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Abstract

Neuroblastoma is an embryonal cancer that exhibits marked heterogeneity of presen-
tation and prognosis, ranging in outcomes from amongst the poorest in paediatric on-
cology to spontaneous remission. Scintigraphy using 23|-meta-lodobenzylguanidine
(MIBG) provides unique functional information and is commonly used to manage
Neuroblastoma alongside MRI. This thesis advances the imaging of neuroblastoma

through SPECT /MR integration and quantitative SPECT /CT optimisation.

A simulation study of Dixon Magnetic Resonance Attenuation Correction (MRAC)
was undertaken using %™ Tc-MDP SPECT/CT studies. These simulations showed
that SPECT MRAC could achieve superior perfomance to PET/MR in cases without
signifciant lung coverage. Observer studies were also undertaken to evaluate a novel
12Z3|_.MIBG SPECT/MR fusion dataset and the impact of this technique on semi-
quantitative scoring of Neuroblastoma. The observers identified multiple clinically

significant findings when using SPECT /MR versus planar scintigraphy.

The 23| imaging performance of Siemens parallel hole collimators was assessed using
a custom precision sensitivity phantom. The contributions from photopeak and septal
penetration were spectrally decomposed and the medium energy collimator shown to
be optimal. Existing methodologies for optimisation were found to be inadequate
for quantitative SPECT. A measurement-dependent methodology was proposed and

used to optimise reconstruction parameters for '2|-MIBG SPECT/CT.

Optimised parameters were applied to wholebody SPECT /CT scans of Neuroblastoma
and patterns and ranges of uptake in the liver and brain were evaluated. Right lobe
of liver was shown to provide a significantly lower and more statistically consistent
physiological reference than the left lobe. Standardised Uptake Values (SUVs) scaled
to lean body mass were found to be superior to body weight scaled SUVs and absolute
activity concentrations. Normal ranges and limits of variation were recommended as

quality control measures for quantitative scans of Neuroblastoma.



Lay Summary

The primary goal of this thesis is to advance imaging of the cancer Neuroblastoma
through research of quantitative methods for Nuclear Medicine imaging, i.e. imaging
methods from which clinically relevant numerical values can be derived. In Nuclear
Medicine (a discipline that uses chemically labelled radioisotopes, typically gamma-
ray emitters, for imaging and measurement) the primary radiopharmaceutical used
in Neuroblastoma is 1?3|-meta-lodobenzylguanidine (MIBG) which is a noradrenaline
analogue. Neuroblastoma cancer cells exhibit a preponderance of noradrenaline trans-

porters and MIBG exploits these to specifically image these cells.

At the outset of the project, effectively all Nuclear Medicine departments used the
technique of planar scintigraphy, where images akin to plain-film x-rays are acquired
from in-front and behind a patient lying on the scanner table. These are generally
not suitable for quantitative measurements due to a number of phenomena including
gamma-ray absorption and scatter within the patient. However 3-dimensional (3D)
images known as Single Photon Emission Computed Tomography (SPECT) can be
generated by rotating the gamma-ray detectors around the patient. This is typically
a slow process but allows for multiple corrections to be applied to the images to
achieve a much closer representation of the true radiopharmaceutical uptake within
the patient. When combined with an anatomical imaging technique such as Computed
Tomography (CT) or Magnetic Resonance Imaging (MRI) this can give clinicians a

much better understanding of the location, intensity and nature of a site of uptake.

The primary correction required to visualise the true uptake is attenuation correction
(AC); a correction for the gamma-rays lost to absorption and scattering within the
patient. This is most readily achieved through an attenuation map derived from a
spatially matched CT scan, as CT is essentially a map of the density of tissues within
the patient. While combined SPECT/CT scanners were commercially available at
the outset of this work, the Royal Hospital for Sick Children (RHSC) in Glasgow

had only a standalone SPECT scanner. However, a recent service development had



permitted a novel same-day SPECT and MRI service for Neuroblastoma and therefore
this work initially focused on combining SPECT and MRI for the purposes of Magnetic

Resonance Attenuation Correction (MRAC).

Chapter [2| is a simulation of a basic technique for achieving MRAC. The simulated
MRI technique produces separate images of the fat-based (e.g. white fat) and water-
based soft tissues (e.g. muscles, organs) within the patient which are then assigned
a value of attenuation representative of the average attenuation of that tissue type.
This technique produces essentially no signal from bone or lung, so these tissues must
be filled-in using image processing. The simplest such step suggested in the literature
involves the filling of any thin holes (assumed to be bone) with attenuation equivalent
to water-based soft tissue. The identification of lung requires more sophisticated steps
and it was hypothesised that SPECT would not require these corrections, due to being

less prone to attenuation effects than other modalities.

The simulation study reverse engineered MRI attenuation maps from CT scans ac-
quired on hybrid SPECT /CT scanners so that the effect of the simulated attenuation
map on the SPECT scan could be compared to the true AC supplied by the original
CT. To allow for assessment of the relative error generated from soft tissues, bone
and lung; changes to each of these regions were also applied separately. The study
found that the simulation produced an average error of 12.5-15.1% in cases with lung
tissue present and 8.2-11.0% in cases without lung tissue. Soft tissue averaging was
found to contribute +0.4%, while replacement of bone with soft tissue contributed
2.4-3.6%. The remaining error was initially thought to be the result of simulating
lung tissue as zero attenuation but was, surprisingly, found to contribute 6.0-8.3%
even in cases with no lung tissue. This led to the discovery of a systematic error in the
image processing related to the lowest CT value modelled as fat-based tissue. The
simulation study concluded that best-case uptake errors achievable were 2.2-2.7% in
cases with no lung tissues and 6.5-6.9% in cases with lung tissues. These figures
were considered comparable or even superior to the attenuation errors achievable in
other modalities and therefore even this simple MRAC technique showed promise for

clinical utility.

A method of semi-quantitative image assessment was explored in Chapter 3 The



technique of image scoring allows observers to assign each patient image a numerical
value, representative of the total disease burden. The Curie and SIOPEN scores used
in this work have been shown to be linked to patient prognosis in large clinical trials.
The work consists of two single observer studies with 15 and 17 patients included
in each. In both studies the observers were blinded to patient identity and scored
all the planar nuclear medicine images in a single session and in a random order.
In a separate session, the observers scored the combination of planar images and
positionally matched SPECT and MRI images. The differences between the planar-

only and planar with SPECT /MR were calculated and statistically assessed.

The first observer study made use of a local radiologist at the Royal Hospital for
Children (RHC) in Glasgow and this found statistically significant differences in Curie
and SIOPEN scores of +1.0 and +1.1 score units respectively. Multiple clinically
significant findings including better visualisation of uptake within the spine, abdomen
and head were also identified. The second observer study involved an internationally
recognised expert from another centre and tightened the criteria for inclusion to fo-
cus on a single time-point (diagnosis). This study was unable to find a statistically
significant result for either score but identified many similar clinical significant find-
ings. Multiple limitations of the semi-quantitative methodology were identified, most
significantly the variability in observer scoring technique. The need for an objective,
truly quantitative imaging technique was reinforced and this became the focus of the

next part of the project.

As the work of Chapterconcluded, SPECT/CT became available locally at RHC and
the project focus shifted from SPECT and MRI integration to quantitative imaging
of Neuroblastoma using SPECT/CT. The goal of this work was to generate images
that accurately reflect the concentration of gamma-ray emitters at each point within
a patient and allow for numerical measurements of uptake in different lesions and

structures.

The first step of this sub-project was to characterise the performance of each of
the lead collimators used to image gamma-rays on the SPECT/CT system. Using
a custom test object the sensitivity of each collimator was assessed globally and at

a range of gamma-ray energies. These data showed that the Medium Energy Low



Penetration (MELP) collimator had only an 8.6% contribution from septal penetration
(i.e. erroneous events caused by gamma-rays passing straight through the collimator)
compared to the 42.6% and 53.4% measured for the typically recommended Low
Energy All Purpose (LEAP) and Low Energy High Resolution (LEHR) collimators.
Using a novel analytical technique, the MELP collimator was shown to have a higher
relative sensitivity to true, useful gamma-ray events than the low energy collimators

and was selected for further development of quantitative imaging.

Commercial SPECT test objects were then used to make measurements of the accu-
racy of uptake quantification in a range of fillable spheres, imaged with SPECT/CT
using the MELP collimators. The total number of iterations and size of spatial fil-
ter used by the SPECT reconstruction algorithm were tested, as were a number of
different measurement techniques. The maximum uptake and 1ml peak uptake were
recommended as the optimal measurements and these yielded an optimal set of re-
construction parameters of 80 total iterations and a 15mm filter. These parameters
avoided errors due to over-correction of uptake in larger spheres and balanced this
with accurate uptake measurement in a large background region, equivalent to the

liver.

Finally, these optimised parameters were used to reconstruct 50 scans from 13 patients
and the distribution of liver and brain uptake was assessed in each. The goal of
this work was to suggest an optimal methodology for scaling patient measurements
and to establish normal ranges for uptake. Brain uptake was shown to be a cold
background with very low uptake values and was best expressed in absolute units
(kBg/ml). The uptake in left and right lobes of liver was shown to be systematically
different with the right lobe of liver showing a more normal distribution across the
set of patient scans. Scaling by lean body mass was shown to provide the most
consistent measurements in the right lobe of liver and a normal range of 0.5-2.1
standard uptake values scaled to lean body mass (SUV/LBM) was calculated. A
22mm spherical region was found to be suitable for use in patients as young as 4
months of age. A variability limit of 0.2SUV/LBM in the right lobe of liver was
recommended for as a quality control measure for quantitative work. This work could
be used to move the Neuroblastoma community towards a set of common standards

for quantitative disease burden assessment.
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Chapter 1

Introduction & Literature Review

1.1 Neuroblastoma

Neuroblastoma is a cancer of the primitive nerve cells that form within the neural
crest, a transient embryonal structure unique to vertebrates that migrates throughout
the foetus and contributes to the healthy development of many different systems and
organs (Sim&es-Costa and Bronner |[2013). First described in chicken embryos in 1868
by Wilhelm His (Richardson and Keuck [2022)), the cells of the neural crest typically
arise in week 4 of human embryonal development as shown in Figure [1.1] After
forming within the crest, these multipotent cells then disseminate throughout the
embryo and mature into a range of final forms dependent on their final landing niche.
The cells of the neural crest are therefore most properly thought of as four distinct
populations which are organised by position; cranial, vagal, trunk and sacral. Under
normal development, each of these cell groups stream to their intended destinations

and contribute to a unique range of tissues as shown in Figure [1.2]

These primitive and multipotent origins give rise to the key characteristics of the
disease. For example, the migratory nature of the origin cells to some extent dictates
the sites of malignancy; the locations listed in Figure include the most common
sites for primary neuroblastic masses (adrenal medulla and paraspinal sympathetic
chain) as well as some of the most common metastatic sites (nodes around the major
vessels and within the mediastinum, liver, skin, bones of the face and skull). However
Neuroblastoma is also known to spread extensively using the lymphatic and circulatory
systems, and extensive bone and bone marrow deposits in the axial and peripheral

skeleton are common at the point of diagnosis (Kushner [2004).
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Figure 1.1: Scanning electron microscopy of an embryo at Carnegie stage 11 (23-
26 days gestation) showing 10 micron scale images of neural crest cells in situ.
©Dr Mark Hill 2023, UNSW Embryology ISBN: 978 0 7334 2609 4. Retrieved
from https://embryology.med.unsw.edu.au/embryology/index.php/File:Stagell sem21.jpg
and re-used with permission.
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Figure 1.2: Migration of neural crest cells into adult tissues and organs. Re-use from
Sim&es-Costa and Bronner granted under Creative Commons License (Attribution-
NonCommercial 3.0 Unported) as described at https://creativecommons.org/licenses/by-
nc/3.0/legalcode.
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Figure 1.3: Examples of histology of neuroblastoma subtypes. Images A-C: A range of "true"
undifferentiated neuroblastomas, dominated by immature nerve cells. Image F: Benign gan-
glioneuroma formed of mature ganglion cells with significant stromal development. Image
D: Differentiating neuroblastoma subtype, demonstrating ongoing cell maturation. Image E:
Intermixed ganglioneuroblastoma, showing an intermediate disease state. Image G: Nodular
ganglioneuroblastoma, showing distinct cell lines at different stages of maturation. Re-use
from Shimada and lkegaki (2019) granted by Elsevier under Copyright Clearance Center
RightsLink(® License #5474751103309
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Within the totality of cancer Neuroblastoma is considered a rare disease. However
it remains the most common extra-cranial solid cancer of childhood (Matthay et
al. 2016) and the most common solid cancer diagnosis within the first year of life
(UKHSA 2021)), accounting for approximately 100 new cases every year in the United
Kingdom (UK). The vast majority of Neuroblastomas are believed to arise sporadically
through random mutations, though some familial genetic pre-dispositions have been
identified in around 1-2% of cases world wide (Matthay et al. 2016)). In the majority
of cases the detailed mechanisms of oncogensis are not well understood, however
the sub-group of progenitor neural crest cells and tumour microenvironment at the
time of malignant mutation are thought to have a significant impact on the resulting
cancer cells (Garner and Beierle 2016)), which display a broad range of appearances
under histology as shown in Figure[1.3] Neuroblastoma is therefore best understood
not as a single disease but as a family of related cancers that range from "true"
neuroblastomas, dominated by immature nerve cells (images A-C of Figure [1.3));
to relatively benign ganglioneuromas, showing significant stromal development and
comprised almost entirely of mature ganglion cells (image F); with less aggressive
differentiating neuroblastomas (image D) and intermediate ganglioneuroblastomas
(image E) somewhere between these extremes. In some instances, multiple cell lines
may be involved within a single primary disease site. These are typically referred to
as nodular ganglioneuroblastomas and show distinct nodular sections under histology

(image G).

The prognosis of Neuroblastoma, commonly assessed through post treatment event
free survival (EFS), has been strongly linked to a number of case specific factors.
These include; the degree of histological subtype; mitosis-karyorrhexis index (MKI),
a measure of cell turnover rate; and patient age at diagnosis (Shimada and lkegaki
2019). In general, the more immature the disease cells appear on histology, the older
the patient, and the more aggressively the disease replicates, the poorer the prognosis.
However, the interaction of these three factors is fairly complex and the International
Neuroblastoma Pathology Classification (INPC) system (Shimada et al. 2001) was
proposed to formalise the stratification of histology, as shown in Figure [1.4 The
difference in prognosis for disease with favourable and unfavourable histologies under
the INPC is significant, as shown in the Kaplan Meier curve in Figure [1.5 Further

developments in oncogenetics have since revealed the importance of certain tumour

22



genes, such as those that amplify production of the proteins N-Myc and anaplastic
lymphoma kinase (ALK). These, alongside other genetic markers, have been shown

to contribute to significantly poorer patient prognosis (Nakazawa 2021)).

In addition to the INPC, two staging systems are used for the prognostic stratification
of Neuroblastoma; the INSS (Brodeur et al. |[1988) and the International Neuroblas-
toma Risk Group Staging System (INRGSS) (Cohn et al. 2009). The INSS is a
post-surgical staging system developed by the Children's Oncology Group (COG) in
the United States of America (USA); it originally combined age and the results of
surgical resection in order to derive 6 stages; 1, 2A, 2B, 3, 4 and 4S. Stage 1 requires
the visible disease to be localised to one area only, have been fully excised and to
have shown no evidence of spread across the midline or to lymph nodes outside of the
primary mass. Both stage 2 categories are identical to stage 1 but either were not fully
resected (stage 2A) or show local lymphatic spread that does not cross the midline
(stage 2B). Stage 3 is disease where either the primary mass or localised lymphatic
disease has crossed the midline but there are no distant metastases. Stage 4S is a
special category of metastatic disease which has a much higher probability to undergo
spontaneous remission; the patient must be under one year of age and show no un-
favourable histologic or oncogenetic features, any tumour and nodal disease must not
cross the midline and further metastatic spread must be limited only to the liver and
skin with very limited (<10% of cells) involvement observed in bone marrow biopsy.
All other Neuroblastomas are considered stage 4 disease and show distant metastatic
spread to lymph nodes, bones, bone marrow, skin and/or other organs. While these
staging groups were found to provide good stratification of patient risk, INPC grading
was shown to offer additional sub-stratification within each stage, shown in Figure
[1.6] Later iterations of the INSS would move to incorporate the INPC and oncoge-
netic features such as n-Myc protein amplification and deoxyribonucleic acid (DNA)

ploidy to better delineate the clinical risk groups.

Despite the incorporation of additional features, the INSS retained the significant
downside of only providing post-surgical staging. It was therefore unsuitable for the
stratification of these patients prior to commencing treatment; e.g. for triaging ini-
tial treatment and/or defining entry into front-line clinical trials. The INRGSS was

developed as a consensus pre-treatment staging system, to combine the approach of
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Figure 1.4: Stratification of Neuroblastoma histology under the International Neuroblas-
toma Pathology Classification (INPC). Classification into favourable histology (FH) or
unfavourable histology (UH) proceeds according to the degree of cell development, dis-
ease subtype [Neuroblastoma, ganglioneuroma (GN), ganglioneuroblastoma (GNB) and
nodular ganglioneuroblastoma (GNBn)], degree of differentiation and mitosis-karyorrhexis
index (MKI). Re-use from Nakazawa (2021)) granted by John Wiley and Sons under Copy-
right Clearance Center RightsLink(R) License #5471020259376

Age-Linked Prognostic Effects

T Grade
FH (N=364) of Diff. MKI
- Undiff. low
A intermediate
L high
% Poorly Diff. low
< 05 ¥ intermediate
9 high
g Diff. low
035 UH (N=266) intermediate
high
, p<0.0001
0 1 2 3 4 5 8 7 8 9 :’ -

good prognosis poOr prognosis

Figure 1.5: Prognostic effects of histology, differentiation, mitosis-karyorrhexis index (MKI)
and patient age. Left: Kaplan Meier curve showing impact of favourable/unfavourable
histology on event free survival (EFS). Right: Prognostic impact of grade of differentiation,
mitosis-karyorrhexis index (MKI) and age at diagnosis. Re-use from Shimada et al. (2001)
granted by John Wiley and Sons under Copyright Clearance Center RightsLink(® License
#5484940930986
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Figure 1.6: Kaplan Meier curves showing the effect of favourable and unfavourable his-
tologies on event free survival (EFS) separated by International Neuroblastoma Staging
System (INSS) stage. a) All INSS stages combined; b-e) INSS stages 1-4; f) INSS stage
4S. Re-use from Shimada et al. (2001) granted by John Wiley and Sons under Copyright
Clearance Center RightsLink(R) License #5484940930986
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INRG Age Histologic Grade of Tumor 11q Pretreatment
Stage (months) Category Differentiation MYCN  Aberration Ploidy Risk Group
L1/L2 GN maturing; A Very low
GNB intermixed
L1 Any, except NA B Very low
GN maturing or .
GNB intermixed Amp K High
L2 Any, except No D Low
<18 GN maturing or NA -
T — Yes G Intermediate
No E Low
Differentiating NA v
es
>18 GNB nodular; .
H Intermediate
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Amp N High
M <18 NA Hyperdiploid F Low
<12 NA Diploid | Intermediate
12t0 <18 NA Diploid J Intermediate
<18 Amp O High
>18 P High
MS No C Very low
NA .
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Figure 1.7: International Neuroblastoma Risk Group (INRG) consensus pre-treatment clas-
sification schema showing stratification from INRG stages to 16 distinct clinical sub-
groups within 4 pre-treatment risk categories. Re-use from Cohn et al. (2009) granted
by Wolters Kluwer Health, Inc. under Copyright Clearance Center RightsLink(®R) License
#5478190865648

the INSS with that of the International Society of Paediatric Oncology Neuroblas-
toma Europe (SIOPEN) group, who had developed a pre-surgical risk stratification
approach based on image-defined surgical risk factors and n-Myc protein amplification
status. Under the INRGSS, imaging and biopsy are used to first categorise each case
into one of four INRG stages (L1, L2, M and MS) based on surgical risk factors and
metastatic spread as observed on imaging. Stages L1 and L2 are both categories of
localised disease with L2 containing one or more surgical risk factors, while stages M
and MS are essentially equivalent to INSS stages 4 and 4S. As shown in Figure [L.7]
these staging groups are then combined with patient age and a number of histologic
and oncogenetic features for classification into 16 distinct risk subgroups, themselves
placed in one of four pre-treatment risk categories based on 5-year EFS. These cat-
egories are Very Low Risk (EFS>85%), Low Risk (75%<EFS<85%), Intermediate
Risk (50%<EFS<75%) and High Risk (EFS<50%). Approximately 50% of patients
diagnosed with Neuroblastoma are classified as high risk under the INRGSS (DuBois
et al. [2022).

High risk neuroblastoma is amongst the most intensely treated of all cancers, with

front line therapy typically split into induction, consolidation and maintenance phases
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as shown in Figure [1.8] which details the treatment schedule for SIOPEN High Risk
Neuroblastoma 1 trial (Ladenstein et al. [2017)). Induction incorporates multiple
courses of overlapping systemic chemotherapy, each consisting of several cytotoxic
agents used in combination. The goal of induction is to shrink primary disease in
preparation for surgical resection and to eliminate as much metastatic disease as pos-
sible. Consolidation therapy consists of very high dose systemic chemotherapy to clear
metastatic disease, supplemented with external beam radiotherapy where indicated
to assist with control of stubborn primary or secondary tumours. Autologous stem
cell harvest, performed at the end of induction treatment, is required to permit the
safe recovery of immune function after consolidation therapy. Finally, the patient
will be placed on maintenance therapy, often including the use of immunotherapy,
to control any remaining disease. Typically, patients undergo bone marrow biopsies
and imaging before and after induction chemotherapy, high dose chemotherapy and
radiotherapy. Imaging assessments are also undertaken every three months while on
maintenance therapy. If patients achieve remission, surveillance scans are typically
undertaken every 3-6 months for several years after discharge. Scintigraphic imaging

is key to this surveillance.

1.2 Scintigraphic Imaging

The gamma camera is a scintigraphic imaging technology first developed in the late
1950s by Karl Anger (Anger|1958)) and used in medicine to image gamma-ray emitting
radiopharmaceuticals within the human body. The technology has the capability to
image a large range of gamma-ray energies (80-600keV) and as such the chemical
tracer and radioisotope combination can be selected dependent on the physiological

system of interest.

While the processing electronics of gamma cameras have significantly advanced since
the first analogue models, the core imaging technology has remained unchanged since
its inception. Figure shows a schematic cross section of a traditional scintillation
gamma camera, with a parallel hole collimator. Gamma-ray photons enter through
the collimator, which has lead septa oriented perpendicular to the scintillation crystal
plane. The collimator is designed to associate incoming gamma rays with position by

absorbing those outside of a relatively narrow acceptance angle. Collimated gamma
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rays may then proceed to the scintillation crystal, which has a relatively high stop-
ping power across the energy ranges typically used for imaging. Interactions within the
crystal generate pulses of photons that are proportional to the energy deposited in the
crystal. These photons pass through the light guide (usually an optically transparent
grease) and strike the photocathode of the photomultiplier tubes (PMTs) to generate
accelerated cascades of electrons, resulting in a measurable electric signal. Following
this amplification stage, the resulting electrical signals can be digitised and processed
using modern electronics. Providing the set of PMTs have been appropriately cali-
brated, the summed signal resulting from a single photo cascade is proportional to
the gamma ray energy, allowing for events of undesirable energy to be excluded. The
distribution signals produced by the PMTs are approximately gaussian around the po-
sition of interaction within the crystal, and therefore the position of the gamma-ray

event can be derived from a weighted sum of signals from the PMTs.

A modern general purpose gamma camera typically has two detector heads to permit
simultaneous acquisition of two planar images, usually from anterior and posterior
positions either side of the patient, and the capability to acquire in dynamic, gated or
wholebody planar acquisition modes as required for the specific examination. How-
ever, each of these planar imaging techniques suffers from the several deleterious
effects on image quality (Bailey and Willowson 2013); the super-position of gamma-
ray events from all depths in the patient, a natural consequence of 2-dimensional (2D)
imaging techniques; the distance-dependent spatial resolution of parallel hole colli-
mation, which acts to enlarge and blur objects at greater distance from the detector;
photon absorption (often called attenuation) within the patient, which acts to reduce
the relative intensity of uptake of sites at greater tissue depths; and photon scatter
within the patient, which both contributes to loss of photons and generates false

events at incorrect spatial positions within the final image.

3-dimensional (3D) gamma-ray emission images which eliminate the superposition
of gamma-ray events can be acquired using the technique of Single Photon Emis-
sion Computed Tomography (SPECT). To achieve this, the detector heads are ro-
tated around the patient and relatively short planar images, known as projections,
are acquired at a specified angular spacing (typically one projection per 3°). These

projections are then reconstructed using a tomographic reconstruction algorithm, the
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Figure 1.9: Schematic of a gamma camera detector. Gamma-ray photons (red arrows) enter
through the collimator, which has lead septa oriented perpendicular to the scintillation crystal
plane. Interactions within the scintillator crystal generate pulses of photons (yellow-orange
gradient arrows) that are proportional to the energy deposited in the crystal. These photons
pass through the light guide (usually an optically transparent grease, shown here much
thicker than in reality) and strike the photocathode of the photomultiplier tubes (PMTs) to
generate accelerated cascades of electrons (blue arrows), resulting in a measurable electric
signal. Following this amplification stage, the resulting electrical signals are processed using
analogue or digital electronics.

most common of which is an iterative algorithm known as Ordered Subsets Expecta-
tion Maximisation (OSEM) (Hudson and Larkin [1994). This multiplicative algorithm
generates the statistically most likely model of the underlying activity distribution
through iterative comparison with a subset of projections, facilitated by transforma-
tions for forward-projection (the generation of projections from a 3D volume) and

back-projection (generation of a 3D volume from a set of projections), as shown in

Figure [1.10]

Following an initial guess (usually a uniform distribution of gamma-ray events), which

forms the first "current best" estimate of the 3D volume, a subset of acquired projec-
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Figure 1.10: Operational flow of an Ordered Subsets Expectation Maximisation (OSEM)
algorithm. Following an initial guess, which forms the initial best estimate of the 3D volume,
a subset of acquired projections are selected and the estimated volume forward-projected at
each of the matching angular positions. The pixelwise ratio between acquired and estimated
projections are calculated and these ratios are then backprojected to create a multiplicative
update map. Simple voxel-wise multiplication of the initial guess and the correction map
generates a new updated volume which can then be used for comparison with the next subset
of projections.

tions are selected and the estimated volume forward-projected at each of the matching
angular positions. The pixelwise ratios between acquired and estimated projections are
calculated and these ratios are then backprojected to create a multiplicative update
map. Simple voxel-wise multiplication of the current best estimate and the update
map generates a new updated volume which can then be used for comparison with
the next subset of projections. Following the application of corrections from each
subset (i.e. comparison to all projections once only) the algorithm is said to have
completed one full iteration. At the time of writing, no true international standardis-
ation of SPECT imaging exists, with most departments performing their own image
optimisation processes according to the needs and preferences of their reporting clin-
icians. However in most instances 4-16 full iterations are completed, each typically of
8-16 subsets, and a Butterworth or Gaussian post-filter is then applied to reduce high

spatial frequency noise, which is amplified by repeated application of the algorithm.
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The successful integration of Positron Emission Tomography (PET) and Computed
Tomography (CT) into the hybrid modality Positron Emission Tomography/Computed
Tomography (PET/CT) (Beyer et al. 2000) inevitably spawned the development
of hybrid Single Photon Emission Computed Tomography/Computed Tomography
(SPECT/CT) systems (Bocher et al.2000). This integration benefits SPECT imaging
in two main ways; it offers straightforward localisation of SPECT activity to specific
anatomical structures within the patient, something often found to be challenging
for reporting clinicians; and the ability to generate a patient specific attenuation cor-
rection (AC) map. This can be incorporated into the forward- and back-projection
transformations of an iterative reconstruction algorithm to improve reconstruction
accuracy (Ritt et al. 2011). The only real disadvantage of SPECT/CT compared
to SPECT alone is an increased radiation exposure to patients, an aspect that has

delayed its adoption amongst paediatric imaging centres.

1.3 Neuroblastoma Imaging

Neuroblastoma patients undergo an abundance of medical imaging throughout diag-
nosis, treatment and surveilance (Kushner 2004). This imaging has a direct impact
on the patient management; identifying risk factors relavant for surgical resection
(Brisse et al. 2011), indicating the need for changes to treatment regimen based on
disease progression or response (Matthay et al. [2003)) and providing the evidence for

inclusion in clinical trials (Matthay et al. 2010).

The two most important imaging modalities for Neuroblastoma are Magnetic Reso-
nance Imaging (MRI) and '?3|-labelled meta-lodobenzylguanidine (MIBG) scintigra-
phy (Mueller et al. 2013). These modalities are highly complementary; MRI offers
high sensitivity for detection of bone marrow metastases (Pfluger et al. [2003) and
provides exquisite soft tissue contrast for detailed visualisation of primary and sec-
ondary masses (Dumba et al. 2015)). In contrast, functional imaging with 1#3|-MIBG
provides high specificity (Olivier et al. 2003) and permits distinction between sites
of viable disease and post therapeutic changes (Sharp et al. 2011). '23-MIBG also
operates as a diagnostic analogue of 13I-MIBG, a molecular radiotherapy treatment
used to deliver large radiation doses to treatment resistant MIBG-avid neuroblastomas

(Kayano and Kinuya 2018).
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Figure 1.11: '231-MIBG planar wholebody scintigraphy compared to wholebody MRI. Left:
planar wholebody scintigraphy showing patchy, ill-defined uptake in the region of the right
femur (green arrows) and within the abdomen (blue arrows). Identification and characteri-
sation of uptake sites can often be very challenging in planar scintigraphy due to poor spatial
resolution, poor count statistics and superposition of activity at different depths in the pa-
tient. Right: Two slices of coronal plane T2-weighted wholebody MRI showing strong, clear
enhancement in the right femoral head consistent with neuroblastic disease deposits (green
arrows) and cyctic uptake indicative of ascites within the abdomen (blue arrows).

At the outset of this thesis, most paediatric imaging departments relied almost entirely
on the use of planar scintigraphy for imaging of 123I-MIBG in Neuroblastoma. While
this technique offers a relative speed advantage compared to wholebody MRI and
is widely available, it presents a number of significant drawbacks in terms of image
quality; as shown in Figure [1.11] Identification and characterisation of uptake sites
can often be very challenging in planar scintigraphy due to poor spatial resolution,
poor count statistics and superposition of activity sites at different depths in the
patient. True quantification of uptake is also impossible in planar scintigraphy due
to depth-dependent photon losses, a result of absorption and scattering within the
patient. These limitations of planar scintigraphy strongly motivated the research

described within this thesis.
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1.4 Research Direction

The Royal Hospital for Children (RHC) in Glasgow is the largest paediatric hospital
in Scotland and one of the four largest paediatric hospitals in the UK. RHC receives
regional, national and UK-wide referrals for the treatment of neuroblastoma. At
RHC, the Consultant Paediatric Radiologists were keen to improve the quality of
neuroblastoma imaging through the fusion of 12*|-MIBG SPECT and MRI datasets.
At the same time, there was a clinical aspiration from the Consultant Paediatric
Oncologists for quantitative assessment of 123|-MIBG uptake. This was in order to
better guide patient management through improved assessment of prognosis and

treatment response.

| therefore researched Single Photon Emission Computed Tomography/Magnetic Res-
onance (SPECT/MR) hybrid imaging to improve image quantification and clinical re-
porting. | developed the hypothesis that the tissue information contained within MRI
datasets would be sufficient to provide adequate AC of SPECT, as discussed in Chap-
ter[2] | also developed two hypotheses regarding the clincal use of fused SPECT/MR;
(1) that fused SPECT /MR would enable more neuroblastoma lesions to be identified
and (2) that more neuroblastoma cases would be classified as unfavourable using
fused SPECT/MR than planar imaging alone; both discussed in Chapter 3] When
SPECT/CT became available for use in paediatric imaging, | chose to research the

quantitative imaging of neuroblastoma using 123I-MIBG SPECT /CT, as discussed in
Chapter [4]
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Chapter 2

A Simulation of MRI Attenuation

Correction

2.1 Introduction

SPECT and PET provide unique functional imaging of the chemical pathways of
the body. Hybrid imaging with integrated CT is now well established and has been
shown to have greater clinical efficacy than the individual modalities used in isolation
(Pfannenberg et al. 2003; Even-Sapir et al. 2001; Horger and Bares 2006; Schulthess
et al. 2006). More recent developments include the launch of simultaneous Positron
Emission Tomography/Magnetic Resonance (PET/MR), however there is still signif-
icant debate on the clinical utility of this new hybrid modality (Yankeelov et al. 2012;
Dickson et al. |[2014).

If interest in PET /MR can be said to discouraged by the lack of a "killer application",
by comparison interest in SPECT /MR is almost non-existent; indeed there are only
a handful of papers in the literature that mention SPECT /MR (Goetz et al. [2008;
Hamamura et al. [2010; Ha et al. [2010; Marshall et al. [2011)). Of these the entirety
concern pre-clinical or animal imaging and only one attempts to assess the SPECT
reconstruction error. This would seem to be the result of a number of contributing
factors; the aforementioned lack of a clear role for PET /MR, the ongoing challenge of
Magnetic Resonance Attenuation Correction (MRAC) in PET/MR (Keereman et al.
2013; Wagenknecht et al. 2013), the technical challenges associated with integrating
current generation SPECT camera technology with MRI and the significant mismatch

in cost base for these two modalities.
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However, despite these significant barriers to entry there are a number of compelling
arguments which suggest SPECT/MR could be a powerful hybrid modality. The
ability of Magnetic Resonance (MR) to provide exquisite soft tissue detail for partial
volume correction or anatomical priors would be of more immediate use to SPECT,
as where the spatial resolution is typically poorer than in PET. SPECT also offers the
capability of imaging multiple radio-tracers simultaneously; which could be leveraged
to investigate multiple disease receptors while multi parametric MRI (e.g. T1-, T2-
and diffusion-weighted imaging) fully characterises structural detail, all within a single

examination.

An additional advantage of SPECT relative to PET, despite the typically lower photon
energy, is a reduced overall sensitivity to photon attenuation; a natural consequence
of single photon detection in SPECT as compared to dual photon detection in PET.
This was demonstrated in the comparative work undertaken by Marshall et al. (2011));
where MRAC of canine images was shown to be both more accurate and more precise
in SPECT as compared to PET. Despite the animal setting, the techniques used for
MRAC in this particular study mimic the segmentation-based approaches suggested by
multiple authors investigating MRAC for PET (Martinez-Mdller et al. 2009; Schulz et
al. 2010; Steinberg et al.2010), and those in clinical use in PET /MR today. The use
of matching methodology would at first seem to suggest that the broad conclusions
of the study could be extended to clinical SPECT /MR, but the relative size of canines
compared to humans will reduce the impact of tissue attenuation for both SPECT and
PET. Indeed, at the time of undertaking this work there was not a single peer reviewed
study designed to assess the magnitude of clinical SPECT /MR reconstruction errors.
The purpose of this study is therefore to initiate the development of this knowledge

base.

The methodology adopted in this study to generate AC maps broadly mimics the work
undertaken by Martinez-Moller et al. (2009)); in that it involves the segmentation of
CT component of a SPECT/CT into a simulation of Dixon-based MRAC, based on
its Hounsfield Unit (HU) value of individual voxels. "Dixon-based" refers to the use
of a Dixon MR sequence; a spectroscopic imaging technique that exploits the phase
difference between hydrogen nuclei in predominantly adipose tissues versus those in

predominantly non-lipid tissues and is commonly used to generate maps of "fat" and
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"water" throughout the body (Dixon [1984; Coombs et al.|1997)). The resultant maps
of predominantly adipose tissues (e.g. white fat) and predominantly non-lipid tissues
(e.g. muscle) can then be assigned bulk (tissue averaged) values for either photon
attenuation or HUs to provide a first approximation of the attenuation or CT density
of the soft tissues of the patient. Dixon sequences also have the advantage of being
readily available on all clinical MRI scanners and being relatively fast to acquire. This
combination of features makes these an obvious baseline sequence from which to

develop a straightforward methodology for MRAC.

However, as with most MR sequences, both cortical bone and lung tissue produce
very little signal leading to significant AC artefacts; particularly in the case of highly
attenuating cortical bone. The solution first proposed by (Martinez-Moller et al.
2009) used a morphological closing process to fill the small holes in the segmented
image with values equivalent to non-lipid tissue. Furthermore almost all PET /MR
AC methods suggest segmentation of lung tissue as a necessary step (Marshall et al.
2011; Martinez-Moller et al. 2009; Schulz et al. 2010; Steinberg et al. 2010; Berker
et al. 2012); however this requires more complex post processing, typically utilising
some form of connected component analysis. Given the reduced sensitivity of SPECT
to photon attenuation, it seems prudent to explore the necessity of such additional

processing in the case of SPECT.

This study aims to evaluate the strengths and limitations of simple Dixon-based
MRAC for clinical SPECT imaging, and to identify key areas for further develop-
ment. Given the lack of true hybrid SPECT /MR imaging, Dixon equivalent pseduo-
CT images were instead reverse engineered from clinically acquired 2 Tc-methylene
diphosponate (MDP) bone scan SPECT/CT datasets. The derived pseudo-CT im-
ages were then used as AC maps for SPECT reconstruction and the resulting re-
constructions were compared to the original reference reconstructions to assess the
voxel-wise AC error. At the time of undertaking the study, **"Tc-MDP bone scans
were the most commonly undertaken SPECT /CT examination at Glasgow Royal Infir-
mary (GRI). Given the ideal emission spectrum of ™ Tc-MDP (and therefore minimal
scatter and cross-talk) these examinations were deemed to be the most straightfor-
ward case for assessing Dixon-based MRAC. The broad range of body areas examined

with bone scans was also identified as a key strength of this approach in assessing
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potential applicability for use in SPECT /MR imaging of neuroblastoma.

The primary goal of this study is to evaluate the overall AC error for Dixon-based
MRAC for SPECT. It is hypothesised that this will be less than equivalent published
results for simulations of PET/MR. The secondary goals of the study are (1) to
examine the contribution of each step of the Dixon process to the overall AC error
and (2) to assess if it is possible to achieve a clinically useful AC without complex
lung modelling. In lieu of such modelling, this study instead sets all voxels below the
lower HU limit of adipose tissue to air equivalence (i.e. -1000 HU). Similarly, rather
than attempt detection of cortical bone "holes", this study will instead set all voxels
above the upper HU limit of non-lipid tissues to the bulk non-lipid tissue HU value, a
process which simulates perfect segmentation of cortical bone "holes". The end result
of these steps is a segmented CT equivalent to that achievable by basic Dixon MRI

segmentation followed by post processing to detect and fill in cortical bone "holes".

2.2 Methods and Materials

Patient Selection

The Hermes Medical Solutions (Stockholm, Sweden) Nuclear Medicine database
at GRI was queried for all patients undergoing SPECT/CT on the GE Healthcare
(Chicago, lllinois) Optima 640 scanner as part of “"Tc-MDP bone scans over a one
month period (August 2013). This returned a set of 11 SPECT/CT scans across a
range of anatomical regions dependant on the site of uptake of interest; four scans
were of the full thorax to assess the ribs and/or thoracic spine, four scans were of
the lower thorax and abdomen to assess the thoraco-lumbar spine, two scans were of
the abdomen and pelvis to assess lumbosacral spine and/or pelvis and one scan was
of the knees. Prior to their inclusion in this study all patients were verified to have

consented for the use of their imaging for departmental research and development.

Imaging Protocols

All SPECT /CT imaging was acquired in accordance with the GRI Nuclear Medicine
Optima 640 bone SPECT/CT protocol. SPECT acquisitions were acquired with the

gantry configured to 180° orientation and using step-and-shoot acquisition mode.
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Each SPECT acquisition consisted of 120 total projections per full rotation of the
gantry and 15 seconds per projection. Primary photopeak (126-154keV), lower scat-
ter and upper scatter energy windows were acquired as per the GE recommended
acquisition protocol. Hybrid low dose CT scans were acquired immediately following
SPECT acquisition and covered the full SPECT acquisition field of view using a peak
tube voltage of 120kV, reference tube current of 30mA, 1 second gantry rotation time,
a 10mm beam width composed of 4 x 2.5mm slices and a helical pitch of 1.25. CT

scans were reconstructed into 2.5mm transverse slices using the GE "Bone" kernel.

SPECT reconstructions were undertaken with the manufacturer recommended “Vol-
umetrix M| Evolution for Bone" reconstruction protocol; an iterative OSEM based
algorithm using pre- and post-reconstruction smoothing filters, 2 subsets and 10 it-
erations. The reconstruction process incorporated a proprietary resolution recovery
algorithm (GE Evolution), triple energy window based scatter correction and non-

uniform attenuation correction derived from the hybrid CT data.

Data Analysis

SPECT acquisitions and CT volumes were anonymised and downloaded from the Her-
mes Medical Solutions database in Digital Imaging and Communications in Medicine
(DICOM) format. All image processing was undertaken using the open source pro-
gramming language Python with open source numeric, scientific and image processing

libraries including Numpy, Scipy, Matplotlib and Pydicom.

The eleven patient CT volumes were combined to create a HU histogram. Following
visual inspection of the histogram, the central soft tissue region (between -500HU and
+500HU) was fitted with an overlapping bi-Gaussian function to empirically model
the distribution of adipose and non-lipid soft tissues. Following this the fitted mean
was selected as the best candidate for the bulk HU value for each tissue region.
Multiple ranges were then derived for each tissue; these corresponded to ranges of
put20, ut+30 and pt4o. In each case the internal intersection of the fitted Gaussians

was used to define the internal boundary between the two soft tissue regions.

For each set of soft tissue ranges, a simple 3-region pseudo-CT was created by ma-

nipulation of the underlying HU values of each CT scan according to the following
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steps:

1. To simulate Dixon segmentation, the soft tissue ranges were replaced with their

corresponding bulk (mean) values.

2. To simulate morphological closing of small holes (i.e. left by cortical bone), any
voxel values equal to or above the upper limit of the non-lipid region were set

to the non-lipid bulk value.

3. All voxel values below the lower limit of the adipose region were assumed to be

lung or backgr