. Spinal cord MRI in multiple
sclerosis-diagnostic, prognostic and clinical value. Nature Reviews Neurology,
11(6):327–338, 6 2015.

[215] A.R. De Pierro. A modified expectation maximization algorithm for penal-
ized likelihood estimation in emission tomography. IEEE Transactions on
Medical Imaging, 14(1):132–137, 1995.

[216] K. Baete, J. Nuyts, W. Van Paesschen, P. Suetens, and P. Dupont. Anatomical-
based FDG-PET reconstruction for the detection of hypo-metabolic regions
in epilepsy. IEEE transactions on medical imaging, 23(4):510–519, 4 2004.



Bibliography 159

[217] K. Vunckx, A. Atre, K. Baete, A. Reilhac, C.M. Deroose, K. Van Laere, and
J. Nuyts. Evaluation of three MRI-based anatomical priors for quantitative
PET brain imaging. IEEE transactions on medical imaging, 31(3):599–612, 3
2012.

[218] W. Deng, X. Wang, B. Yang, and J. Tang. Anatomy-assisted direct parametric
PET imaging for myocardial blood flow abnormality detection. In 2015 IEEE
Nuclear Science Symposium and Medical Imaging Conference, NSS/MIC 2015. 10
2016.

[219] J. Cabello and S.I. Ziegler. Advances in PET/MR instrumentation and image
reconstruction. The British journal of radiology, 91(1081), 2018.

[220] D. Deidda, N.A. Karakatsanis, P.M. Robson, N. Efthimiou, Z.A. Fayad, R.G.
Aykroyd, and C. Tsoumpas. Effect of PET-MR inconsistency in the kernel im-
age reconstruction method. IEEE Transactions on Radiation and Plasma Medical
Sciences, 3(4):400–409, 11 2018.

[221] A. Mehranian, M.A. Belzunce, F. Niccolini, M. Politis, C. Prieto,
F. Turkheimer, A. Hammers, and A.J. Reader. PET image reconstruction us-
ing multi-parametric anato-functional priors. Physics in medicine and biology,
62(15):5975–6007, 7 2017.

[222] M.H.J. Hagens, S.V. Golla, M.T. Wijburg, M. Yaqub, D. Heijtel, M.D. Steen-
wijk, P. Schober, J.J.P. Brevé, R.C. Schuit, T.A. Reekie, M. Kassiou, A.M. van
Dam, A.D. Windhorst, J. Killestein, F. Barkhof, B.N.M. van Berckel, and A.A.
Lammertsma. In vivo assessment of neuroinflammation in progressive mul-
tiple sclerosis: a proof of concept study with [18F]DPA714 PET. Journal of
Neuroinflammation 2018 15:1, 15(1):1–10, 11 2018.

[223] D.V. Weehaeghe, S. Babu, J.D. Vocht, N.R. Zürcher, S. Chew, C.E.J. Tseng,
M.L. Loggia, M. Koole, A. Rezaei, G. Schramm, P.V. Damme, J.M. Hooker,
K.V. Laere, and N. Atassi. Moving toward multicenter therapeutic trials
in amyotrophic lateral sclerosis: Feasibility of data pooling using different
translocator protein PET radioligands. Journal of Nuclear Medicine, 61(11):
1621–1627, 11 2020.

[224] S. Shen, H. Wang, Y. Xue, L. Yuan, X. Zhou, Z. Zhao, E. Dong, B. Liu,
W. Liu, B. Cromeens, B. Adler, G. Besner, and R.X. Xu. Freeform fabrica-
tion of tissue-simulating phantom for potential use of surgical planning in
conjoined twins separation surgery. Scientific Reports, 7(1):11048, 2017.



160 Bibliography

[225] A.J. Reader, G. Corda, A. Mehranian, C.d. Costa-Luis, S. Ellis, and J.A. Schn-
abel. Deep learning for PET image reconstruction. IEEE Transactions on Ra-
diation and Plasma Medical Sciences, 5(1):1–25, 8 2020.

[226] G. Corda-D’incan, J.A. Schnabel, A. Hammers, and A.J. Reader. Single-
modality supervised joint PET-MR image reconstruction. IEEE Transactions
on Radiation and Plasma Medical Sciences, 7(7):742–754, 9 2023.

[227] A.K. Jha, T.J. Bradshaw, I. Buvat, M. Hatt, P. Kc, C. Liu, N.F. Obuchowski,
B. Saboury, P.J. Slomka, J.J. Sunderland, R.L. Wahl, Z. Yu, S. Zuehlsdorff,
A. Rahmim, and R. Boellaard. Nuclear medicine and artificial intelligence:
best practices for evaluation (the RELAINCE guidelines). Journal of Nuclear
Medicine, 63(9):1288–1299, 9 2022.


	Acknowledgements
	Abstract
	List of Figures
	List of Tables
	Declaration
	Publications Arising from this Thesis

	Introduction
	Context and Motivation
	Thesis Aims
	Thesis Organisation

	Background
	Spinal Cord Involvement in Neurodegenerative Diseases
	Imaging Modalities
	Magnetic Resonance Imaging
	Positron Emission Tomography
	PET/MRI

	PET Image Reconstruction Algorithms
	Analytical Reconstruction Algorithms
	Model Based Reconstruction Algorithms
	Bayesian Reconstruction Algorithms
	MR Guided PET Image Reconstruction

	Clinical Imaging of the Spinal Cord
	MRI in the Spinal Cord
	PET in the Spinal Cord
	PET/MR in the Spinal Cord

	Technical Challenges to Spinal Cord PET/MRI

	Multimodal Phantoms for Clinical PET/MRI
	Introduction
	Materials in Phantom Design
	Tissue Mimicking Materials
	Polymers and 3D Printing
	Summary of materials in PET/MRI Phantom Design

	Geometric and Homogeneous Phantoms
	Homogeneous Phantoms
	Commercially Available Geometric Phantoms
	Custom Designed Geometric Phantoms

	Anthropomorphic Phantoms
	Commercially Available Anthropomorphic Phantoms
	Custom Anthropomorphic Phantoms

	Discussion
	Conclusion

	Exploration of Resolution Effects in PET with Multi-modal Phantoms.
	Introduction
	Methods
	IEC NEMA Phantom Acquisition
	Head and Neck Phantom Acquisition

	Results
	IEC NEMA Phantom
	Head and Neck Phantom

	Discussion
	Conclusion

	Quantification of [18F]FDG in the Spinal Cord for PET/MRI
	Introduction
	Methods and Materials
	Simulation
	Clinical Acquisition

	Results
	XCAT Simulations
	Clinical Acquisitions

	Discussion
	Future Work

	Conclusion

	MR Guided PET Reconstruction for Spinal Cord PET/MRI.
	Introduction
	Methods and Materials
	Simulation
	Clinical Acquisition

	Results
	XCAT Simulations
	Clinical Acquisitions

	Discussion
	XCAT Simulations
	Clinical Acquisitions
	Limitations

	Conclusion

	Overall Conclusion and Future Outlook
	Conclusions
	Recommendations for Future Work

	Bibliography

