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Abstract

Selective internal radiation therapy (SIRT) or radioembolisation using Yttrium-
90 (*Y) microspheres is a treatment for unresectable hepatic malignancies and metas-
tases that can be monitored with positron emission tomography (PET) imaging.
PET is today the most sensitive functional imaging modality for studying molec-
ular interactions in the human body. This monitoring is of prime importance for
patient safety and to move towards personalised dosimetry. However, during °Y
decay, only few B particles are emitted (around 32 positrons per million decays),
which makes quantitative PET imaging challenging. State-of-the-art PET systems
are equipped with silicon photomultipliers (SiPMs) replacing conventional photo-
multiplier tubes (PMTs), thus allowing an overall improvement in performance and
in particular in the time-of-flight (TOF) resolution.

The objective of this thesis was twofold. First to develop and validate a Monte
Carlo model of the Vereos PET SiPM system. Second, to investigate *°Y PET quanti-
tative imaging for °°Y microspheres treatment monitoring. The proposed model of
the Vereos PET was developed with the GATE platform and validated against ex-
perimental data following NEMA standardised protocols. The model can support
a number of future projects, in particular to optimise imaging performance, evalu-
ate new reconstruction and correction methods, among others. The second contri-
bution focused on the evaluation of reconstruction parameters on the quantitative
accuracy in Y dosimetry and investigate on the gain over the acquisition time pro-
vided by the Vereos PET/CT. To that aim, experiments using phantoms were carried
out and parameters were varied to estimate their influence on absorbed dose distri-
butions. Here, contrary to previous works, the whole evaluation was performed
with absorbed dose (in Gy) via dose-volume histograms (DVHs) instead of activ-
ity (in MBq). The results have finally been applied to the clinical settings in our
institution. A third contribution provides a preliminary assessment of the predic-
tive value of the " Tc-macro-aggregated albumin (MAA) surrogate particles to *°Y-
microspheres used in treatment planning. Consistent approaches were suggested
for image registration between pre-treatment single photon emission computed to-
mography (SPECT)/CT and per-treatment PET/CT, using patient datasets from the
Léon Bérard cancer research center (CLB) where *’Y-radioembolisation therapy is
regularly performed.
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Résumé

La radiothérapie interne sélective (SIRT), connue également sous le terme de ra-
dioembolisation, par microspheres d’Yttrium-90 (*°Y) est un traitement des tumeurs
malignes et métastases hépatiques non résécables qui peut étre suivi par la tomogra-
phie par émission de positons (TEP). La TEP est aujourd’hui la modalité d’imagerie
fonctionnelle la plus sensible pour étudier les interactions moléculaires dans le corps
humain. Ce suivi est de premiere importance pour la sécurité des patients et pour
évoluer vers une dosimétrie personnalisée. Cependant, lors de la désintégration de
1Y, seules quelques particules B+ sont émises (environ 32 positons par million de
désintégrations), ce qui rend la quantification a partir d'un image TEP délicate. Les
systémes TEP les plus modernes sont cependant équipés de photomultiplicateurs au
silicium (SiPMs) qui remplacent les tubes photomultiplicateurs (PMTs) convention-
nels, ce qui permet une amélioration globale des performances et en particulier de
la résolution du temps-de-vol (TOF).

L'objectif de cette these était double : d"une part, développer et valider un modéele
Monte Carlo du systeme TEP Vereos, qui est équipé de SiPM, et d’autre part, étudier
I'apport de l'imagerie TEP a 1Y pour le suivi du traitement par microsphéres
d’?Y, en contexte clinique. La premiére contribution de cette thése a donc été le
développement d'un modele de simulation GATE du systéeme TEP Vereos qui a été
évalué par rapport aux données expérimentales suivant les protocoles standardisés
du NEMA. Le modele peut étre utilisé pour un certain nombre de projets futurs,
notamment pour optimiser les performances d’imagerie, ou encore évaluer de nou-
velles méthodes de reconstruction et de correction. La deuxiéme contribution s’est
concentrée sur 1’évaluation des parametres de reconstruction sur la précision quan-
titative de la dosimétrie a 1'’Y et sur I'étude du gain sur le temps d’acquisition
apporté par le Vereos TEP/TDM. Des expérimentations utilisant des fantomes ont
été réalisées et les parameétres de reconstructions ont été variés pour évaluer leur in-
fluence sur les distributions de dose absorbée. Une troisieme contribution propose
une évaluation préliminaire de la valeur prédictive des particules de macroagrégats
d’albumine (*"Tc-MAA), utilisées dans la planification du traitement par radioem-
bolisation en substitution aux microspheres d’*°Y. Des approches cohérentes ont été
proposées pour le recalage d’images avec la tomographie par émission monopho-
toniques (TEMP)/TDM, en utilisant des ensembles de données de patients du Cen-
tre de lutte contre le cancer Léon Bérard (CLB), ot1 la thérapie par radioembolisation
a 1Y est régulierement effectuée.
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Ti poem melodi

Si pa ti enan twa, parol ti pou rezonn fos. Patriotis to pios. Disan ek la swer ki koulé,
ekrir tou paz nou lavenir. Sa mem inn vinn nou rev, ti obliz nou avanse.

Si pa ti enan twa, kouma karay ti pou kriyé. La koz to tras trasé. To pa inn res lebra
krwazé, enn ti roupi to inn gagné, pou enn bousé manzé, pou to fami prosperé.

Lakoz énan twa, zot dir nou leker dan la main. Plis solidarité. Travay volonter, drwa
imain, pénan traka, pénan voler, dormi laport ouvert, met tou dan la main Bondié.

Pou zot saki zoli, fer nou leker flote dan lekstaz. Ti poem melodi. Enn tablo top kouler
pei, Zistwar depi nou leritaz. Kadans balans lérein, nou sant ansam nou refrain.

Parol bers nou lespri, zarden dedenn dan paradi. Enn tipa nunn grandi. Bondié akon-
pagn nou simen, pa tombé, nek trap mo lamen. Pa kil lespri sen, persevere, pans demen

Se pou sa, kan nou guetté partout vert, la mer li blé, disab blan doré, le ciel pénan niaz,
la briz dan feyaz.

Se pou sa, kan nou guetté, mem aswar, mille zétwal apé brillé, pou fer marénwar rekilé,
pénan mirak, pénan mazik. Fodré énan tou, pou fer enn sel.

Persevere, pans demen.
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Introduction

Liver is one of the rising cause of cancer-related mortality in both sexes at a time
when the mortality from most cancers is decreasing'. Depending on the diagno-
sis, stage of the disease, relative health and physical condition of each liver cancer
patient, several treatment alternatives are however available, including treatment
by radioembolisation, also known as selective internal radiation therapy (SIRT). Ra-
dioembolisation therapy using *°Y encapsulated in glass, or labelled-to resin, mi-
crospheres is an intra-arterial method used in clinical practice to treat unresectable
and chemoresistant hepatic malignancies. During *°Y-radioembolisation, millions
of microspheres are administered through selected branches of the hepatic artery
which feed the tumours. High energy p~ particles are emitted from the decay of Y,
which deliver high absorbed doses to the surrounding tissues in the liver where the
tumours are located, while preserving the non-perfused healthy regions and other
organs at risk (OARs) from irradiation. Following *’Y-radioembolisation treatment
delivery, positron emission tomography (PET) imaging can be performed to mon-
itor the *°Y microspheres biodistribution and evaluate the technical success of the
procedure. This monitoring is of prime importance for patient safety and to move
towards personalised dosimetry, enabling to perform an assessment of the spatial
absorbed dose distribution and make further predictions about the outcome of the
treatment.

PET is today the most sensitive functional imaging modality for studying molec-
ular interactions in the human body. In constant evolution, it has recently been
equipped with silicon photo-multipliers (SiPM), replacing more conventional photo-
multiplier tubes (PMT), thus enabling an overall improvement in performance and
in particular in the resolution in TOF. PET was also found interesting through its per-
formance for imaging *’Y. Indeed, *°Y is a pure B~ emitter, but possesses a branch-
ing ratio related to an internal pair production of 32.6 x 10~ pairs/decay (Dryéak
and Solc, 2020). Even if there are conditions of low positron production statistics,
PET imaging since the last decade has become the gold standard for the monitoring
of Y-radioembolisation.

The context of this thesis falls under the scope of the monitoring of radioemboli-
sation treatment with *°Y microspheres using silicon photo-multiplier (SiPM)-based
PET imaging and Monte Carlo calculations. *°Y-radioembolisation is usually deliv-
ered in the local institution hospital where my thesis was conducted, the Centre de
lutte contre le cancer Léon Bérard (CLB), but, however, no absorbed dose calculation
is systematically performed following treatment although a PET imaging is always
carried out. The technical success of the treatment is only evaluated by the visual
distribution of radioactivity of the PET images.

The aim during this thesis was twofold. First, emphasis was made on the simula-
tion of the Vereos in the Geant4 Application for Tomographic Emission (GATE) plat-
form to make it available to the scientific community for research purposes. Then,
the thesis focused on the evaluation of image reconstruction parameters and imag-
ing conditions using *’Y towards an improvement in absorbed dose quantification

1. See The Surveillance, Epidemiology and End Results (SEER) Program (USA)

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI054/these.pdf
© [J. Labour], [2021], INSA Lyon, tous droits réservés



2 Introduction

for PY-radioembolisation. Analysis were carried out using phantom data but also
applied to patient data. Finally, preliminary comparisons between the predictive
PMTe-MAA and *°Y microspheres dosimetries were performed.

The manuscript is divided into two parts, each of which consists of three chap-
ters. Part I (Chapters 1 to 3) provides a thorough description of the state-of-the-art on
the radioembolisation treatment using *°Y microspheres and PET imaging. It out-
lines the patient workup and dosimetry techniques for treatment monitoring using
PET imaging and the related issues. Part II (Chapters 4 to 6) provides the different
contributions made during this thesis including the Monte Carlo simulations of the
Philips Vereos PET in GATE, the experimental phantom studies for the evaluation
of Ordered Subset Expectation-Maximization (OSEM) reconstruction parameters for
Y PET imaging and applied on patient data for absorbed dose calculations.

Chapter 1 first describes the rationale and clinical context of radioembolisation
treatment. It also provides a state-of-the-art on present methods for absorbed dose
calculations in targeted radiotherapy (TRT) using single photon emission computed
tomography (SPECT) and PET voxelised images. Chapter 2 is a generic state-of-the-
art on PET from positron emission to annihilation photon detection and image re-
construction. Furthermore, it provides the concepts of the Digital Photon Counting
(DPC) SiPM, which is used in the Vereos system, and summarises the performance
of several actual clinical novel PET systems. Chapter 3 finally describes the physics
of Y decay and the related confounding factors to PET imaging for quantification.

Chapter 4 details the work carried out for the first contribution made during this
thesis on the Monte Carlo simulation of the DPC SiPM PET, describing the simu-
lated performance of the system, with comparison to experimental data in accor-
dance with NEMA guidelines, and has been published in EJNMMI Physics (Labour
et al., 2020). Chapter 5 provides the results of the second contribution made during
this thesis on the quantitative study using the Vereos for 0y imaging, aiming at eval-
uating the OSEM reconstruction parameters and at the same time aiming at reducing
the acquisition duration with acceptable degradation in accuracy of the information
obtained in reconstructed images. This contribution, at the time of writing this the-
sis, has been accepted for publication and should be published shortly in EINMMI
Physics (Labour et al., 2021). Chapter 6 uses the results of selected reconstruction and
acquisition parameters in the contribution in Chapter 5 on a set of patient data who
had *’Y-radioembolisation in our hospital. A preliminary assessment of the predic-
tive value of the " Tc-MAA surrogate to °°Y-microspheres by suggesting consistent
approaches for image registration was performed.
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Chapter 1

Clinical context

1.1 Liver cancer

1.1.1 Statistics

The worldwide incidence and mortality of liver cancers are outlined by the Inter-
national Agency for Research on Cancer (IARC)'. In 2018, the number of recorded
new cases for liver cancer in both sexes was 841,100 for 781,600 deaths (Bray et al.,
2018), making it the sixth most commonly diagnosed cancer and the fourth lead-
ing cause of cancer mortality (Bray et al., 2018; Dasgupta et al., 2020). Figure 1.1
provides some statistics about the incidence and mortality rates for countries of the
European Union (EU), where France is ranked third and fourth in incidence and
mortality rates, respectively. In addition, liver cancer is a male-dominated disease,
associated with increasing age and many types of chronic liver diseases consequent
to hepatitis B or C virus infections, alcoholic-related liver disease or non-alcoholic
fatty liver tissue, which is tightly linked to the metabolic syndrome and obesity.

Republic of Moldova
World

Romania

France

Italy

Populations

Portugal

Spain

Slovenia

Greece

Slovakia

Data source: Globotan 2020 ASRIWorld) per 100 000 e e oy
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FIGURE 1.1 — Age-standardised rate (ASR) statistics on liver cancer in
Europe from IARC/WHO?, all ages confounded showing male pre-
dominance.

The two most feared primary cancers of the liver are hepatocellular carcinoma
(HCC), which accounts for 75%-85% of the total burden of primary malignant liver

1. See Global Cancer Observatory (GCO) - IARC/WHO (France,UN)
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6 Chapter 1. Clinical context

cancers, followed by intrahepatic cholangiocarcinoma (ICC) which accounts for 10%-
15% of cases, as well as some other rare types (Tischoff and Tannapfel, 2007; Bray et
al., 2018). Figure 1.2 outlines the difference of origin for HCC and ICC. HCC was
ranked the fifth most common cancer in men, the ninth most common cancer in
women and the second most common cause of cancer death worldwide (Knudsen,
Gopal, and Singal, 2014).

The liver is also a common metastatic site for a wide variety of primary tumours
from other sites in the body (Namasivayam, Martin, and Saini, 2007), such as adeno-
carcinomas of the gastrointestinal (GI) tract (e.g. colorectal cancers). This could be
due to the double blood supply to the liver through the portal vein and the hepatic
artery which facilitates the trapping of circulating cancer cells, leading to secondary
hepatic metastases (SHM) (Ananthakrishnan, Gogineni, and Saeian, 2006; Ridder
et al.,, 2016). Metastatic liver tumours are more prevalent than primary tumours.
In clinical practice, the majority of secondary liver cancers are secondary hepatic
metastases from colorectal cancer (mCRC).

Liver
... Intrahepatic
E bile ducts
Common *
bile duct
Bowel
(duodenum) Pancreas

FIGURE 1.2 — Primary liver cancer origin: HCC develop from the

main liver cells (by malignant transformation of hepatocytes) and

ICC develop from the small intrahepatic bile duct epithelium (Source:
Cancer Research UK/Wikimedia Commons).

Noninvasive medical imaging modalities are of key importance in the diagno-
sis, staging and follow-up of liver tumours. Different techniques such as ultrasound
(US), contrast enhanced dynamic X-ray computed tomography (CT) and magnetic
resonance imaging (MRI) are used to detect abnormal liver damage (Jiang et al.,
2018). Treatment decisions are based on these different imaging modalities to deter-
mine the site of the tumour in the liver, the type of malignancy (HCC, ICC, SHM),
the size of the tumour and whether it has spread (the stage), the remaining healthy
and functional liver parenchyma, and so on. However, the diagnosis of liver cancer
is often followed by a poor prognosis, and treatment alternatives generally preclude
surgical resection that could lead to a cure, due to the hypervascular nature of the
organ or a late staging diagnosis.
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1.1. Liver cancer 7

1.1.2 Treatment overview

Depending on the diagnosis, staging, relative health and physical fitness of each
liver cancer patient, a multidisciplinary team will discuss the appropriate treatment
to be administered. Although the prognosis is often poor, there are many alterna-
tives for the treatment of liver cancer, ranging from cure to palliative care or best
supportive care (BSC). Patients whose cancer is detected at an early stage have a
wider range of treatment possibilities and are more likely to live longer, compared
to those who present at a later stage.

1.1.2.1 Liver cancer staging algorithms.

The stage is one of the most important prognostic factors for liver cancer. The
most commonly used algorithm for the staging and treatment of patients with HCC
is that of the Barcelona Clinic Liver Cancer (BCLC) (Llovet, Fuster, and Bruix, 2004),
based on the Eastern Cooperative Oncology Group Performance Status scale (ECOG-
PS) and the Child-Pugh system ?. People with liver cancer that is BCLC stage 0 (very
early stage) or stage A (early stage) have a more favorable prognosis leading to cure
than people with liver cancer that is BCLC stage B (intermediate stage), C (advanced
stage) or D (terminal end-stage disease).

Early diagnosis. The main treatments for primary liver cancers are first surgery,
including liver resection or transplantation which can be curative, but most people
with liver cancer are inoperable due to already damaged parenchyma (e.g. liver cir-
rhosis), a too large tumour volume, the tumour being near to a blood vessel making
it hard to remove, difficulties to find a donor for transplant, and so forth. Local abla-
tive therapies including radiofrequency ablation (RFA), microwave ablation (MWA),
high-intensity focused ultrasound (HIFU) (Ji et al., 2020) and percutaneaous ethanol
injection (PEI) (for small tumours) are also alternatives which can be curative. With
the increasing incidence of HCC, surgery in the form of liver resection which pro-
vides optimal outcomes in patients of good performance status with limited liver
disease, or transplantation, remains the mainstay of curative treatment with abla-
tion for small tumours.

External radiotherapy using the stereotactic body radiation therapy (SBRT) ap-
proach with high energy X-ray beams is also a non-invasive treatment option that
can precisely deliver ablative absorbed doses to the targeted lesions, while limiting
radiation to adjacent healthy tissues and OARss. However, due to the proximity
to the stomach, bowel and other organs to the liver, see Figure 1.2, SBRT is not a
common choice for liver cancer treatment to limit irradiation to these adjacent or-
gans. Furthermore, the delivery of fractional high radiation during SBRT is not a
simple task owing to intra- and inter- fractional variations in patient setup, organ
movement and deformation. There are frequently large mismatches in absorbed
dose compared with the plan in liver, with higher absorbed doses than expected
during SBRT (Schmid et al., 2019). This can lead to toxicity when an absorbed dose
of more than 35 Gy of radiation is given to the liver parenchyma (Lawrence et al.,
1995; Miften et al., 2018).

Late diagnosis. Due to late stage presentation and diagnosis of liver cancers, ther-
apeutic options become limited and most patients are offered palliative treatments

2. See Cancer Research UK for summary on BCLC, ECOG-PS and Child-Pugh system
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8 Chapter 1. Clinical context

or supportive care. An alternative local treatment which can be administered is
chemoembolisation or transarterial chemoembolisation (TACE), which is a form of
chemotherapy directed into the liver and restricting the blood supply of the tumour,
performed in interventional radiology. Radioembolisation or SIRT (See Section 1.2)
is another alternative treatment for liver cancer. It is a type of internal radiother-
apy aiming at delivering dose from radioactive emitters into the hepatic arterial cir-
culation to chosen tumoral liver regions. SIRT, which is the treatment of interest
for this thesis, is a palliative treatment which however, is becoming efficacious in
liver cancer patients and now trending to be considered as curative. For liver can-
cer that has spread (advanced stage), the patient might have a targeted cancer drug,
such as sorafenib. In addition, new therapeutic options are being developed such
as immunotherapy (IMT) with tangible hope for long term survival and there is still
progress to be made in this field.

In France, SIRT is reimbursed by the health insurance scheme for the treatment of
HCC, ICC and mCRC. There are stages of the disease to be considered, the patient
must be in satisfactory general condition, preserved liver function and must fulfil
certain other factors and biological criteria. It depends also on the medical device
considered, see Haute Autorité de Santé, France (2018, 2020).

1.2 Radioembolisation rationale

Radioembolisation or SIRT is an intra-arterial method used in clinical practice to
treat unresectable and chemoresistant hepatic malignancies (Lau et al., 1994; Salem
et al., 2010; Sangro et al., 2011; Tafti and Padia, 2019). During SIRT, millions of mi-
crospheres are administered into an artery, delivering high absorbed doses to the
selected perfused regions of the liver where the hepatic lesions are located, while
preserving the non-perfused healthy regions of the liver and other OARss from irra-
diation (Kennedy et al., 2012), see Figure 1.3. SIRT can be administered to patients
with liver malignancies which are well-vascularised since the microspheres are car-
ried by the blood to the tumour, ranging from HCC and ICC primary tumours to
mCRC, secondary hepatic metastases from neuroendocrine tumours (mNETs) and
SHM from breast cancer, and so on.

1.2.1 Microspheres properties

Currently, SIRT can be performed with two isotopes, either with °Y or 1**Ho mi-
crospheres. Three types of medical devices exist, SIR-Spheres® (Sirtex Medical Lim-
ited, North Sydney NSW, Australia, 2020) and TheraSphere™ (Boston Scientifics,
Massachusetts, United States, 2020) for *°Y microspheres, and QuiremSpheres® for
166Ho microspheres (Quirem Medical BV, Deventer, the Netherlands, 2020). The
properties of the three types of microspheres are resumed in Table 1.1.

1.2.2 Vascular considerations in radioembolisation

The liver has the advantage of having a double blood supply which is of benefit
to SIRT. While the liver parenchyma is mainly supplied with blood by the portal
vein, tumours that appear in the liver are in turn predominantly supplied by the
circulation of the hepatic artery (Bierman et al., 1951; Dezso et al., 2009). The specific
configuration of the vascularisation of the liver organ therefore offers something that
can be exploited for the treatment of cancer.
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TABLE 1.1 — Properties of microspheres used for liver SIRT. Nuclear data were obtained from LNHB (France) (Bé et al., 2006)

Specifications Therasphere™ SIR-Sphere® QuiremSpheres®
Isotope % Ny 166Ho
Microsphere material Glass Resin Poly-L-lactic acid

. Incorporated into Attached to the Attached to the

Isotope is .

glass matrix surface surface
T3 (h) 64.04 64.04 26.80

o o 1854.5 (48.2%) and
Eg,.. (keV) 2278.7 (99.98%) 2278.7 (99.98%) 1773.9(50.5%)
o o 693.8 (48.2%) and
Eg,e (keV) 926.7 (99.98%) 926.7 (99.98%) 651.1 (50.5%)
Evy (keV) no 7y emission no 7y emission 81.57 (6.6%)
Fmax (M) 11 11 8.7
T'mean (TIM) 2.5 2.5 2.2
Range (average) of ) ) )
Erials G () 20-30 (25) 20-60 (32.5) 15-60 (30)
Density (g.cm®) 3.6 1.6 14
Activity per microsphere
(Bq) at calibration 2500 = Sl
Activity per commercially
available vial (GBq) 3,5,7,10,15, 20 3 (can be divided) Patient specific dose
at calibration
Relative embolic effect Mild Moderate -
Number of particles 4 million 50 million 30 million
instilled
166Ho-MS or

99mA_ 99mA_

Scout dose Te-MAA Tc-MAA M Te-MAA
o . Compartmental MIR]?, Compartmental MIR]?, Cnreorparimreil MDD,

Activity calculation voxel-based personalised voxel-based personalised dosimetr

dosimetries dosimetries, BSA methods y
Imaging modality BremSPECT or PET BremSPECT or PET SPECT or MRI
Reimbursement (in France) HCC, ICC, mCRC HCC,ICC Not reimbursed

areuoner Uon)eSI[OquIdOIPEY ‘7’1
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FIGURE 1.3 — SIRT transarterial procedure. A branch of the hepatic
artery feeding the tumour is selected where activity is administered
by catheterisation (Source: Macmillan Cancer Support (UK)).

For the record, this feature of the liver benefit to transarterial embolization (TAE)
treatment ?, where the tumour has its supply cut off by the injection of tiny gelatin
sponges or beads, and so the nutrients sustaining the cancer by the blood are re-
moved, and the tumour dies from ischaemia and subsequently tissue necrosis. TACE,
which is a treatment given to tumours intermediate stage BCLC B, applies the same
approach as TAE, whilst at the same time providing a second hit from directly in-
jecting chemotherapeutic agents or drug-eluting beads laced with toxic drugs. The
latter enhance cancer cell death. TAE/TACE particles have a diameter which are
3-10 times larger than microspheres used in SIRT, see Table 1.1 for SIRT microsphere
sizes, which results in the occlusion of medium to large arteries and there is blood
flow stagnation or interruption (Sangro, Ifarrairaegui, and Bilbao, 2012).

Figure 1.4 depicts the difference in the effects brought by TAE/TACE and SIRT
mechanisms according to the sphere size. SIRT differs substantially from TAE/TACE
where the source of radiation has to access the network of tumoral neovessels after
being injected into the hepatic arteries. It should be pointed out that the beneficial
and deleterious effects of SIRT come both from the radiation delivered by the iso-
tope and from the poorly understood effects of micro-embolisation, but not from the
ischaemia due to occlusion of the vessels (Sangro, Ifarrairaegui, and Bilbao, 2012).
Moreover, contrary to TAE/TACE, there is not significant reduction in the arterial
blood flow during SIRT. This in turn adds an aspect to the treatment, where together
with the lack of ischaemic effect, lobar of even whole liver SIRT can be performed
safely without inducing acute liver decompensation (Sangro et al., 2011). Therefore,

3. See National Cancer Institute (USA)
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FIGURE 1.4 — Comparison between particle sizes in TAE or TACE
(right) and SIRT (left). *°Y and ®*Ho microspheres of ~35 um (gray
colour) provide short range radiation to the tumour for SIRT, whilst
larger beads provide an ischemia effect during TAE and eventually
expose tumour cells to high concentrations of cytotoxic agents dur-
ing TACE. Extracted from Sangro, Ifiarrairaegui, and Bilbao (2012).

the therapeutic effect of SIRT largely depends on factors such as hepatic arterial flow
distribution and the arterial vascularisation of the target tumour.

An overview of the SIRT procedure using *°Y is given in the following sections,
which is the main interest for this thesis. In France* (or elsewhere), the decision to
implement the treatment and post-treatment follow-up must be taken, in agreement
with the patient, in a multidisciplinary consultation meeting specialised in hepatic
tumours, including at least: an oncologist, a hepatologist, a radiotherapist, a di-
gestive surgeon, an interventional radiologist, a nuclear physician and a palliative
care physician. Treatment planning, see Section 1.4, must be reserved for multidis-
ciplinary teams comprising: a nuclear physician, an interventional radiologist with
expertise in hepatic embolisation in cancerology, a medical physicist and a radio-
pharmacist.

1.3 %Y-radioembolisation

During *°Y-SIRT, the high energy f~ emitter *°Y particles which are encapsulated
in glass or labelled-to resin microspheres, see Table 1.1, are administered through se-
lected branches of the hepatic artery which feed the tumours. This method ensures

4. See Haute Autorité de Santé reports (France): SIR-Spheres® (2018) and TheraSphere™ (2020)
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a regional biodistribution of the *°Y-microspheres delivering a highly localised ab-
sorbed dose to the perfused regions, sparing nearby OARss and healthy tissues with
the advantage of a negligible radiation burden to both non-embolized portions and
extra-hepatic tissues (considering the maximum range of B~ particles around the
deposition site), see Figure 1.3. The °Y-SIRT method is widely used owing to its
clinical efficacy and relative safety (Lau et al., 1994; Sato et al., 2008; Kennedy et al.,
2009; Salem et al., 2010; Sangro et al., 2011; Garin et al., 2021).

Prior to SIRT treatment, patients undergo a thorough angiography to map the
arterial vessels supplying the tumour and surrogate particles which mimic the dis-
tribution of microspheres are administered to assess the presence of pulmonary and
GI shunts. These different steps are necessary for an individualised treatment plan-
ning to maximise and ensure the safety and efficacy of the therapy.

1.3.1 Part I: " Tc-MAA pre-treatment simulation step

Unlike other forms of brachytherapy (curiethérapie in French) where the posi-
tion of the implanted radioactive material can be more precisely known, an accurate
dosimetry cannot be predicted in SIRT since the radoactive microspheres are lib-
erated in the bloodstream rather than being directly implanted. Complications in
patients after “°Y-SIRT might therefore arise due to non-target intrahepatic and ex-
trahepatic deposition of radioactive particles during the treatment procedure. To
avoid or limit the impact of possible side-effects and toxicity, a pre-treatment mock
examination procedure is performed before and not more than 2 weeks prior to Y-
SIRT (because of possible disease progression) using the surrogate *"Tc-MAA pat-
ticles, which roughly commensurate to microspheres sizes. *"Tc is a pure gamma
(7) emitter with a photon energy peak of 140 keV and its physical half life is rela-
tively short (~6 hours), allowing for a wide range of scanning procedures, keeping
the total patient radiation exposure low. The properties of " Tc-MAA are given in
Table 1.1.

During this step, the suitability of the patient for “°Y-SIRT is assessed by antici-
pating the microspheres distribution and the absorbed dose distribution of radiation
that could be delivered to tumour and healthy liver regions. The amount of Y ac-
tivity to administer during the treatment phase (See Section 1.3.2) is therefore deter-
mined at this step. The approach also allows to predict the toxicity, since it is more
likely that there will be no deposition of microspheres during the treatment phase
where there is no *"Tc-MAA deposition.

1.3.1.1 Angiography workup and " Tc-MAA injection.

The distribution of activity depends on several factors, first regarding the hep-
atic vasculature distribution itself. Thus, examinations of the latter is performed
upstream and monitored during %" Tc-MAA injection. To evaluate the hepatic vas-
culature feeding the tumour and select the right artery or artery parts for activity
injection, a C-arm cone beam computed tomography (CBCT) or other hybrid an-
giography/CT angiographic imaging (Orth et al., 2008) is performed by injecting
at first contrasted agents by catheterisation through the selected artery feeding the
tumoral region. CBCT may identify branches of the hepatic artery which feed the
tumours that CT or MRI fail to detect (Louie et al., 2009). Hybrid CT/angiography
is preferred to CBCT when possible (Levillain et al., 2021).

Figure 1.5 depicts the workup angiography for a patient. This allows to detect,
and in due course coil-embolise any artery branches (or move the injection position
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a Work-up angiography b Angiographic reference

FIGURE 1.5 — Hepatic angiography after arterial embolisation using a
C-arm CBCT (Source: CBCT).

beyond the ostium of the arteries that we do not want to catheterise, which does not
require a coil) which might transport radioactive particles to other non-desired parts
of the liver or nearby and extrahepatic OARss. It allows also to determine if different
injection positions are required before injecting " Tc-MAA in a second step, under
the same catheter placements. Once the right artery is selected, the surrogate %" Tc-
MAA particles can be administered by the interventional radiologist in the same
procedure and monitoring of activity administration is accompanied by the same
angiographic techniques.

1.3.1.2 Gamma-camera imaging after *"Tc-MAA injection.

Following injection of *"Tc-MAA, a planar scintigraphy and/or if available a
3-dimensional (3D)-SPECT gamma-camera imaging are performed, as depicted in
Figures 1.6 and 1.7. The use of the last two platforms is many-fold. They allow to:
(1) also detect any extrahepatic deposition of activity transported by the hepatic vas-
culature to non-targeted liver parenchyma or OARs, (2) calculate the lung shunt frac-
tion (LSF) which is the proportion of radioactive material which reached the lungs
presumably due to leakage via hepatopulmonary shunts, see Section 1.4.1.1, (3) sim-
ulate the outcome of the spatial distribution of *°Y during the treatment phase, (4)
adapt the °Y activity to be injected during treatment which is dependant of the mi-
crosphere type and (5) estimate if possible the absorbed dose distribution by in the
perfused tumoral regions of interest and liver tissue. Imaging should be performed
within one hour from injection due to degradation of *"Tc-MAA (Grosser et al.,
2016).

The pre-treatment phase is essential to maximize the Y activity to be admin-
istered to tumoral regions while concurrently preserving healthy liver parenchyma
and other OARs, minimising side-effects for the patient. The LSF is also a deci-
sive criteria in the recommendations for °Y-SIRT follow-up. Section 1.4 outlines in
further details about the *°Y microspheres prescriptions using the " Tc-MAA pre-
treatment phase.
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FIGURE 1.6 — Anterior and posterior planar scintigraphy images of
both lungs and the total liver following injection of " Tc-MAA (pre-
treatment) for a patient at the CLB.
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FIGURE 1.7 — Pre-treatment *"Tc-MAA imaging. Top: Anterior

and posterior planar scintigraphy images of the total liver. Bot-

tom: SPECT/CT images for the same patient. Extracted from Bilbao,
Reiser, et al. (2008).
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1.3.2 Part II: "’Y-radioembolisation treatment step

Within two weeks after the °°Y has been prescribed (Dezarn et al., 2011; Salem
et al., 2019) with the mock procedure using the surrogate " Tc-MAA as explained
in the previous Section 1.3.1, the administration of *°Y-microspheres is performed
using the same catheterisation position in the selected hepatic vasculature which
is the treatment site. Levillain et al. (2021) recommend (recommendation R17) to
conduct SIRT as soon as possible after the simulation and no more than four weeks
after simulation for *’Y-resin microspheres.

1.3.2.1 Administration procedure and monitoring

The administration equipment sets are different for the glass and resin micro-
spheres. The integrity of the equipment is assured by the nuclear physician and
the interventional radiologist. Without going into much details, resin microspheres
are injected by alternating small bursts of spheres, until all the spheres have been
injected. The catheter placement and stasis/reflux can be regularly verified using
contrasted agents and performing planar angiography. CBCT can be cumbersome
during injection since it revolves around the patient. Glass microspheres injection
is much faster by injecting in bolus. No per procedure control is required for glass
microspheres. Figure 1.8 depicts the SIRT procedure at the CLB using glass micro-
spheres.

In case the totality of the activity cannot be administered, the undelivered activ-
ity should be measured. The approximate administered activity is calculated using
Equation 1.1.

Dose rate after
Dose rate before

Administered activity = Prepared activity x (1 ) (1.1)

where the dose rates can be obtained by measuring around the delivery box
before and after the treatment. The final activity delivered to the patient must be
recorded and used for dosimetric purposes.

1.3.2.2 Post-treatment monitoring

Although if the lung shunt calculated by the scout images using **"Tc-MAA pre-
dicts the lung shunt for 90Y-microspheres (Jha et al., 2012), differences might arise
between the biodistribution of MAA and microspheres, providing inaccurate pre-
dictions (See Section 1.7 and Chapter 6 for PmTe-MAA limitations). Therefore, there
should be a monitoring of the microspheres biodistribution following the SIRT ad-
ministration procedure to evaluate the technical success of the procedure and detect
possible non-target deposition to take necessary actions as early as possible after
treatment if there are any extrahepatic depositions (e.g. in the GI tract). The gold
standards for this monitoring can be actually performed using either single pho-
ton emission computed tomography combined with X-ray computed tomography
(SPECT/CT) or positron emission tomography combined with X-ray computed to-
mography (PET/CT), which moreover enable to perform an assessment of the spa-
tial absorbed dose distribution and make further predictions about the outcome of
the treatment (Lhommel et al., 2010; D" Arienzo et al., 2012). Figure 1.9 gives a visual
comparison of the images obtained following the predictive *"Tc-MAA injection
and the post-SIRT following *°Y-microspheres injection.
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FIGURE 1.8 — “0Y-SIRT procedure at the CLB. Top left: Administration
system for microspheres (TheraSphere™) and physicians placing the
catheter to the selected hepatic artery in interventional radiology be-
fore microspheres injection. Top right: Performing angiography for
catheterisation monitoring to the selected region to be perfused by the
interventional radiologist. Bottom left: Injection procedure of micro-
spheres to the patient by the nuclear physisian. Bottom right: Dosime-
ter for radioprotection control.

1.4 Y activity planning

This section describes the methods used to adapt °Y activity to each patient.
As seen in the previous sections (See Section 1.3.1), within 1 hour from the scout
PMTe-MAA injection, planar scintigraphic images from the upper thoracic to the
lower abdominal cavities are acquired, see Figure 1.6. Lately, SPECT/CT is being
used, see Figure 1.7, overcoming the limitations of planar images such as lack of
3D information, tissue densities and heterogeneities and attenuation correction. The
endpoint of this assessment is the adaptation of the °Y activity to be administered
during SIRT for a personalised dosimetry for each patient.

1.4.1 Image-based metrics

The definitions of the LSF, tumour-to-non-tumour ratio (T/N) and tumour-to-
total liver ratio (TTLV) are provided hereafter. They are considered when determin-
ing the *°Y activity to administer for an individual patient depending on the the
prescription method and microsphere type.
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9MTe-MAA BREMSSTRAHLUNG
SPECT/CT SPECT/CT

FIGURE 1.9 — Left: Pre-treatment distribution of IMT-MAA using

SPECT/CT. Middle: Post-SIRT distribution of °Y using SPECT/CT.

Right:  Post-SIRT distribution of 0y using PET/CT. Extracted
from Bilbao, Reiser, et al. (2008).

1.4.1.1 The lung shunt fraction (LSF)

LSF from *"Tc-MAA is more commonly calculated from planar scintigraphy
imaging. The anterior and posterior images are used to define region of interest
(ROD)s for each lung and the total liver, see Figure 1.6. The total number of counts in
each ROl is obtained enabling to calculate the LSF, as expressed in Equation 1.2.

CROI lungs
LSF(%) = ' x 100 1.2
( ) CROI,lungs + CROI,liver )

where Cro iungs and Croi,liver are the total counts in the lungs and liver ROIs,
respectively.

Concomitantly, a 3D distribution of " Tc-MAA is obtained from the reconstructed
and corrected SPECT image. Up to date, SPECT images benefit from corrections
from photon attenuation (using X-ray computed tomography-derived attenuation
correction (CTAC)), scattered radiation (using multiple energy windows) and ac-
companied by resolution compensation (e.g. using distance dependent resolution
compensation). Compared to planar scintigraphy, SPECT/CT enables more person-
alised *°Y-SIRT treatment planning with the evaluation of counts in each 3D VOI
instead of overlapped accumulated counts in a 2-dimensional (2D) ROI. Further-
more, it is nowadays possible to co-register SPECT images to other tomographic
imaging modalities used pre- or post-treatment such as SPECT itself, PET, CT and
MRI. SPECT/CT therefore helps to design better the treatment compared to planar
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scintigraphy with a better localisation and centering of the perfused VOI and ex-
trahepatic activity deposition. SPECT alone (without CTAC) has been shown to be
accurate to delimit visually large perfused VOI, but not for small volumes (Garin
etal., 2012).

1.4.1.2 The tumour-to-non-tumour ratio (T/N)

The T/N is defined by Equation 1.3, assuming that the distribution of *"Tc-
MAA in the tumoral and non-tumoral regions are similar to that of °Y microspheres.

(Atumour/Mtumour)
(Aliver/Mliver)
where Ajymonr and Ay, are the total activities measured in the tumour and

the normal (non-tumoral) liver determined from *"Tc-MAA images, respectively.
Mtumour and My, are the masses of the tumour and normal liver, respectively.

T/N = (1.3)

1.4.1.3 Tumour-to-total liver ratio (TTLV)

The percentage involvement by the tumour in the liver (or TTLV), is defined by

Viumour
TTLV (%) = x 100% 14
( ) Vtumour + Vnormal liver ( )

where Viymour and Viormal 1iver are the tumour and normal liver volumes, respec-
tively.

There are no standardised methods used for the calculation of LSF, T/N and
TTLV and they are more accurately determined using SPECT/CT (Giammarile et
al., 2011). The prescription of °Y activity is microsphere dependant and based on
manufacturer’s specifications as detailed in the following sections.

1.4.2 Glass microspheres

The properties of glass microspheres can be found in Table 1.1. Two methods
are recommended for the determination of personalised *°Y activity (AgOY,presm.be 2
using glass microspheres: the single-compartment model and the multi-compartment
model. Equation 1.5, derived from the Medical Internal Radiation Dose (MIRD) con-
vention is used for the calculation of AgoY/pmsm.be ; (Salem et al., 2019; Garin et al.,
2021).

D apsorved (1) X My
A9OY,prescribed = 56 S[oé;.kg'Gqul]T (15)

where M, and D gpspe4(r7) are the target liver mass to be perfused and the de-
sired mean absorbed dose in the target liver, respectively. An absorbed dose of ap-
proximately 50 Gy.kg™! in tissue per GBq of Y as the denominator is used, see
Section 1.6.3 on the MIRD principle for more details.

The desired D, psorped(r7) is set with assumptions of an homogeneous distribu-
tion and a total absorption of A90Y,prescribe ; and energy over the target volume in
the liver. The equation is independent of the LSF. A limiting factor to calculate the
Agoy, prescribed is the mean absorbed dose to the lungs which should not exceed 30 Gy,

which is approximately equal to an *°Y activity lung shunt of 610 MBq if we assume
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a total mass of 1 kg of lung tissue (Boston Scientifics, Massachusetts, United States,
2020).

The multi-compartmental model dosimetry approach is also based on the MIRD
scheme, where the mean absorbed dose is calculated in more than one VOI (Gulec,
Mesoloras, and Stabin, 2006; Salem et al., 2019) and obtain seperate analysis for mul-
tiple tumours and the normal liver (Mordn et al., 2020). Voxel-based dosimetry can
also be performed, for example using the Simplicit”*Y™ software (Mirada Medical,
Oxford, UK).

1.4.3 Resin microspheres

Three methods are suggested for the calculation of individual Y activity using
resin microspheres suggested by the manufacturer (Sirtex Medical Limited, North
Sydney NSW, Australia, 2020), these being: 1) the empirical model, 2) the body sur-
face area (BSA) model and 3) the partition model. For all methods, the final pre-
scribed activity for ?°Y SIR-Spheres® is re-adapted empirically depending on the
LSF, see Equation 1.6.

AgOY,prescribed x1 if LSF < 10%
(LSF) = 4 A50vprescrivea % 08 1£10% < LSF < 15% o
AgOY,prescribed x 0.6 if 15% < LSF <20%

no treatment otherwise.

A90Y,prescribed

The empirical method is outdated and the most commonly used method is the
BSA (Bastiaannet et al., 2018) even if it presents some inherent pitfalls. For better
personalised activity prescription, MIRD equations and the multi-compartmental
method (or even voxel-based dosimetry if possible) are preferred (Levillain et al.,
2021).

1.4.3.1 Empirical method.

The empirical method is based on safety margins based on published clinical
data (Gray et al., 2001). PY activity to be prescribed is determined based on the
TTLV. The recommended *°Y activities are determined using Equation 1.7.

2.0 if TTLV < 25%
A%y, preserivea(TTLV) = 4 2.5 if 25% < TTLV < 50% . (1.7)
3.0 if50% < TTLV

This method is the most-basic that can be used, has no theoretical background
and treatment personalisation, and due to clinically observed side-effects using this
model, the BSA-based method was elaborated.

1.4.3.2 BSA method.

The BSA-based method is a semi-empirical model based on the assumption that
the BSA predicts the total liver volume in the healthy population (Vauthey et al.,
2002), removing the need for cross-sectional imaging. The calculation of the pre-
scribed *°Y activity by the BSA method is based on the patient’s body measurements
(weight and height) and the TTLV, according to Equation 1.8.
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TTLV (%)
A0y prescrived = (BSA—-0.2)+ T (1.8)
where the BSA is modelled by Equation 1.9.
BSA[m?] = 0.20247 x (height[m])®7? x (weight[kg])®4* (1.9)

However, the pitfalls of the BSA method are the assumption that the BSA is cor-
related with the total liver volume (TLV) is not always the case with patients with
liver tumours, and small patients with large livers will receive relatively low doses
on the liver and the other way round (Lam et al., 2014; Bastiaannet et al., 2018),
leading to under/over treatment (Levillain et al., 2021).

1.4.3.3 Partition multi-compartment method.

The partition model (Ho et al., 1996) selects the maximum *°Y activity that can
be prescribed, based on absorbed dose thresholds that can receive the healthy liver
(max. 80 Gy) and lungs (max. 20 Gy), therefore maximising the absorbed dose to
the tumour tissue and limiting toxicity. Dosimetry for the three considered compart-
ments, which are the tumour, healthy liver and lungs, are based on the IMT-MAA
scans. Segmentation of the compartments is performed using reconstructed images.

The A90Y,prescribe ; is based on the T/N. Subsequently, A90Y,prescribe ; can be calcu-
lated according to Equation 1.10, given the calculated LSF, T/N and compartment
masses (Gulec, Mesoloras, and Stabin, 2006).

A -D y T/N X Muumour + Myormal liver
90, prescribed — HUMOUT 7 TT4g 67 T /N x (1 — LSF)

The partition model can only be used when the tumour mass is a discrete region
in the liver. This is more likely the case with primary HCC or ICC tumours. SHM are
usually spread in regions of the liver, making it difficult to define the tumour and the
healthy liver parenchyma. However, the partition model is still not routinely used
today (Lau et al., 2012; Smits et al., 2015).

(1.10)

1.5 Radionuclide alternatives to °°Y for radioembolisation

Microspheres containing 166Ho (Quirem Medical BV, Deventer, the Netherlands,
2020) provide an alternative to *°Y microspheres. The specifications of 1**Ho in com-
parison to *’Y microspheres are also provided in Table 1.1. 1Ho microspheres emits
low-energy 7y-rays, therefore the visualisation of microspheres perfused in patients is
possible using SPECT/CT; but the additional specificity being that 1%°Ho and its de-
cay product ®Er are both lanthanides® and thus present paramagnetic properties.
The visualisation of microspheres is therefore possible by MRI of the metal. How-
ever, even if MRI has a higher resolution and can easily be combined with anatomical
scans, it is not suitable for tissues containing air or tissues containing metals (such
as coils placed for treatment) (Reinders et al., 2019). Owing to the shorter half life
than ?°Y and differences in the energy spectra, more activity is needed when using
166Ho to attain comparable absorbed doses. As a consequence, 90% of the radiation
is released within the first 4 days of radiation, compared to 11 days for °Y.

5. See Wikipedia/Lanthanides
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Treatment procedure overview for ®®Ho-SIRT. A sham procedure, same as with
0Y_SIRT is performed, see Section 1.3.1, to assess the safety of the treatment. Here,
a small but clinically safe amount of 1®*Ho particles can be used for the scout dose.
The ®Ho particles (around 250 MBq for the scout dose) have identical shape and
size to the ®®Ho microspheres and therefore can better predict the intrahepatic and
extrahepatic distributions of the microspheres (Elschot et al., 2014). Activity calcula-
tion for '®*Ho microspheres is currently based on the MIRD model assuming a ho-
mogeneous distribution of the microspheres and the target volume or liver weight.
A166Ho,prescrz‘be 7 which is the activity to administer, is calculated using Equation 1.11,
based on the recommended total liver absorbed dose around 60 Gy (Reinders et al.,
2019).

A166Ho,prescribed = 3.781[GBq.kg_1] X My (1.11)

The M, of the patient’s liver can be determined using CT (CBCT) or MRI.

1.6 Dosimetry calculations in internal radiotherapy

This section outlines the different possible algorithms for calculating the ab-
sorbed dose for TRT and for SIRT. Computational methods for TRT dosimetry start
from reference most common model-based macrodosimetry using S-values for whole
target organs. The latter method however neglects heterogeneities in the biological
radioactive source distributions and the target tissue densities and are not represen-
tative of all variations in real patient body morphology.

Other methods based on non-uniform activity distributions have been proposed
to provide means for more accurate voxel-based dosimetry. Current ones employ
numerical Monte Carlo simulations, analytical convolution methods using point
kernel (PK) or voxel-kernel (VK) modellings using S-values and the MIRD formal-
ism (Bolch et al., 2009) and also an analytical more simplified MIRD voxel dosimetry
using the local deposition method (LDM). The last methods account for more real-
istic source distributions and when possible also account for tissue heterogeneities,
but with different levels of accuracy.

Internal dosimetry calculations can be performed over a broad range of target
dimensions from whole organs, small-scale tissue to cellular levels. However, they
depend on available imaging modalities and the resolution of the output image
datasets, which nowadays are preferably presented by means of 3D voxel maps.
Functional SPECT and PET images are generally employed in clinical patient dosime-
try to assess radiopharmaceutical biological uptake while the anatomical CT modal-
ity can provide information about tissue compositions. Nowadays, bi-modal sys-
tems such as SPECT/CT and PET/CT imaging have been benchmarked for absorbed
dose calculation in nuclear medicine applications.

1.6.1 Definitions
1.6.1.1 Absorbed dose

The mean absorbed dose, D psor5e4, is defined as the energy deposited in a target
region or tissue, r7, per unit target tissue mass, expressed as

- Eapsorved (1T
Dabsorhed(rT) = ﬂsjrvf() (1.12)
rr
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where D gps0rpeq (7T) i the mean absorbed dose in r7 in [Gyl, Eupsorvea(rT) is the
absorbed energy in rr in [J] and M, is the mass of rr in [kg] (Loevinger, Budinger,
and Watson, 1991; Bolch et al., 2009; Thomas, 2012).

It is measured in gray (Gy), with one gray defined as the absorption of one joule
of radiation energy per kilogram of matter (J.kg~!). The special name gray (sievert
for equivalent dose (Thomas, 2012)) instead of joule per kilogram was given to avoid
dangers to human health arising from mistakes involving the International System
of units (SI), in case they were incorrectly taken to identify the different quantities
involved (Gd&bel, Mills, and Wallard, 2006). The estimation of the absorbed dose de-
pends on different parameters: (1) the types (electrons, photons, charged particles)
and energy of particles emitted from a particular isotope, (2) the size and spatial
distribution of the source volume containing the activity, and target tissue where en-
ergy is deposited and (3) the distance separating the source and target as well as the
density variations of materials between them.

1.6.1.2 Time-integrated activity

The time-integrated activity (or cumulated activity), A (rs, Tp), is the number of
disintegrations occurring in a radioactive source region, rs, over a period of time,
Tp, expressed by Equation 1.13. If the activity-time curve is known, A (rs, Tp) can
also be calculated by the area under the curve.

. Tp
Alrs, Tp) = /0 Alrs, t)dt = Ag / Fro (e oMt gy (1.13)

where A(rs, t) = Ag.e” M) £, (1) is the fractional uptake in rs, Ap and Aj, be-
ing the physical and biological decay constants of the radiopharmaceutical or med-

ical device. If we assume no biological clearance and a total uptake of activity in rg,
frs(t) =1and A, = 0.

1.6.1.3 Time-integrated activity coefficient

A(rs, Tp) is sometimes expressed in terms of the time residence, 7(rs, Tp) (Lo-
evinger, Budinger, and Watson, 1991), or the time-integrated activity coefficient,
a(rs, Tp), (Bolch et al., 2009), representing the cumulative number of nuclear trans-
formations occurring in rs per unit administered activity, defined as

Tp
T(Vs,TD) (1’5, TD) Al()/ A 1’5, dt / f”s )‘P+/\b)tdt (114)

1.6.2 Monte Carlo approach

Monte Carlo simulations compared to analytical approaches have the capability
for modelling full radiation transport in voxelised geometries, thus achieving bet-
ter reliability and accuracy. They are based on iterative statistical processes which
stochastically estimate interactions positions, energy and relative pathways of parti-
cles traversing media, taking into account variations in tissue densities when a par-
ticle is being tracked in heterogeneous matter. Monte Carlo methods allow therefore
to perform 3D voxel-based dosimetry with the major uncertainty arising from the
input 3D image voxel cartography from imaging modalities which depends on the
intrinsic performance of modern quantitative tomographs in specific imaging con-
ditions. The input images can also be biased by image reconstruction parameters.
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1.6. Dosimetry calculations in internal radiotherapy 23

Input images for the calculation of absorbed dose using Monte Carlo simula-
tions are: (1) the normalised SPECT or PET image considered as the heterogeneous
radioactive emission source distribution and (2) the CT image co-registered to the
emission tomography image to take into account tissue heterogeneity at the voxel
level. Numerous inputs other than the source and the transport medium are re-
quired to tune the simulation. These are necessarily: 1) the physics behaviour list of
interactions for Compton scattering, photon absorption, generation of secondaries
or any physical interaction with matter in specific media, 2) each voxel density attri-
bution based on the CT and look-up table (LUT) models, 3) the source type and the
number of primaries in the source and 4) energy and absorbed dose scorers during
the simulation to obtain the voxelised absorbed dose maps. If necessary, particle
range threshold cuts and variance reduction technique (VRT) can be applied aim-
ing at reducing simulation duration. The choice of the different parameters will
determine the accuracy and duration of the simulations and might depend on the
computation infrastructure made available to the user.

Although Monte Carlo simulations are quite extensive and provide the main ad-
vantages of 3D voxelised source and tissue heterogeneities considerations, accurate
models for particle tracking traversing matter, induction of secondary particles and
patient-specific organ lesions and geometries (Huizing, Verheij, Stokkel, et al., 2018),
they still demand huge computation time and infrastructure for clinical routine cal-
culations. They are mostly used in the validation of developing new algorithms
such as described in the following Sections 1.6.3-1.7. Monte Carlo simulations are
also requisites to pre-calculate input data in other algorithms, such as S-values and
kernels for voxel dosimetry and general research purposes (Gotz et al., 2019). Nev-
ertheless, for absorbed dose calculations, Monte Carlo simulations can be relatively
fast, with 2-3 hours simulation (Dieudonné et al., 2013), or much less in minutes if
multiple cluster nodes are available.

1.6.3 The MIRD schema for absorbed dose calculation

The MIRD is a recognised method applied for estimating absorbed dose from
radiopharmaceuticals used in nuclear medicine (Loevinger, Budinger, and Watson,
1991; Bolch et al., 2009). The first schema for internal radiation therapy using ra-
dioactive isotopes was presented in 1968 as the MIRD Pamphlet No.1 (Loevinger
and Berman, 1968a,b) and has been superseded by the MIRD Primer for absorbed
dose calculations (Loevinger, Budinger, and Watson, 1988, 1991). Since then, the
MIRD committee ® has published 20 dose estimate reports for several radionuclides
and 26 Pamphlets. The MIRD formalism has been extended to an image voxel-based
level and cellular level dosimetry (Bolch et al., 1999; Howell et al., 1999) and has been
generalised to both nuclear medicine and radiation protection (Bolch et al., 2009)
with standardised nomenclature.

1.6.3.1 MIRD principle for an organ-based source and target

In this section, the derivation of the MIRD formalism is detailed starting with the
simplest case: which is radioactive emission from one homogeneous source organ
to a target organ considering one type of radiation only. The MIRD Primer by Lo-
evinger, Budinger, and Watson (1991) and the generalised formalism from Bolch
et al. (2009) stipulate that following the multiple nuclear transitions that can occur
during radioactive decay of a specific isotope in a source region, rs, the mean energy

6. See MIRD Committee
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emitted for radiation type i is calculated for each discrete nuclear transition using
Equation 1.15.

Al‘ = Yl' X El‘ (115)

where Y; is the number of i nuclear transitions per nuclear transformation, E; is
the mean energy emitted of the i" nuclear transition and A; is their product, i.e. the
mean energy emitted of the i nuclear transition per nuclear transformation.

Only part of A; will be absorbed in the target region, rr, depending on the afore-
mentioned variable parameters in Section 1.6.1.1. This fraction is called the absorbed
fraction, ¢;(rr < rg), which is the fraction of radiation energy E; emitted within rg
that is absorbed in rr. Therefore, the mean absorbed energy absorbed in 71 from
energy emitted within rg from radiation type i, Elbsorhed,i (rr < rs), can be calculated
using Equation 1.16.

Eapsorbed,i(rT 4= 15) = A(rs) X Ai X §i(rr < rs) (1.16)
where A(rs) is the cumulated activity obtained using the activity-time curve (see
Section 1.6.1.2).

Dividing Equation 1.16 by the mass of the r1, M,,, simply gives the mean ab-
sorbed dose in the rr from emitted radiation type i from s, Dgpsorped i (T < 5), as
expressed in Equation 1.17, where the specific absorbed fraction, ®;(rr <+ rg), is
introduced, defined as the ratio of of the absorbed fraction and the target mass.

_ ~ $i(rr « rs)
D (rr — 1 = Alr X Aj X ———==
absorbed,i (1T <= 15) = A(rs) X A; M, (1.17)

= A(rs) x A; x @;(ry < 15)

Equation 1.17 can be further reduced to Equation 1.18 since the product of @;
and A; can be taken under a common term, giving the specific quantity called the
S-values, S;(rt < rs), which is the mean absorbed dose to rr per unit activity in rg
for radiation type i.

Dabsorbed,i(rT — 1”5) = AV(VS) X Si(rT — TS) (118)

Further expressing the absorbed dose in terms of mean absorbed dose per ad-

ministered activity, d,psorbed i (*T < 7's), Equation 1.19 is obtained.

Dabsorbed,i(rT — 75) o A(”S)
A =4 X Si(rr < rs) (1.19)

Aabsorbed,i (1T <= 1s) = a(rs) X S;i(rr < rs)

where Ay is the administered activity and @(rs) is the time-integrated activity
coefficient or residence time (See Section 1.6.1.2).

The MIRD principle is not precluded to other scenarios and can be extended to a
wide range of possibilities, to multiple source contributing to a target regions, from
whole organs, tissue subregions, voxelised tissue, cellular levels and so on, depend-
ing on the appropriate available data (e.g. images) for dosimetry calculation. The
following Section 1.6.3.2 provides the formulation used for voxel-based dosimetry,
in which we are more interested for this thesis.
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1.6.3.2 MIRD principle extended to multiple sources

Equations 1.15-1.19 can be extended to account for multiple rg with multiple
cumulative types of radioactive emissions i contributing to the absorbed dose in
arr (e.g. one image target voxel surrounded by several image source voxels). If we
consider one source, the standard, time-independent MIRD equation when the mass
of the source and target regions remain constant over the period of irradiation, Tp,
can be given by Equation 1.20 (Bolch et al., 2009).

Gi(rr < rs)
M,

= A/(Ts, TD) X ZAZ' X q)i(TT — 1"5)) (1'20)

1

5absorbed(”T < Ts, TD) = g(rs, TD) X ZAi X
i

= A(Ts, TD) X S(I’T < 7’5)

where S(rr < rg) is the S-value for all types of irradiation combined. There-
fore, an S-value summarises the complex radiation-matter interactions in rr, and
describes the resulting absorbed dose in 1 per nuclear decay in rs.

To account for more than one rg contributing to absorbed dose in one 7, individ-
ual source contributions to the target absorbed doses can be cumulated, as expressed
in Equation 1.21.

5ubsorbed (rT/ TD) = Zﬁabsorbed (rT —7Ts, TD)
s

=Y A(rs, Tp) x S(rr < rs)

s

(1.21)

Furthermore, the previous equation can also be expressed as the mean absorbed
dose to 1 per unit administered activity like in Equation 1.19, termed d psorbed (77, TD )
becoming Equation 1.22.

Habsorbeal(rT/ TD) = Zﬁ(rS/ TD) X S(rT — 75) (122)

s

1.6.3.3 Data availability for MIRD organ-based calculations

Data including absorbed fractions, specific absorbed fractions and S-values for
absorbed dose calculations using the MIRD formulae can be found in several pub-
lications from the MIRD committee (Snyder et al., 1975a,b). Published data ta-
bles were obtained by Monte Carlo simulations using several computational phan-
toms. These phantoms represent reference individuals of a given age, sex, total-body
mass, and height to model different target and source organs (also sub-organs, vox-
els from SPECT/PET images or at the cellular level). Data values are for several
radionuclides, types and energy of particles emitted (Petoussi-Henss et al., 2007;
Divoli et al.,, 2009; Eckerman, 2008). The most widely used Monte Carlo codes
for the generation of the data tables are Electron Gamma Shower (EGS), FLUk-
tuierende KAskade (FLUKA), GATE, GEometry ANd Tracking 4 (Geant4), Monte
Carlo N-Particle (MNCP) and PENetration and Energy LOss of Positrons and Elec-
trons (PENELOPE) (Chauvin et al., 2020).

Using the MIRD compilation data tables, absorbed dose calculation is simplified
and the user has only to provide the A(rs) (Equation 1.21) or @(rs) (Equation 1.22).
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A dataset for 7 different radionuclides and 13 different voxel sizes was provided
by Lanconelli et al. (2012). The OpenDose collaboration” by Chauvin et al. (2020) fa-
cilitates the practice of dosimetry in nuclear medicine by providing the @;(r7 < rg)
and S(rr + rs) since 2019 and are implementing a module named Slicer3D ®, which
performs full 3D dosimetry for molecular radiotherapy procedures using multiple
time point 3D datasets, using either SPECT/CT or PET/CT.

We described in the previous sections the compartmental source contribution to
target organs or sub-organ tissues for the estimation of absorbed dose in TRT. The
voxelised concept is detailed in Sections 1.6.4 and 1.6.6, where dose kernels extend
the MIRD formalism.

1.6.4 Voxel S-values convolution approach

Absorbed dose calculation by the voxel S-value (VSV) convolution approach is
performed following the MIRD formalism at the voxel level from PET and SPECT
images (Bolch et al., 1999; Pacilio et al., 2009; Reiner, Blaickner, and Rattay, 2009;
Dieudonné et al., 2010; Fernandez et al., 2013; Pacilio et al., 2015). Model-based
S-values and voxel-based absorbed dose kernels follow the same principle, since in
both cases the absorbed dose to a specified rr is calculated as the superposition of
the radiation contributions from each rs.

Dieudonné et al. (2010) presented a revised VSV approach for dosimetry in TRT.
VSVs at a fine resolution were generated using the Monte Carlo N-Particle extended
(MNCPX) and the radionuclide decay schemes for 9 radionuclides including '®F,
Ny, 99mTe, Mn, 1237, 1317 1771y, 186Re and 2°'T1 published by Eckerman and Endo
(2007). Several assumptions and approximations were made to make a compromise
between the calculation time and absorbed dose accuracy. For electrons, the fine-
resolution VSV matrix was set to 0.5 mm, whereas for photons, it was set to 1.0 mm.
Other assumptions made are the bremsstrahlung photons contribute negligibly to
the dose matrix and the VSV kernels were generated for an array distance up to
the continuous slowing down approximation (CSDA) range of the most energetic
electron particle in the decay scheme for each radionuclide. For photons, VSVs were
calculated with the direct Monte Carlo approach, out to a distance for which the
angular dependence of the VSV becomes negligible. Beyond this distance, VSVs
were calculated using the PK approach (Dieudonné et al., 2010). The VSVs calculated
in their study had sufficient histories to provide an uncertainty below 1% within the
fine resolution VSV matrices.

A resampling algorithm is then used to obtain the desired VSV matrix defined
by the SPECT or PET image resolution from the isotropic fine resolution VSV matrix
using necessary interpolations. After the resampling step, the VSVs are generated
at the appropriate voxel size and can be used using the MIRD principle, for which
the average absorbed dose to a target voxel rr resulting from the contributions of
itself and each surrounding source voxel rg can be calculated using Equation 1.21.
The equation can then be implemented by a discrete convolution using fast Hartley
transform °, where the VSV matrix, computed for a given radionuclide and voxel
dimensions, is used as kernel to convolve the cumulated activity map from SPECT or
PET images, and obtain the average absorbed dose for each voxel of the cumulated
activity map.

7. See The OpenDose collaboration website
8. See Github: OpenDose Slicer3D
9. See Wikipedia/Hartley Transform
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1.6. Dosimetry calculations in internal radiotherapy 27

The VSV convolution approach could be regarded as approximating a continu-
ous spatial distribution of point sources (Lanconelli et al., 2012; Gotz et al., 2019),
described in the next Section 1.6.6, the advantage being that the size of the voxel can
be chosen arbitrarily, since the kernel can be scaled (Reiner, Blaickner, and Rattay,
2009; Dieudonné et al., 2010; Fernandez et al., 2013; Pacilio et al., 2015).

1.6.5 Local deposition method approach

The LDM is a simplified alternative for absorbed dose calculation in internal
radiotherapy to Monte Carlo simulations and VSV convolution. It is an analytic
method where all the emitted energy is assumed to be absorbed within the voxel
where decay occurred. This method is relevant when the size of the target tis-
sue (or voxel) is significantly larger than the particle range in tissue, e.g. for a-
particles having short ranges (50-100 #m) and high linear energy transfer (LET) (30-
300 keV.um~!) (Eckerman and Endo, 2007; Marcatili, 2015). The paths associated
with the electronic emissions of most of the isotopes used in TRT are often less than
the spatial samplings in SPECT (4-10 mm) and PET (3-4 mm) imaging. Therefore,
the absorbed fraction ¢;(rr < rs) tends to one and Equation 1.20 can be simply
expressed as

. 1
Dubsorbed(rT) = A(VS) X ZAi X M
i T

_ Ao Tip ,
=, X7 2 X ;Al (1.23)

_ Ao
MrT

x C

where the constant C equals to 49.7 Gy.kg.GBg ! for *°Y decay (Dieudonné et al.,
2011) and equals to 15.87 Gy.kg.GBg~! for %¢Ho. The C coefficient is dependant of
the isotope and no clearance of the radiopharmaceutical is assumed.

The LDM is therefore a fast analytical method which does not require much com-
puting power by multiplying each image voxel by a constant coefficient from the
MIRD database, knowing the initial activity and the mass of the voxel for a specific
radionuclide (Eckerman and Endo, 2007).

1.6.6 Dose point kernel approach

The dose point kernel (DPK) is an alternative absorbed dose calculation method.
A DPK represents the radial distribution of the mean absorbed dose around an
isotropic point source of radiation or interaction point embedded in an infinite ho-
mogeneous transport medium (Bochkarev et al., 1972; Bolch et al., 1999; Bardies,
Kwok, and Sgouros, 2002; Pérez et al., 2011). Figure 1.10 outlines the elementary
definition of a DPK representing the mean absorbed dose per unit distance around
a point source. The energy emitted from the center and absorbed between each con-
secutive spherical concentric shell to the source is scored and divided by the mass
between them to give the absorbed dose.

A DPK can be calculated either for a monoenergetic electron or photon source
of radiation (e.g. for calculation of absorbed dose in external radiotherapy or a beta
(B—/pB+) or gamma () decay emission spectra for a specific radionuclide (e.g. in
TRT). A DPK in TRT is therefore dependant on the medium and the emission types
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FIGURE 1.10 — Simple representations of a DPK.

from the radioactive source and suitable kernel databases over a wide range of con-
figurations are required for computing absorbed dose distributions, for each type
and energy of f—, B+ and vy particle emissions in a specific transport medium den-
sity.

Electrons emitted from isotopes dominates self-organ absorbed dose but the pho-
ton contribution to adjacent organs should not be neglected. Several models are
used for the calculation of DPKs, based on the CSDA for electrons in terms of Monte
Carlo-based stopping power information (NIST: Description of the ESTAR database;
NIST stopping-power and range tables: Electrons, protons, and helium ions), e.g. as de-
scribed following Equation 1.24.

DPK(x, Eg) = 4mpr* x Respa x @(r, Eo) (1.24)

where E is the energy of the corresponding monoenergetic point source, Rcspa
is CSDA electron range, r is the radial distance travelled by the electron, x represents
the scaled distance given by r/Rcspa and ©(r, Ep) is the specific absorbed fraction
given this time by S(E(r))/4mpr?Ey with S(E(r)) being the stopping power func-
tion (Scarinci, Valente, and Pérez, 2013).
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FIGURE 1.11 - Total DPKs for °Y using GATE (Papadimitroulas et
al., 2012).
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1.6. Dosimetry calculations in internal radiotherapy 29

Once suitable DPKs are calculated, as shown in Figure 1.11 for 20V, if one con-
siders the activity within the source region as a discrete 3D grid of point sources,
the absorbed dose at a target point is a superposition of contributions from all DPKs
surrounding this target point. The D pso,pe4(7) at any location 7 can be calculated
by the convolution of the cumulated activity input geometrical term A (7)) by the
input physical DPK(7") term as described in Equation 1.25

5absorbezil(r) = DPK(?) * A(7>) (1.25)

This convolution is a time-consuming mathematical process and therefore, con-
sidering discrete voxels, Equation 1.25 to calculate D psrpeq(r) can be written as
Equation 1.26 using Fourier transforms.

5ubsorbed(i/j/ k) = "ril{-/r{DPK(ll],k)}f{g(l,],k)}} (1.26)

where F and F ! are the discrete operators for Fourier transforms representing
the forward and inverse Fourier transforms, respectively. Indices 7, j and k are the 3D
indices of the PET or SPECT input images. Fast Fourier or fast Hartley transforms
can be used to solve the operation in Equation 1.26 and increase the computational
speed, as in the VSV convolution approach.

Figure 1.12 summarises the steps in calculating absorbed doses from DPK func-
tions and voxelised cumulated activity maps, adapted from Peer-Firozjaei et al. (2021),
describing the different steps mentioned above.

7 Convolution i
- —[ Monte Carlo simulation | ~~~~~~~ ~ = 1 DPK Curve fitting | ~ _ % ueon n
’ > ¢| _ Fourier domain |«

A

Definition of activity in voxelised
phantom or real patient

; I 1
I 1

1 | Definition of radionuclide Calculation of absorbed | 1 : y=a.ebx :

1 sources, e.g. 20Y dose in spherical shells : 1 1

1 1 . 1

I 1 ; 1
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FIGURE 1.12 — Sequence diagram of absorbed dose computation by
means of DPK. Adapted from Peer-Firozjaei et al. (2021).

Several evaluations and datasets of DPKs have been calculated and published by
several authors for electrons, photons, B and <y emitting isotopes, using many Monte
Carlo codes including MNCP, EGS, FLUKA, Electron TRANsport (ETRAN), Geant4,
PENELOPE and GATE (Uusijarvi et al., 2009; Botta et al., 2011; Papadimitroulas et
al., 2012; Peer-Firozjaei et al., 2021). Figure 1.11 depicts total DPKs where the whole
isotope spectrum is simulated considering all possible interaction mechanisms for
Y in GATE in different media from a study by Papadimitroulas et al. (2012). The
study also includes total DPKs for 07Ga, 98Ga, " Tc, 1ln, 1241, 1251, 1535m, 177y,
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18Re and ®Re. For further reading, a recent study from Gotz et al. (2021) used
neural network (NN) to generate DPKs and provided satisfactory results compared
to Monte Carlo simulations.

1.6.7 Clinical softwares for absorbed dose calculation

A number of 3D software tools can take the distribution of *"Tc-MAA or *°Y mi-
crospheres for a given patient (from SPECT or PET) and combine it with anatomical
information (from CT or MRI) to produce absorbed dose estimates. Of those (among
others) are PLANET®Dose/DOSIsoft, Simplicit”Y™ /Mirada and SurePlan™ Liv-
erY90/MIM software. The first one has been mostly used for absorbed dose calcula-
tions during this thesis.

1.7 Limitations and perspectives

Differences in medical devices. Glass and resin microspheres for *°Y-SIRT are use-
ful devices in the treatment of patients with unresectable liver cancer. Glass mi-
crospheres have been found to have a lower incidence of gastrointestinal and pul-
monary adverse events in the treatment of HCC than resin microspheres (Kallini et
al., 2017). This might be due to the specific activity difference between the devices,
requiring more microspheres for an equivalent activity using resin microspheres,
besides being made of different materials, see Table 1.1. Their radiobiological prop-
erties may also differ (Garin et al., 2016). Furthermore, conditions and practices vary
widely from institution to institution, and results differ depending on the “learning
curve” and experience of the operator.

Prediction using " Tc-MAA and dosimetric approach. MAA particle are biodegra
-dable compared to microspheres which are not. Their sizes are not well controlled,
estimated to range from 10 to 100 ym. Furthermore, difficulties might arise with
uncertainties in the labelling of MAA particles and it is recommended to perform
imaging shortly after injection (De Gersem et al., 2013), to limit the presence of free
9mTc particles in other organs and high LSF which might contraindicate SIRT treat-
ment. The risk of embolic effects associated with the use of resin microspheres, as
mentioned in the previous paragraph, may therefore mean that the dosimetric as-
sessment based on the MAA may be inaccurate. Other confounding factors are dis-
cussed by Garin et al. (2016), including tumor type, size and vascularisation, prior
therapy, reproducibility of injection of MAA during workup and microspheres in the
treatment phase, among others. Despite the limitations, predictive dosimetry using
9mTe-MAA is the only readily available tool for use that can have a direct impact on
the treatment plan. Several studies found a strong correlation between the predic-
tive ""Tc-MAA dosimetry to the post-treatment monitoring dosimetry (Kao et al.,
2013a). This is further discussed in Chapter 6 in the contributions made during this
thesis.

Emission tomography imaging. SPECT/CT, PET/CT or planar scintigraphy imag-
ing modalities are of key importance to internal radiation therapy. They allow in
the case of SIRT the planning and monitoring of treatment although they present
inherent and intrinsic performance weaknesses, such as spatial resolution (among
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TABLE 1.2 — Comparison of algorithms. Adapted from Huizing, Verheij, Stokkel, et al. (2018) and others (Dieudonné et al., 2010;
Lanconelli et al., 2012; Gotz et al., 2019)

Method

Assumptions

Advances

Drawbacks

Clinical application

Monte Carlo

simulations

Organ-based

S-values

Voxel

S-values

Dose point

kernels

Local energy

deposition

Simulation of a certain number
of particles. Manual particle

energy cut-off values.

Homogeneous radioactivity

distribution in tissue.

Homogeneous radioactivity
distribution within one
voxel. Discrete and finite-

sized voxel kernel.

Homogeneous radioactivity

distribution within one voxel.

All energy is absorbed in the

source voxel.

Very accurate, handles tissue
density heterogeneities, non-
uniform source distributions

and cross-fire dose.

Fast, easy, commonly used and
generally accepted. Tabulated
pre-calculated S-values avail-
able, calculated from Monte

Carlo simulations.

Rapid computation and still-good
dosimetric accuracy. Not requ-
iring volume integrations of

the DPK over sources and target.
Kernels can be scaled to arbi-
trary voxel sizes. DVH and is-

odose lines. Patient specific.

Rapid computation and still-good
dosimetric accuracy. DVH and is-
odose lines. Patient specific.

Rapid computation. DVH

and isodose lines. Patient specific.

Many simulation parameters.

Long-calculation times.

Based on reference phantoms. Spatial
variations in the distribution of
radioactivity, tissue composition
and hence absorbed dose within
the macroscopic volumes rg and rr
are not considered.

Calculated for each radionucl-

lide and given configuration of
voxel geometry and dimensions.
Not always feasible for clinicians
to perform dedicated Monte

Carlo simulations to derive
S-values. Difficulties to account
for absorbed dose stemming
from<y-radiation.
Radionuclide-specific, determ-
ined for specific tissues. Mean

absorbed dose per voxel.

Not suitable for photons.

Not applicable for clinical
routine. Calculation of S-values

and dose kernels.

Organs and lesions without

superimposition. Toxicity studies.

Most applied concept in clinic.
Comply to the familiar MIRD
formalism. Patient specific voxel-
based tumour and normal

tissue dosimetry.

Patient specific voxel-based
tumour and normal tissue

dosimetry.

Primarily for B- and « emitters.
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others) limited to several millimetres which might limit image interpretation. How-
ever, confounding factors can be quantified in emission tomography and where pos-
sible corrected for. Issues related to PET imaging are detailed in Chapter 2. PET
and SPECT imaging can provide quantitative activity data in voxels of several mil-
limeters in size. For smaller voxel sizes (sub-millimetric), it is currently impossible
to obtain accurate data with the existing imaging technology. For sub-millimetric
scales, autoradiographic methods can be used when tissue is obtained by biopsy or
autopsy (Bolch et al., 1999).

Physical absorbed dose calculation methods. Table 1.2 provides a comparison for
absorbed dose calculation methods. Voxel-based absorbed dose estimations are only
appropriate for radionuclides which predominantly emit massive particles of short
range in tissue. 0Y is considered, being a ~-emitter whose electrons have an 7.,
of 2.5 mm in tissue. One limitation of voxel-based absorbed dose estimations is the
compromise between high spatial resolution and estimation of absorbed dose con-
tributions stemming from -y-radiation, see Gotz et al. (2019). Also, very few studies
adapt their research for heterogeneity in tissue composition. Dieudonné et al. (2013)
suggested a simple density-correction method when using voxel S-values, compared
to reference Monte Carlo simulations, but presented only 3 patient cases. Khazaee
Moghadam et al. (2016) suggested another technique considering tissue-specific ab-
sorbed dose kernels using GATE, but was not tested on real patient data. A recent
patient (n = 26) study from Gotz et al. (2019) for ””Lu radionuclide therapies us-
ing four different voxel-based methods (and compared to Monte Carlo simulations)
demonstrated that no adaptation for voxel kernels was required when considering
soft-tissues, which might be the case of absorbed dose calculation in the liver fol-
lowing SIRT. However, for high (bone) and low (lung) density tissues, adaptation
of the absorbed dose kernel provided better agreement to the Monte Carlo simula-
tions. Gotz et al. (2021) further conducted their studies to predict voxel kernels using
a NN, which yielded superior results compared to standard method.

Radiobiology perspectives towards EBRT approaches. Cell irradiation between
TRT and conventional External beam radiation therapy (EBRT) differ due to (1) a
much lower absorbed dose rate in TRT (cells have more time to repair), (2) high
heterogeneity of irradiation at cellular level in TRT (homogeneous in EBRT) and (3)
unlabelled cytotoxicity associated with the radiopharmaceutical which needs to be
considered (Marcatili, 2015). Therefore, the assumption of proportionality between
radiation-induced biological effects and delivered absorbed dose is not straightfor-
ward for TRT as in EBRT. SIRT and EBRT are therefore different from a rabiological
point of view, and 1 Gy using both techniques will not produce the same radiobi-
ological disorder (Garin et al., 2016). In addition, the radiobiological properties of
resin and glass microspheres are also believed to differ, due to differences in specific
activity and the quantity of injected spheres. Walrand et al. (2014) suggest that im-
plementation of the physiological model of the arterial tree including a microsphere
transport model will further enhance the understanding of microsphere efficiency.

Vascular and other considerations towards *°Y-SIRT. Taebi et al. (2020) used Com-
putational fluid dynamics (CFD) and CBCT input images (for hepatic arterial tree
segmentation) to simulate the blood flow in the hepatic artery for the predictio-
nand optimisation of the distribution of *°Y microspheres by maximising tumour
targeting, as an alternative of using surrogate *"Tc-MAA. They developed a new
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dosimetry approach for personalised treatment planning called CFDose (Roncali et
al., 2020) making use of CFD to predict the heterogeneous distribution of *°Y mi-
crospheres, based on careful choice of patient-specific parameters and conditions for
the simulations. The suggested method might provide a more realistic and person-
alised dosimetry for effective radioembolization treatment (Taebi, Vu, and Roncali,
2021).

1.8 Conclusion

?Y-radioembolisation requires the use of several imaging techniques in order
to plan, deliver and monitor the treatment. Several methods exist for prescribing
microsphere activity and recommendations have recently been published by Salem
et al. (2019) and Levillain et al. (2021) in order to best tailor the treatment to each
patient for each type of microsphere. The use of SPECT/CT for the pre-treatment as
well as PET/CT for the follow-up of the treatment procedures are crucial to person-
alise the treatment (Garin et al., 2021). Emphasis on PET/CT imaging is made in the
next chapter, being studied in this thesis for 90Y-radioembolisation.
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Chapter 2

Positron emission tomography

Major progress has been made in recent years in PET imaging. In addition to
the improved accuracy in interaction position and signal-to-noise ratio (SNR) gain
by the incorporation of TOF information in tomographic reconstruction, significant
developments with the emergence of SiPM technology and faster electronics allow
more efficient coincidence detection capabilities. SiPMs provide supplementary ben-
efits, enhancing the role of PET in the diagnosis and staging of human diseases.

Indeed, SiPM for photon detection has recently superseded the conventional
photo-multiplier tube (PMT) owing to the practical limits of the latter, which pro-
vide an improved TOF resolution and thus better precision on the location of the
B+ annihilation. Most latest commercialised and still-prototype systems being de-
veloped today are being equipped with SiPM technologies. Furthermore, a major
step forward has been taken with the installation of the first clinical and commercial
extended field-of-view (eFOV) whole-body PET in 2020 ! (Alberts et al., 2021), fea-
turing a 1 metre compared to traditional 15-30 centimetres long axial field-of-view
(FOV)s, besides being SiPM-equipped. Benefiting from larger solid angles for detec-
tion, PET therefore provides an even more fortifying technology and impact in clini-
cal use. Future directions promise substantial progress with reduced radiation dose
to patients for diagnostic, reduced acquisition durations improving patient comfort
and at the same time permitting dynamic image acquisitions with eFOV systems.

A quest for a 10 picoseconds timing resolution” has also been launched, which
may allow PET technology to bypass the use of reconstruction algorithms (Lecoq,
2017; Lecoq et al., 2020) which add further bias on quantitative data independent of
PET performance. Indeed, the TOF information alone will be enough to obtain an
activity concentration distribution with an improved timing resolution and subse-
quently spatial resolution.

PET seems therefore to remain the most sensitive functional imaging modality
in nuclear medicine allowing to visualise the metabolism of cells and organs, as
apposed to the morphological CT or MRI which allow the anatomy to be imaged
with good spatial resolution. Today, all PET systems are readily equipped with a CT
(or MRI) that provides additional information to help locate functional abnormalities
more accurately, with photon attenuation (CTAC) and partial-volume effect (PVE)
corrections.

This chapter provides a state-of-the-art on the intrinsic positron emission and
PET physics, the related novel technologies, from the PMT to newer SiPM imple-
mentations. The bias added on the accuracy of coincidence detection and the con-
founding factors that affect spatial resolution are detailed, as well as a short descrip-
tion of the reconstruction algorithms used in the clinic.

1. The Biograph Vision Quadra™ installed in Bern (Switzerland)
2. See the 10 ps challenge website

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI054/these.pdf
© [J. Labour], [2021], INSA Lyon, tous droits réservés
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2.1 Radionuclides used in PET

PET imaging benefits before anything else from the physics of positron (8 ore™)
emitting isotopes. The properties of a list of radionuclides used in PET are presented
in Table 2.1. Many of the most used emitters have short half lives (T} ,,), e.g. °O
and !N, hence restraining their use in research or hospitals to the availability of
an on-site or nearby-site cyclotron®. It is also possible to produce isotopes using
generators, e.g. ®Ge/%Ga and 82Sr/%2Rb generators (Knapp and Mirzadeh, 1994;
Dash and Chakravarty, 2019).

Y which is the isotope of interest for this thesis, is however a pure B~ emitter,
meaning that it decays by emitting 100% electrons and no positrons. Nevertheless,
Y decays to an excited state of *°Zr which in turn emits positrons by a monopole
transition to the stable state, with possible detection of annihilation photons by PET.
The °Y physics will be detailed in Chapter 3. For the record, the primary intent
of using Y is for treatment purposes, exploiting medical imaging for treatment
monitoring. Once positrons are emitted, the physics of annihilation and detection
remain the same as outlined in the following parts of this current chapter.

2.2 Beta-plus (") decay

2.2.1 Positron emission

The positron (e*) is the antiparticle of the electron (¢ ™). They have similar masses
but differ in that a positron has positive electric charge, whilst an electron has a nega-
tive charge. Positrons are emitted by the ST nuclear decay process from unstable nu-
clei which have an excess of protons (p), thus B emission is mediated by the weak
interaction *. Fundamentally, a proton in the nucleus of the atom is transformed into
a neutron (n) and a positron as shown in Equations 2.1 and 2.2, the second being
generic for any decaying parent isotope 4X to its daughter product , 4Y, and the
atom regains its nuclear stability.

pt —n+ B+ (2.1)

AX — , AY 4+ BT + 1, (2.2)

The positron is ejected from the nucleus accompanied by a neutrino (v.). Exam-
ples of radionuclides which emit ' radiation are 'F and 'O, which decay to *O
and °N, see Equations 2.3 and 2.4, respectively.

BF — BO+B" + 1 (2.3)

PO — BN+B8" +v, (2.4)
According to the Einstein’s theory of relativity, the energy balance following the

BT decay of any 4X can be given by Equation 2.5.

2
= (my, —m — Mg+ ).C 2.5
Qp+ = ( Ax M Ay p+) (2.5)

3. See Wikipedia/Cyclotron
4. See Wikipedia/Weak interaction
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TABLE 2.1 — Positron emitters used in PET imaging.
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38 Chapter 2. Positron emission tomography

The emitted energy Qg+ is shared between the daughter product 2 Y of 42X,
the B+ and v, particles. Thus, the positron has a spectrum of energy with varying
intensities between minimum 0 and maximum Qg+ MeV, and accordingly, varying
mean free paths or range of the positrons in different media, further explained in the
following Section 2.2.2.

The positron range distribution differs according to to the emitter used, sum-
marised in Table 2.1 as E;jeq,p+ and Eyuy g+ for the mean and maximum energies
with their corresponding Reqn g+ and Ryeqan g+ ranges in water, respectively.

2.2.2 Positron mean free path

Owing to the succession of collisions, the trajectory of the positron is tortuous.
The actual total distance travelled by the positron before it thermalises and captures
an electron, is therefore much greater than its mean free path, as depicted in Fig-
ure 2.1. The positron mean free path or range is defined as the average distance
between the emission of the positron and the phenomenon of annihilation. It con-
tributes to one of the inherent physical limitations to the spatial resolution of PET
scanners, together with others as further underlined in Section 2.6. An error on the
position of annihilation interaction is introduced since the range of the positron on
the line-of-response (LOR) is then given by determining the smallest distance sepa-
rating the LOR and the positron first emission site from nuclear disintegration (the
effective positron range), as shown in Figure 2.1.

Positron-emitting
radionuclide

Positron

Actual
_ positron Positron
range path

positron

range 1. Range error

511 keV
< photon
\
511 keV : R —— 3 |
photon photon

Annihilation event

FIGURE 2.1 — Errors related to the positron physics are depicted. 1.

Range error (green) - the effective range considered is not the actual

positron range (mean free path). 2. Non-collinearity error (orange)

- back-to-back s angular uncertainty. Extracted and adapted from
Cherry, Sorenson, and Phelps (2012)

The range of positrons in different materials are the main detector-independent
contributions to the blurring of PET imaging, and can partly (subsequently) be cor-
rected in image reconstruction, see Section 2.14.2.3, if appropriate estimates are pro-
vided. The error becomes more important as the kinetic energy of the positron par-
ticle increases, and therefore depends on the isotope considered. Two interesting
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2.2. Beta-plus (") decay 39

figures regarding positron energy and range estimations which can be found in the
literature are from Cal-Gonzalez et al. (2013). The first one, Figure 2.2, depicts the
positron range of different 7 emitting isotopes and in different tissue compositions,
from the less dense (lungs) to the more dense (cortical bone).

- T T 6 " cortical bone
] ne soft bone
135 skin
159 muscle ——
Sca brain
52 g
82R1, water
08 adipose
.’_E: z ung
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FIGURE 2.2 — The number of annihilations at a given radial distance

(3D) from a point source for different BT emitters, normalised to the

same value at the maximum. Left: Point sources in water for different

isotopes used in PET. Right: Point sources for 'F in different media.
Extracted from Cal-Gonzélez et al. (2013).

The second one, Figure 2.3, depicts the differences in positron ranges for different
isotopes and the significant variability amongst previous studies. The differences are
probably due to different theoretical energy spectra (e.g. using the Fermi function
or others), different simulation models/codes implemented and different platforms
used in these different studies. The positron ranges in the study of Cal-Gonzalez
et al. (2013) were estimated using 3D radial distributions by counting the number
annihilations per unit distance bin, using the PeneloPET Monte Carlo simulation
toolkit (Espafia et al., 2009). For further reading, several other publications can be of
reference (Derenzo, 1979; Levin and Hoffman, 1999; Champion and Le Loirec, 2007;
Alessio and MacDonald, 2008).

2.2.3 Annihilation effect

The positron quickly thermalises after being ejected from the nucleus. As soon
as it has thermalised, either it combines directly with an electron of opposite spin
being at rest, resulting in a 2 gamma photons (2-7) annihilation or it may form short
lived (10~7s) neutral particles called positronium (the bound state of an electron and
a positron). Positronium exist in the form of either para-positronium which results
also in a 2-y annihilation, or an ortho-positronium which decays into 3-y (Harpen,
2003). Refer to Section 2.11.2 for a short presentation of ortho-positronium detection,
which is out of scope here. Even so, most annihilations in tissue result in a useful
2-7 ray emission (Harpen, 2003), which is the basis of PET detection.

The two charged particles (¢~ and e*') being almost at rest during annihilation,
the conservation of the mass requires a liberated energy of approximately 1.022 MeV
in the form of electromagnetic energy (the 2-ys), following Equation 2.6.

Ey—o = (M, +my: )c* = 1.022 MeV (2.6)

With the previous assumption (¢~ and et being at rest), the E;_., is then dis-
tributed between the two photons, with 0.511 MeV each. The conservation of the
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FIGURE 2.3 — Comparison of positron range for different isotopes
from different studies. Top-left: 1'C, Top-right: 3N, Bottom-left: %Ga
and Bottom-right: 82Rb. Extracted from Cal-Gonzélez et al. (2013).

momentum requires also that the emission of two collinear photons should be made
in opposition to each other, i.e. emitted at 180°, see Figure 2.1. However, this is not
perfectly the case, as described in the following section.

2.24 2—vsnon-collinearity

In fact, before annihilation, the positron possesses a kinetic energy, as well as a
residual quantity of motion. The energy of each  photon (E, ) is therefore accompa-
nied by an uncertainty, 0.511 MeV + AE,, and similarly for the angle () separating
them, 180° = Af. The energy AE, and angular A dispersions when the positron
annihilates in water, follow both Gaussian laws with full-width at half-maximum
(FWHM)s equal to <0.003 MeV and ~0.54°, respectively (Iwata, Greaves, and Surko,
1997; Shibuya et al., 2007; Tang et al., 2020). Thus, Af constitutes a second intrinsic
limit of spatial resolution in PET, together with the positron range as depicted in
Figure 2.1. The angular uncertainty leads to a Gaussian blur which is directly pro-
portional to the radial FOV of the PET detector ring (Moses, 2011). On the other
hand, AE, represents only 0.5% of the 0.511 MeV and can be considered as negli-
gible, given the energy resolutions of current pre-clinical and clinical PET systems,
which are around 10% at best. See Table 2.4 for energy resolution information of
some actual clinical PET systems.
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2.3. 0.511 MeV v interactions with matter 41

2.3 0.511 MeV 17 interactions with matter

As a reminder, the definitions of the different interactions of photons in matter
are given hereafter. The photoelectric effect and Compton scattering are the two
main photonic interactions of interest in PET. Photons do not cause ionisations di-
rectly as it happens with the transport of charged particles (which will not be de-
tailed here), but can be classified as secondary ionisation radiation. The most prob-
able interactions of 0.511 MeV photons are depicted in Figure 2.4 (left).

Nal(Tl)
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75 T 0F\
N / Pair fcf’ :
o Photoelectric production g 0.511 MeV
Fe) g =
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2 50 c :
o S )
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FIGURE 2.4 — Left: Most probable interactions of 0.511 MeV photons

with varying Z. Right: Example of mass attenuation coefficient for

Nal(Tl) crystals. Human soft tissues and bones have an effective Z

around 7 and 14, respectively. Extracted from Cherry, Sorenson, and

Phelps (2012) who themselves generated the graph using the NIST
Standard Reference Database.

The photoelectric effect. The photon undergoes a photoelectric effect when it is
completely absorbed by an atom and the totality of its energy transferred to an or-
bital electron in the inner layers. If the E,, is greater than the binding energy of the
electron, the latter electron gains enough energy and escapes from its orbital (the
photoelectron), leaving a vacancy in the inner electron shell. In turn, there is the
release of energy (due to an outer layer electron shifting to the vacant inner shell)
which can cause the emission of an X-ray fluorescence photon, or transmitted to an
atomic electron which will be ejected from the atom, called the Auger electron. The
higher the atomic number (Z) or effective Z (Z,s) of the medium, the more likely
the photoelectric interaction will occur. At 0.511 MeV, this probability is roughly
proportional to Z3" 4, E, 310 =5 and varies linearly with the density (p, i.e. the mass
per unit volume) of materials.

Incoherent or Compton scattering. The photon undergoes an interaction rather
with an outer shell orbiting electron, transferring part of its energy (greater than
the binding energy) to the electron. This electron is ejected (the recoil electron) and
the photon is deflected through a scattering angle with its remaining energy. A clear
relationship exists between the E,, of the scattered photon and the scattering angle 6
considering laws of conservation of energy and momentum (which will not be de-
tailed here, see Agarwal (1991), Cherry and Dahlbom (2006), and Cherry, Sorenson,
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42 Chapter 2. Positron emission tomography

and Phelps (2012)). Since the Compton scattering interaction depends mainly on
electrons considered as “free” with loose bonds to the nucleus, it depends therefore
less on Z and E,, of the incident electron, but predominantly on the electronic den-
sity p.. The Compton scattering is the main type of interaction of photons in soft
tissue.

At 0.511 MeV, the photon has too much or too little energy and it is less probable
for it to undergo a coherent scattering or a pair production (respectively) than a
photoelectric effect or Compton scattering.

2.4 Photon attenuation

Photons do not directly cause ionisations, when traversing matter but are atten-
uated by the diverse interactions, depending on their own kinetic energy E, and
properties of Z or Z.s, density p and thickness D of the transport medium. Photon
attenuation can be calculated using Equation 2.7.

I(x = D) = Ip.e” Jo m(Er)dx 2.7)

where Iy and I(x = D) are the photon intensities: 1) without attenuating ma-
terials (absorbers, e.g. patient’s body with different tissue densities) and 2) trans-
mitted after traversing the absorbers (e.g. the patient’s body with varying thickness
0 < x < D), respectively. The parameter y;(E,, x) is the linear attenuation coeffi-
cient. It corresponds to the probability of interaction per unit distance depending
on E,, and x. y; can be given by Equation 2.8 considering the linear attenuation for
photoelectric (¢ pnotoetectric) and Compton scattering (¢compton)-

M1 = Wphotoelectric + HCompton (2.8)

The mass attenuation coefficient, y,,(E,, Z), i.e. the probability that a photon
will experience a particular interaction. At and around 0.511 MeV, yu,, is therefore
composed of mostly the photoelectric effect () and the Compton scattering (), such
as

Um = T+0O (2.9)

m and p; are measured in [cm?.¢~!] and [cm 1], respectively. They are related
according to Equation 2.10.

_ M [em™"]
p [g.cm™3]

In the case of PET imaging, three types of media are likely to attenuate annihila-
tion photons: 1) body soft tissues and bones, 2) scintillator materials such as lutetium
oxyorthosilicate (LSO)/lutetium—yttrium oxyorthosilicate (LYSO) and 3) materials
used for shielding. Table 2.2 gives y; at 0.511 MeV in different materials susceptible
to act as absorbers in PET imaging.

tm [em?.g 71 (2.10)

2.5 PET imaging principles

PET uses the knowledge about the previously described particle physics. Anni-
hilation photons with 0.511 &= AE, MeV are emitted at 180° £=A6 in coincidence and
are detected by detectors placed in opposite directions, on one or several rings for
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TABLE 2.2 — Linear attenuation coefficient of different absorbers
at 0.511 MeV related to PET imaging. Adapted from Cherry and
Dahlbom (2006) and Cherry, Sorenson, and Phelps (2012).

Material Hphotoelectric [Cm_l] HCompton [Cm_l] Hi [Cm_l]
Soft tissue ~ (0.00002 ~ 0.096 ~ (0.096
Bone ~ 0.001 ~ 0.169 ~ 0.17
BGO 0.40 0.51 0.96
LSO/LYSO 0.30 0.58 0.88
Lead 0.89 0.76 1.78
Tungsten 1.09 1.31 2.59

3D detection. A simplified coincidence detection logic is illustrated in Figure 2.5.
A bunch of novel 3D detection methods and state-of-the-art improved electronics
are used to discriminate the arriving photons, since different types of primary and
secondary photon radiations can be emitted confounding annihilation photon de-
tection.

Object containing *

emitting isotope
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FIGURE 2.5 - Simplified coincidence logic in PET imaging. LOR de-
tection is limited by the reduced geometrical efficiency of the axial
FOV.

Straightforwardly, the detection process starts once a photon reaches a detector
where first a photon energy discrimination is made using an energy window centred
on the 0.511 MeV energy (more or less to take into account photons which under-
went Compton scattering and lost part of their energy). Indeed, as soon as a first
photon hits a detector and falls into the energy window, a timing window opens (of
a few ns) to detect whether the opposite photon emitted by the same annihilation
hits the opposite detector, recording a coincidence between the two accepted single
events if this is the case. A LOR is created on which the position of annihilation in-
teraction has taken place can be determined. This is the fundamental hypothesis on
which PET imaging is based.

The coincidence detection is limited geometrically by the FOV covered by the
detectors, see Figure 2.5, which is between 15-30 cm in actual clinical systems and
in consequence provides a reduced detection efficiency by the modest solid angle
coverage around the patient. The performance of some clinical short-FOV systems
are provided later in Section 2.12 (see Tables 2.4). Efforts are being made with the
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development of larger FOV systems covering the whole body and have provided
more than satisfactory results in terms of performance, opening the way to greater
perspectives using PET. At the time of writing this thesis, the first clinical whole-
body PET has been installed at the Bern University Hospital, Switzerland, with a 1
m long FOV (See Biograph Vision Quadra™ in Table 2.4 also).

2.5.1 Types of events for coincidence detection

Once a coincidence event is recorded through a LOR, the position of photon in-
teraction (in the detector), energy and arrival time in the coincidence windows of
each pair of photon are recorded. The TOF difference between the two photons is
also recorded, see Section 2.7. However, due to the performance and limits of detec-
tion systems and interactions of photons in the emission volume (e.g. human body),
the information of all LORs do not provide the correct information and the detection
is confounded by undesirable events. Coincidences are classified in four different
groups: the trues (the only desired ones), the scatters and randoms (undesired ones),
and the multiples (an ambiguous choice must be made for the right LOR in this case).
Each one of them is called a prompt coincidence, depicted in Figure 2.6.

Y/ N

True coincidence Scatter coincidence Random coincidence Multiple coincidences

FIGURE 2.6 — From left to right: Illustration of true, scatter, random and
multiple coincidences.

True coincidences are the ones obtained under ideal conditions, with partner pho-
tons originating from the same annihilation interaction on the LOR, neither deviated,
nor lost energy when crossing matter until detection. Scatter coincidences occur when
one or both photons undergo a Compton interaction and changed direction causing
an incorrect localisation of the LOR even if the partner photons originate from the
same annihilation. Random coincidences occur due to the reduced solid angle cover-
age, with two different photons from two different annihilations falling in the energy
and timing discrimination windows and being detected in coincidence. Finally, mul-
tiple coincidences might also occur at rather high count rates, where more than two
photons are detected in the same coincidence window generating more than one
LOR and an ambiguous choice should be made to discard or select the right LOR.

True coincidences are the only ones that provide useful information for PET imag-
ing. Therefore, the prompt coincidences must be corrected for confounding data which
degrade image quality. Since the random coincidences arise from photons emitted by
different annihilations, they contain no spatial information on the distribution of ac-
tivity and are relatively easy to estimate and correct using the simple coincidence
rate or a second delayed coincidence window. On the other way, scattered coinci-
dences account for a high fraction of the total number of prompts, around 30%, and
more difficult to correct. Multiple coincidences are easily identifiable and depending
on the case, they are either rejected or kept.
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2.6 Sources of error contributing to PET spatial resolution

Different sources of error impinge on the spatial resolution of PET systems. In-
trinsic bias (before PET image reconstruction) in PET detection has been discussed in
the previous sections, see Figure 2.1 for the positron range and annihilation photon
non-collinearity errors. Contributions from other sources of error are discussed and
quantitatively described in this section.

2.6.1 Positron physics and 2-y non-collinearity

The contribution of the range of positrons and the non-collinearity of annihila-
tion photons have been described for many years, for example as in Derenzo et al.
(1982), Levin and Hoffman (1999), and Moses (2011). As examples, the effective
blurring (in water medium) is 0.54, 2.46 and 6.14 mm FWHM for 18F 150 and #Rb,
respectively (Moses, 2011). The FWHMs quoted here are for non-Gaussian fits but
‘cusp-like” functions. The contribution due to the non-collinearity of annihilation
photons is however modelled by Gaussian function where the FWHM = 0.0022D
for any isotope, D being the diameter of the system (Levin and Hoffman, 1999).

2.6.2 Detectors

Due to the solid angle coverage and the fact that the position of interaction of the
annihilation photon is not determined in the crystal, the detector size plays a role in
the measured spatial resolution. Assuming a point source placed at the centre of the
system, the sensitivity is maximum at the centre of the crystal and nearly 0 at the
edges, therefore the response function is modelled by a triangular function, whose
FWHM = d/2, d being the detector width and d < D (Hoffman et al., 1952).

2.6.3 Depth of interaction

If a photon is not normally incident to the detector ring an hits a scintillator
crystal in an oblique direction, it might travel a certain distance and reach another
neighbouring crystal to the one that it hit primarily. Therefore, the wrong position
is assigned by the crystal indexes. This is caused mainly by annihilation photons
originating away from the PET scanner axis and the magnitude of this effect is pro-
portional as a point source moves radially outward, and is known as radial elonga-
tion. For bismuth germanium oxide (BGO) or LSO/LYSO crystals, the penetration is
modelled by a Gaussian whose FWHM is given by Equation 2.11.

FWHM = —1227 2.11)

r2+(D/2)?

where r is the radius for a point source from the centre of the radial FOV.

2.6.4 Intercrystal Compton scattering and multiplexing

Intercrystal Compton scatter can be a source of positionning error. Furthermore,
most PET scanners have more scintillators than photodetector elements to reduce the
number of electronics channels and this contributes to a degradation in the spatial
resolution. This effect is however minimised today with the use of SiPM compared
to PMT technology output multiplexing. These can be compensated in the detector
designs.
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2.6.5 Sampling and reconstruction algorithms

FIGURE 2.7 — The sampling depends on the position in the FOV, es-
pecially near the center. Extracted from Moses (2011).

The LORs are separated by the crystal width and create a degradation factor
in the spatial resolution. Figure 2.7 depicts the non-uniform sampling of the LOR
inside the FOV of the PET. The sampling error has been quantified to amplify all the
other factors by a factor of 1.25 on a specific tomograph with BGO crystals (Derenzo
et al., 1981; Moses, 2011), see Equation 2.12.

2.6.6 Total spatial resolution

A summary of the different contributions to spatial resolution are schematised in
Figure 2.8. They are assumed to add in quadrature (although not all are described
by Gaussian functions). Therefore, the reconstructed spatial resolution I' for a point
source located at a radius 7 from the centre of the radial FOV is described by Equa-
tion 2.12.

(12.5r)2

Ty (D2 (2.12)

[ [mm at FNHM] = 1.25\/(51/2)2 + 52+ (0.0022D)2 + b2 +

where s is the range of the positron and b is the crystal decoding factor error
(b = d/3 for detectors which use optical decoding or 0 otherwise).
2.6.6.1 Ideal spatial resolution

The quest for the ultimate spatial resolution in PET would eliminate some terms
in Equation 2.12 to give Equation 2.13.

T [mm at FNHM] = \/ (d/2)2 + 52 + (0.0022D)? (2.13)

The remaining terms being fundamental where solutions exist to lower their con-
tribution but they are not practical, e.g. lowering to -4°C or -44°C to reduce non-
collinearity of annihilation photons contribution by factors of 1.5 and 5, respectively
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FIGURE 2.8 — Contributions to the degradation of spatial resolution.
Adapted from Moses (2011).

(See Colombino, Fiscella, and Trossi (1965) and Moses (2011)). Improvement in spa-
tial resolution can also be made using depth of interaction (DOI) information, see
Section 2.11.1.

2.6.7 Additional factors

Statistical noise due to the finite number of detected events contributes to the
degradation of SNR and it is not easy to quantify since it depends on several factors
(number of counts, distribution of activity in the object and activity concentration
in each voxel). Other bias are also added using reconstruction algorithms, whether
using analytical or statistical algorithms will not yield the same result. Readers can
refer to Section 2.14 for PET tomographic reconstruction algorithms.

2.7 Time-of-flight PET

The incorporation of TOF in PET systems have improved the capabilities of PET
imaging (Surti, 2015), enhancing the Noise equivalent count (NEC) and SNR, hence
image quality. The localisation of the point of emission of annihilation photons de-
pends on the TOF information, i.e. the detection of the time difference between
the two annihilation photons as depicted in Figure 2.9, where the back-projection
of the information on the LOR is constrained to a limited number of voxels using
TOF compared to non-TOF PET in the reconstructed image matrix, see reconstruc-
tion algorithms in Section 2.13. Equation 2.14 provides the simple relationship to
determine the position of interaction AX from the centre of the LOR (i.e. distance
between two opposite detectors).
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lt—ti| xc AT xc
2 2

where c is the speed of light and AT the time information difference, refer to
Figure 2.9.

AX = (2.14)

Detector 1

\N"t\\"?‘

ax

Annihilation

CRT >1ns 500 ps 250 ps

Detector 2

FIGURE 2.9 — Left: Illustration of the Gaussian coincidence peak us-

ing TOF information, showing higher probability of interaction posi-

tion. Right: Illustration of image quality based on TOF (bottom) and

non-TOF (top) PET with decreasing (better) CTR. Figure adapted from
the 10 ps challenge website.

According to Equation 2.14, the smaller is AT, the smaller is AX. As quoted
from Conti (2011), “In order to achieve a 2-mm single pixel spatial resolution, a 10-ps
time resolution would be required”. With such time resolutions, the TOF information
can in theory allow for the formation of tomographic images without reconstruction
algorithms if the intrinsic or fundamental limits to spatial resolution as explained
previously are minimised.

Such timing resolutions are however not achievable on actual PET scanners and
the position of interaction is blurred by a time measurement uncertainty, the co-
incidence timing resolution (CTR) which is the measure for the accuracy of TOF.
The better the CTR, the better the TOF performance of the scanner, see Figure 2.9
(right). The TOF information is therefore implemented in the reconstruction algo-
rithms, making the tomographic reconstruction being less ill-conditioned and less
sensitive to small errors which might cause large errors in tomographic reconstruc-
tion. The overall benefit using TOF is the reduced noise, higher contrast recovery,
and hence, higher SNR. As reviewed by Conti (2011), the TOF SNR gain, i.e. the
ratio between SNRr1or and SNR,,,—tor is given by Equation 2.15, where TOF re-
construction acts as a sensitivity amplifier for a PET scanner, i.e. a gain in SNR can
be taken as a gain in counts (SNR « +/NEC (Strother, Casey, and Hoffman, 1990)).
This is due to the simple fact that each individual event may be forced to take place
in a smaller volume in the process of reconstruction.

[ D
SNRTOF = ESNRnon—TOF (2-15)

where D here is the effective diameter (e.g. for a patient) (Budinger, 1983; Lecomte,
2009).
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2.7.1 Cerenkov light and TOF PET

Promptly emitted Cerenkov light is produced by the interaction of annihilation
photons, for example in thallium bromide (T1Br) (Arifio-Estrada et al., 2018) or even
BGO (Brunner and Schaart, 2017) and can be collected using dedicated photodetec-
tors. Cerenkov radiation has been shown to provide alternatives for the detection
of annihilation photons interacting in the crystals, based on the crystal index of re-
fraction, which is higher in TIBr (2.63) than LYSO (1.82) and BGO (2.15), values in
brackets given at 570 nm, see Table 2.3 in the following Section 2.8. TIBr seems to
be a good candidate for Cerenkov luminescence production since it has a lower en-
ergy threshold favouring this effect compared to LYSO or BGO. Furthermore, it is
mostly transparent in the visible part of the spectrum (it should not be highly ab-
sorbed within the crystal). To put it concisely, the timing of annihilation photons can
be derived using Cerenkov luminescence signal using photodetectors to obtain fast
sub-ns timing resolutions.

2.8 Scintillator crystals

The photon detection system is based on two detectors assembled together, the
scintillator (organic or inorganic) and the photodetector (e.g. PMTs, photodiodes,
SiPMs). The principles of the scintillators used in PET are described in this section.
Scintillators convert the energy deposited by 0.511 MeV vs by luminescence into
visible photons (also extending to ultraviolet spectrum) and are detected by pho-
todetectors, described later in Section 2.9. For PET imaging, inorganic scintillators
in the form of solid crystals are used. Table 2.3 provides the properties of different
intrinsic and extrinsic activated (e.g. Ce-doped impurity) scintillator crystals com-
monly used in PET.

One important parameter of scintillators as described by Lecomte (2009) is the
initial photon rate Iy following the scintillation event which determines the timing
performance of the detector. Ij is itself related to 1) the decay time 7; which is a limit
to the count rate capability at higher counts due to pile-up effects and 2) the light out-
put R which mainly determines the energy resolution of the detector. Equation 2.16
describes the relationship between R, Iy and .

R:/ I(t)dt:/ Toe "/ %dt = Iyt (2.16)
0 0

Detectors for use in PET require also high stopping power or attenuation length
materials (1/p at 0.511 MeV) to optimise the sensitivity of the system. 1/ itself de-
pends on the density p and the effective atomic number Z,¢s of the scintillator ma-
terial. One related parameter is the photoelectric absorption probability (PE) which
has a direct consequence on the 0.511 MeV photon detection efficiency (PDE).

Other factors are detailed in Table 2.3, and today, LSO/LYSO crystals offer the
best combination of luminosity and coincidence detection efficiency, benefiting from
the possibility to be doped with cerium ions (Ce3") for faster and more efficient scin-
tillation mechanisms, see Lecomte (2009) and Cherry, Sorenson, and Phelps (2012)
for further reading.
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TABLE 2.3 — Physical properties of common scintillators in PET. LYSO is highlighted since the PET used for studies in this thesis is
LYSO-equipped. Data obtained from Lecomte (2009) and Cherry, Sorenson, and Phelps (2012). Data for plastic scintillators obtained

from Kapton et al. (2014) and Wieczorek (2017). Data for T1Br obtained from Arifio-Estrada et al. (2018).

Properties Nal BGO GSO LSO LYSO LGSO LuAP YAP LaBr3 TI1Br* Plastic**
Peak emission 410 480 440 420 420 415 365 350 360 : 391-404
wavelength (nm)

I £
ndexo 1.85 215 1.85 1.82 1.81 18 1.94 1.95 1.9 2.63 1.58-1.59
refraction
Ligh R
i G 41 9 8 30 30 16 12 17 60 - 10-10.88
(10° ph.MeV 1)
Decay time 230 300 60 40 40 65 18 30 16 - 1.5-24
T (ns)
P ORI 90 21 60 380 380 125 340 290 1900 . -
(ph/ns)
0,
AE/E (%) 6 10 8 10 10 9 15 45 3 1.66 =
@ 0.662 MeV
Densit
enety P 3.67 7.13 6.71 7.35 7.19 6.5 8.34 5.5 53 7.56 1.023-1.032
(g.cm™)
Effective Z 50 73 58 65 64 59 65 33 46 74 -
Zess)
Up @0.511 MeV 25.9 112 15.0 123 12.6 143 11.0 213 223 9.7 -
(mm)
PE (%) 18 44 26 34 33 28 32 44 14 2 2
Magnet.lc. ) No No Yes No No Yes No No No - No
susceptibility
Hygroscopic Yes No No No No No No No Yes = No

*T1Br for the detection of Cerenkov light.

**various plastic scintillators studied for the Jagiellonian-PET (see website).
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2.9 Operating principles of photodetectors

This section describes the the most commonly employed photodetectors coupled
to scintillator crystals in PET imaging, such as PMTs and SiPMs.

2.9.1 Photomultiplier tubes (PMTs)

In this section, the basic operating principles of PMT technology are described.
Further details can be found in various books and reviews which can be of refer-
ence for further reading, see Cherry and Dahlbom (2006), Knoll (2010), Grupen and
Buvat (2011), Cherry, Sorenson, and Phelps (2012), and Jiang, Chalich, and Deen
(2019), and others. PMT converts scintillation light into a detectable electric pulse
by electron multiplication. PMTs were the first to be employed for PET imaging but
are now being superseded by recent progress in SiPM technology for optical photon
detection, described later in Section 2.9.3.
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v
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FIGURE 2.10 - Principles of the PMT, the primary components be-

ing the photocathode followed by a series of electrodes which are the

dynodes and an anode recuperating the amplified electron swarm.

The overall structure is enclosed in a vacuum tube. The dynodes

are progressively biased at higher voltages. Extracted from Cherry,
Sorenson, and Phelps (2012)

A sketch of the structure of a conventional PMT is depicted in Figure 2.10, com-
posed of a photocathode and several electrodes enclosed in a vacuum tube (made
of glass, ceramics, metals) within an electric field. Some of the photons impinging
the photosensitive material on the photocathode and liberate electrons by the pho-
toelectric effect. The primary generated photoelectrons are focused and accelerated
to the first dynode (positively charged electrode) by the high internal electric field.
Each electron which strike the first dynode generates more secondary electrons (3
to 5 multiplicative factor) and are accelerated by the progressively increasing poten-
tial differences between the dynodes, to the next dynode. This process is amplified
on successively arranged dynodes, until reaching the anode where finally a high
photocurrent pulse (~mA) is generated by the collection of a large number of elec-
trons (Grupen and Buvat, 2011). A final multiplication factor (gain, G) of 10° — 10°
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can be achieved, which is the number of electrons collected for each generated pho-
toelectron. G depends on the applied potential difference U and is given by Equa-
tion 2.17.

G = AU (2.17)

where k ~ 0.7 — 0.8 depending on the dynode material, n the number of succes-
sive dynodes and A is a constant depending on n (Grupen and Buvat, 2011).

Some alternative types of PMTs are the microchannel plate (MCP) and position-
sensitive (PS) PMTs, which are based on the same acceleration and gain effect, see
Jiang, Chalich, and Deen (2019). However, even if they could provide advantages
(good timing and spatial resolutions, tolerance to magnetic fields, ...), MCP PMTs
have very short life time and have rather long recovery time per channel Grupen
and Buvat (2011). PS PMT provides the estimation of the position sensitivity of the
incident photons on the photocathode by multiple anodes, which are processed in-
dividually, therefore requiring multiple readout channels and increases complexity,
power consumption and cost.

PMTs are capable of detecting and amplifying signals provided by single pho-
tons with high G. They provide high timing resolution adding to their ruggedness
and stability. However, they present the drawbacks of being bulky, sensitive to mag-
netic fields and mechanical variations, operate at high voltages and can be costly.
They require Anger logic decoding for the position of interactions. Owing to these
drawbacks, photosensors such as avalanche photodiode (APD)s and SiPMs have
been developed and they have overcome the widespread use of PMT in clinical ap-
plications.

The following sections outline the functioning of silicon semiconductors.

2.9.2 Avalanche photodiodes (APDs)

Standard photodiodes. A photodiode consists of a P-N junction in a reverse bias
mode. When a photon of sufficient energy impinges on the diode in its depletion re-
gion, it generates an electron-hole (¢~ — /™) pair by means of a photoelectric effect,
as depicted in Figure 2.11, and a photocurrent is produced which is measured. Stan-
dard P-N photodiodes were found not suitable for use in PET imaging owing to no
internal gain where only one electron-hole pair is detected per scintillation photon.
They provide a signal which is ~six orders or magnitude lower than a PMT, which
deteriorates the SNR of the impulse and limits the energy resolution and cause long
integration times incompatible with TOF implementations for PET imaging.

Avalanche photodiodes. APDs are based on the same structure as the standard sili-
con P-N photodiodes but with an improved mechanism for the internal electric gain
from avalanche multiplication. Compared to standard photodiodes, a larger reverse
potential difference bias is applied at the electrodes of the APD. The electrical field in
the depletion or space-charge region is sufficiently large such that when a primary
photoelectron is generated there by an interacting optical photon, it is accelerated
and gains enough energy to generate by itself an electron-hole pair by ionisation.
This process is repeated by the primary photo-electron and subsequent ones, result-
ing in an avalanche of reactions similar to that in a PMT. This yields in a significant
increase in the detectable current with an gain in amplification between 10? and 10°
which is a significant improvement over the standard photodiodes but still does not
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FIGURE 2.11 - Principle of APD and SPAD operation. Left: Avalanche
breakdown process in a reverse biased p-n junction. Right: I-V char-
acteristics (Jiang, Chalich, and Deen, 2019).

match the performance achieved by PMT and does not allow for single photon de-
tection.

Although being three to four orders of magnitude below the performance re-
garding gain with respect to PMTs, APDs offer some benefits such as their relatively
smaller sizes, reduced cost and insensitivity to magnetic fields. This led to the de-
velopment of the first commercial APD-based PET for small animals imaging, the
LabPET (Bergeron et al., 2009) followed by the LabPET II (Berard et al., 2008), with
achieved 1.3 mm and sub-millimeter resolutions, respectively. The non-sensitivity to
magnetic fields allowed for an easier integration of bi-modal systems and the devel-
opment of the first commercial whole body PET-MRI system, the Siemens Biograph
mMR which is based on APD technology (Delso et al., 2011). Compared to CT, MRI
reduces the risk of ionising radiation and provides necessary information for photon
attenuation and scattering corrections.

2.9.3 Silicon photomultipliers (SiPMs)

The major development in photon detection for PET imaging during this last
decade is the SiPM technology. They use arrays of single-photon avalanche diode
(SPAD)s, which are APDs working in a reverse bias mode a few volts above the
breakdown voltage, functioning in the Geiger mode, see Figure 2.11. SiPMs offer
much more benefits than APDs. They can be much smaller in size (ym sides) and
can be compacted by thousands. They allow single photon detection with an excel-
lent timing resolution (the single photon timing resolution (SPTR)) due to the lower
timing jitter in the Geiger mode (exponential increase of current) and the narrow
amplification region where the signal is produced. SPADs provide better control
for linearity, improved timing and spatial resolutions and TOF applications for PET
imaging, compared to APDs, see Section 2.10. They have a gain comparable to PMT,
around 10° and can operate digitally by counting incident photons instead of pro-
ducing an amplified current as with APD. An overview of the principles of the ba-
sic component SiPM cell, i.e., the SPAD, and existing types of SiPMs: analog silicon
photo-multiplier (aSiPM) and digital silicon photo-multiplier (dSiPM), are discussed
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in the following Sections 2.9.3.1 to 2.9.3.3. The DPC dSiPM is then described in fur-
ther details in Section 2.10 since it is the PET system of interest studied throughout
all of this thesis.

2.9.3.1 Single-photon avalanche diodes (SPADs)

A SPAD is a solid state (silicon semi-conductor) P-N junction which is reverse
biased with an overvoltage of V,xess above the breakdown voltage Viyeskdown, thus
operating in Geiger mode. Compared to APDs, SPADs have a large enough potential
difference which enables not only to the generated primary photoelectrons (from the
interaction of visible photon) in the depletion zone to initiate an avalanche reaction,
but also to the holes to create avalanches. As a result, avalanches occur in the P- and
N-doped areas and the diode becomes conductive. This is illustrated in Figure 2.11.
A large avalanche of current carriers develops exponentially and can be triggered
from a single photon, see Figure 2.11 (left). The SPAD therefore requires a structure
that allows operation without damage or too much noise due to the exponential
increase of the conducted current. This structure can be passive using a resistor or
active using a transistor, see Section 2.9.3.2.

Figure 2.11 (right) outlines the basic operating mode of a SPAD and its regula-
tion using a quenching resistor. At phase 1, before a charge carrier is created in
the depletion zone by a scintillator photon, the reverse potential difference is set to
VspaD = Vireakdown + Vexcess- As soon as a self-sustaining avalanche is generated,
the SPAD conducts a high current which grows exponentially. Therefore, at phase
2, a quenching resistor (R in Figure 2.11 (left)) allows for the voltage in the de-
pletion region to be reduced below Vjeskd00n and thus force the polarisation of the
diode at a level at which avalanches can no longer be continued. At phase 3, the
SPAD is quenched and is recharged back to its initial polarised state to Vspap by a
recharging circuit which may also be active or passive as the quenching circuit, see
Section 2.9.3.2.

Active regulatory circuits for SPAD are better controlled, more stable with feed-
back and generally have lower dead time than passive ones.

2.9.3.2 Quench and reset circuits

Two categories exist to regulate the avalanche and recharge of SPAD to Vspap for
the next photon detection: either a passive quenching and reset (PQR) or an active
quenching and reset (AQR) circuit. PQR can easily occupy a smaller area than AQR,
therefore a higher fill-factor (FF) for SiPMs, but solutions exists for AQR circuits to
be implemented together with each compacted SPAD to overcome this drawback,
but can be costly for fabrication.

2.9.3.3 Analog and digital SiPMs

Analog. For PET systems, the configuration of SPAD in an aSiPM can be depicted
as in Figure 2.12 (top). The SPAD are connected in parallel and the output signal is
the analog sum of the currents from all the cells, and use a POR circuit. A very large
number of aSiPM must be used for PET applications and the coupling of each de-
tector to its own complex analog reading chain can pose design and cost problems.
Similar to PMTs, the detected signal of the aSiPM is amplified and further needs a
reading application-specific integrated circuit (ASIC) to obtain information about the
time, with the time-to-digital converters (TDC), and energy, with the analogue-to-
digital converters (ADC), of the detected photons. Therefore, the flaw of using this
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FIGURE 2.12 — Schematic representation of the sensing electronics
based on aSiPMs (top) and dSiPMs (bottom). Extracted from (Jiang,
Chalich, and Deen, 2019).

system is that the excellent intrinsic performance of the SPAD is not fully utilised be-
cause the output signal is degraded by the additional analog detection chain which
can cause interference, electronic noise and other parasitics between connections,
bond wires and external loads. They are also susceptible to temperature variations.
Nevertheless, aSiPM have been developed and are used in commercial whole body
PET systems from Siemens (Biograph Vision and Vision Quadra) and GE (Discovery
MI).

Digital. The alternative exists to directly digitise the scintillation signal by con-
necting each cell to its own reading electronics. These are called dSiPMs, depicted in
Figure 2.12 (bottom). The SPAD array can be integrated simultaneously with the nec-
essary circuits on one only chip including AQR rather than PQR circuits using tran-
sistors (allowing better management of dead time and therefore improved counting
capabilities compared to aSiPMs), TDC, ADC, and so on as depicted in Figure 2.12
(bottom). The TDC is the most important element influencing the temporal resolution
of the whole chip. There is therefore a fully digital readout and processing circuits
on the same chip which allow them to reach better timing resolution compared to
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56 Chapter 2. Positron emission tomography

PMTs, APD and aSiPMs, which is attractive for PET. However, there is a large num-
ber of electrical connections on a limited space on a unique sensor tile using ASICs
or field-programmable gate array (FPGA)s. Further description is given in the next
Section 2.10 for the DPC dSiPM technology used in the Vereos from Philips which is
the PET system of interest for this thesis.

210 Digital photon counting dSiPMs

The basics of DPC dSiPM developped by Philips is briefly described in this sec-
tion, referring to several publications (among others) describing its principle of op-
eration (Frach et al., 2009; Degenhardt et al., 2009; Frach et al., 2010; Degenhardt
et al.,, 2010; Haemisch et al., 2012; Heller et al., 2013; Schaart et al., 2016; Liu et al.,
2016; Jiang, Chalich, and Deen, 2019).

2.10.1 Architecture
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FIGURE 2.13 — DPC-type sensor architecture. Top, left to right: Repre-

sentation of a tile. 1 tile = 16 dice. 1 die = 4 pixels (Liu et al., 2016).

Bottom, left to right: Representation of a die (Frach et al., 2010) and 1

pixel = 4 subpixels (coupled to one crystal). See Haemisch Y. (Philips)
and Schaart et al. (2016).

The type of photodetector used in the Philips Vereos PET system is the DPC3200-
22 depicted in Figure 2.13. It consists of a tile (32.6 mm x32.6 mm) which in turn
consists of 16 die sensors (7.15 mm x7.8775 mm each) arranged in a 4x4 grid. Each
die sensor is composed of 4 digital photodetectors called pixels (the dSiPMs) (3.8775
mm x 3.2 mm each) arranged in a 2x2 grid. Each pixel is again subdivided in subpix-
els arranged in a 2x2 grid. Each subpixel contains 800 SPADs being the basic cells of
the SiPM operating in the Geiger mode. Each SPAD in turn measures 59.4 ym x 64
pum and there is a total of 3200 SPAD per pixel. Furthermore, each dSiPM/pixel has
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2.10. Digital photon counting dSiPMs 57

its own photon counter. The FF is 82.9% for the SPAD array and 77.7% for the whole
system.

Further seperating the pixels into subpixels make the discrimination process of
events less complex compared to a full custom design. Therefore, the data readout
duration is halved and the implementation of various trigger thresholds is simpli-
fied, being implemented in a fully digital way using logic operations. There are four
logic combinations schemes possible, depending on the number of photons first hit-
ting the SPAD and triggering individual subpixels to produce one master trigger to
the main controller and starting the signal of the TDC, (See Frach et al. (2009) for
more details). A pair of TDCs (around 20 ps time resolution) and one acquisition
controller are coupled to each die of 4 pixels for measuring photon arrival time and
generates a single timestamp. Therefore, the die is the readout level of the sensor,
and the Philips Vereos PET system has 5720 trigger channels.

The generation of the timestamp is dependent on the configured trigger thresh-
old based on the number of detected photons, going from one to four. As soon as
the photon trigger threshold is reached and the timestamp activated, the data acqui-
sition chain of the DPC-dSiPM starts, controlled by a state machine, see Figure 2.14,
implemented in the die and FPGA on the backside of the tile. A bit of memory is
allocated to each SPAD to allow selective inhibition to control dark noise events in
case some of them become faulty.

2.10.2 Data acquisition state machine

trigger ¢
ready integration || readout | recharge
Timings: 5ns - 80ns 0 —20ps 680ns 10ns-40ns

(configurable) (configurable) (fixed) (configurable)

FIGURE 2.14 — State machine for DPC acquisition. Extracted from
Schaart et al. (2016).

In this section, the data acquisition of a scintillator crystal coupled to a dSiPM
is described. Each SPAD of the subpixels can detect and store only one photon at a
time from the moment the photon hits a SPAD in the ready state to the moment the
information is read or rejected and the global pixel is reset in the recharged state.

Ready state. The pixel starts in the ready state where all the SPAD are in the Geiger
mode at Vspap, see Figure 2.11, and the recharge transistors of the AQR are open.
As soon as the master trigger threshold is passed for at least one pixel of a die, a single
time-stamp is produced per die and the entire die stops to accept further triggers,
and the pixel controller changes the state to validate.

Validate state. This is a second higher-level threshold implemented to determine if
an event is valid or is a dark count, based on the fact that a large number of photons
is detected at different mutually exclusive regions of the pixels at the very beginning
of the light pulse, which is very improbable for dark counts in this short time span.
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58 Chapter 2. Positron emission tomography

A validation period is configured by the user, and launched as soon as the main trig-
ger threshold is reached. Once a light pulse is validated, the state machine goes to
the integration state. Else, if it is a dark count event, a fast pixel reset is performed
with the SPAD recharged to Vspap and ready to detect again new events. This min-
imises the dead time of the sensor, but at the cost of a slight reduction in temporal
resolution.

Integration state. In the integration or collect state, the number of photons hitting
the SPAD accumulates and the pixel waits for the scintillator pulse to decay during
again a user-defined duration. Each time a SPAD is hit by a photon, the avalanche
occurs, the SPAD is actively quenched and the information stored for later readout.
At the termination of the timer, the whole pixel is ready to be read. The timing
chosen relies on the decay time of the employed scintillator crystal.

Readout state. Each row is read individually in a successive manner and the num-
ber of photons detected in each row is added to the photon counter. While reading
out row number 7, the preceding row (n — 1) is recharged by the AQR circuitry (the
quenching transistor is also disconnected) to avoid large power surges if the whole
pixel is reset at once.

Recharge state. Finally, the pixel controller goes to the reset state for a global
recharge and TDC reset, and loop back to the ready state.

2.10.3 Characteristics of the DPC SiPM

Some caracteristics of the DPC dSiPM are presented in this section, which are the
saturation of SPADs, dark count rate, photon detection efficiency, optical crosstalk
and temperature sensitivity.

Saturation of SPADs. Each SPAD in dSiPMs cannot detect more than one photon
during a cycle. Therefore, when there is more active cells (N5 at the ready state)
than the light photon shower from the scintillator crystal, i.e. at low photon count,
the detector pixel is not saturated. As soon as the number of photons impinging on
the SPAD is greater than the number of N, i.e. a high photon count, a satura-
tion correction is employed using Equation 2.18 to estimate the number of detected
photons Nyetected-

PDE'Nphotans

Netected = Neells (1 —e e > (2.18)

A correction LUT per pixel can be provided as the number of N, differ from
one pixel to the other to solve for Nyp,tons (Frach et al., 2009).

Dark count rate. 'When implemented SPADs on a dSiPM present failures and pro-
duce dark counts, a dark count rate (DCR) map can be obtained, which is the triggers
per unit time without light. This helps in the reduction of the deadtime by switching
off the SPADs (they cannot be replaced) with the highest DCRs (around 5 to 10% of
SPADs). Switching off 5% of cells halves the cumulative DCR for the whole pixel. A
bit of memory is dedicated to each SPAD to be able to selectively activate individual
cells.
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Photon detection efficiency. PDE describes the probability to detect a photon of a
certain wavelength (A). It is proportional to the product of the FF, quantum effi-
ciency (QE) of silicon due to different interaction and absorption behaviours of light
with different wavelengths in silicon, and the avalanche generation probability in
the Geiger mode.

Optical crosstalk. Optical crosstalk is the consequence of photons generated dur-
ing the avalanche discharge of the diode, creating a secondary avalanche in neigh-
bouring diodes. Reducing the current in the SPAD reduces the photoemissions and
optical crosstalk. Optical crosstalk can be also reduced by optical isolation between
SPAD and can be measured using a ‘light generator” diode and validated events
recorded minus the dark counts.

Temperature sensitivity. Temperature affects the ionisation coefficients of electrons
and holes, leading to a drift in the Vpeqkdonn Of the SPAD. dSiPMs are insensitive
to any change in Viyeakdown @s compared to aSiPMs since the potential difference is
sensed by a digital circuit and logic gate. The temperature sensitivity of dSiPMs is
mainly due to the change in PDE caused by the temperature-dependent avalanche
probability. This can be compensated for only by adapting the bias voltage of the
device. The TDC and trigger might present drifts, being implemented next to the
dSiPM, but can be measured an compensated for.

211 Developments in PET detection

Two developments in PET are described hereafter, including DOI and ortho-
positronium detection.

211.1 Depth of interaction

PET resolution can be enhanced using DOI information, based on the transport
of scintillation light among multiple detectors, considering their attenuation over
the multiple detector crystals. Indeed, DOI encoding techniques have been stud-
ied in different scintillator geometries to avoid parallax errors in longer crystals. In
fact, increasing the length of the crystals increases the sensitivity of detection of pho-
tons but have a degraded timing resolution and more uncertainty in the interaction
position of the annihilation photon in the crystal. Bibliography concerning DOI de-
termination suggested methods such as using phoswich detectors, stacked discrete
layers of scintillators, monolythic crystals, double-sided readout schemes, are de-
scribed in a recent study from Zatcepin et al. (2020) (see also Pizzichemi et al. (2016)
and Sanaat and Zaidi (2020)).

211.2 Ortho-positronium detection usig JPET

As described earlier in Section 2.2.3, PET records 511 keV photons emitted pho-
tons from annihilation of eTe™ pairs. It turns out that it is also possible to image the
three-photon annihilation of ortho-positronium, which can provide additional and
complementary information for diagnosis (Moskal et al., 2019). A prototype scan-
ner has been built with a large axial FOV, called the Jagiellonian Positron Emission
Tomograph (J-PET), built from long-strips of plastic scintillators (NiedZwiecki et al.,
2017), see Table 2.3 for plastic scintillators characteristics. The J-PET can detect and
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60 Chapter 2. Positron emission tomography

reconstruct using information from 511 keV 2 — 7 photons, as well as detect ortho-
positronium 3 — < decays in a single plane in the J-PET detector Gajos et al. (2016).
The system provides several benefits, being cost-effective with a large eFOV which
can be modular, a good timing resolution (220 ps), is MRI compatible, and so on.
Its main drawback is the low detection efficiency. The National Electrical Manufac-
turers Association (NEMA) performances of the J-PET system (using GATE) can be
found in Kowalski et al. (2018). A list of articles is available on the JPET website.

2.12 Performance of actual PET systems

The characteristics of the state-of-the-art SiPM-based PET/CT clinical systems
are summarised and compared in Table 2.4. Systems with axial eFOVs (e.g. the

Siemens Biograph Vision Quadra), provide better sensitivities than standard axial
FOVs.

TABLE 2.4 — Comparison of the commercially available SiPM PET sys-
tems (at the time of writing this thesis). The characteristics of the ac-
tual 3 commercialised clinical SiPM-based PET /CTs are outlined, the:
1) GE Discovery MI, 2) Siemens Biograph Vision and 3) Philips DPC
Vereos. Characteristics for the SiPM-based PET/MR GE Signa and
SiPM-based extended FOV (106 cm) PET/CT Siemens Biograph Vi-
sion Quadra, are also reported. Respective values are from [a]: Pan et
al. (2019), [b]: Grant et al. (2016) and Caribé et al. (2019), [c]: Reddin
et al. (2018) and Van Sluis et al. (2019) , [d]: Prenosil et al. (2021), and
[e]l: Zhang, Maniawski, and Knopp (2018) and Rausch et al. (2019)
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Manufacturer

Siemens Philips
References [a] [b] [c] [d] [e]
Model name Discovery SIGNA B1.o'graph B1'o'graph DPC
MI (5 rings) Vision 600 Vision Quadra Vereos
Characteristics

Scintillator material LYSO LYSO LSO LSO LYSO
Scintillator size (Tr. x 3.9 x 5.3 x 25 3.9 x 5.3 x 25 3.2 x 3.2 x 20 3.2 x 3.2 x 20 4x4x19
Ax. x Dep. mm3)
Sensor SiPM SiPM SiPM SiPM dSiPM
N° of scintillators 24480 20160 60800 - 23040
NF° of sensors 12240 1680 48640 - 23040
Coupling 2:1 4x9:1x%x3 4x9:1x%x3 5x5:4%x4 1:1
Radial

acha 700 600 820 820 764
FOV (mm)
Axial 250 250 263 1060 164
FOV (mm)
E

nergy 425-650 425-650 435-585 435-585 450-613
Window (keV)

Performances

Sensitivity 20.84 23.3 16.4 83.4t 55
(cps.kBg—1) 176.0%

ECR k 1.641 @ 28.3t
NECR pea 266 @ 20.8 218 @ 17.8 306 @ 32.6 641 @28.3 153.4@ 54.9
(kcps @ kBg.mL™1) 3.018 @ 28.3%
Scatter fraction (%) 40.2 43.6 38.7 36.5% 33.9
@ peak NECR (ps) 37.0%

1 1 *3%

Spatial resolution 43 x 43 % 5.0 44 x41x%53 3.5 x 3.7 x 3.6 33 x34x38 42 %42 x 4.2
FWHM (mm)
TOF . 381.7 < 400 210 225t 310
resolution (ps) 227%
E

nersy 9.55 103 9.0 9.0 112

resolution (%)

*PET/MR system, ** At the centre of FOV, 1 for a maximum ring difference (MRD) of 85, for a MRD of 322.
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62 Chapter 2. Positron emission tomography

2.13 PET data acquisition and reconstruction

The aim of image reconstruction in PET is to transform information from ac-
quired individual LORs into 3D quantitative data, which is the activity concentration
in Bg.mL~! in each reconstructed voxel present in the FOV. This section outlines PET
image reconstruction and algorithms, starting from the raw data acquisition modes.

2.13.1 Data acquisition

The 2D and 3D acquisition modes for PET imaging are outlined here, with em-
phasis on the 3D mode. Both modes result in 3D images, the classification (2D or 3D
modes) only refers to the type of data acquired. Their fundamental differences are
depicted in Figure 2.15.
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FIGURE 2.15 — Differences between 2D and 3D PET acquisition
modes. Direct (red) and oblique (blue) planes forming LORs. Oblique
LORs (green) cannot be formed when using septa in 2D PET. All LORs
are accepted in 3D PET. Adapted from Alessio, Kinahan, et al. (2006).

2D acquisition mode. PET data collection before reconstruction were at a time per-
formed in a 2D mode using tungsten or lead interplane septa for collimation. Each
single 2D slice was reconstructed independently and the cross planes in the FOV
were combined together with the help of oblique LORs delimited by adjusting the
length of the septa to form a 3D image. The use of septa reduced the data storage
needs at the cost of loss in sensitivity and SNR.

3D acquisition mode. State-of-the-art commercial PET systems today achieve 3D
acquisitions accepting all LORs (direct and oblique) in any detector ring, despite the
large data storage and computing power required. Higher proportion of scattered
and random coincidences need therefore to be properly corrected in 3D, owing to
higher sensitivity improved by a factor between 4 and 6 compared to 2D (Fahey,
2002), on which the SNR benefits. 3D reconstruction methods are also more complex
and time consuming than 2D methods. Today, sensitivity using eFOV PET systems
improved by several factors and efforts seem to be actually made to circumvent the
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associated computation issues linked to the 3D acquisition mode (compare sensitiv-
ity values in Table 2.4).

2.13.2 Data format

Data can be stored in different formats: histograms which store the number of
events detected in each LOR index, sinograms which are based on the line integral
approximation and listmodes, the last two being the most common ones as presented
below.

2.13.2.1 Sinogram format

Line integral approximation. A sinogram in PET is fundamentally a 2D matrix
where the number of events detected in each LOR connecting two detectors, d; and
d», is stored as a function of the shortest radial distance, x,, between the LOR and the
centre of the FOV and its orientation angle, ¢. Figure 2.16 depicts how sinograms
are organised, considering a 2D activity distribution in an object f(x, y) present in a
cross-section, (x,y) being the fixed coordinates of the PET. The coincidence data in
each LOR are essentially linear projections of the tracer distribution. Indeed, a LOR
instead of a volume-of-response (VOR) joining the two detectors is considered. The
average number of coincidence events detected in each LOR, p(x,, ¢), is the line
integral through f(x,y) at given x, and given ¢, described by Equation 2.19.

+o0
p(xr, @) = f(x,y) dyr
. —o (2.19)

= f(cosg.x, — sing.y,, sing.x, + cosg.y,) dy,

(x+,yr), which is the rotating reference frame is related to the angle ¢ of the LOR
and to the fixed frame (x, y) by Equation 2.20.

[x] _ [c?sqo —szngo] [xr] (2.20)
y sing  cos@ | |y,

Radon transform. The Radon transform (Radon, 1986) of f(x,y), R[f(x,y)], is the
complete collection of line integrals p(x;, ¢) for x, € R and ¢ € [0, 7]. A line of
the sinogram therefore corresponds to the set of parallel LORs associated with the
same angle ¢ and the image of a point is a sinusoid, as depicted in Figure 2.16 A.
The sinogram of the activity distribution f(x,y) is a superposition of sinusoids, as
depicted in Figures 2.16 B and C provided as example.

2.13.2.2 Listmode format

Nowadays, the listmode format is preferred to the more conventional sinogram
data format due to better handling and practicality, e.g. when the coordinates of the
coincidence or even singles need to be recorded, and due to the flexibility of post-
processing it brings. This is already the case for the manufacturer Philips, whose
current generation of PET scanners record data only in listmode. Single listmodes can
be processed to obtain coincidence listmodes and sinograms to adapt to reconstruction
algorithms if needed.
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FIGURE 2.16 — Left: The projection p(x;, ¢) according to the line in-
tegral model obtained by the integration along parallel LORs, at an
angle ¢ (orange). The fixed tomograph reference frame (x,y) (blue)
and the rotating frame (x,,y,) (green) which define the LORs are
depicted. Right: A. Storage of coincidences data in a sinogram.
Adapted from Wernick and Aarsvold (2004) and see lecture on medi-
cal physics. B. and C. are realistic representations of a 2D object con-
sisting of several circular regions of different activities and the sino-
gram of the object, respectively (Etxebeste Barrena, 2017).

The listmode thus consists of a binary file where for each coincidence, a line is
recorded containing the indexes of the coincident detectors (d1, d2) (see Figure 2.16),
the measured energy of the two photons (E,,, E,,), and their TOF differences, AT.
There is no data resampling as required in the other formats and the exact informa-
tion of the event is stored. The listmode format allows to record all necessary infor-
mation for every event and the inherent large file size limitation (which depends on
the counts statistics) is circumvented with the considerable improvement in storage
capacity in recent years.
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214 PET tomographic reconstruction

The imaging system can be represented as a discrete linear model as per Equa-
tion 2.21.

g=Hf+n (2.21)

where g is the set of observations which are the measured projections of the activ-
ity along different directions (the recorded data of all LORs), H is the known system
model, f is the unknown image of the activity distribution in the object, and n is the
error in the observations.

Data values are modelled in two main groups as deterministic or stochastic, al-
though they are inherently stochastic due to the physical effects of PET imaging,
such as the radioactive decay process, the attenuation of photons in the object and
the statistical nature of gamma ray detection.

Deterministic approach. A unique and exact solution exists using inversion for-
mulas (Townsend and Defrise, 1993), assuming measurements g free of statistical
noise (n = 0) and an idealised system model H. Physical aspects (attenuation, scat-
ter, detector size) are not considered. This approach is used in analytical recon-
struction algorithms, making the problem solving simple, and fast with a linear and
predictable behaviour. However, as the noise in the measurements is ignored, the
reconstructed images using deterministic approaches can suffer from a lower image
quality (Alessio, Kinahan, et al., 2006).

Stochastic approach. A more accurate description of the imaging and detection
process can be implemented considering random noise structure. In this case,
an exact solution is not possible and the computed solution, £, is an iterative
approximation of the real activity distribution f. Stochastic approaches are therefore
iterative reconstruction methods.

The two approaches (deterministic and stochastic) are described in the following
sections.

2.14.1 Analytical reconstruction
2.14.1.1 Foundation principles

Radon inverse transform. The Radon transform has been defined by Equation ??.
The tomographic reconstruction problem then consists of inverting the Radon trans-
form, in order to estimate the radioactive distribution and recover f(x,y) from the
measured projections p(x;, ¢), as in the following equation.

f(x,y) =R 'p(x, 9))(x,y) (2.22)

The Radon transform is a continuous operator, it can only be inverted for an in-
finite number of projections. However, since a PET acquisition is intrinsically sam-
pled, the coordinates (x;, ¢) of the LOR are discrete in nature. This results in a
non-uniqueness of the solution. Several methods for problem solving are detailed in
the following sections.
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The Central Slice theorem. The Central Slice theorem (CST)° is a fundamental the-
orem in analytical methods for image reconstruction (Alessio, Kinahan, et al., 2006).
It states that for a given angle ¢, the 1 dimensional (1D) Fourier transform (F1p) of a
projection p(x,, ¢) (i.e. P(vy,, @) in the Fourier space, see Equation 2.23) of an object
f(x,y) is equal to the values of the 2D Fourier transform (F,p) of f(x,y) along a
line drawn through the centre of the /,p plane. To prove this, let us start from the
Fourier transform of p(x,, ¢).

+o0 .
P(vs,9) = Fio{p(rr @)} = [ plas,g)e ™0 a,, 223)

where vy, is the Fourier space conjugate (frequency coordinates) of x,. Replacing
Equation 2.19 in Equation 2.23, yields the following equation

—+o0 “+o00 .
P(vy,, @) = / f(cos.x, — sing.yy, sing.x, + cosq.y,)e” ™ d, d, (2.24)

Since x, = xcosg + ysing and dy,d, = dxdy (see Figure 2.16) we obtain the
following equation

+oo +oo ) )
P(vy,, ¢) = / F(x,y)eZrlxeosorysing)vse gy dy

= F(vx,cos, vx,sing) (2.25)

= F(vx, vyl 2 e

where v, and v, represent the frequency coordinates of x and y in the Fourier
space, respectively. The theorem states that if one knows the projections of the 2D
slice of f (x, y) at angles 0 < ¢ < 7, in a continuous frame, one can recover the
object by reconstructing the 2D Fourier transform of the object from the 1D Fourier
transforms of the projections and taking the inverse of the 2D Fourier transform. In
practice, angularly and spatially sampled projections are recorded and therefore, the
sampling density will be lower for high frequencies which can lead to degradation
of the reconstructed images. Alternatives exist to recover f(x,y) as described in the
following parts.

2.14.1.2 Back-projection

An alternative but straightforward manner to provide a first estimation of
f(x,y), denoted f*(x,y), is by back-projecting p(x;, ¢) for all ¢, using Equation 2.26.

T

frxy) = /O " p(xr, g)de = /0 p(xcosp —ysing, ¢)dg (2.26)

Back-projection does not reverse the Radon transform. A constant value is dis-
tributed uniformly along the LORs. The knowledge of the origin of the value in the
LOR is thus lost, resulting in a blurred reconstructed image with frequency streak
artefacts, due to the oversampling at the centre and less sampling at the edges of the
object, originating from the Fourier transforms (Defrise and Kinahan, 1998).

5. See also Iréne Buvat/Tomographic reconstruction.
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2.14.1.3 Back-projection and filters

In order to compensate for the oversampling issues, filtered projections pr(x,, @)
can be used to estimate an artefact-free f*(x,y). pr(x;, ¢) is obtained by the con-
volution of p(x,, @) at a given ¢ with a filter, h(x,), as described in the following
Fourier space equation

pE(xr, @) = p(xr, @) x h(x,) = Fip{P(vx,, ¢).H(vy,)} (2.27)

with ]:1’ Dl the inverse 1D Fourier transform.

Back-projection filtered (BPF) In this method, f(x,y) is obtained by 1) back-
projecting the projected data but this operation needs a larger matrix size than the
size needed for the final result as the backprojection has infinite support, 2) filtering
in the frequency space, and 3) performing the inverse Fourier transform.

Filtered back-projection (FBP). It is the most common technique used in PET an-
alytical reconstruction. To put it concisely, the projections must be filtered in order
to recover f(x,y). A 1D ramp filter can deduced from the CST. The object f(x,y) is
obtained by 1) filtering each projection for each angle in the Fourier space, 2) per-
forming the inverse Fourier of the filtered projections and 3) back-projecting the lat-
ter in the image space. To find the FBP formula, we start from the inverse 2D Fourier
transform of the object

+o0 +o0 .
flxy) = [ . [ ) F(vy, vy )2 t0y) gy, dy, (2.28)

Vy = Vx,COSQ, Vy = Vy,Sing@, dvydvy = vy dvy,.de and x, = xcosg + ysing, see
Figure 2.16, if we do a change of variables, the following equation is obtained,

7T +o00 )
Fog) = [ [P, @)l e dg
0 —0c0

- (2.29)

= /0 pr(x, @)dg

where |vy,| and pr(x,, @) are the 1D ramp filter allowing the exact inversion of
the Radon transform and the filtered projections, respectively.

Some limitations of FBP are as follows. FBP assumes continuous projections for
angles 0 < ¢ < m and noiseless data, when intrinsic data collection is sampled
and there is statistical noise in the measurements, thus the exact solution cannot
be found. Also, due to the discrete sampling (Ax;), the maximum recoverable fre-
quency is the Nyquist frequency (vy = 1/2Ax,), limiting the maximum frequency
that can be recovered without aliasing artefacts. Conversely, due to the presence of
statistical noise in the measured projections, the Fourier transform of these projec-
tions is dominated by noise above a certain frequency and the ramp filter amplifies
these high frequency components, causing a degradation in the SNR.
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68 Chapter 2. Positron emission tomography

Regularisation © is therefore required, typically for the FBP using an apodising
function using the Hamming window (Wp) in the Fourier space, a smoothing func-
tion applied to suppress the contribution of noise above a cut-off frequency, v,
which determines the trade-off between spatial resolution and noise in the images.
It is described as follows

a+ (1—a)cos(5x) vy, | < ve

2.30
0 Vx| > v ( )

WH(VXV) = {
where 0.5 < & < 1 controls the shape of the window. The regularised and filtered
projections back-projection can thus be expressed as Equation 2.31.

Flx) & [ F Wa o)l [P(vs,, )} do @31

The recovery of f(x,y) is therefore largely bounded by the statistical noise in the
projections recorded, data sampling, together with the uncertainty on the corrections
made in the estimation of line integrals.

2.14.1.4 3D analytical reconstruction

2D FBP can be adapted for 3D FBP reconstructions using different methods. One
alternative is the 3D reprojection algorithm from Kinahan and Rogers (1988), an ex-
tension of the 2D FBP. However, the method is computer intensive and requires re-
binning methods such as the single-slice rebinning (SSRB) (Daube-Witherspoon and
Muehllehner, 1987), multi-slice rebinning (MSRB) (Lewitt, Muehllehner, and Karp,
1994) and Fourier rebinning (FORE) (Defrise et al., 1997).

2.14.2 Iterative reconstruction

Unlike analytical methods, iterative reconstructions proceed by incrementally es-
timating the distribution of activity in f(x,y) rather than doing a direct inversion of
the line integral model. They are more flexible due to their discrete models using
matrices and thus enable the implementation of stochastic noise, the statistical na-
ture of the data, the physical processes involved (positron range, non-collinearity,
attenuation, scatter, ...) or any a priori known information about the object to be
reconstructed. Iterative methods can be classified in two categories: algebraic and
statistical methods. Algebraic methods are no longer used because it is not possible
to model stochastic noise events with these methods. Iterative-statistical algorithms
consist of different elements which are 1) the image model, 2), the data (noise) model,
3) system model, 4) objective cost function and 5) optimisation algorithm (Fessler,
2002; Hoeschen, Rafecas, and Aspelmeier, 2011). A comprehensive description of it-
erative and correction methods can be found in Moreau (2019) and Salvadori (2020).

2.14.2.1 Maximum-Likelihood Expectation Maximisation

Maximum-Likelihood Expectation-Maximization (MLEM) has been introduced
by Shepp and Vardi (1982) and is based on the maximisation of the logarithm of
the Poisson likelihood cost function (Maximum Likelihood (ML)) using Expectation
Maximisation (EM) optimising algorithm. MLEM can be readily adapted to perform

6. See Wikipedia/Regularisation (mathematics)
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2.14. PET tomographic reconstruction 69

reconstructions using the listmode data format (Parra and Barrett, 1995; Reader et al.,
1998).

MLEM is attractive as it provides the possibility to modify and incorporate prior
information and data can be described using realistic models. The algorithm is valid
for 3D data, without estimating missing projections. Convergence to the ML solution
is guaranteed but might be slow since during each iteration, where a forward and a
backward projections are required. Image noise increases with number of iterations
due to statistical noise. However, even if the computation is bigger than FBP, MLEM
provides more accurate reconstructions with an ameliorated SNR and less streak
artefacts.

2.14.2.2 Ordered-Subset Expectation Maximisation

OSEM accelerates the reconstruction process of MLEM using ordered subsets of
projection data (Hudson and Larkin, 1994). Succinctly, the entire data is sub-divided
into N subsets and at each k iteration an MLEM algorithm is applied to each subset,
taking the estimated image from the previous subset, N — 1. The image is updated
N times. OSEM thus reaches the ML solution N times faster than MLEM.

OSEM is equivalent to MLEM algorithm if N = 1. The main drawback of OSEM
is that convergence is not guaranteed compared to MLEM which improves mono-
tonically the ML solution. The way the subsets are chosen and ordered has an effect
on the resulting reconstructions, and hence, an evaluation and optimisation of the
number of iterations and subsets is necessary when the algorithm is applied to real
noisy data (Takahashi and Ogawa, 1997).

2.14.2.3 Corrections during reconstruction

Different biases have an influence on the quantification of reconstructed data
due to technical and physical influences which should be corrected for to obtain
accurate true coincidences on which accurate reconstruction relies. The effects can
be multiplicative, m;, or additive, a;, for each LOR i, and can be corrected as

Sicorr = MY + a; (2-32)

where g; oy is the corrected measured data. For iterative reconstructions, m; and
a; can be incorporated in the matrix system model, which however might substan-
tially increase computation time, rendering the algorithms not suitable for clinical
practice. For these practical reasons, generally only m; are implemented in the sys-
tem matrix and a; are considered after the projection step. It is also important to
keep in mind that when corrections are implemented, the Poisson statistics of the
recorded data should be preserved.
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Chapter 3

The physics of Y for PET imaging

As outlined in Chapter 1, Y is used as a radioisotope for the treatment of liver
cancers by radioembolisation. While it is a pure beta emitter, making it suitable for
therapy, there is also the phenomenon of internal production of pairs (¢~ -¢™) in the
disintegration scheme of Ny, arising from a rare electric monopole transition (E0)
between the 0 + /0+ states of °Zr. This property can be therefore be exploited for
the detection of 0.511 MeV annihilation photons using PET imaging systems, for
which a state-of-the-art is provided in Chapter 2.

Indeed, °Y has multiple characteristics that make it an interesting radionuclide
for targeted internal therapy and imaging. This chapter provides an overview on
the physics of ?°Y and the internal pair production following its decay which can be
exploited for personalised dosimetry using PET imaging for post-radioembolisation
monitoring.

3.1 “°Y radiation physics

3.1.1 Properties and decay scheme of °Y

Y is a pure B~ emitter, producing only electrons during its disintegration to
its daughter products, mainly to the *°Zr fundamental level, and to a much lesser
extent to an excited state of *°Zr. It is one of a minority of radionuclides that do not
emit gamma rays at a significant rate after decay. Its decay scheme is provided in
Figure 3.1. The properties of *°Y have been provided in Table 1.1 in Chapter 1. °Y
has a half life of 64.04 h. The mean energy of the B~ spectrum is equal to 0.927 MeV
(with a maximum of 2.28 MeV). The whole B~ spectrum in depicted in Figure 3.2.
We will see in the next Section 3.1.2 that there is also a very small positron production
during the disintegration process of *°Y, which is of interest for this thesis.

When radiation transport is calculated in water (close to soft tissue medium),
emitted particles following Y disintegration have mean and maximum ranges of
2.5 and 11 mm (respectively) and 90% of the energy emitted is deposited within
5.3 mm. PY is therefore of interest for nuclear medicine applications owing to its
long life producing B~ particles with short ranges in water, considering the fact that
proper targeting can be achieved and allowing for high absorbed doses into the tar-
geted tissue between embolised capillaries during radioembolisation.

3.1.2 Internal pair production and its branching ratio

3.1.21 0T — 0t transition of °Zr

The decay scheme of Y is shown in Figure 3.1 with (B,) representing almost
100% (~299.98%) of the radioactive decay. *°Y has a rare part of its branching ratio
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FIGURE 3.1 - Radioactive decay scheme of the parent isotope Y to
the stable daughter isotope *°Zr. Y is considered a pure B~ emit-
ter (B, Boy- Bgp transitions). A minor (rare) branch, B, of DY in its
disintegration goes to the first excited 0" state of °Zr where the ori-
gin of the BT production can be explained following a rare monopole
transition (E0) between the 0 /0 states of *°Zr resulting in internal
pair creations. The 2* excited state of “°Zr is also depicted but the
branching ratio for this transition to happen is negligible. Other ex-
ited states of “*Zr exist, which are above the 2.28 MeV beta spectrum
of 20Y. Extracted from LNHB (France), Bé et al. (2006).

(Bgy) which disintegrates to the 0T first excited state of *°Zr at an energy level equal
to 1.76 MeV. A third branching ratio (8,) represents the transition of *°Y to the 2*
excited state of ?°Zr, but the branching ratio for the latter is even more scarce. Ta-
ble 3.1 provides the branching ratio for the three respective ~ transitions, as well as
for <y transitions.

The de-exitation which follows from the 0" first excited to the ground stable state
of 2°Zr can result in two possible transitions, either 1) an internal conversion process
where the exited nucleus interacts electromagnetically with an orbital electron of
the atom which is ejected from the atom (causing subsequent characteristic X-ray
and Auger emissions), or 2) an electron-positron (8~ /") internal pair creation if
the excited energy is higher than 1.022 MeV. A third transition with a two-photon
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FIGURE 3.2 — B~ spectrum of *Y for all decay branches. Data down-
loaded from ICRP publications (Eckerman, 2008) for *°Y.

TABLE 3.1 - Properties of °Y decay for B~ and v transitions. Values
are from LNHB (France), Bé et al. (2006).

Transition Energy (keV) Probability (x 100)
Boo 2279,8 99,983
Boi 519,1 0,017
Bor 93,5 0,0000014
710 1760,7 0,017
720 2186,282 0,0000014

emission can occur but is negligibly small compared to the two first ones.

The transition which occurs is an electric monopole transition 0+ — 0" of %Zr
and there is no modification in the nucleus composition of the parent (excited) and
daughter (stable) nuclei and single gamma transitions are absolutely forbidden (un-
like in typical excited states). As stated by D’Arienzo (2013), this may be visualised
as a “breathing” mode without change of shape. For a detailed review on the de-
cay modes of Y and explanation the monopole transition 0t — 07 states of °Zr,
readers can refer to D’Arienzo (2013) and Deutsch (1957) (among others).

3.1.2.2 Positron branching ratio and historical background

Ford (1955) theoretically expected that the first excited state of *°Zr might be
a 07. This prediction has been put in evidence during the same year by Johnson,
Johnson, and Langer (1955) working in the same laboratory. At the time, they ob-
served a 1.75 MeV transition line (with a FWHM of 0.5%) on their spectrometer in
their experimental setup using an *°Y source corresponding to internal conversion
events with an intensity of 0.005% relative to the 2.26 MeV B~ spectrum. They also
noticed a weak positron distribution with an intensity of 0.020 £ 0.010% relative to
the 2.26 MeV B~ spectrum and an energy distribution with about a maximum of 0.8
MeV. They presumed it arose from internal pair creations. They did not detect any
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gamma-ray in their experimental setup line in the 1.75 MeV region. This transition
was therefore assumed to be that of a monopole between two 0 states of *Zr.

o =) =
= o =9 =
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J

% 200 400 600 800
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FIGURE 3.3 - B* spectrum from the monopole transition of *°Zr. Ex-
tracted from Dryék and Solc (2020).

Several experimental studies followed to measure more precisely the internal
pair production per B~ decay, w,/wg. The values found in literature are provided
in Table 3.2. The BT spectrum following the monopole transition states of *°Zr is
depicted in Figure 3.3. The last study was from Dryédk and Solc (2020), where they
determined the w;,/wg ratio from the number of 511 keV photons originating from
positron annihilation using two calibrated high purity germanium detectors. A the-
oretical continuous ' spectrum with a maximum energy of 738 keV was used to
calculate the detection efficiency of the 511 keV photons using Monte Carlo calcula-
tions (MNCPX) to support the measurements, as depicted in Figure 3.3. The authors
found the w, /wpg ratio to be 3.26 + 0.04 x 107°.

TABLE 3.2 — Experimentally determined positron branching ratio
(wp/wp) from published studies.

Reference wy/wp
Johnson, Johnson, and Langer (1955) 0.020 £ 0.010 x 1072
Greenberg and Deutsch (1956) 36+09 x107°
Langhoff and Hennies (1961) 34404 x107°
Selwyn et al. (2007) 3.186 & 0.047 x 1075
Dryék and Solc (2020) 3.26 4+ 0.04 x 1075

An accurate knowledge of the branching ratio is necessary for an accurate quan-
tification of the yttrium accumulated in the target region. Else, the last recorded
positron branching ratio by Drydk and Solc (2020) differ by around 2.3% from the
one in the previous study by Selwyn et al. (2007), the latter being implemented in all
clinical PET systems for quantification.
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3.2 Confounding factors in *°Y PET imaging

For the record, the primary purpose of using *’Y in nuclear medicine is therapy.
Its radioactive emission characteristics allow for post-treatment monitoring using
emission tomography imaging. The use of SPECT and its inherent drawbacks has
been highlighted in the previous chapters (see also Section 3.4.1 below).

Y is also an unfavourable PET tracer compared to those commonly used for
diagnostic purposes. This section outlines and discusses the confounding factors
in quantification using PET for *°Y imaging. These are the low statistics from the
small B branching ratio described previously and the challenge to detect use-
ful counts among the natural background radioactivity of °Lu emitting gamma
prompts which fall into the energy window for coincidence detection present in
the LYSO/LSO crystals and the X-ray radiation from Y disintegration spectrum
around the 511 keV peak.

3.2.1 Low B production

The relatively low *°Y positron branching ratio, wy/wg, (from the 07 — 07
states monopole transition of *°Zr described above) is therefore the main limiting
and confounding factor in *°Y PET imaging. The low statistics cause long scan times
and noisy images due to a low true coincidence rate. Post *°Y-radioembolisation
patients undergo a 15-20 min/bed PET acquisition on actual systems, longing 30 to
40 minutes per patient if two bed positions are acquired.

3.2.2 Natural background radioactivity

A well known confounding factor associated to *’Y imaging is the presence of
1761 1 in LYSO/LSO crystals, with an isotropic abundance of 2.59% (Luo and Kong,
2006). Y6Lu has a long half life, 3.56 x 10 years as measured by Luo and Kong
(2006), and emits gamma prompts which might fall into the coincidence energy se-
lection window. For other conventional PET tracers such as 8F, the background
radioactivity can be considered negligible due to the difference in orders of mag-
nitude between 7°Lu background counts and counts from annihilation processes.
Due to the low positron statistics considering *°Y, background radiation can cause
degradation in the quantification accuracy.

The choice of LYSO/LSO relative to another crystal composition is due to their
faster light decay time, 75 (40 ns for LYSO/LSO vs. 300 ns for BGO), and to better
energy resolution relative to other scintillators, refer to Table 2.3.

3.2.3 Bremsstrahlung radiation from §~ radiation

Figure 3.4 illustrates the bremsstranhlung X-ray photons fluence spectrum cre-
ated by the B~ emission during the disintegration of *°Y (Top) and its contribution
around the 511 keV region (Bottom). Dryak and Solc (2020) quantified this contri-
bution to the 511 keV peak to be around 0.14% to the total number of 511 keV pho-
tons, with a branching ratio of 4.4 x 1078, compared to the the 3.186 x 1072 positron
branching ratio from Selwyn et al. (2007). As stated by Pasciak et al. (2014), low
energy bremsstrahlung photons are attenuated by the patient’s body, at few keVs
below 20 keV, see Figure 3.4 Top. The spectrum is quite constant up to around 500
keV and drops significantly afterwards until the 2.28 MeV maximum.
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FIGURE 3.4 — Bremsstrahlung photon spectrum following emission
of B~ particles during *°Y disintegration. Top: Total bremsstrahlung
spectra extracted from Stabin et al. (1994). Bottom: The 511 keV anni-
hilation photon peak embedded in the background bremsstrahlung

photons around the 511 keV energy extracted from Dryak and Solc
(2020).

The fear previously associated with the bremsstrahlung photons is the PET de-
tector saturation with the singles rates which exceeds the true counts rate, degrading
image quality and therefore the accuracy in quantification. However, this does not
seem to be a major issue, despite the high activity of °Y that may be present inside
the FOV (a few GBq). State-of-the-art PET systems and technologies presented in
Chapter 2 showed improved performance. Several studies proved the feasibility of
Y imaging using PET, especially using TOF (Lhommel et al., 2009).

The study from Lhommel et al. (2009) used a 2.5 mm thickness of copper ring
into the gantry to limit the arrival of bremsstrahlung photons to the detectors and
limit saturation. Later on, Strydhorst et al. (2016) demonstrated and confirmed that
quantitative *°Y can be achieved with the same methods as for '®F and that there
was little potential for improvement in taking into account the peculiarities of °Y
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PET imaging with the presence of bremsstrahlung X-rays in the single data.

Indeed, Strydhorst et al. (2016) investigated the impact of the confounding fac-
tors compromising *°Y quantification using PET, comparing their phantom exper-
iments (comparing °Y and '8F measurements) to Monte Carlo simulations using
GATE. To summarise their findings, no significant influence was detected on the
quantification of Y that could be attributed to the presence of random counts using
simulations and meet findings from Carlier et al. (2015), allowing data to be decay
corrected to obtain correct quantification.

3.3 Other factors limiting quantification in PET

Several other factors confound the quantification in emission tomography, less
specific to one specific PET radiotracer. The limitations of the physical processes
involved (positron range, non-collinearity, attenuation, scatter) and PET detection
system have been presented in Chapter 2 and add further bias on activity quantifica-
tion, see Section 2.6 and Figure 2.8. In PET, several correction methods are available
in to limit these degrading factors, including arc effects, normalisation, attenuation,
random and scattered coincidences, deadtime and pile-up and partial volume effects
corrections. The correction methods will not be detailed in this thesis, but a complete
state-of-the-art on can be found in Salvadori (2020), Partie I-Chapitre VI-Corrections et
quantification.

3.4 Post-treatment radioembolisation monitoring

3.41 “°Y emission tomography imaging

%Y SPECT imaging exploits bremsstrahlung X-rays, with various published en-
ergy windows and has been used for post-SIRT evaluation. However, despite the
common use of SPECT/CT, it represents number of drawbacks. SPECT suffers from
noise and challenging quantitative analysis, from lower image quality compared to
conventional radiotracers used in SPECT. Quantification using *°Y bremsstrahlung
single photon emission computed tomography (BremSPECT) images also requires
specialised techniques which might confound accuracy of output images (Clarke et
al., 1992; Kappadath, 2010). However, some recent studies using Monte Carlo and
deep learning methods have shown substantial improvement over *°Y SPECT of the
past without significant degradation in image noise or intensive computational re-
quirements (Dewaraja et al., 2017; Xiang et al., 2020).

Nickles et al. (2004) first exploited the minor positron branching ratio for Y
PET imaging to show the distribution of the regional absorbed dose delivered by
Y therapies. Activity distribution assessment after *°Y-SIRT was proved feasible
in 2010 by Lhommel et al., 2009, 2010, with the help of TOF information added on
PET/CT systems. Other studies followed and showed that TOF PET compared to
non-TOF PET provided improved recovery in reconstructed quantitative data. Al-
though it was shown that routine PET scanners can produce good-quality °Y im-
ages, further studies are needed to determine which reconstruction methods and
acquisition parameters should be used (Van Elmbt et al., 2011; Pasciak et al., 2014).
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3.4.2 Imaging alternatives for °Y radioembolisation monitoring

Although beyond the scope of this thesis, optical detection and imaging of *°Y ra-
dioactivity by Cerenkov luminescence is feasible. Cerenkov radiation is emitted by
high-energy beta particles when these particles travel faster than the relative speed
of light in an aqueous medium (Ciarrocchi and Belcari, 2017). These charged parti-
cles change the local electromagnetic field and cause orbital electrons to be displaced
and polarised. These polarised electrons then return to their initial equilibrium state
by emitting visible and ultraviolet photons.

There are non-invasive imaging systems with high sensitivity to detect Cerenkov
radiation, known as Cerenkov luminescence imaging (CLI) and has been used for
example for 8F and ®®Ga as positron emitters, and °Y as B~ emitter which is the
most efficient medical isotope for Cerenkov light production (Wright et al., 2015).
The advantages of CLI are that it is non-invasive, provides high spatial resolution
images, and imaging is performed in seconds compared to more than 10-20 minutes
for SPECT and PET. In addition, they are much cheaper than small animal SPECT
or PET systems and several small animals can be imaged simultaneously. However,
CLI has all the disadvantages of optical imaging, i.e. reduced penetration depth and
complex tissue transport.

For more information on CLI and the interest in it, the reader can refer to Wright
et al. (2015) and Ciarrocchi and Belcari (2017). Indeed, more research is needed in
this area to move from a qualitative molecular imaging technique to a proper quan-
titative technique. Another technique, called radioluminescence imaging (RLI), has
also been explored (Spinelli and Boschi, 2015).

3.5 Conclusion

PET/CT with implemented TOF information in image reconstruction provides
the potential to accurately measure *°Y activity concentration despite the low %Y
positron branching ratio, with a reasonable degree of accuracy. *°Y TOF-PET is
therefore useful, providing better image quality than *°Y BremSPECT. It has been
confirmed that the contribution of bremsstrahlung X-ray and the background ra-
dioactivity have negligible contribution on the quantification of Y PET and there is
few margin to take into account these specific Y properties. The main limitations
being the *°Y scarce positron production, the PET performance itself (e.g. spatial
resolution) and the accuracy of reconstruction algorithms. It is therefore necessary
to select carefully the reconstruction parameters which can improve quantitative ac-
curacy and the best choice will depend on the scanner and reconstruction software.
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Chapter 4

Monte Carlo simulation of the
DPC-PET

In this chapter, a GATE Monte Carlo model of the Philips Vereos Digital Photon Count-
ing positron emission tomography (DPC-PET) imaging system using SiPM detectors is pro-
posed. This chapter is adapted from Labour et al. (2020) and the publication is the result of a
successful and still-ongoing collaboration with Julien Salvadori from the IADI Laboratory in
Nancy. Julien Salvadori and I are equal contributors to the publication as joint first authors.

4.1 Introduction

Positron emission tomography (PET) imaging has an essential role in modern
medicine for both diagnostic and follow-up of oncology treatments (Cherry, Soren-
son, and Phelps, 2012), as described in Part I in this thesis. It has been shown that
PET technology has experienced tremendous improvements in performance over re-
cent decades and new trends make use of SiPM detectors, such as the Philips Vereos
DPC PET/CT introduced in 2013, the GE DicoveryTM MI PET/CT launched in 2016
and the Siemens Biograph Vision™ and eFOV Vision Quadra™ PET/CTs launched
in 2018 and 2020, respectively.

For the record, as it has been described in Chapter 2, the precision in the loca-
tion of the annihilation has been improved with the use of TOF information, which
spatially constrains the location of the event on the LOR, increasing the SNR in the
reconstructed image (Lewellen, 1998). The TOF resolution improved with the use
of SiPMs, due to their lower intrinsic timing resolution than conventional PMTs or
APDs, with a more compact electronic configuration (Otte et al., 2006). Detecting
and processing signals using dSiPMs bypasses the need to treat analogous signals
by a direct binary count of optical photons, reducing noise in the processed output,
providing better conditions for imaging than PMTs at low counts as described in
Chapters 1 and 3.

The Vereos DPC system has the characteristics of a 1:1 coupling between the
crystal array and the dSiPM array, which decreases uncertainty in the interaction po-
sition and ultimately improves the volumetric resolution on reconstructed images.
The Vereos DPC system has been previously evaluated according to the experimen-
tal NEMA guidelines (Zhang, Maniawski, and Knopp, 2018; Rausch et al., 2019).
The spatial resolution, defined as the FWHM was found to be 4.2 mm at the cen-
tre of the FOV, the average sensitivity was estimated to be 5200 counts per second
(cps)/MBq, and the peak noise equivalent count rate (NECR) was 153.4 kcps at an
activity concentration of '8F of 54.9 kBq.mL ™!, according to Rausch et al. (2019). Sev-
eral studies have shown that the Vereos DPC can improve the image quality of PET
images compared to analogous systems, such as in Wright et al. (2018), Salvadori
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82 Chapter 4. Monte Carlo simulation of the DPC-PET

et al. (2019a,b), and Lépez-Mora et al. (2019). Moreover, diagnostic confidence and
accuracy for oncology diseases is also improved (Nguyen et al., 2015; Wright et al.,
2017a; Fuentes-Ocampo et al., 2019).

Simulations using Monte Carlo models are important and useful tools for PET
imaging. They help to design, optimise and assess imaging systems, predict the
performance, optimise acquisition parameters and reconstruction algorithms and
evaluate the effects of confounding factors in image quality. Sarrut et al. (2021b)
reviewed the latest advances in simulating current detectors and presented a de-
tailed report on the imaging systems that have been simulated and evaluated in
GATE ! /Geant4 ? platform (Jan et al., 2004; Jan et al., 2011; Sarrut et al., 2014). The
review benefited from the work provided during this thesis (Labour et al., 2020), and
has been a collaborative work from the OpenGATE collaboration '.

Several works have been proposed to simulate PET systems using GATE. Vari-
ous clinical PET imaging systems have been modeled and compared to experimental
measurements, such as the ECAT PET systems HRRT (Bataille et al., 2004) and EX-
ACT HR+ (Jan et al., 2005; Karakatsanis et al., 2006), Philips PET systems Allegro and
GEMINI (Lamare et al., 2004; Lamare et al., 2006), GE PET systems Advance and Dis-
covery LS (Schmidtlein et al., 2006) and Siemens PET systems Biograph 2 (Karakatsa-
nis et al., 2006), Biograph 6 (Gonias et al., 2007), Biograph mcT (Poon et al., 2015) and
Inveon (Lu et al., 2016). Others include studies from Buvat and Castiglioni (2002),
Assie et al. (2004), Lamare et al. (2004), Michel et al. (2006), Lamare et al. (2006), Stute
et al. (2011), Poon et al. (2012), and Lee, Gregor, and Osborne (2013). Refer to Table
1 in Sarrut et al. (2021b) for a complete bibliography including commercialised and
prototype clinical and preclinical small animal systems. Several platforms are also
available for Monte Carlo simulations such as SimSET (Badawi et al., 1999; MacDon-
ald et al., 2008; Guérin and El Fakhri, 2008; Poon et al., 2015), PeneloPET (Abushab et
al., 2016) (Penelope), SORTEO (Boisson et al., 2013), Eidolon (Zaidi and Morel, 1999)
(MCNP), PETSIM (Thompson, Moreno-Cantu, and Picard, 1992), Geant4 (Moehrs
et al., 2006) or GAMOS (Mikhaylova et al., 2011, 2013).

To our knowledge, no whole body clinical SiPM-PET Monte Carlo model has
been proposed and made OpenSource for research purposes. In this work, the
Philips Vereos DPC-PET system was modelled using the GATE platform and com-
pared to measurements performed according to the NEMA protocols NU 2-2018
(NEMA NU 2-2018 - Performance measurements of positron emission tomographs 2018).
All comparisons were performed using listmode data in order to remain indepen-
dent of the image reconstruction algorithm.

4.2 Materials and methods

42,1 The Vereos DPC-PET/CT

The Vereos PET/CT installed at the CLB is depicted in Figure 4.1. It acquires
data in a 3D mode using listmode data format. It consists of a total of 23,040 LYSO:Ce
crystals of dimensions 4x4x19 mm? each, distributed on 18 modules forming the
detector ring. The ring comprises a total of 360 DPC-tiles (or stacks), arranged 4
tangentially x 5 axially per modules. Each DPC-tile consists of a 4x4 array of DPC-
sensors (or dice), which are again sub-divided into 2x2 DPC-pixels. It is at this level
where there is a 1:1 coupling between each LYSO:Ce crystal and each DPC-pixel, thus

1. See OpenGATE collaboration
2. See Geant4 overview
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avoiding the need for Anger logic decoding for crystal identification (Schaart et al.,
2016). Other specifications of the Vereos are provided in Table 4.1 and the principle
of operation of the DPC dSiPM is desccribed in Section 2.10.1.

FIGURE 4.1 — The Vereos DPC dSiPM-based TOF-PET/CT from
Philips installed at the CLB.

TABLE 4.1 — Key specifications of the Vereos from Philips (which can
be found in literature, e.g. Schaart et al. (2016), Moreau (2019)).

Vereos specifications

Acquisition mode 3D

Data format Listmode

Crystal composition LYSO:Ce

Detector design dSiPM (DPCQ)
Number of modules 18

Number of stacks 360 (20/module)
Number of dice 5760 (320/module)
Number of crystals 23,040 (1280/module)
Number of photodetectors 23,040

Crystal to photodetector coupling 1:1

Crystal dimensions 4x4%x19 mm?

Ring diameter 764 mm

Axial FOV 164 mm
Coincidence window (27) 4.0ns

Energy discrimination window

449.68-613.20 keV

4.2.2 PET scanner model in GATE

The DPC-PET scanner was modelled with GATE 8.2 (Jan et al., 2004; Jan et al.,
2011; Sarrut et al., 2014, 2021b) using Geant4 10.5. The geometry, dimensions and
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84 Chapter 4. Monte Carlo simulation of the DPC-PET

material composition of the scanner were provided by Philips. The cylindrical PET
was defined by a set of hierarchically arranged elements with four different depth
levels as described in the previous Section 4.2.1. The first level component was the
module (1% level). The 18 modules were arranged in one ring and each module was
composed of an array of 4 x5 blocks, the stacks (2"¢ level). The stacks were individu-
ally subdivided into 4 x 4 dice (3 level). Each die consisted of a grid of 2 x 2 LYSO
scintillator crystal elements (4" level). Spacing and packing materials between the
different detector blocks were taken into account. The final configuration leads to
one detector ring with the total of 23,040 LYSO scintillator crystals required, with
individual dimensions of 4 x 4 x 19 mm?, resulting in an axial FOV of 164 mm and
a detector cylinder of 764 mm inner diameter, see Table 4.1. Figure 4.2 shows the ge-
ometry of the PET model. In addition to the detector rings, the model included the
lead shielding rings (which reduces the interference from activity outside the FOV),
the inner diameter plastic cover and all the back compartments to take into account
scatter in surrounding materials. The bed and different NEMA phantoms used were
also modelled to take into account photon attenuation.

4.2.3 Simulation physics parameters

Simulations using the modelled PET corresponding to the different NEMA tests
discussed in this study, were carried out (see NEMA description in Section 4.2.6).
In all simulations, the physics list named emstandard_opt4 was used °. It contains
the Geant4 most accurate standard and low-energy models for electromagnetic pro-
cesses recommended for medical applications (Beaudoux et al., 2019; Arce et al,,
2021). Range production cuts were set to 0.1 mm for electrons and photons in the
whole geometry. In Geant4, it means that secondary particles are only created and
tracked when their expected range in the current material is larger than this dis-
tance. No variance reduction technique was used. The radioactive sources of 8F
were simulated by BT sources with energy spectra parameterized according to the
Landolt-Bornstein tables (Jan et al., 2004). The number of primary particles was
adapted for all simulations according to the NEMA protocol.

4.2.4 Photon detection and coincidence events

In a PET imaging system, coincidence events are detected by scintillation de-
tectors coupled with photo-detector systems. Incident annihilation photons of 511
keV interact in the inorganic crystal (here: LYSO:Ce) and generate, by scintillation,
thousands of flash optical photons that are detected by the photo-detector (here:
dSiPM). Even if Monte Carlo tracking of optical photons can be performed (Stock-
hoff et al., 2017), it would require a tremendous amount of computation time to
perform a complete simulation, estimated to be three orders of magnitude longer
than without optical photons. Instead, because the number of generated scintillation
photons is proportional to the energy deposited in the crystal, an analytical model
is used through a specific digitizer module that converts photon interactions in the
crystal into digital counts and manages the timestamp of all events (Jan et al., 2004).
The digitizer is composed of successive signal processing operations that mimics the
photo-detection process *.

Figure 4.3 gives the schematic representation of the proposed signal processing
chain. Individual particle interactions within the crystal are called hits. They are

3. See Geant4/PhysicsList
4. See OpenGATE/readthedocs
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86 Chapter 4. Monte Carlo simulation of the DPC-PET

gathered into pulses, converted into singles and sorted into final coincidences. Along
the chain, several models and parameters values have been chosen: the 1) adder, 2)
readout, 3) background noise, 4) energy resolution, 5) detection efficiency, 6) tem-
poral resolution, 7) pile-up, 8) deadtime, 9) energy thresholds and 10) coincidence
window. Some parameters have been set according to constructor data, others ac-
cording to a method adapted from Guez et al. (2008). They are described below,
with Figure 4.3 providing a schematic illustration of the digitizer chain and Table 4.2
reporting all parameter values. The choice of each parameter is explained in the
following sections.

TABLE 4.2 — Parameter values of the digitizer chain.

Single event processing parameters

Background noise level 461 kHz

Crystal blurring 11.2% @ 511 keV
Detection efficiency 86.5%

Temporal resolution (STR) 220 ps

Pile-up 59 ns

Deadtime 59ns

Energy window 449.68-613.20 keV

Coincidence builder

Coincidence window () 2.0115 ns
Delayed window offset 100 ns
Multiple coincidences takeAllGoods
Acceptance angle 80° max.

4.2.4.1 Adder and readout

Adder. It consists of the first module of the digitizer chain, gathering multiple hits
generated by a particle in a crystal (depth 4, the sensitive detector) into a pulse. The
energy deposited in each crystal is therefore recorded, as well as the interaction po-
sition calculated as an energy-weighted centroid of the different hit positions, de-
scribing the pulse. The timestamp of the pulse corresponds to the timestamp of the
first interaction in the sensitive detector.

Readout. Two different approaches are available in GATE to choose for the readout
process, i.e., the segmentation level and logic at which data is read. These are the
winner-takes-all and energy-centroid policies. The first one models an APD- or SiPM-
like readout and the depth variable should be set to determine at which level of the
hierarchy the grouping of pulses should be performed. The interaction position in
the crystals is the one that provides the highest energy pulse. The second one models
a PMT-like readout, forcing the depth of the grouping to the sensitive detector (the
crystal level), and all the pulses belonging to a level higher than the crystal level (and
having the same ID) are summed together. For both policies, the readout output is
the sum of different pulses having the same level ID regrouped in a single pulse.
The next step is to emulate the response of the detectors and convert this readout
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88 Chapter 4. Monte Carlo simulation of the DPC-PET

pulse into a single, which simulate the physical observables of a detector’s response
to a particle interacting with it.

The readout process takes place at the level of the die (depth 3) for the DPC-
sensor. Therefore, theoretically, the winner-takes-all policy set at depth 3 would more
accurately model the readout process using the digitizer. However, during the opti-
misation process, this combination provided an underestimation of about 40% of the
simulated data compared to the experimental number of counts. On the other hand,
on tuning, when the readout was set on the module (depth 1), the count rates were
much more consistent with the experimental data. Therefore, the final combination
using winner-takes-all set at depth 1 was used.

4.2.4.2 Background noise, deadtime, pile-up and detection efficiency

The background noise can be due to the electronics and the natural radioactivity
of the crystals (1°Lu in the LYSO crystals). Background noise cannot be neglected
at low activities below a few MBq (or at low count statistics). Background noise in
the simulations in this study was modelled using stochastic energy according to a
Gaussian distribution centred on 511 keV, and inter-event time intervals according to
a Poisson process. The deadtime is the time after each event during which the system
is not able to record another event. Pile-up events can occur when the, possibly
partial, sum of the deposited energies from the two events is recorded as one single
event instead of two separate events. The detection efficiency takes into account the
quantum efficiency of the crystals and light transfer between the crystals and the
SiPMs, and corresponds to the probability to detect a photon by the photodetectors.

The above described parameters were not communicated by the manufacturer to
be implemented in the model for better accuracy in event counts at low (concerning
background noise and detection efficiency) and high (concerning deadtime and pile-
up) activity concentrations. Following Guez et al. (2008), all parameters have been
determined and proposed from experimental measurements and simulations for this
work.

Deadtime and background noise. First, we used the singles data from the phantom
acquisition, as stated in the NEMA NU 2-2018 guidelines for measurement of the
scatter fraction, count losses and randoms, further described in Section 4.2.6.1 below.
In GATE, the deadtime can be applied on any level of the system hierarchy, but not
on the system as a whole. The readout has been defined at depth 1 on the modules and
it is consistent to apply the deadtime on the modules as well. However, during an
experimental acquisition, the number of singles obtained is for the system as a whole
and information about the number of singles per module is obtained assuming that
each module detect the same number of events. Therefore,

S
Smodule = tloéal (4-1)

where S, is the total number of singles from the listmode data, and S,p4,1, is
the number of singles estimated for each module.

For the low activity range, below 3 kBq.mL ™!, linear regression was performed
to estimate the theoretical singles rate in ideal conditions, in the absence of deadtime
and pile-up influence for each module. The fitted line was extrapolated to the origin
to estimate the background noise level, as depicted in Figure 4.4.

The deadtime 7; was then estimated using a paralyzable model, using the fol-
lowing equation.
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FIGURE 4.4 — Background noise obtained by linear regression, fit-
ted on low counts (< 3 kBq.mL~!) and the influence of deadtime at
higher counts for one module.
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where Sjz., is the estimation of the singles rate without the effect of deadtime
obtained by the linear regression in Figure 4.4 (Usman and Patil, 2018).

Detection efficiency. Once background noise has been modelled, the simulated and
experimental single rates were compared by computing their ratio. This ratio should
be constant at low activity concentrations and provides the system detection effi-
ciency where deadtime effects can be neglected.

Pile-up effects. The pile-up influence is more difficult to model accurately com-
pared to the deadtime, background noise and detection efficiency. An optimisation
process was therefore performed using several simulations with the aim of reducing
the percentage error between simulated singles and experimental ones. The dead-
time and pile-up modules in the digitizer chain was placed before the coincidence
energy window (449.68-613.20 keV), since the integration time (which characterises
pile-up effects) must be modelled before the energy discrimination.

Final retained values were a frequency of 461 kcps for the noise, 5.9 ns for both
the deadtime and pile-up values, and 86.5% for the detection efficiency. It should
be noted that deadtime and pile-up were modeled before the energy windows and
therefore their values differ from estimated experimental values which are deter-
mined at the end of the chain of acquisition, see Table 4.2.

4.2.4.3 Energy and temporal resolutions

Both the energy and temporal (CTR) resolutions were set according to data from
the manufacturer. The energy resolution was set to 11.2% at 511 keV for each crystal
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90 Chapter 4. Monte Carlo simulation of the DPC-PET

and the temporal resolution applied to singles (single timing resolution (STR)) was
set to 220 ps on each detector, leading to a coincidence temporal resolution of 311 ps
(CTR = V/2.STR).

4.2.4.4 Energy thresholds and coincidence window

Energy and coincidence timing windows. As in the experimental setup, an en-
ergy window discriminator of 449.68-613.20 keV was used. The exiting singles were
sorted by a T = 2.0115 ns coincidence timing window using the coincidence sorter
module (Strydhorst and Buvat, 2016)

Coincidence sorter. Two different approaches are available in GATE to sort for co-
incidences from the singles. These are the single-window and the multiple-window
policies. In the first one, a coincidence window (7) is opened once a single is de-
tected and no other single event can open its own coincidence window until the
current window closes. In the second one, each single opens its own window and
coincidences are selected by performing a logical OR between all the individual sig-
nals. The multiple-window approach has been selected, providing a better model for
modern PET systems.

Randoms coincidences. A second coincidence module was added with an offset of
100 ns in order to estimate the number of random counts in the simulation within a
same window width.

Acceptance angle. In line with the experimental setup and the real system, an ac-
ceptance angle of 80° minimum is set for all LORs. This corresponds to the angle
covered by 4 modules, since a module covers an angle of 20°. This is modelled in
GATE by the parameter minSectorDifference set to 5, corresponding to the minimum
difference between the indexes of the two modules for valid coincidences.

Multiple coincidences. When more than two singles are detected in the coinci-
dence window (due to its finite size), several types of models could be used
to select the coincidence(s). In GATE, 9 different policies are available (see
OpenGATE /readthedocs®). The takeAllGoods multiples policy was selected. It con-
siders all pairs of singles in the list of possible coincidences within geometric con-
straints. As described by Moraes et al. (Moraes et al., 2015), the design choices cur-
rently implemented in modern PET systems are best modeled in GATE by choos-
ing the takeAllGoods coincidence policy. Also, this combination (multiple-window and
takeAllGoods) provides a better estimation of the number of randoms using the de-
layed window (Strydhorst and Buvat, 2016).

4.2.5 Image reconstruction

As explained earlier, the evaluation of the simulation was performed before im-
age reconstruction to be independent of the algorithm, but examples of reconstruc-
tions were performed to illustrate image quality. For both reconstructed and sim-
ulated data, reconstructions were made with the open-source software Customiz-
able and Advanced Software for Tomographic Reconstruction (CASToR) (Merlin et
al., 2018), using OSEM (Shepp and Vardi, 1982) with Joseph line projector (Joseph,
1982). All CASToR reconstruction developments have been mostly part of the thesis
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of Julien Salvadori (Salvadori, 2020) and will not be detailed here. For more details
about CASToR using both the experimental and GATE simulated DPC-PET data, see
Partie I1I-Chapitre II in Salvadori (2020).

4.2.6 PET model validation

The proposed DPC-PET simulation model was evaluated following the NEMA
NU 2-2018 - Performance measurements of positron emission tomographs (2018). The
NEMA guidelines for PET provide a uniform and consistent method for experi-
mental measurement and reporting performance parameters. The evaluation tests
chosen for the validation were (1) count rates, NECR and scatter fraction, (2) TOF
resolution and energy resolution, (3) sensitivity and (4) pre-reconstruction spatial
resolution. The first three tests are independent of image reconstruction. For the
spatial resolution, a LOR-based method was proposed in order to estimate spatial
resolution from listmode data, before image reconstruction.

Monte Carlo simulations were performed following the configurations described
in the NEMA guidelines and compared to experimental measurements. The differ-
ent tests and phantoms used are described in the following sections. Moreover, both
experimental and simulated data were used to reconstruct images with the same
reconstruction parameters to illustrate the image quality. Additional NEMA tests
related to the accuracy of corrections and PET/CT registration accuracy were not
performed.

4.2.6.1 Countrates, NECR and scatter fraction

Cylindrical scatter phantom. Evaluations based on count rates were performed
with a cylindrical scatter phantom of 102 mm radius and 700 mm length, composed
of polyethylene and centred in the FOV of the DPC-PET, as depicted in Figure 4.5.
The phantom was filled with a 1.6 mm radius line source of 1.78 GBq of '8F, off-
centred at a radial distance of 45 mm from the central axis of the cylinder. Twenty-six
different measurement time points were performed over 16 hours and with increas-
ing acquisition times (while the activity in the phantom decreases). The activity
during the last time point was less than 10 MBq. In order to reduce the computation
time, the simulations were performed with the exact activity but with a reduced ac-
quisition time such that each acquisition contained a minimum of 2 x 10° prompts.
The experimental listmode data sets were truncated at 2 x 10° prompts for compar-
ison with simulated data. For this test, the NEMA protocol defines the effective
activity concentration as the ratio of the activity present in the source to the volume
of the cylindrical polyethylene phantom.

The number of counts over the integration period of time can be extracted as
well as the derived NEC and scatter fraction (SF) from the listmode data according to
NEMA standards. Scatter counts, Cs, is the number of falsely located coincidence
events resulting from gamma rays scattering inside the phantom, C; is the number
of true coincidences, C, is the number of random (accidental) coincidences. There-
fore, the total number of detected coincidences or prompts is given by the following
equation.

Ctot = Csc + Ct + Cr (43)

Finally, NEC which is a global measure of the scanner’s ability to detect useful
counts (Chang et al., 2012) and SF are defined as in Equations 4.4 and 4.5, respec-
tively.
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A. B.

Center of cylinder
at center of FOV

\‘+Im

FIGURE 4.5 — A: Position of line source in the cylindrical scatter phan-

tom from NEMA (2018). B: Scatter phantom positioned in the real

system. C: Modelled phantom and PET geometry in GATE for illus-

tration (the table geometry has not been depicted). The line source
(red) is placed 45 mm below the central axis z.

C2
NEC = —¢ 44
Ctot ( )

CSC
SF= — 4.5
Ct + Csc ( )

Count rates are the counts divided by the acquisition time.

4.2.6.2 TOF and energy resolutions

The experimental and simulation setups were the same as for the previous test
(Section 4.2.6.1, see Figure 4.5). TOF resolution was determined for increasing count
rates with the FWHM of the timing error histogram computed from the listmode
data. This method is based on the work of Wang et al. (Wang et al., 2016) and was
recently added to the NEMA NU 2 (2018). There are two main differences compared
to the daily quality control procedure, which uses a point source of Na. First,
because of the 45 mm offset of the linear source used for the NECR measurement,
the difference in detection time of coincident photons is no longer 0 and, therefore,
it is necessary to compute a timing offset correction for each LOR, to account for
the off-center source location. Second, scatter from the phantom must be corrected.
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The energy resolution was assessed with the FWHM value of the energy histogram
computed from all true coincidences extracted from the same listmode data.

4.2.6.3 Sensitivity

Sensitivity phantom. Sensitivity was measured and simulated using a 700 mm
long and 1 mm inner diameter line source filled with 8 MBq of '8F and centered
in the FOV, as depicted in Figure 4.6. Five acquisitions of 120 s were performed by
placing the source successively inside one to five concentric aluminium sleeves of
1.25 mm thickness each.

ylube 5
" _yTube 4
"~ _yTube 3
»Tube 2
“-aTube 1

FIGURE 4.6 — Sensitivity phantom used for experiments and mod-
elled for simulations.

TABLE 4.3 — Sensitivity phantom characteristics.

Inside diameter Outside diameter Thickness Length L
Tube number
(mm) (mm) (mm) (mm)
1 3.9 6.4 15 700
2 7.0 9.5 1.5 700
3 10.2 12.7 1.5 700
4 13.4 15.9 1.5 700
5 16.6 19.1 15 700
Plastic tube 1 3 1 700

Sensitivity for each thickness was computed in cps.MBq~! and the sensitivity
without attenuation was extrapolated to zero thickness, to obtain effective sensitiv-
ity, S.rf, in the absence of scattering medium, defined by Equation 4.6.

Ro
Sy = 4 (4.6)

where Ry and A, are the count rates in the absence of attenuation and the ac-
tivity at calibration, respectively. The sensitivity of each slice 7, S;, is given by Equa-
tion 4.7

Ry,
Rq

where R; is the count rates obtained using tube number 1.

S; =

Seff 4.7)

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI054/these.pdf
© [J. Labour], [2021], INSA Lyon, tous droits réservés



94 Chapter 4. Monte Carlo simulation of the DPC-PET

4.2.6.4 Spatial resolution

Spatial resolution was assessed for 10 positions using a 2.2 GBq.mL ™! 8F point
source: 5 in the centre of the axial FOV (z = 0 c¢cm) positioned at (0,1,0), (0,10,0),
(0,20,0), (10,0,0) and (20,0,0) cm, and 5 with an offset of 1/8 of the edge of the FOV
(z = 6.15 cm) positioned at (0,1,6.15), (0,10,6.15), (0,20,6.15), (10,0,6.15) and (20,0,6.15)
cm. Listmode data was acquired and simulated until a minimum of 3 million prompt
events was reached for each position. In contrast to the experimental measurements,
the simulations can be performed with a perfectly isotropic point source. Resolu-
tions in all three directions (radial, tangential and axial) can therefore be obtained
from a single simulation at each desired position.

Intrinsic spatial resolution. Spatial resolution is usually determined after recon-
struction, using the FWHM of the point-spread function (PSF) of a point source.
However, in order to remain independent of the reconstruction software for both ex-
perimental and simulation data, an original method was developed to estimate and
compare spatial resolution from listmode data. Figure 4.7 provides a description of
the method used. The positions ?1 and f)z as well as the unit vector 7, defined
by Equation 4.8, were determined for each LOR in the Cartesian coordinates (x, y, z)
of the tomograph, based on the indexes (t1,z1) and (t2, z2) of the opposed detectors
in coincidence, where t and z are the transverse and axial indexes of each crystal,
respectively.

W= (L= L)/ T2= T4l (4.8)

N‘

FIGURE 4.7 — Determination of 5_12\ for the calculation of intrinsic spa-
tial resolution for a LOR inside the tomograph’s FOV.

For each event in the listmode, the orthogonal projection (A) of the point source
(S) onto the LOR defined by the event was computed. The vector S‘X, which repre-
sents the smallest vector between the LOR and the source, was projected along each
axis x, y and z. Only coincidences with a distance to the source of less than 10 mm
(||§|| < 10 mm) were kept for analysis. Each projected distance distribution along
x, y and z was then binned into histograms and the intrinsic spatial resolution for
a given direction was determined by the FWHM. FWHM values were determined

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI054/these.pdf
© [J. Labour], [2021], INSA Lyon, tous droits réservés



4.2. Materials and methods 95

as preconised in the NEMA standard for the spatial resolution test (NEMA (2018)).
This method requires a precise knowledge of the source position, which is the case
for simulation but not for experimental data. The exact location of the point source
for experimental data was therefore determined by an optimisation process aimed

at minimising the mean distance H§Z || over all LORs with a distance of less than 10

mm (||S7§H < 10 mm).

Due to the cylindrical shape of PET scanner, radial frequency increases with the
distance from the center of the FOV. This non-uniform sampling in the transverse
direction could lead to distortion of high spatial frequency and non-uniform spatial
resolution across the FOV. Hence, listmode data was first resampled at a uniform
sample rate of 2 LOR.mm ™! in the radial direction by the arc correction method (Fa-
hey, 2002; Farsaii, 2005) before doing the previously described analysis.

Reconstructed spatial resolution. In order to illustrate the difference between pre-
reconstruction (intrinsic) and post-reconstruction spatial resolution, experimental
and simulated data of the central point source at (0,1,0) cm were reconstructed with
576 x 576 mm FOV, 1 mm voxels, using OSEM with 5 iterations and 10 subsets. No
correction was applied before or during the reconstruction. Two types of reconstruc-
tions were performed using CASToR. The first one with 4 mm isotropic Gaussian
filter applied during the forward and backward model (the standard image-based
PSF modelling), in order to match the FWHM of the DPC-PET at the centre of the
FOV (Rausch et al., 2019) according to the NEMA NU 2 (2018) standard (i.e. in
air and with a FBP algorithm). The second was performed with an additional 4
mm isotropic Gaussian filter applied to the final reconstructed image (the standard
method of Sieve (Snyder and Miller, 1985)). Spatial resolution was then determined
using the FWHM of the reconstructed PSF along the three main directions (axial,
tangential, radial) as described in the NEMA.

4.2.6.5 Image quality

[lustrative reconstructed images were compared with the following protocol.
A three minutes PET acquisition of the International Electrotechnical Commission
(IEC) torso phantom was performed. The phantom was filled with ®F of 5.3
kBq.mL~! for the background activity and four times higher in four spheres of
10, 13, 17 and 22 mm diameters. The 28 and 37 mm diameter spheres were left
cold as in the NEMA NU 2-2012 - Performance measurements of positron emission to-
mographs (2012). Images were reconstructed using CASToR using OSEM with 10
subsets and varying iterations from 1 to 10. Reconstructions were performed us-
ing the Sieve method (PSF modelling and post-reconstruction convolution) using a
4 mm FWHM kernel. For experimental data, all corrections required for quantita-
tive reconstruction (attenuation, scatter (Ye, Song, and Hu, 2014), random (Brasse et
al., 2005), normalisation (Wang, Hu, and Gagnon, 2007)) were precomputed outside
CASToR using a software provided by Philips. For simulated data, only random
and attenuation corrections were computed. Other corrections were not available.
Consequently, all scatter events were discarded during reconstruction. The delayed
window method was used to estimate random correction factors. An attenuation co-
efficient map was computed for the IEC phantom. Background relative noise (BRN)
and contrast recovery coefficient (CRC) for all six spheres were computed as de-
scribed in Salvadori et al. (2020a).
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4.2.6.6 Implementation

In total, 41 PET listmode acquisitions were performed: 26 with the scatter phan-
tom, 5 with the sensitivity analysis and 10 with point sources for the spatial resolu-
tion estimation. All corresponding simulations were performed with the same set
of digitizer parameters. Experiments have been done on a Philips Vereos system in-
stalled at Nancy University Hospital (Nancy, France). Simulations were conducted
on a cluster with Intel Xeon CPU E5-2640 v4 @ 2.40GHz, with 12 GB memory °. The
GATE macros used for the simulations are available on the website of the Open-
GATE collaboration.

4.3 Results

4.3.1 Count rates, NECR and scatter fraction
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FIGURE 4.8 — Simulated and experimental count rates according to

activity concentrations. A: Single count rates. B: Prompt, delay, true

and scatter count rates. C: NECRs. The vertical dashed lines cor-

respond approximately to the upper level of activity concentrations

usually used in clinical routine for I8F (black line) and #Rb (red line)
PET exams.

5. See IN2P3 Computing Centre
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Singles. As depicted in Figure 4.8A, a good agreement was obtained between sim-
ulations and experiments for single event rates, with a maximum of 0.7% relative
difference up to an activity concentration of 80 kBq.mL~!. Note that usual activities
used clinically with F-FDG tracer do not exceed around 6 kBq.mL™~! (Sluis et al.,
2019).

Prompts, trues, randoms and scatters. Maximum relative differences between sim-
ulated and experimental data, up to 80 kBq.mL ™!, were 3%, 3%, 5% and 18% for total,
random, true and scatter coincidence count rates, respectively (Figure 4.8B). The dif-
ference for scatter count rate stayed below 5% up to a concentration of 10 kBq.mLfl.

TABLE 4.4 — Comparison of the characteristics of the DPC-PET for
NECR and scatter fraction between the experimental and Monte
Carlo simulated data in this study. Additional comparison is
added from experimental data published from Rausch et al. (2019)
and Zhang, Maniawski, and Knopp (2018). Values marked with an
asterisk (*) represent ‘'maximum’ instead of peak values since the
system did not show a peak value beyond which the NECR began
to decrease with increasing activity.

Parameter Experimental MC simulation Rausch et al. (2019) Zhang et al. (2018)
NECR 159.4 keps 175.6 kcps 153.4 kcps 171 keps*
@ peak value @54.9 kBq.mL ! @52.4 kBq.mL™! @54.9 kBq.mL ™! @50.5 kBq.mL~!
NECR
48.5 keps 52.2 keps 47.2 keps n/a
@5.3kBq.mL!
Scatter fraction 33.2% 29.2% 33.9% 30.8%*
@ peak NECR @54.9 kBq.mL ! @524 kBq.mL™? @54.9 kBq.mL ™! @50.5 kBq.mL !
Scatter fraction 31.8% 30.3% 31.7% n/a
@ low count rates @0.4 kBq.mL! @ 0.4 kBq.mL ! @ 0.4 kBq.mL ™!

NECR and scatter fraction. As a result, less than 13% relative difference was
obtained between simulated and experimental NECR (Figure 4.8C). The peak
NECR was close between simulated and experimental data with 175.6 kcps at 52.4
kBg.mL~! and 159.4 keps at 54.9 kBq.mL ™!, respectively. At these peak values, the
corresponding scatter fractions were found to be 29.2% and 33.2% for simulated and
experimental data, respectively.

Due to the systematic difference between simulated and experimental scatter
events at high count rates, the simulated scatter fraction was also slightly under-
estimated, with a relative difference increasing from 5% at 4 kBq.mL~! to 15% at 80
kBgq.mL~!. However, this difference in scatter event rate only becomes important for
activities that are much higher than those commonly used in routine clinical practice.
Values for peak NECR and scatter fraction are reported in Table 4.4. The maximum
relative differences between simulated and experimental values, depicted in Table
4.5, were below 11% for all event rates as well as for NECR and scatter fraction,
for activity concentrations of 2-6 kBq.mL~! and 11-16 kBq.mL ™!, which correspond
to the clinical ranges found in 8F-FDG whole-body exams and in 82Rb cardiac ex-
ams (Sluis et al., 2019), respectively.
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TABLE 4.5 — Maximum relative differences between simulated and
experimental data are reported for activity concentration ranges for
clinical '8F scans and 3Rb cardiac perfusion scans.

18 82Rb
[2-6 kBq.mL "] [11-16 kBq.mL ']

Single -0.6 % -0.6 %
Prompt 1.2 % -0.5 %
Delay -3.1% -3.4 %
True 4.1 % 4.8 %
Scatter -4.7 % -7.6 %
Scatter fraction -5.8 % -8.3 %
NECR 7.5 % 10.3 %

4.3.2 TOF and energy resolutions

As depicted in Figure 4.9A, a good agreement was obtained with less than 4%
relative difference observed between simulated and experimental data for both TOF
and energy resolutions over the entire range of activity concentrations explored in
this study. Examples of TOF and energy histograms from which the FWHM values
were extracted, obtained for an activity concentration of 5.2 kBq.mL~! are presented
in Figure 4.9B.

4.3.3 Sensitivity

The measured and simulated sensitivities for each aluminium thickness together
with the extrapolation for determining the attenuation-free sensitivity are provided
in Figure 4.10A. A 7.9% agreement was found between the attenuation-free sensitiv-
ity for simulated and experimental data, showing 5591 and 5184 cps.MBq !, respec-
tively. As shown in Figure 4.10B, the axial sensitivity profiles between simulated and
experimental data were in good agreement. Largest relative differences were within
14% for the low sensitivity slices on both sides of the FOV. Sensitivity decreases
according to the distance from the camera center due to 3D acquisition geometry.

4.3.4 Intrinsic spatial resolution

Table 4.6 depicts the FWHM for intrinsic spatial resolution the 10 positions rec-
ommended by the NEMA standards. An overall agreement of less than 0.25 mm
absolute difference was obtained between simulated and experimental data, except
for Z-axis (axial) where values up to 0.92 mm were obtained. Figure 4.11 provides
an example of the histograms from which the PSF were extracted for the (0,20,0) cm
transverse position. Table 4.7 depicts the FWHM at the central position (0,1,0) cm
obtained 1) before, 2) after reconstruction with image-based PSF modelling and 3)
after reconstruction with the standard method of Sieve.

4.3.5 Image quality

The tradeoff between CRC and BRN was analysed for two hot spheres (10 and
22 mm) and one cold sphere (37 mm) of the IEC phantom. Curves representing
the evolution of CRC according to BRN as a function of the number of iterations
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FIGURE 4.9 — A: TOF and energy resolutions according to activity

concentrations for both simulated (o) and experimental (x) data, over

a wide range of activities. B: Example, for 5.2 kBq.mL ™! activity con-

centration, of the normalized TOF and energy histograms used to
compute the FWHM values.

TABLE 4.6 —- FWHM defined before reconstruction for intrinsic spatial

resolution along all dimensions for ten positions recommended by

NEMA standards, for both simulated (Sim.) and experimental (Exp.)
data. The columns to the right give their absolute difference.

Position Sim. FWHM (mm) Exp. FWHM (mm) Abs. diff. (mm)

(cm) X Y Z X Y zZ X Y Z
(0,1,0) 1.73 1.48 191 1.93 1.71 2.37 -0.20 -0.23 -0.46
(0,10,0) 1.87 1.97 2.81 1.97 2.09 3.51 -0.10 -0.12 -0.70
(0,20,0) 1.77 2.19 2.99 1.90 2.18 3.37 -0.13 0.01 -0.38
(10,0,0) 1.82 1.69 2.76 1.95 1.87 3.50 -0.13 -0.18 -0.74
(20,0,0) 1.77 1.73 3.01 1.89 1.90 3.40 -0.13 -0.17 -0.40
(0,1,6.15) 1.62 1.41 n/a 1.70 1.47 n/a -0.08 -0.06 n/a
(0,10,6.15) 1.92 1.77 2.39 1.94 1.80 3.31 -0.02 -0.03 -0.92
(0,20,6.15) 2.08 1.76 n/a 2.09 1.67 n/a -0.01 0.09 n/a
(10,0,6.15) 1.56 1.72 2.50 1.61 1.84 3.34 -0.05 -0.12 -0.84
(20,0,6.15) 143 1.99 n/a 1.46 2.08 n/a -0.03 -0.09 n/a

are shown in Figure 4.12A. In overall, the trade-off was slightly better for simulated
compared to experimental images. At early iterations, simulated images show bet-
ter CRC with a maximum relative difference of 13% (at 1 iteration), while for further
iterations, BRN is better with a maximum relative difference of 14% reached for 5 it-
erations. Figure 4.12B shows that simulated and experimental images were visually
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FIGURE 4.11 — Example of histograms and corresponding FWHM of
the shortest distances between source and LORs projected along the
X,Y and Z axis, obtained from experimental and simulated data.
TABLE 4.7 — Comparison of the intrinsic FWHM obtained before re-
construction for the (0,1,0) cm central position, with FWHM obtained
after reconstruction.
Position Sim. FWHM (mm) Exp. FWHM (mm) Abs. diff. (mm)
(0,1,0) cm X Y z X Y z X Y z
Intrinsic 1.73 1.48 1.91 1.93 1.71 2.37 -0.20 -0.23 -0.46
4 mm PSF 1.95 1.92 1.88 1.84 1.57 1.67 0.10 035 0.22
4 mm Sieve 437 437 431 445 4.46 433 -0.08 -0.09 -0.02
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very close. The depicted profiles passing through both the 10 and 22 mm spheres
were almost identical.

4.3.6 Monte Carlo statistical uncertainty

In order to estimate the statistical uncertainty from the Monte Carlo simuma-
tions, 10 different simulations of the NEMA count rate test were performed at both
5.2 kBq.mL™! and 42 kBq.mL ™!, using 2 x 10° prompts. The coefficient of variation
(ratio of the standard deviation to the mean) over the 10 values for the true, scatter
and delay event rates were calculated and reported in Table 4.8.

TABLE 4.8 — Monte Carlo relative statistical uncertainty for the true,
scatter and delay event rates.

5.2 kBq.mL~! 42 kBq.mL™!
True 0.2 % 0.3 %
Scatter 0.4 % 0.9 %
Delay 0.2 % 0.1 %
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FIGURE 4.12 — A: Comparison between simulated and experimental
images of the relationships between contrast recovery coefficient and
background relative noise, according to the number of OSEM itera-
tion and for the 10 and 22 mm diameter hot spheres and the 37 mm
cold sphere. B: Cross-sectional slices passing through the spheres of
the IEC phantom and reconstructed with 2 OSEM iterations and 10
subsets from simulated and experimental data. A parallelepiped pro-
file of 6 mm cross-section and passing through the hot spheres of 10
mm and 22 mm diameter is compared between simulated and exper-

imental images.
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4.4 Discussion

Context. In this study, a GATE model of the Vereos DPC-PET was developed and
validated by comparing simulated data with experimentally obtained data using
NEMA tests. This work has been published Labour et al. (2020), and to our best
knowledge, provides for the first time the Monte Carlo model of a clinical whole
body SiPM- or dSiPM-based PET system. Table 4.9 summarises the published Monte
Carlo models of clinical PET systems using GATE. A more exhaustive list for pub-
lished preclinical and small animal validated PET systems can be found in Sarrut
etal. (2021b), Table 1, where the present study has been enhanced.

TABLE 4.9 — Published clinical whole body PET models validated in
GATE and compared to experimental data. Some brain and breast
systems are also included. A more exhaustive list referencing proto-
type and small animal systems can be found in Sarrut et al. (2021b).

Study Clinical PET system Technology
Bataille et al. (2004) ECAT HRTT (brain) LSO/PMT
Jan et al. (2005) ECAT EXACT HR+ BGO/PMT
Karakatsanis et al. (2006) EFAT EXA'CT HR+ i
Siemens Biograph 2 LSO/PMT
Philips All
Lamare et al. (2006) LIPS ATEBTO GSO/PMT
Philips Gemini
Michel et al. (2006) Siemens Biograph HiRez LSO/PMT
GE Ad
Schmidtlein et al. (2006) cvance BGO/PMT
GE Discovery LS
Gonias et al. (2007) Siemens Biograph 6 LSO/PMT
Geramifar et al. (2009) 4 different GE scanners BGO-LYSO/PMT
Poon et al. (2012) Siemens Biograph mCT LSO/PMT
Phili ini TF
Trindade et al. (2012) ilips Gemini LYSO/PMT
Philips TruFlight Select
M tal. (2015
oraes etal. ( ) Siemens Biograph mCT LSO/PMT
Poon et al. (2015)
Aklan et al. (2015
an.e al-( ) Siemens Biograph mMR LSO/APD
Monnier et al. (2015)
Sheikhzadeh et al. (2017) PDS NeuroPET (brain) LYSO/SiPM
Lietal. (2017) ARRAYS SMIC Ray-San 64 BGO/PMT
Emami et al. (2020) Oncovision MAMMI (breast) LYSO/PMT
Labour et al. (2020) Philips Vereos DPC LYSO/dSiPM

(This present study)

Count rates. In general, the proposed simulation model has been favourably com-
pared to measurements. Excellent agreement was found between simulated and
experimental singles count rates with relative differences below 1% over the whole
activity concentration range (< 80 kBq.mL ™). For total, random and true coincidence
rates, agreements were found with maximum differences equal to or less than 5% on
overall. However, for scatter count rates, the percentage difference increased with
increasing activity concentration from 3% to 5% at 1 and 30 kBq.mL ! (respectively)
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and reached a maximum of 18% difference at 80 kBq.mL~!. The cause of this discrep-
ancy at high activity is not yet explained; it might be due to elements which produce
scattered radiation being included in the simulation by simplified geometrical mod-
els, such as the cooling plates, the Lexan cover or the patient table. It could also be
due to the simulated composition of the materials of the cylindrical phantom which
might not be exactly the same as in the real phantom. However, for scatter fraction
below 10 kBq.mL !, the percentage differences were within 6% between simulated
and experimental values and stayed within 15% for higher activity concentrations.

Peak NECR. Experimental peak NECR was in agreement to the study of Rausch
et al. (2019) showing 3.8% and < 1% differences for the NECR value and the corre-
sponding activity concentration, respectively. The simulated peak NECR value was
175.6 kcps at 52.4 kBq.mL_l, which represents a relative difference from the experi-
mental values of 10.2% for the peak NECR and 4.6% for the corresponding activity
concentration.

As a consequence, the proposed model reproduces all experimental counting
rates with less than 8% relative errors on the range of clinical activity concentrations
found in ¥F-FDG whole-body exams (2-6 kBq.mL~!) and up to 10.3 kBq.mL~!, and
less than 11% until the upper limit of 16 kBq.mL~! found in the first pass (first 30 s)
of dynamic 8?Rb cardiac exams.

Adder and readout modules. Setting the policy as winner-takes-all and the reader
module at depth 3 on the dice (see Figure 4.2) theoretically describes a model which
meets the architecture of integration of the DPC-PET. However, this configuration
led to an underestimation of the count rates and sensitivity of the order of 40% com-
pared to the experimental measurements. On the other hand, by setting the read-
ing domain at depth 1 (the highest level corresponding to the module), the results
obtained in terms of count rate and sensitivity were much more consistent with ex-
perimental data. This could be due to scattered events (into the crystals) which are
rejected at lower depths since all their energy will not be integrated and deposited
in other parts of the module. As the modelling in GATE recovering scattered events
is not yet available, it was decided to define the readout at the highest level on the
modules at depth 1. Other modules recently developed by Mehadji (2021) and Lenz
(2021) can be tested in our model but were not available yet when performing this
study.

Deadtime. One of the main features of the Vereos DPC-PET, in comparison with
conventional analogue PET, is its good count rate performances characterised by
low deadtime and pile-up effects. This property is mainly due to the use of SiPM
allowing a 1:1 coupling with the scintillation crystals due to their small dimensions
and allowing for more trigger channels. As a result, the relative difference between
the theoretical and the experimental singles rate obtained by the low activity linear
regression in the absence of deadtime, was less than 5% up to an activity concentra-
tion of 15 kBq.mL~!. However, even if the loss due to deadtime was relatively low
with the Vereos DPC-PET, it was necessary to model this effect to obtain accurate
counting rates, especially for high activity concentrations.
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Background noise. At activity concentrations observed in clinical routine, back-
ground noise from electronics and natural radioactivity from crystals are often con-
sidered negligible and is thus not modelled in Monte Carlo PET simulations. How-
ever, it was necessary in order to reproduce the experimental low-activity counting
curves. For example, at the lowest measured concentration of 0.3 kBq.mLfl, the
background noise represented 60% of the total number of detected singles. This per-
centage decreased with activity concentration, but was still 6% at 5 kBq.mL~! which
is representative of clinical '8F-FDG activity. It dropped below 1% as from an activity
concentration of 35 kBq.mL ™.

TOF and energy resolutions. Figure 4.9A shows the stability of TOF and energy
resolutions up to 80 kBq.mL~!. An agreement within 4% between both the simulated
and experimental timing and energy resolutions was found over the whole activity
range. Simulation values were slightly lower than experimental ones.

Sensitivity. The sensitivity value obtained by simulation (5591 cps.MBq!) was
found to be 7.9% higher than the experimental one (5184 cps.MBq~!). A good agree-
ment was obtained between the axial sensitivity profiles (Figure 4.10B), with a max-
imum difference of 13% at the edges of the FOV. However, in comparison with pub-
lished values from Zhang et al. (5721 cps.MBq ') (Zhang, Maniawski, and Knopp,
2018) and from the Philips white paper (5390 cps.MBq~!) (Miller, 2016), the agree-
ment was closer with 2.3% and 3.7% relative differences, respectively. This disparity
between the experimental sensitivity values could be explained by the uncertainty
on the activity calibration as well as on the phantom positioning which is critical for
this test.

Intrinsic spatial resolution. The estimation of intrinsic spatial resolution before
reconstruction was close between simulation and experimental data, with less than
0.25 mm difference between FWHM for transverse directions (x,y). Intrinsic spa-
tial resolutions were better in the transverse direction than in the axial direction (z)
which reached 0.92 mm difference simulated and experimental data, see Figure 4.11
and Table 4.6.

This PSF asymmetry in the three directions is inherent to the proposed method.
Indeed, due to the cylindrical shape of the scanner, only a few azimuthal angles are
available in the axial direction. The projected distance along z can only take values

%
between a scalar b = ||SA||cos(0max) and ||SA||, with 6,y being the maximum az-

imuthal angle for a given distance ||[SA||. Furthermore, the value of b depends on
the axial position due to the truncation of the axial data in 3D PET. Therefore, the
lowest projected distance values (between 0 and b) were not present in the distribu-
tion of the axial z projected distance, resulting in a degraded FWHM in comparison
with those measured in the transverse x and y directions. In addition, the truncation
of the projections also results in non-uniform axial sampling, making the resolution
measurement inaccurate with the presented method for positions too far from the
centre of the axial FOV. One solution to improve this method would be to use an
exact rebinning algorithm, such as the one proposed by Defrise et al. (1997), fol-
lowed by resampling to achieve an axial sample rate comparable of that obtained
transversely.

Reconstructed spatial resolution. Regardless of the type of convolution chosen,
good agreement was observed between simulated and experimental reconstructed
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resolutions with a maximum absolute difference of 0.35 mm, see Table 4.7. It is in-
teresting to note that only when the convolution was applied in the reconstruction
model and when the OSEM algorithm converged sufficiently (5 iterations and 10
subsets), that FWHM values were close to those obtained with the intrinsic resolu-
tion method developed. When post-reconstruction convolution filters were added,
FWHM values were close to the manufacturer’s evaluation (around 4 mm).

Illustrative image reconstructions. Reconstructed images were in good agreement
between the simulated and reconstructed data with a maximum relative deviation of
13% for the CRC and 14% for the BRN. The tradeoff between CRC and BRN was con-
sistently slightly better for simulated than with experimental data. This difference
can be explained by the scattered coincidences that have not been equally corrected:
the experimental data were corrected by the standard single-scatter simulation (SSS)
method (Ye, Song, and Hu, 2014), which only corrects for single-photon scattering,
whereas the simulated data were reconstructed ignoring all scattered coincidences
(ideal case).

Statistical uncertainty. Monte Carlo relative statistical uncertainty were lower
than 1% on the estimated count rates. Simulation computation times were relatively
large, with an average of about 3000 simulated primary g particles per second,
leading to, for example, about 80 hours of computation time for one of the 26 ac-
quisitions with the scatter cylindrical phantom. No particular attention has been
paid to gain speed. In particular, the slowest physic list (emstandard_opt4) has been
used and the production and tracking cuts have not been optimized. The optimal
trade-off between computation speed and accuracy remains to be studied, but this
work can serve as reference for optimal accuracy results. Fast methods, such as the
SMART software (Pfaehler et al., 2018), may be used to speed up the simulation.

4.5 Conclusion

As a conclusion, the proposed GATE PET model was validated with respect to
NEMA NU 2-2018 compliant experimental data. To our knowledge, this is the first
time a full Monte Carlo model of a DPC-based PET system is proposed and vali-
dated. This model can be useful for numerous studies such as to optimise imag-
ing performance, evaluate reconstruction algorithms and estimate the effects of con-
founding factors in image quality.
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Chapter 5

Yttrium-90 quantitative study
using DPC-PET

PET imaging of *°Y-microsphere distribution following radioembolisation is challenging
due to the count-starved statistics from the low branching ratio of et /e~ pair production
during *°Y decay. PET systems using SiPMs have shown better *°Y image quality compared
to conventional PMTs.

This chapter is adapted from Labour et al. (2021), which has been published in the Euro-
pean Journal of Nuclear Medicine and Molecular Imaging (Physics) journal. The main goal
was to evaluate reconstruction parameters for different phantom configurations and vary-
ing listmode acquisition lengths to improve quantitative accuracy in *°Y dosimetry, using
DPC-PET.

5.1 Introduction

Short review. Liver radioembolisation or SIRT, has been reviewed in Chapter 1
and is an intra-arterial method used in clinical practice to treat unresectable hepatic
malignancies (Salem et al., 2010; Sangro et al., 2011). Currently, SIRT can be per-
formed either with °Y or 1Ho microspheres. During °Y-SIRT, the high energy
B~ emitter Y particles which are encapsulated-in glass or labelled to resin micro-
spheres are administered through selected branches of the hepatic artery which feed
the tumours. This method ensures a regional biodistribution of the *°Y-microspheres
delivering a highly localised absorbed dose to the perfused regions, sparing nearby
organs at risk and healthy tissues with the advantage of a negligible radiation bur-
den to both non-embolized portions and extra-hepatic tissues. The *°Y-SIRT method
is widely used owing to its clinical efficacy and relative safety (Lau et al., 1994; Sato
et al., 2008; Kennedy et al., 2009; Salem et al., 2010; Sangro et al., 2011).

At present, the prediction of the biodistribution of **Y-microspheres is generally
performed using *"Tc-labelled MAA prior to treatment, see Section 1.3.1. How-
ever, ?"Tc-MAA biodistribution does not always match with post-therapy Y mi-
crospheres distribution (Cremonesi et al., 2014; Garin et al., 2016; Gnesin et al., 2016;
Haste et al., 2017; Richetta et al., 2019) and an assessment of the radionuclide biodis-
tribution must be performed following treatment either by SPECT or PET. This as-
sessment is mainly done to detect any possible extrahepatic deposition of micro-
spheres and determine the intrahepatic microsphere distribution over the perfused
tumorous and non-tumorous liver tissue.

0y SPECT imaging exploits bremsstrahlung photons, with various published
energy windows, collimator size, with or without correction (Dezarn et al., 2011;
Wright et al., 2015) and has been used for post-SIRT treatment evaluation (Wal-
rand et al., 2011). However, SPECT suffers from scatter, low spatial resolution and
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challenging quantitative analysis. Alternatively, °°Y PET imaging exploits a minor
positron decay (Johnson, Johnson, and Langer, 1955; Ford, 1955), see Chapter 3. In
2004, Nickles et al. (2004) first exploited this property to show the distribution of the
regional absorbed dose delivered by ?Y therapies using PET, although difficult and
time-consuming due to the count-starved statistics for annihilation photons. Activ-
ity distribution assessment after “°Y-SIRT was proved feasible in 2010 by Lhommel
et al. (2009, 2010) with the help of TOF information added on PET/CT systems.
Other studies followed and showed that TOF PET compared to non-TOF PET pro-
vided improved recovery in reconstructed quantitative data (Lhommel et al., 2009,
2010; Elschot et al., 2011; Carlier et al., 2013; Gates et al., 2011; Kao et al., 2012; Kao
et al., 2013a), outperforming at the same time 0y bremsstrahlung SPECT (Walrand
et al., 2011; Elschot et al., 2011). In 2007, Selwyn et al. (2007) verified the branching
ratio related to e /e~ pair production during *°Y decay to be (31.864-0.47)x107°,
following de-excitation from the 0 excited state of **Zr. The latest published value
was from Dryék and Solc (2020) in 2020, who measured the branching ratio to be
(32.6+0.4)x1075.

The recent digital PET systems are equipped with SiPM technology that replaces
conventional PMTs, see Chapter 2. They allow enhanced TOF capability and CTR
owing to faster and more compact electronics (Lecoq, 2017; Gundacker et al., 2020).
They demonstrate better performances for sensitivity, spatial resolution, count rates
and overall image quality (Zhang, Maniawski, and Knopp, 2018; Rausch et al., 2019;
Van Sluis et al., 2019; Labour et al., 2020; Gnesin et al., 2020; Chicheportiche, Mar-
ciano, and Orevi, 2020).

Context of this present study. Reviewing previous studies, assessments for Y
imaging were performed largely using criteria based on NEMA guidelines, NEMA
NU 2-2012 - Performance measurements of positron emission tomographs (2012) (or ear-
lier), and by evaluating detectability for diagnostic purposes rather than dosimetry
calculations. Willowson et al. (2012) and Carlier et al. (2013) showed that with the
help of TOF information, higher detectability was reached with a small number of
OSEM iterations on Siemens Biograph mCT systems. Few studies evaluated OSEM
reconstruction parameters using absorbed dose calculation tools. In 2014, Pasciak,
Bourgeois, and Bradley (2014) based on previous findings of Willowson et al. (2012)
and Carlier et al. (2013) found that an additional 4.5 mm FWHM PSF modelling
improved accuracy in absorbed dose distributions using DVHs. Siman et al. (2019)
studied a GE D690 PET/CT and found that 3 iterations with 12 subsets with addi-
tional PSF modelling and a 5.2 mm FWHM post-reconstruction Gaussian filter size
provided the least root-mean-square deviation (RMSD) between their experimental
and reference DVH.

This study focuses on the use of a DPC-PET for Y quantification for dosime-
try purposes following SIRT. We considered the fully digital SiPM-equipped Philips
Vereos PET/CT system described in Section 4.2.1, with a 1:1 coupling between the
LYSO scintillator crystals and the SiPMs (Zhang, Maniawski, and Knopp, 2018),
showing improved timing resolution and SNR compared to conventional PMT-
PET (Salvadori et al., 2020b). Wright et al. (2016, 2017b) and Wright et al. (2018)
showed that DPC-PET detection of annihilation photons following *°Y-SIRT is fea-
sible, showing concordant visualisation with improved 90Y—to—background contrast
of microsphere distribution with the DPC-PET compared to SPECT and PMT-PET
systems.

Previous studies (Willowson et al., 2012; Carlier et al., 2013; Pasciak, Bourgeois,
and Bradley, 2014; Siman et al., 2019) evaluated OSEM reconstruction parameters for
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PMT-PET systems with TOF resolutions around 550 ps. Therefore, suggested param-
eters in the literature might not be suitable for the DPC-PET with a TOF resolution
around 320 ps (Rausch et al., 2019; Zhang, Maniawski, and Knopp, 2018; Labour et
al., 2020), due to the dependence of the convergence of OSEM-based algorithms on
the TOF information (Salvadori et al., 2020b). Moreover, implementations of OSEM-
based algorithms differ within systems and the OSEM algorithm implemented in
the DPC-PET is based on listmode data, instead of sinograms, and use spherically
symmetric volume elements to model the image, instead of voxels (Wang et al., 2006;
Narayanan and Perkins, 2013).

In this study, we investigated the accuracy of Y DPC-PET by evaluating the
effect of OSEM reconstruction parameters and acquisition duration on estimating
the absorbed dose distribution based on DVHs (Drzymala et al., 1991), as proposed
by Siman et al. (2019).

5.2 Materials and methods

In order to evaluate the accuracy of image-based absorbed dose estimations from
Y DPC-PET/CT, 3 phantoms were selected and imaged using a range of param-
eters. Acquired PET images were used as input activity maps to compute the ab-
sorbed dose distributions and DVHs. Obtained image-based distributions were
compared to reference absorbed dose distributions computed with Monte Carlo
simulations and the impact of several parameters, including VOlIs, activity levels,
reconstruction parameters and acquisition lengths, were evaluated. The following
subsections describe 1) the phantoms, 2) the acquisition and reconstruction param-
eters, 3) the algorithms used to compute the absorbed dose, 4) the figures of merit
and 5) the clinical application using several patient image datasets acquired on the
same DPC-PET/CT following “°Y-SIRT treatment.

5.2.1 Experimental setup
5.2.1.1 Phantoms

Cylindrical phantoms, Phl and Ph2. A 6800 mL uniform cylindrical phantom
(Phl) (diameter @ 21.6 cm; height /1 18.6 cm) and a 5950 mL cylindrical phantom
(# 19.6 cm; h 19.7 cm) with a 300 mL cylindrical fillable insert (& 4.5 cm; h 18.7
cm) (Ph2), were used for validation of quantitative recovered data following PET
calibration for °Y. All materials of Ph1 and Ph2 are made of polymethyl methacry-
late (PMMA). PET/CT fusion images of Phl and Ph2 are depicted in Figures 5.1A
and 5.1B, respectively.

NEMA IEC body phantom, Ph3. A NEMA IEC body phantom (Ph3) in Figure 5.1C,
was then used for quantitative measurements for dosimetry evaluations, consisting
of a background compartment of approximately 9700 mL, a lung insert and an in-
sert with six fillable spheres of diameters, 10, 13, 17, 22, 28 and 37 mm. The corre-
sponding nominal volumes of the spheres ranged between 0.52 and 26.52 mL. The
phantoms used in this study allow for quantitative activity recovery (or activity con-
centration recovery) and dosimetry evaluations in objects of different sizes.
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FIGURE 5.1 — Axial slices of PET/CT images of A: Phl, B: Ph2 and C:

Ph3. D: Geometry of Ph3 modelled in GATE for reference. E and F:

Examples of segmentation of liver VOISs following radioembolisation
for patients #2 and #3, respectively.
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5.2.1.2 Activities

Prior to phantom preparations, 100 uL of diethylenetriaminepentaacetic acid
(DTPA) with a concentration of 5 mg.mL~! was added to two vials, each contain-
ing 2850 MBq of *°YCl; in 1.03 mL. This was done to prevent the known effect of
adsorption of **YCI; on the inner PMMA walls of plastic phantoms which may neg-
atively affect PET quantitative imaging studies (Willowson, Tapner, Bailey, et al.,
2015). Activities were measured using an Easypharma HE Lemer Pax activimeter
calibrated for *°Y under national standards. Prepared syringes used for filling Ph1,
Ph2 and Ph3 were flushed several times to transfer the maximum amount of activity
into the phantom volumes. All syringes were also measured for residual activity to
allow for the calculation of the net transferred activity.

Cylindrical phantoms, Ph1 and Ph2. Phl was filled with 2130 MBq of *°YCl; in
water. The 300 mL water insert in Ph2 was filled with 540 MBq of **YCl3 and placed
in a cold water background. The reference initial activity concentrations at injection
(ACief,init) were 0.31 MBg.mL~! and 1.83 MBq.mL~!, which are the total net injected
activity (Ayef,init) in each region divided by the volume of the considered region, for
Ph1 and the insert in Ph2, respectively.

NEMA IEC body phantom, Ph3. A stock solution was prepared for filling the
spheres by combining 225 MBq of **YCl; with 100 mL of water. An activity of
2355 MBq of 0YCl; was added to the 9700 mL water background. The ACf,init
in the spheres and background compartment were 2.25 MBq.mL~! and 0.24
MBgq.mL ! at injection, respectively. A sphere-to-background ratio (SBR) of 9:1 was
obtained, similar to that in the QUEST study (Willowson, Tapner, Bailey, et al., 2015).

5.2.2 Image acquisition

Image acquisitions for all phantoms were performed over six consecutive days
(two half lives of *°Y) to analyse the response of the PET with decreasing activity
concentrations. Markers were placed to allow for reproducible placement of the
phantoms between daily scans. Data acquisitions were performed in listmode format.
The acquisition lengths were 30 minutes per bed (min/bed) for both Phl and Ph2
and 15 min/bed for Ph3.

5.2.3 Image reconstruction

Reconstruction algorithms. All image reconstructions were performed with TOF
information and using relaxed relaxed List Mode Ordered Subset Expectation Max-
imisation (LMOSEM) algorithm (Wang et al., 2006) implemented on Philips PET sys-
tems, with isotropic voxels of 2 x 2 x 2 mm?>. They were post-treated with a regu-
larised version of the Richardson-Lucy algorithm for resolution recovery (Richard-
son, 1972; Lucy, 1974) with the default recommended parameters of the PSF mod-
elling (1 iteration with a 6 mm FWHM regularisation kernel) which provide reason-
able contrast recovery without noticeable Gibbs artefacts (Narayanan and Perkins,
2013; Golla, Lammertsma, and Boellaard, 2015).

Reconstruction parameters. The listmode data for Ph1l and Ph2 were reconstructed
with Reconl, the default clinical setup recommended by Philips, see Table 5.1.
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Several parameters were compared for Ph3, also listed in Table 5.1. The number
of iterations were fixed to 1, 2 or 3 to limit image noise amplification. The number of
subsets were varied with 10, 20 or 30 subsets to cover the range of suggested num-
ber of subsets used in previous studies (which are listed in the Discussion Section 5.4
in Table 5.6). Post-reconstruction Gaussian filters of varying sizes were applied, be-
tween 0 (no filter) and 8 mm FWHM with increments of 2 mm.

TABLE 5.1 — Parameter sets used for listmode data reconstructions.

Reconstruction Iterations Subsets Gaussian filter PSF TOF
parameter set (mm @ FWHM)
Various* 1,20r3 10, 20 or 30 0,2,4,60r8 Yes Yes
Reconl 3 5 2 Yes Yes
Recon?2 3 12 5.2 Yes Yes
Recon3 1 21 5 Yes Yes

*45 possible combinations of parameters for evaluation.

In total, 45 combinations for reconstructions were compared for Ph3. Reconstruc-
tion parameter sets suggested in the literature were also tested, Recon2 (Siman et al.,
2019) and Recon3 (Willowson et al., 2012; Carlier et al., 2013; Pasciak, Bourgeois, and
Bradley, 2014). Reconstruction parameters are denoted i3s5-2mm for example for
3 iterations with 5 subsets and a 2 mm FWHM post-reconstruction Gaussian filter,
with implemented PSF and TOF modellings.

Finally, thanks to listmode data, datasets for Ph3 were rebinned into various ac-
quisition lengths, from 5 to 15 min/bed, in order to evaluate the impact of the counts
statistics on dosimetry and investigate if shorter acquisitions might be used.

5.2.4 Absorbed dose computation

Monte Carlo simulations were used to estimate the reference absorbed dose dis-
tributions in the 3 phantoms and inserts therein, according to the known AC,., iyt in
each region at injection. These reference absorbed dose distributions were compared
to the ones that can be estimated from the *°Y PET reconstructed images. The image-
based absorbed dose computations were performed first with the VSV kernel-based
convolution method, see Section 1.6.4, for the various reconstruction parameters ap-
plied (see Table 5.1). The LDM, see Section 1.6.5, was also used for comparison
purposes.

Reference absorbed dose. Monte Carlo simulations were performed with the GATE
platform 9.0 (Jan et al.,, 2011; Sarrut et al., 2014) using Geant4 10.5 (Collabora-
tion, Agostinelli, et al., 2003). The geometry, dimensions and material composi-
tion of each phantom were modelled. The modelled geometry for Ph3 is shown
in Figure 5.1D. The physics list named emstandard_opt4 was used !. It contains
the Geant4 most accurate standard and low-energy models for electromagnetic pro-
cesses recommended for medical applications (Beaudoux et al., 2019) and deemed
to offer the best performance in terms of accuracy at the cost of CPU efficiency (Arce
et al., 2021), considering Geant4 10.5.

Range production cuts were set to 1 mm for electrons and photons in the whole
geometry. In Geant4, it means that secondary particles are only created and tracked
when their expected range in the current material is larger than this distance. No

1. See https://geant4.web.cern.ch/node/1731
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variance reduction technique was used. The B~ radioactive sources of Y were
simulated by homogeneous generic ion sources in each sphere and the background
compartment. The absorbed doses were scored with 2 x 2 x 2 mm?® voxels sizes.
The number of primary particles was adapted for each phantom region in a single
simulation for an entire phantom according to the relative experimental ACy,f i in
each region, such as to reach a statistical Type-A uncertainty of lower than 1% on
the estimated mean absorbed dose values. This corresponds for example to about
6 x 10° primary generated particles for the smallest 10 mm sphere in Ph3. Final
absorbed dose values were scaled according to the known accumulated activities in
all injected regions.

Image-based absorbed dose. Absorbed dose distributions were first computed
from the PET images with DOSIsoft® (Cachan, France) with the VSV dose kernel
convolution algorithm following the MIRD formalism (Bolch et al., 2009; Dieudonné
et al., 2010, 2011), see Sections 1.6.3 and 1.6.4. It is considered as a compromise
between more simplified calculation models (such as the LDM multiplicative ap-
proach) and Monte Carlo calculations, allowing to achieve accurate absorbed dose
distribution information in clinic (Dieudonné et al., 2010; Gardin et al., 2003; Sar-
faraz et al., 2004; Dieudonné et al., 2011; Ferrari et al., 2012). Calculations were also
performed using LDM for comparison purposes.

Partition model. Mean absorbed dose estimations were also carried out with the
simplified MIRD formalism (Dpjrp) for Y, using the partition model (Ho et al.,
1996) (see Section 1.4.3.3), according to:

Aot init(GB
Dmirp = re];’\l/ﬁtk(g) 1) x 49.67 (5.1)

where M is the mass of each phantom region injected with A,f i1, respectively.

5.2.5 Dosimetry-based figures of merit

For Phl and the filled insert in Ph2, VOIs were defined using the co-registered
CT to PET images, using at first the exact complete internal dimensions of intended
VOIs, denoted VOI,t.r, and secondly using reduced dimensions to avoid edge PVE,
denoted VOlI;;er. For Ph3, spherical VOIs were defined for the 6 spheres using the
exact internal diameter of each sphere on the CT images. The DVH of each VOI was
computed as suggested in Siman et al. (2019).

5.2.51 DVH and RMSD

The reference Monte Carlo, image-based VSV convolution and image-based

LDM DVHs are denoted DVerAfC, DVH;J/gV and DVH{;Q Ly respectively. For each

parameter set, 7, used for image reconstruction and sphere size, &, in Ph3, differences
between the absorbed dose distributions using VSV convolution were evaluated by

the RMSD between their respective DVH fgccg and DVHY®V  see Equation 5.2.
/ pet, 8

ref, i pet, & 1,i
N

\/lN—Ol(DVHMC — DVHVS", )2

RMSD , = (5.2)
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where N is the total number of points in which the absorbed dose-axes of the
DVHs are sampled.

Comparisons using RMSD as in Equation 5.2 were also performed between dif-
ferent DVHs obtained by varying acquisition lengths, e.g. between a 15 and a 10
min/bed acquisitions for Ph3.

5.2.5.2 Dmean and D50%

For all phantoms, comparisons between DVHrAg[C, DVHZ;g M and DVH;/L,fV were

performed using differences in the mean absorbed doses, Dyean- Dinean is denoted as
=MC =VSsV —=LDM . . .

D¢, Dpey and D, for the reference Monte Carlo simulations, VSV convolution
and LDM, respectively. Similar comparisons were made using the absorbed doses
at 50% volume, Dse,, denoted fofC,SOO/U, D;/E%O% and Dég%% for each corresponding

calculation method.

5.2.5.3 RCAC and RCDose

In addition, instead of the NEMA CRC definition NEMA (2018) that aims at
lesion detection rather than absorbed dose estimation, we used the mean activity
concentration recovery coefficient (RC,c) and the mean absorbed dose recovery co-
efficient (RCpys) using VSV convolution for quantitative analysis with decreasing
activity concentrations, see Equations 5.3 and 5.4.

Acpet,/@’

RCyc,z = ACpor s (5.3)
—VsV
D t,/®/

RCDose,Q = Ei/ic (54)
ref, &

where for each &, AC,, o is the mean activity concentration measured from
reconstructed PET images, AC ., o is the reference activity concentration at the start
of each acquisition.

5.2.6 Clinical application

The dosimetric impact of reducing PET acquisition duration was investigated
on five patients treated by °Y-SIRT in the local hospital, see Table 5.2. The initial
acquisition length was 15 min/bed position. Listmode datasets were used to arti-
ficially decrease the acquisition length down to 10 and 5 min/bed position during
the reconstruction step. Each patient’s listmode data was reconstructed using the
reconstruction parameters chosen following the evaluation using DVH and RMSD
on Ph3 (see results in Section 5.3.2.2, paragraph Choice of reconstruction parameter set).

For all considered patients, different VOIs were delineated by an experienced
clinician following the local hospital protocol, including: 1) whole liver volume
(WLV), 2) perfused liver volume (PLV), 3) tumour volume (TV) and 4) perfused nor-
mal liver volume (PNLV). 3D segmentations were performed using the DOSIsoft®
software and the registered CT and PET images. The WLV and TV were manually
segmented using the CT images. Only the largest visible lesion on the CT was se-
lected per patient as the TV for illustration in this study. The PLV was delineated
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TABLE 5.2 — Patient characteristics.

Patient Sex, Tumour Microsphere Injected 'Y Treatment WLV-PLV-TV
Age type material activity (GBq) approach (cm3-cm®-cm®)

#1 M,65 HCC Glass 2.463 Lobar 2470-635-365

#2 F92 mCRC Resin 0.716 Segmental 870-330-380

#3 M,67 mCRC Resin 0.800 Lobar 1010-127-50

#4 E16 FLC Resin 1.752 Whole liver 2900-1020-70

#5 E67 mCRC Resin 1.479 Whole liver 4240-2610-230

HCC hepatocellular carcinoma, FLC fibrolamellar carcinoma, mCRC hepatic
metastases from colorectal cancer

using a threshold of 5% of the maximum activity in the liver on the PET images. The
PNLYV was considered as the subtraction of the TV from the PLV.

Figures 5.1E and 5.1F depict axial slices of liver VOI segmentations for patients
#2 and #3, respectively. DVH analysis was performed on the different VOIs, using
the VSV convolution and LDM algorithms implemented in DOSIsoft®. The met-
rics used for comparison are the D,,.;, and Dsge, as in phantoms, as well as the ab-
sorbed doses at 2% volume, D5, denoted D;’est,‘é% and D}%g/%/o for VSV convolution
and LDM, respectively.

5.3 Results

5.3.1 Cylindrical phantoms Ph1 and Ph2

The first test was a sanity check to evaluate the PET response. Figure 5.2A depicts
the measured mean activity concentrations from reconstructed PET images, AC,t,
versus ACf, for both Ph1l and Ph2 using VOI, . (the exact internal dimensions of
the VOI). AC,,s ranged from 0.08 to 0.29 MBq.mL_1 for Phl, and from 0.49 to 1.71
MBqg.mL~! for Ph2.

Activity comparisons. On the first imaging day (highest AC,,y), relative percent-
age differences between ACy,+ and AC,.;r were —1.1% and +0.1% for Phl at 0.29
MBq.mL~! and Ph2 at 1.71 MBq.mL ™!, respectively. The maximum relative per-
centage differences obtained over the range of activity concentrations studied were
—19.6% and —4.5% for Ph1 at 0.08 MBq.mL ™! and Ph2 at 0.49 MBq.mL ", corre-
sponding to an absolute difference of —0.02 MBq.mL~! for both Ph1 and Ph2 at the
reported AC,.f, respectively.

Absorbed dose comparisons. Figures 5.2B and 5.2C depict the calculated DVHs for

Phl and Ph2, respectively, according to the computation methods used: DVH%{C

(reference absorbed dose), DVH,‘,/ﬁV and DVHI%?M (PET image-based absorbed
doses). The obtained DVHs illustrate the loss of accuracy brought by the use of
images in the calculation of absorbed dose distributions. DVHs calculated with
VOlIouter regions suffer from edge PVE effects compared to the ones based on
VOljyner regions for the known geometries. LDM compared to VSV convolution
seems to favour the amplification of the maximum absorbed dose (D,u,x) to the
detriment of intermediate ones. Table 5.3 provides the D, and Dsge, for both
phantoms computed with each absorbed dose calculation method. Their percentage
differences to the reference Monte Carlo simulations are also provided.
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FIGURE 5.2 — Quantitative accuracy of *°Y acquisitions for image re-
constructions with Reconl. A: ACpet against AC,,s for both Phl and
Ph2. B and C: Comparisons of DVH;QV (blue lines) and DVH,EgM
(green lines) to DVHf\e/ffC (red lines) for Phl at AC,,r = 0.29 MBq.mL’1
and Ph2 at AC,.r =1.71 MBq.mL’l, respectively.
TABLE 5.3 — Comparison of absorbed dose calculation methods
through the Dyyeqn and D5, for Phl at 0.29 MBq.mL’1 and Ph2 at1.71
MBq.mL’l, for both VOI,yer and VOI;y,.,. Reconstructions were
performed using Reconl.
Calculation PhlVOI,inner PhlVOI,nurer thVOI,inm’r thVOI,UMi(’V
method Dinean Dsge, Dinean Dsos, Dinean D, Dinean D50,
Ref. MC (Gy) 15.1 15.2 15.1 15.2 83.7 89.2 83.7 89.2
VSV conv. (Gy) 14.9 14.2 14.7 13.9 88.8 88.1 79.9 81.9
LDM (Gy) 15.0 13.7 14.8 13.1 90.5 89.0 82.7 822
Percent diff. (%) 13 6.6 26 8.6 +6.1 13 45 82
MC vs VSV
Percent diff. (%) 0.7 99 26 -13.8 +8.1 02 11 7.8
MC vs LDM

5.3.2 NEMA IEC body phantom Ph3

In this section, we proceed in the comparison of different reconstruction param-

eters for Ph3 using DVH]‘QV and DVI—I%[C and their RMSD at the imaging point

where AC,.r was equal to 2.18 MBq.mL_1 (ACref,init was 2.25 MBq.mL_l). We also
evaluate the effect of acquisition length on absorbed dose distributions. The re-
sponse of the PET is then evaluated using the RCac and RCpys for different AC,,r
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over two Y radioactive periods following phantom preparation. Comparisons us-

ing DVH,;?" are also reported.

5.3.2.1 Evaluation using DVHX;V

In total, 270 image-based DVH":" (45 reconstruction parameter sets described

pet
in Section 5.2.3 for the 6 spheres) have been computed, and 6 reference DVHrAg[C,

corresponding to each sphere, have been simulated. For each sphere and each re-

construction, the DVH;/er has been compared to the DVHﬁ\ffC. Figure 5.3 depicts

the simulated DVHrI\e/ﬂfC (black curves) for each sphere and the DVHF‘J/Q“?V for 8 re-

constructions per sphere (only extremes are depicted: 1 and 3 iterations, 10 and 30
subsets, 0 and 8 mm FWHM filter sizes).

Varying post-reconstruction Gaussian filter. As expected for all spheres, increas-
ing the filter size reduced the D, of the DVH;/EEV, e.g. between i1s30-Omm and
i1s30-8mm, as seen in Figure 5.3. It could be observed that too large a filter could
not be suitable for dosimetry, specially with decreasing sphere sizes where the area
under the curve can be significantly reduced (comparing cyan and green DVH VoV

pet
in Figures 5.3D, 5.3E and 5.3F).

Varying subsets. As expected, increasing the number of subsets led to an increase
in the D,y of the DVH;/ef V for all spheres, e.g. between i35s10-Omm and i3s30-Omm,
as seen in Figure 5.3. For the largest 28 and 37 mm spheres, 30 iterations compared to
10 iterations favoured noise amplification to the detriment of intermediate absorbed

doses (comparing red and blue DVH;’jV).

Varying iterations. The relationship in varying the number of iterations was less
clear and intuitive than with the size of post-reconstruction filter or number of sub-
sets. For spheres > 20 mm (22, 28 and 37 mm), increasing the number of iterations
did not incur significant change in the shape of the DVH ;’g V or resulted in a slight in-
crease in the D4y, e.g. between i1s10-0mm and i3s10-0mm, as shown on Figure 5.3.
Increasing iterations from 1 to 3 did not seem to favour noise amplification for the
largest spheres. On the other hand, more variations were observed for spheres <
20 mm (10, 13, 17 mm) using the same comparison, e.g. between ils10-0mm and

13s10-0mm.

Equivalent updates. Equivalent number of updates (product of the number of
iterations and subsets) did not provide the same accuracy in DVH;/e?V as would
be expected, e.g. between i1s30-0mm and i3s10-Omm or between i1s30-8mm and

13s10-8mm.

Results for all reconstructions are provided in Appendix A for the 6 spheres, with

45 reconstructions per sphere, totalling the 270 DVH ;’5 V.
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FIGURE 5.3 — The DVH,‘,/E“?V for 8 different reconstructions are com-

pared to DVHf‘e/IfC (black curves) for each sphere of Ph3. Sphere sizes

are represented in A: 37 mm, B: 28 mm, C: 22 mm, D: 17 mm, E: 13
mm and F: 10 mm.
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5.3.2.2 Comparison using RMSD

Figure 5.4A outlines the RMSD between DV H,;" and DVH} for the 28 mm
sphere as an example, corresponding to 45 reconstructions (9 combinations of iter-
ations and subsets each with 5 filter sizes). The figure also shows three additional
RMSD values for Recon1-3 in Table 5.1. Independent of the combination of iterations
and subsets, the RMSD between DVH;/er and DVHTAE/;C were smallest when no (0
mm), or a 2 mm FWHM post-reconstruction Gaussian filter was applied. Similar
observations were made for all spheres, except for the 22 mm sphere where the D,
could be amplified when no filter was applied, and agreed with the observations

made in Figure 5.3 when increasing the filter size.

A
50 ®28mm - all reconstructions B 50 2 mm FWHM Gaussian filter
& ilsl0 ® jls10-2mm
» Hedo ® i1520-2mm
: :;:?g . ® i1530-2mm
401 % i2s20 40 4 = §2510-2mm
* 2530 L] < i2520-2mm
4 i3s10 ' . % i2530-2mm
: i3r.20 4 i3510-2mm
30 3530 30 4 i3s20-2mm
a Yo foonk 4 a * 4 i3s30-2mm
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= = 4 = ]
< s . . e« & ] L]
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FIGURE 5.4 ~ RMSD between DVH,;" and DVH}/F. A: RMSD for

all reconstructions for the 28 mm sphere against filter size. B: RMSD
against sphere sizes for reconstructions using a 2 mm FWHM post-
reconstruction Gaussian filter only.

Choice of post-reconstruction filter size. From the previous findings, we now
consider the use of a post-reconstruction Gaussian filter size of 2 mm FWHM for
dosimetry, which can reduce noise in the reconstructed image while keeping the
same accuracy as when no filter is applied. Figure 5.4B depicts the RMSD for all
spheres obtained for reconstructions with a 2 mm FWHM filter only. Larger vari-
ations in RMSD were found for spheres < 20 mm than spheres > 20 mm. For the
10 to 17 mm spheres, i1s30-2mm provided the smallest RMSD. For the 22 to 37 mm
spheres, the smallest RMSD were obtained using two combinations: i3s10-2mm for
both the 22 and 28 mm spheres, and i1s20-2mm for the 37 mm sphere.

Choice of reconstruction parameter set. The reconstruction parameter set i3s10-
2mm, as depicted by Figure 5.3, provides a good compromise in reducing D,
and provides more accurate intermediate absorbed doses (Djg,-Dsge,) for the larger
spheres (22-37 mm). It also shows relatively low RMSDs in Figure 5.4 for these
spheres. This parameter set is therefore selected for image reconstructions in the
following sections.

Figures depicting RMSD values against the post-reconstruction Gaussian filter
size for all spheres (45 reconstruction per sphere) are provided in Appendix B.
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FIGURE 5.5 — Effect of acquisition duration on DVH;L?V for all
spheres. A: 37 mm, B: 28 mm, C: 22 mm, D: 17 mm, E: 13 mm and
F: 10 mm. Reconstructions were performed using i3s10-2mm.
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5.3.2.3 Effect of acquisition duration

Figure 5.5 depicts the effect of the acquisition duration on the DVH;/C?V, for the
6 spheres of Ph3. The RMSDs when comparing a 15 to a 10 min/bed acquisitions
DVH;/E?V were 3.2, 8.0, 1.6, 1.8, 23.2 and 19.4 for the 37 to 10 mm spheres, respec-
tively. These corresponding RMSDs increased to 10.1, 12.7, 5.6, 6.8, 43.6 and 24.2,
when comparing a 15 to a 5 min/bed DVH;Q?V, respectively.
Figures depicting the DVH;@ V variation (5, 10, 11, 12, 13, 14 and 15 mins.) for all

spheres are provided in Appendix C.

5.3.2.4 RCAC and RCDosg

Figures 5.6A and 5.6B depict the RC4c and RCp,s using VSV convolution (see
Equations 5.3 and 5.4) for all the spheres with decreasing AC,.y, respectively. AC,,r
ranged between 0.61 and 2.18 MBq.mL~!. The activity concentration recovery per-
formance is influenced by the count statistics related to the total activity present in
the PET’s FOV. RC4c and RCpys, both decrease with decreasing AC,, ¢ in the spheres.
Overall, RCsc and RCpyse were comparable for all spheres and AC,.r. RCpose was
slightly greater than RC 4 for most of the considered object sizes as visible by com-
parison of Figure 5.6A to Figure 5.6B.

A B
__Activity concentration _ _ Absorbed dose

1.04 - 1.0

0.8/ 0.8
u0.61 ﬁ 0.6
¥ g
e &

0.41 0.4
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FIGURE 5.6 — Recovery coefficients against sphere diameter for vary-
ing AC,Ef over 6 days. A: RCyc. B: RCpys.. Reconstructions were
performed using i3s10-2mm.

5.3.2.5 Comparison of absorbed dose calculation methods.

Table 5.4 provides a comparison for Ph3 between the D,;,, obtained with differ-
ent calculation methods (Dy1rp, Ei\ffc , 5;/3‘/ and EégM , see Sections 5.2.4 and 5.2.5)

and their corresponding Dsg, for the image acquisition where AC,.y was largest

(2.18 MBq.mL!). As expected, ﬁffc decreased with decreasing sphere sizes since
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the sphere surface-to-volume ratio increases, leading to more absorbed dose delocal-
- . . =Vsv
isation due to electrons exiting the spherical VVOI. Moreover, D, dropped when

estimated from the PET image compared to Eﬁ\ffc , e.g. from 89.5 Gy to 59.8 Gy for
the 17 mm sphere. D,;eqn and Dsg, were comparable for each calculation method.
Overall, D;eqn values estimated by LDM were closer than VSV convolution to Monte
Carlo simulated values.

TABLE 5.4 — Comparison between absorbed dose estimations for all
spheres (Zym). Reconstructions were performed using i3s10-2mm.
All values in the table are in Gy.

VoI Dutixp l{Aij Monte Carlo 7\‘/155‘/\/ convolution S LDM
Dy D} f(?SO% Dpet D ;‘ﬁ,‘go% Dt Dég,%%

Z10mm 112 73.3 66.1 26.8 17.3 31.3 12.6
Z13mm 112 81.1 77.4 46.3 453 51.2 48.7
Z17mm 112 89.5 86.8 59.8 55.9 66.3 58.0
Z22mm 112 93.8 95.2 89.2 81.0 96.4 84.8
2 28mm 112 97.8 101.1 79.7 80.5 84.7 81.1
B37mm 112 101.8 105.8 80.5 80.0 83.7 78.5

5.3.3 Clinical application
5.3.3.1 Reducing acquisition duration.

Figure 5.7 shows the influence of acquisition duration on the absorbed dose dis-
tributions for post *°Y-SIRT patient acquisitions, using i3s10-2mm reconstruction
parameters, as previously recommended. Only minor differences were observed
between DVH;,/L,?V calculated for 10 and 15 min/bed acquisitions, for each of the
liver VOIs delineated for all patients. The RMSDs between 10 and 15 min/bed ac-
quisitions for patient #1 were 0.3, 1.2, 1.5 and 0.9 for the WLV, PLV, TV and PNLV,
respectively. The RMSDs for each VOI between 5 and 15 min/bed acquisitions for
patient #1 increased to 2.8, 18.3, 12.4 and 24.1 for the WLV, PLV, TV and PNLY, re-
spectively.

Due to the size of the liver, the local protocol for the post “°Y-SIRT patients gen-
erally includes a two bed, 15 min/bed acquisition. The reduction of acquisition
duration on the specific patients studied here appeared to have no significant im-
pact on dosimetry via DVH Xef V. Also, the visual interpretation made by physicians
were similar when comparing 10 to a 15 min/bed patient acquisitions. Therefore,
we suggest a reduction of the acquisition duration from 15 to 10 min/bed, resulting
in a total of 20 minutes instead of 30 minutes for 2 bed positions, helping to improve
patient comfort.

5.3.3.2 Comparison of absorbed dose calculation methods.

Table 5.5 provides results for patients #1 and #2 for comparisons between VSV
convolution and LDM. D;ean, Dsgo, and Dy, values are reported. LDM resulted in
a systematically higher D¢, than VSV convolution for all VOIs, e.g. 247.9 Gy for
LDM to 214.1 Gy for VSV convolution. Dye., and Dsge, between the two calculation
methods were comparable for all VOIs for all patients.
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FIGURE 5.7 — Effect of acquisition duration on DVH ;/g V for 5 patients.

Reconstructions were performed using i3s10-2mm.

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI054/these.pdf
© [J. Labour], [2021], INSA Lyon, tous droits réservés



124 Chapter 5. Yttrium-90 quantitative study using DPC-PET

TABLE 5.5 — Comparison of LDM to VSV convolution absorbed dose
calculation methods through D;eqn, D5y, and Do, for patients #1 and
#2 and different VOIs. Reconstructions were performed using i3s10-

2mm.
. VSV convolution LDM
e ¥OL T oy, bmg, DM pimo pom
#1, WLV 38.1 1.3 242.7 38.5 0.9 263.4
#1, PLV 131.0 112.2 365.7 133.8 111.2 401.4
#1, TV 126.4 109.8 417.1 127.8 104.5 459.5
#1, PNLV 113.9 101.2 270.7 116.9 101.3 305.7
#2, WLV 25.1 54 157.8 25.5 3.6 178.1
#2, PLV 61.0 454 197.7 62.6 43.7 2319
#2, TV 495 33.4 183.8 50.4 30.0 215.8
#2, PNLV 48.5 30.0 214.1 51.8 30.6 2479

5.4 Discussion

Context. The main goal of this work was to evaluate the influence of the acquired
count statistics (acquisition length), phantom configuration and reconstruction pa-
rameters using a DPC-PET to improve quantitative accuracy in *°Y dosimetry for
PET imaging. An initial check was performed using two cylindrical uniform phan-
toms. A third NEMA IEC body phantom was used to evaluate the relaxed LMOSEM
algorithm parameters implemented in Philips reconstruction platforms for PET
imaging. OSEM parameters were varied to find combinations of iterations, subsets
and post-reconstruction Gaussian filter sizes which would provide the least differ-

ence between the DVH%IC using GATE and DVH;/L,?V using DOSIsoft® (Cachan,

France). TOF and PSF modellings were considered in all reconstructions. The ac-
quisition duration was varied by rebinning listmode phantom and patient datasets
to determine the shortest acquisition duration that maintains an acceptable accu-
racy. Using the method suggested by Siman et al., the RMSD between D\/H]\e/ffC and

;
DVHY3V was used to compare absorbed doses obtained with different datasets and

pet
dosimetry methodologies. Analysis using DVH#QM was also performed, using spe-

cific reconstruction parameters following evaluation. No special intent was made
toward improving image quality using NEMA standards on performance measure-
ments, NEMA (2018), since the goal was to improve dosimetry accuracy.

Ph1 and Ph2. Considering mean activity concentrations and mean absorbed doses
for Phl (at AC,s equal to 0.29 MBg.mL~!) and Ph2 (at ACyr equal to 1.71
MBg.mL™!), the DPC-PET was shown to produce accurate results (< 5% using
VOlIouter) with large phantoms. Relative percentage differences between ACpet and
AC,r using VOIyuter were —1.1% for Ph1 and +0.1% for Ph2, see Figure 5.2A. Abso-
lute differences remained around +0.02 MBq.mL*1 for all AC,,y measured for both
phantoms, suggesting an adequate calibration of the DPC-PET used in this study

for Y imaging at these activities. Relative percentage differences between Deqn

values (Egjv or EI;gM to Ei\ffc ) using VOI,yter for Phl were —2.6% for both VSV

convolution and LDM, and for Ph2 were —4.5% for VSV convolution and —1.1% for
LDM, see Table 5.3. However, differences were obtained in calculations of absorbed
dose distributions comparing DVH, 2" and DVH; 2" to DVHfEAfC, as shown in Fig-
ures 5.2B and 5.2C for the two phantomes, illustrating the loss of accuracy brought by
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the use of the PET images compared to the ideal reference Monte Carlo simulations.
The two figures also illustrate the PVEs on distributions of intermediate absorbed
doses when using VOl (the exact CT dimensions of the considered phantom
VOIs) and VOl (the reduced dimensions). Adding to PVE, there are also the
low statistics and noise conditions in which imaging was performed, which could
cause heterogeneity in the activity distribution and therefore in the absorbed dose
distribution.

Ph3 and evaluation through DVH. The differences in DVH}® and DVH,;" are
also depicted in Figures 5.3, 5.4 and 5.5. The limitation due to the intrinsic poor
statistics and the PVE compromise the accurate quantification of small objects, show-
ing DVH ;Ye? V and RMSDs which have large variations depending on the reconstruc-
tion parameters used. Siman ef al. also showed relative large RMSDs between their
reference and PET image-based DVHs, illustrating the loss of accuracy brought by
the use of the images. Figures 5.5E and 5.5F depict the limit of reducing acquisition
duration for small lesions. RMSDs between a 10 to a 15 min/bed acquisitions were
significant for the 10 and 13 mm spheres compared to the other 4 larger spheres. On
the other hand, acquisition duration can be reduced to 10 min/bed using a DPC-PET
if the size of the lesion is a least 17 mm in diameter based on the obtained absorbed
dose distributions in this study. The results found that in both the phantom and pa-
tient data, the difference in DVHY3Y between 10 and 15 minutes acquisitions was

pet
small, as depicted in Figure 5.7.

Variation of OSEM parameters. The evaluation of the reconstruction parameters
for dosimetry is necessary for each system, first owing to different PET performances
in terms of sensitivity, spatial resolution, counts rates, energy and timing resolu-
tions (Labour et al., 2020; Rausch et al., 2019; Vandendriessche et al., 2019; Carlier et
al., 2020). Second, for different reconstruction algorithms, e.g. the OSEM or Bayesian
Penalised Likelihood (BPL), where the implementations of OSEM-based algorithms
vary from one manufacturer to another, and third, due to the very specific configu-
rations of imaging protocols from one hospital to another.

The combination of parameters for OSEM reconstructions is not a simple choice
and is specific for one configuration of SBR, AC,.f, image voxel size and lesion size.
In this study, the variation of iterations, limited from 1 to 3, did not have a significant
impact on the calculated absorbed dose distributions, see Figure 5.3. On the other
hand, varying subsets and the FWHM of the post-reconstruction Gaussian filter had
an impact. The use of 30 subsets could help in improving accuracy in dosimetry for
the small spheres, but could favour noise amplification in the image compared to 10
subsets. The number of updates, which is the product of the number of iterations
and subsets was not used as objective criteria for evaluation since different combina-
tions for the same number of updates could provide different results, e.g. 30 updates
for both i1s30-0mm and i3s10-Omm in Figure 5.3.

DVH comparisons using RMSD. We evaluated the reconstruction parameters us-
ing RMSD comparisons between DVHs as suggested by Siman et al. (2019), but this
could not be a relevant criteria for assessing absorbed dose distributions. Variations
in RMSD will be observed depending on the range chosen for calculation, e.g. Dyq,-
D19o%, D10%-Doo9 and Dygo,-Dgge,, as explained by Siman et al. (2019) themselves. In
this study, whole range (Dgo,-D1gg2) Was chosen for evaluation, even if larger RMSD
would be obtained to include all factors which could affect the dosimetry.
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It was found that the use of DVH is necessary and sufficient to make a choice
on the reconstruction parameters. However, it depends on the information required
(Dmean, Dmax, D20%, Dso%, Dgoo, etc.), and the size of the VOI. For example, for the
22-37 mm spheres in Figure 5.3, a compromise can be made between intermediate
absorbed doses, e.g. between Dy, and Dgyy,, and the D,,,, where i3s10-Omm (or
i35s10-2mm) can be suitable for reconstruction.

RCac and RCp,s. Owing to the few statistical production of positrons during 0y
decay, PVE and other confounding factors, the RC 4¢ does not reach 100% for any of
the spheres in Ph3, as it can be the case for 1®F imaging. This is true for all 69 PET sys-
tems evaluated in the QUEST multicentric study (Willowson, Tapner, Bailey, et al.,
2015) in 2014, for any kind of reconstruction. No SiPM systems were included in the
QUEST evaluation, due to SiPM PET systems only being commercialised from 2013
for Philips, 2016 for GE (Discovery™ MI) and 2018 (Biograph Vision™) and 2020
(Biograph Vision Quadra™) for Siemens. Since activity recovery has not reached at
100% for spheres up to 37 mm, absorbed doses for such lesion sizes are expected to
suffer from poor quantitative accuracy and corrections in the absorbed dose estima-
tions still need to be investigated and accounted for post *°Y-SIRT dosimetry. For

the largest 28 and 37 mm spheres, the RCp,s, were around 0.8, and the E;/estv seems

to be underestimated by about roughly 20% if we compare to 5ﬁ\ffc . The two small-
est 10 and 13 mm spheres have underestimations on the mean absorbed dose which
can be greater than 50%. The latter still suffer from greater PVE due to the spatial
resolution, which is around 4 mm FWHM (Zhang, Maniawski, and Knopp, 2018;
Rausch et al., 2019; Labour et al., 2020). In an attempt to compare to 18F imaging
but for qualitative studies and diagnostic purposes, Salvadori et al. (2020b) obtained
CRCs which were less than 50% using 1 to 3 OSEM iterations for the 10 mm sphere
on the DPC-PET, showing the limits of small spheres even for high 7 production
statistics.

Absorbed dose calculations. VSV convolution for absorbed dose calculation is
based on pre-calculated kernels by Monte Carlo methods and has been validated
and proved to be clinically suitable for *°Y post-SIRT dosimetry (Dieudonné et al.,
2011). LDM is a fast voxel-based method and easy to apply in clinic, which requires
no post-processing and where a multiplicative factor similar to Equation 5.1 is ap-
plied in a voxel-wise manner, as opposed to a pre-calculated convolution kernel for
VSV. LDM is an alternative providing good accuracy as suggested by Pasciak, Bour-
geois, and Bradley (2014). Monte Carlo simulations were used in this study but
did not aim at replacing clinical dosimetry using VSV convolution or LDM. It was
used as a tool to obtain a reference in absorbed dose distributions and was easier to
use than industrial software for batch processing. It has not been detailed here, but
absorbed dose distributions using VSV convolution were compared to PET image-
based Monte Carlo simulations where excellent agreements were obtained between
them, again illustrating the major image degradation coming from the non-ideal PET
performance impacting on the absorbed dose distributions.

Comparison of VSV convolution to LDM. LDM would probably be a good method
for absorbed dose computation, as shown by Pasciak, Bourgeois, and Bradley (2014),
since the PET derived *°Y absorbed dose distribution is already blurred by PVE and
organ movement due to respiration, and indeed, there might be no need to blur
even more the PET signal with a kernel. Results in this study show comparable
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EZ;V and ﬁégM for phantoms and patients, see Tables 5.3, 5.4 and 5.5. However,

LDM has the tendency to favour amplification of the D,y as seen on Figures 5.2B
and 5.2C (green DVHs), which adds a bias on the D, by increasing its value. In

fact, considering Table 5.4, the 5;5]\/1 is closer than 5;/5‘/ to 5%? for all spheres. If
we consider Table 5.5, Dy, for LDM is 20 to 40 Gy higher than VSV convolution
for different VOIs in patients. The same observations can be made using reference
phantom data.

LDM seems to favour amplification of high absorbed doses compared to VSV
convolution if compared to Monte Carlo simulations, to the detriment of intermedi-
ate absorbed doses. Therefore, this study suggests that considering the D¢, would
not be the the best criteria to assess absorbed doses using LDM. Finally, LDM and
VSV convolution methods are both available for clinical practice. Even though more
difficult to implement than LDM, VSV convolution is also fast (approx. 30 seconds
for calculation per reconstructed image) and clinically feasible for each patient and
both can be used if DVH comparisons are performed.

Comparison to previous studies. Following the improvements in photon detection
in PET systems, PET/CT is an established and recommended method for *°Y treat-
ment verification after SIRT as it provides improved accuracy for dosimetry (Levil-
lain et al., 2021). A number of phantom studies have been performed with °Y on
different PET systems (Werner et al., 2010; Van Elmbt et al., 2011; Bagni et al., 2012;
D’Arienzo et al., 2012; Willowson et al., 2012; Elschot et al., 2013; Carlier et al., 2013;
Attarwala et al., 2014; Marti-Climent et al., 2014; Pasciak, Bourgeois, and Bradley,
2014; Willowson, Tapner, Bailey, et al., 2015; Strydhorst et al., 2016; D’Arienzo et al.,
2017; Rowley et al., 2017; Siman et al., 2019; Maughan et al., 2018; Scott and Mc-
Gowan, 2019; Seo et al., 2020; Hou et al., 2020). They are summarised in Table 5.6.

Some studies focused on qualitative and detection performances through image
quality reports (Willowson et al., 2012; Elschot et al., 2013; Marti-Climent et al., 2014;
Strydhorst et al., 2016; Scott and McGowan, 2019; Rowley et al., 2017; Seo et al.,
2020; Hou et al., 2020), such as the CRC and the background variation (BV) following
the NEMA NU-2 standards and guidelines. Some other studies focused on a more
quantitative evaluation on activity concentrations using RCc (Werner et al., 2010;
Van Elmbt et al., 2011; Bagni et al., 2012; Scott and McGowan, 2019; D’Arienzo et al.,
2012; Willowson et al., 2012; Carlier et al., 2013; Attarwala et al., 2014; Willowson,
Tapner, Bailey, et al., 2015; D’ Arienzo et al., 2017; Siman et al., 2019; Maughan et al.,
2018; Hou et al., 2020).

Fewer phantom studies focused on improving dosimetric quantification using
RCpyse or other dosimetric clinical routine metrics (Elschot et al., 2013; Pasciak, Bour-
geois, and Bradley, 2014; D’Arienzo et al., 2017; Siman et al., 2019; Hou et al., 2020).
Elschot et al. (2013) showed through DVH that *°Y dosimetry is more accurate for
PET than SPECT imaging. Strydhorst et al. (2016) showed in their study that the
bremsstrahlung radiation from *°Y decay had negligible effects on PET-image im-
age quality using Monte Carlo simulations. D’Arienzo et al. (2017) concluded that
the post-SIRT dosimetry is possible even in conditions of low statistics and high ran-
dom fraction, provided that accurate PET calibration is performed and acquisition
durations are sufficiently long.

Pasciak, Bourgeois, and Bradley (2014), Siman et al. (2019) and the latest study
from Hou et al. (2020) were the only studies which suggested optimised reconstruc-
tion algorithm parameters using either, or both, RCp,s, and DVH estimations on
phantoms. However, the suggested OSEM parameters from Pasciak, Bourgeois, and
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Spheres phantom set

Ref. Scanner -
SBR ACres » Contrast Activity . Optim.
(MBq.mL™") (Variable parameters)
Werner et al. (2010) Biograph Hi-Rez 16 N/A 3.6 - X -
Gemini TF
Van Elmbt et al. (2011) Gemini Power 16 3:1 1.3 - X -
Ecat Exact HR+
Bagni etal. (2012) Discovery ST 10:1 1.92 - x -
D’Arienzo et al. (2012)
OSEM
Willowson et al. (2012) Biograph mCT-5(64) 8:1 3.9 X X (i1, i2, i3,
s14, s21, s24)
Elschot et al. (2013) Biograph mCT ;(l) 24 X = =
Carlier et al. (2013) Biograph mCT 40 40:1 8.1 - X QSE_M
(i1, i3)
Attarwala et al. (2014) Biograph mCT 40 8:1 2.38 - X AOSEM
(i1 to 112)
OSEM
Marti-Climent et al. (2014) Biograph mCT-TrueV 5:1 1 X - (i1, i2, i3,
2mm, 4mm, 6mm)
Pasciak, Bourgeois, and Bradley (2014) Biograph mCT Flow 3:1 22 - - PSE at(lz‘:f_ig/)[ (mm)
Willowson, Tapner, Bailey, et al. (2015) Various* 81 N/A ) « )
(The QUEST study)
Strydhorst et al. (2016) Biograph mCT 8:1 N/A X = =
D’Arienzo et al. (2017) Discovery ST 8:1 2.28 - X -
OSEM
Siman et al. (2019) Discovery 690 4:.1 L6 - X (i1 to i12,
131 48 Omm, 2.6mm, 5.2mm, 7.8mm, 10.4mm)
Maughan et al. (201) Biograph mMR** 8:1 N/A - X -
(The MR-QUEST study)
Scott and McGowan (2019) Discovery 710 8:1 N/A X X PL
Rowley et al. (2017) Discovery 710 8:1 815 X = PL
Seo et al. (2020) SIGNA (PET/MR) 4:1 N/A X - -
Hou et al. (2020) Discovery 690 7.5:1 2.45 X X PL
OSEM
Labour et al. (2021) (i1, i2, 13,
Vereos DPC 9:1 2.25 - X s10, s20, s30,

(The present study)

Omm, 2mm, 4mm, 6mm, 8mm
5,10, 15 min/bed)

*The QUEST phantom study including 69 PET/CT systems (GE, Siemens, Philips)
** The MR-QUEST phantom study including 8 PET/MR systems (Siemens)
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TABLE 5.6 — Summary of phantom studies with hot spheres for Y,
for several PET/CT and PET/MR systems, SBR and AC,.¢. The four
last columns to the right summarise the type of evaluation done in the
different studies. Contrast: Qualitative evaluation using definitions
such as in the NEMA NU-2 standards for image quality. Activity:
Quantitative evaluation either based on activity or RC ¢ estimates.
Dose: Quantitative evaluation based on RCp,s, or DVH estimates.
Optim: Studies which aimed at varying reconstruction parameters to
find optimised reconstruction parameters. Only variable parameters
for OSEM reconstructions with TOF are reported.

Bradley (2014) (i1s21-0mm + 4.5 mm FWHM PSF + TOF) were different from Siman
et al. (2019) (i3s12-5.2mm + PSF + TOF) and were for different PET systems. Hou

et al. (2020) evaluated reconstructions on GE systems using a Penalised Likelihood
(PL) algorithm.

Reference absorbed dose calculations. The reference absorbed doses were not
taken as a PET image-based Monte calculated DVHs, denoted DVH%C, since they
depend on the PET performance and reconstruction parameters. Figure 5.8 depicts a

quick cursory comparison between the reference and image-based Monte Carlo cal-

culated DVHs, DVH r’\gfc and DVH%C (respectively), and the image-based DVHXjV.
It can be seen that the major impact on quantification is the performance of the PET
system.

A B
®28mm ®13mm
100 100 —— Ref. MC sim.
A —— image-based MC sim.
il \ --- image-based VSV conv.
80 o 80 ~
— \\ [\
2 i
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FIGURE 5.8 - Reference Monte Carlo DVHﬁVIefC (black) dosimetry

in ideal conditions, image-based DVHI‘fe%V (blue) and image-based

DVH;]VeItC (red) for the A: 28 mm and B: 13 mm spheres.

Limitations. In the present study, we evaluated several DVH!3" for the acquisi-
tion in specific conditions (SBR of 9:1, isotropic image voxel size of 2 mm, AC,,s of
2.18 MBq.mL™1). For further investigation, evaluations of DVHXef V should be made
for the different AC,.s present in the spheres at different imaging times and also
by varying the image resolution, for example for voxels of 4 mm instead of 2 mm.

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI054/these.pdf
© [J. Labour], [2021], INSA Lyon, tous droits réservés



130 Chapter 5. Yttrium-90 quantitative study using DPC-PET

Evaluations varying SBR would require more experimental data, with a different ex-
perimental setup for each SBR. Evaluations by varying and tuning the parameters
chosen for the regularised version of the Richardson-Lucy algorithm for resolution
recovery (fixed to 1 iteration with a 6 mm regularisation kernel in this study ac-
cording to recommendations) and their influence on the accuracy of quantitative re-
covered information in the reconstructed images can be the topic for future studies.
Selected reconstruction parameters were based on evaluations using VSV convolu-
tion, but similar evaluations can be performed using LDM. The results presented
here can be useful in the choice of OSEM reconstruction parameters for example in
studies such as published by Wei et al. (2020), Levillain et al. (2020), Moréan et al.
(2020) and Hesse et al. (2020) for better accuracy in absorbed dose calculation fol-
lowing °Y-SIRT using the DPC-PET.

5.5 Conclusion

This study aimed to evaluate various parameters for *°Y-PET imaging with a
DPC-PET Philips system for post-SIRT image-based dosimetry. To our knowledge,
no previous study concerning the evaluation of acquisition and reconstruction pa-
rameters through DVHs have been published previously for SiPM PET systems.
Overall, for dosimetry purposes, we recommend to apply a 2 mm FWHM post-
reconstruction Gaussian filter size, which could reduce noise in the reconstructed
image while keeping the same accuracy as when no filter is applied. The selected
reconstruction parameter set could be i3s10-2mm for large spheres, but this choice
depends on the absorbed dose information required. This study can be useful in the
choice of reconstruction parameters using the DPC-PET, depending on imaging con-
ditions for °Y. The acquisition length can also be reduced from 15 to 10 min/bed
for “°Y-SIRT with acceptable accuracy degradation in the absorbed dose distribution,
improving patient comfort.
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Chapter 6

Predictive and per-treatment
image-based dosimetry

This chapter provides preliminary results for dosimetric comparisons between predic-
tive SPECT/CT images using *"Tc-MAA as surrogate for °°Y microspheres and per *°Y-
radioembolisation monitoring PET/CT images. Because images may depict spatial differ-
ences, different image registration techniques are proposed and compared. Image datasets for
several patients which had radioembolisation treatment at the Centre Léon Bérard have been
retrospectively assessed. Therefore, this study contributes as a preliminary assessment of the
predictive value of the MAA surrogate to microspheres through the spatial distribution of
absorbed dose in different volumes of interest in the liver, together with an evaluation of, and
comparison to, the absorbed dose distribution following radioembolisation treatment. The
primary aim here is the choice of the most suitable registration method which would allow
for better match of volumes without the need to proceed to manual registrations and perform
comparisons. This present work and the prospective results will be presented at the future
2021 European Association of Nuclear Medicine (EANM) congress as an oral presentation.

6.1 Introduction

Unlike other forms of radiotherapy or brachytherapy, performing accurate pre-
treatment dosimetry is challenging to predict the technical feasibility and outcome
of radioembolisation treatment. " Tc-MAA surrogate particles have been suggested
and is the common practice today for the simulation prior to radioembolisation treat-
ment administration using 0y microspheres, as described in Chapter 1, Section 1.3.1.
9ImTe-MAA is injected through selective parts of the liver and after injection, a planar
scintigraphy and/or, if available, 3D-SPECT/CT images are acquired. The predic-
tion is mainly performed for the reasons 1 to 5 given in Section 1.3.1.2.

Following *’Y-radioembolisation treatment delivery, either BremSPECT/CT or
preferably nowadays TOF-PET/CT is performed to evaluate the technical success of
the treatment, see Section 1.3.2.2. Several flaws and challenges have been discussed
in literature, for example associated with the limited image quality and spatial reso-
lution of °Y BremSPECT, and lack of positron statistics following *°Y disintegration
using PET. Nevertheless, it is still an asset to be able to verify systematically the
delivery of the treatment and assess intra- and extra-hepatic absorbed dose distribu-
tions.

It is also an asset to be able to use images to predict the treatment outcome,
which allows for a more personalised treatment planning, gives more confidence in
treatment delivery and removes the need for follow-up imaging. However, the cor-
relations found between *"Tc-MAA and *°Y microspheres distributions still remain
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controversial. A non-exhaustive list of publications reviewing retrospective studies
which evaluated the significance of " Tc-MAA predictions are reviewed hereafter.

Ahmadzadehfar et al. (2010) showed that *"Tc-MAA SPECT/CT is appropri-
ate to minimise side effects by minimising extra-hepatic depositions on 76 patients
with several types of diseases, with a comparison between planar, non-attenuation-
corrected SPECT and SPECT/CT, but did not assess the intrahepatic PmTe-MAA
distributions. Knesaurek et al. (2010) also compared *°Y microspheres and MAA
distributions for 20 patients and highlighted that the accuracy strongly depends on
the matching of images in all 3 dimensions. The automatic rigid transforms they
used could not provide accurate enough matching between CT images due to dif-
ferent positioning of patients between MAA and Y scans, and therefore proceeded
to manual registrations in such cases. They obtained a range of correlations from
highly to very poor correlated results between the predictive and actual activity dis-
tributions. Their findings therefore suggested that the prediction of the response of
the therapy may not be accurate if it is based on MAA distributions. Wondergem
et al. (2013) conducted another study on 31 patients, and made the same conclusion
that there is not an accurate prediction of activity distribution with the clinical prac-
tices at the time, and that specific recommendations may lead to more personalised
dosimetry.

Garin et al. (2012) conducted a study on 36 patients with HCC treated with glass
microspheres to assess if the response and patient survival can be predicted us-
ing the dosimetry from *"Tc-MAA SPECT/CT exams. They concluded that MAA
SPECT/CT dosimetry provides accurate predictions, but that studies should be con-
ducted for SHM setups (Garin et al., 2016). Studies conducted by Song et al. (2015)
on 23 patients with liver malignancies and Gnesin et al. (2016) on 25 patients with
HCC led to similar conclusions with close relations between MAA activity planning
and Y microspheres distributions. Kao et al. (2013b) also obtained good correla-
tions on 23 patients an encouraged further research on the predictive dosimetry for a
more personalised dosimetry. Haste et al. (2017) performed similar studies using °Y
glass microspheres distribution in 62 patients with HCC. They found however that
there was a large variability in absorbed dose distributions for the defined tumour
regions, even though a good correlation was found for the whole normal liver tis-
sue. They concluded that " Tc-MAA was a poor surrogate to quantitatively predict
subsequent *°Y microspheres distributions for HCC. Kafrouni et al. (2019) did the
same comparisons for 23 patients with HCC using glass microspheres, investigating
factors related clinical hazards and equipment issues, such as activity preparation
and delivery, the imaging modality used and interventional radiology. They found
a good correlation between the prediction using " Tc-MAA and *’Y absorbed dose
distributions in the normal liver and tumour volumes. They however highlighted
the importance of the reproducibility of the position of the catheter tip in the agree-
ment between predictive and actual dose distributions where discrepancies were
found. A study from Jadoul et al. (2019) also concluded that *°Y absorbed dose dis-
tributions in the normal liver can be reasonably predicted using MAA, but fairly
reasonable in the tumour, for both HCC and mestastases, regardless of the type of
microspheres.

More recent studies revolving around the controversial subject are from Moran
et al. (2020) which studied the impact of four different dosimetry approaches for
the calculation of ?°Y absorbed doses on 14 patients and found large discrepancies
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among the methods. They suggested that 3D voxel-based approaches (dose ker-
nel convolution and LDM) can be indistinctly used. They, however, did not com-
pare predictive MAA and *°Y microsphere distributions for theses patients. Lev-
illain et al. (2020) combined DVH and the quality-volume histogram (QVH) con-
cept (Vanderstraeten et al., 2006) to enhance radioembolisation dosimetry and ob-
tained promising results although they did not conclude on the clinical outcome on
the matching between predictive and post-treatment dosimetry on patients. Their
method should be validated in prospective studies.

The aforementioned publications list is not exhaustive and further references can
be found in literature. It can be observed that the correlation between MAA and
microspheres distributions still remains unclear and prospective studies need to be
performed. There are uncertainties at several stages of the treatment, as described
above, and the reason for the mismatch between these activity distributions can be
due to a number of factors, such as variations in catheter position, injection proce-
dures, difference in particle dimensions and flux between microspheres and MAA,
disease progression between pre- and per-treatment steps, and the difference in ra-
diation energy between the 0Y and " Tc. Furthermore, during steps of image pro-
cessing, several types of uncertainties add to the quantification of the distribution
of activity in the liver parts: such as the intrinsic non-ideal performance of the dif-
ferent imaging modalities used (SPECT for prediction and PET for monitoring) and
the choice of reconstruction parameters which adds bias on the recovery of infor-
mation in reconstructed images, as evaluated in Chapter 5. Finally, differences in
the absorbed doses should be taken into account using different dosimetry meth-
ods (Morén et al., 2020).

Context of this study. The Vereos DPC PET/CT system (dSiPM-based) has been in-
stalled at the CLB since 2018, and *°Y-radioembolisation treatment monitoring has
since then been performed using this system. Microspheres can thereby be com-
pared to the predictive MAA distributions as described in the above referenced stud-
ies. To that aim, image registration is required for relating pre and post-treatment
images. Several studies have reported mismatching and proceeded to manual regis-
trations between the predictive and post-treatment monitoring images.

The aim of this work was therefore to provide a consistent approach for image
comparisons without proceeding to manual registrations in case of mismatch with
existing tools. Different schemes to match pre-treatment " Tc-MAA SPECT/CT de-
lineated VOIs to post-treatment *°Y PET/CT are compared. Indeed, the choice of
the image registration method is a potential parameter which can be responsible for
quantitative discrepancies in the absorbed dose distributions when performing this
comparison due to ill-positioned delineated structures (e.g. small tumours), owing
to known, but difficultly corrected effects of internal organ displacements and respi-
ratory motion. This retrospective study presents however only preliminary results
and will serve as a perspective following this thesis for future studies.

6.2 Materials and methods

In this study, the predictive *"Tc-MAA SPECT/CT was used to calculate the in-
trahepatic distribution of absorbed doses in patients, simulating *°Y microsphere
distribution. When possible, the workup and treatment phases were performed
during the same day, with no more than three weeks between the two procedures.
P0Y-SIRT treatment monitoring was performed using PET/CT and the intrahepatic
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distribution of absorbed doses calculated. The predictive MAA and microspheres
distributions following treatment were compared using four different image reg-
istration schemes. Absorbed doses were compared through DVHs and extracted
absorbed dose values.

6.2.1 Patient characteristics

Out of all patients who had SIRT with 0y microspheres, since October 2018 up to
May 2021, a database of 45 patient listmodes files for both *"Tc-MAA SPECT/CT ac-
quisitions and their corresponding *°Y PET/CT acquisitions have been stored which
can be used for further retrospective analysis. Patients were treated either with glass
or resin microspheres. For this retrospective work, the last 10 patients were selected
and enrolled indistinctively for analysis, regardless of the liver tumour type and
type of microspheres used. The characteristics of the patients studied are provided
in Table 6.1. No inclusion or exclusion criteria was selected, but will be the case in
future studies, the aim being first to compare and select the most appropriate reg-
istration method(s) for propagation of contours between the predictive SPECT/CT
and and post-treatment PET/CT.

TABLE 6.1 — Patient characteristics who had ?°Y-radioembolisation

treatment at the CLB.
Patient Number Sex Age Tumour type Treatment approach

#1 M 84 ICC Left liver

#2 M 68 ICC Right liver

#3 M 88 ICC Different injection points
#4 F 79 SHM Different injection points
#5 F 62 SHM Right liver

#6 M 82 ICC Right liver

#7 F 78 SHM Right liver

#8 F 61 SHM Different injection points
#9 M 65 ICC Total liver

#10 F 52 SHM Different injection points

Treatment procedure. Patients received around 185 MBq (range 150-545 MBq) of
PmTe-MAA prior to SIRT in the treatment planning step in the selected part (or parts)
of the liver to be treated. The different targeting procedures for each patient are de-
tailed in Table 6.1. After administration, the LSF calculation was performed using
both planar scintigraphy and SPECT/CT. SPECT/CT was also used for *°Y micro-
spheres activity prescription. In all patients studied, the LSF was less than 10%.
Y microspheres activity prescriptions were performed using voxel-based calcula-
tions for either types of *°Y microspheres. Y activities were measured using an
Easypharma HE Lemer Pax activimeter calibrated for Y under national standards.
The total activities injected during the treatment phases ranged between 1024 and
5691 MBq of °Y microspheres. The activities used for each patient are provided in
Table 6.2.

6.2.2 Imaging and reconstruction protocols

This section describes the imaging protocols used for both “"Tc-MAA
SPECT/CT and *°Y microspheres PET/CT, which are summarised in Table 6.3.
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TABLE 6.2 — Recorded information for the treatment planning **"Tc-

MAA injection and treatment *°Y microspheres injection for patients

who received radioembolisation at the CLB. The last column provides

the time interval between the *"Te-MAA SPECT/CT scan and the
post-treatment 90Y PET/CT scan.

. o . Injected Y Time interval
Patient "Tc-MAA LSF Microsphere .
.. microsphere between procedures
Number activity (MBq) (%) type L.
activity (GBq) (days)

#1 200 2.70 glass 2945 17

#2 185 2.10 resin 2972 same day

#3 172 2.50 glass 1146+294 20

#4 2x 185 1.70 glass 760 + 758 7

#5 2x 185 3.11 resin 1292 12

#6 2x 185 9.88 glass 1898 + 1905 + 1888 13

#7 150 24 resin 1132 same day

#3 180+175+170 2.77 resin 965+228+531 16

#9 182+176 3.89 glass 1063+2046 9

#10 178 2.1 resin 1200 13

6.2.2.1 °"Tc-MAA SPECT/CT

For each patient, workup *"Tc-MAA SPECT/CT images were acquired using
a GE Discovery 670 SPECT/CT with an axial FOV of 400 mm centered over the
liver area. Imaging was performed within 1 hour after injection. A low-energy
high-resolution (LEHR) collimator was used with an energy window centred at 140
keV and 10% wide (126.45-154.55 keV). 120 frames (60 projections, 25 s per pro-
jection) were acquired in a 3D-mode. Images were reconstructed with CT-based
attenuation and window-based scatter corrections, and calibrated in MBq.mL_l, us-
ing an OSEM algorithm with 8 iterations and 4 subsets, with an additional post-
reconstruction Gaussian filter size of 8.4 mm at FWHM. Reconstructions were per-
formed for isotropic voxel sizes of 4.4 mm and an image matrix of 128 x 128 voxels.
The CT scan was performed with a 0.98 mm x 0.98 mm x 1.25 mm spacing, 120
kVp, 4 mAs and a 512 x 512 matrix size.

6.2.2.2 Y microspheres DPC PET/CT

The time interval between the " Tc-MAA and *°Y microspheres injections are
provided in Table 6.2. Radioembolisation treatment monitoring images were ac-
quired on average 16 hours after injection using the DPC TOF PET/CT, the latter
described in the previous chapters, with an axial FOV of 164 mm. The acquisition
duration for each patient was 10 min/bed, centred on the liver region. For some pa-
tients, two bed positions were required. Images were reconstructed using the eval-
uated and chosen OSEM reconstruction parameters with 3 iterations and 10 subsets
with an additional post-reconstruction Gaussian filter size of 2 mm at FWHM, based
on the previous findings (see Chapter 5). The default recommended parameters of
the PSF modelling (1 iteration with a 6 mm FWHM regularisation kernel) for resolu-
tion recovery was used. Reconstructions were performed for isotropic voxel sizes of
2 mm sides and an image matrix of 288 x 288 voxels. The CT scan was performed
with a 1.17 mm X 1.17 mm X 2.0 mm spacing, 120 kVp, 49 mAs and a 512 x 512
matrix size.
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TABLE 6.3 — Parameters used for image acquisition and recon-
struction for both pre-treatment *"Tc-MAA SPECT/CT and post-

treatment *°Y PET/CT.
9mTc-MAA SPECT/CT %Y DPC PET/CT
acquisitions acquisitions

Average time interval between 1 16
injection and acquisition (h)
Emis.si.o?n . 25 s per pr.ojec.tion 10 min/bed
acquisition duration for 60 projections
Collimator LEHR n/a
Energy window (keV) 126.45-154.55 449.68-613.20

. CT-attenuation and Multiple
Corrections .

Scatter corrections
Reconstruction algorithm OSEM OSEM
Iterations 8 3
Subsets 4 10
Gaussian filter size (FWHM) 8.4 2.0
PSF modelling Yes Yes
Voxel size (mm?) 44x44x4.4 2x2x2
Matrix size 128 x 128 288 x 288
S . 120 kV}?, 4 mAs ‘ 120 kVI?, 49 mAs.
1.25 mm axial sampling 2.0 mm axial sampling

6.2.3 Delineation of volumes of interest

For each patient, contours for liver structures were used. They were defined
by clinicians using local clinical protocols at the CLB using the Planet Onco clinical
workstation from DOSIsoft® (Cachan, France). Primary defined VOIs were: 1) WLV,
2) total tumour volume (TV ) and 3) PLV, depicted in Figure 6.1. Other VOIs for
comparison could be defined using the first three structures, which were: 4) target
normal liver volume (NLV 1;,¢.t), 5) non-perfused liver volume (NPLV), and 6) whole
normal liver volume (NLV yoieLiver)-

The WLV and TV, (as only one tumoral volume) were contoured on the CT
acquired during the workup SPECT/CT acquisition. When the CT image lacked
contrast for clear tumour delimitation, it was contoured with the help of SPECT im-
ages and diagnostic scans prior to radioembolisation by clinicians. The PLV, which
was considered as the treated volume was defined as the intersection of the WLV
and an automatic segmentation using a 5% threshold from the maximum activity
distribution (activity distribution volume using a 5% threshold (ADVsy,)) using the
co-registered SPECT workup image. The PLV is indeed taken as such since activity
might fall outside the WLV structure due to motion and respiratory artefacts which
are not corrected.

The NLV 44t is the normal (non-tumoral), target liver volume which has re-
ceived irradiation, defined as the PLV excluding the TV ;. The NPLV is the WLV
excluding the PLV, considered as the part of the liver which should not receive any
irradiation. The NLVyyperiver is defined as the WLV excluding the TV, which
might further help in the interpretation of results.

All VOIs are summarised in Table 6.4. They were all propagated and registered
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WLV

FIGURE 6.1 — Defined VOIs for the WLV, PLV and TV, using
the %"Tc-MAA SPECT/CT pre-treatment acquisition. The NPLV,
NLV 1arget and NLVyyyjeriver are derived from the first three.

to the SPECT images. Each delineated VOI was then exported as a RT-struct (Ra-
diotherapy structure) in the Digital Imaging and Communications in Medicine (DI-
COM) format to be used by an in-house Python script for analysis. The RT-struct
based on the predictive SPECT images are denoted RT-structspecr, which serve as
the reference structures for comparisons and were further propagated to PET im-
ages. The workflow for the propagation of contours is detailed later in Section 6.2.6.

TABLE 6.4 — Defined VOIs using the " Tc-MAA SPECT/CT pre-
treatment acquisition. All VOIs were registered to the SPECT images
and exported as RI-structspgcr.

RT-structspecr Name Definition

WLV Whole liver volume CT-defined

TV rotal Total tumour volume CT-defined
P . SPECT-defined,

ctivi istribution

ADVse, y 5% threshold from

volume .
maximum
PLV Perfused liver volume WLV N ADVsg,
-perf li

NPLV Non-perfused liver WLV — PLV
volume
Target normal liver

NLV Zarger . PLV — TV o0
volume
Whole normal liver

NLVWholeLiver WLV — TVTotal

volume
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6.2.4 Absorbed dose calculation

Absorbed dose maps for each patient were computed independantly from the:
1) P"Te-MAA SPECT to predict *°Y distribution and 2) post-treatment monitoring
PET images for the actual *°Y microspheres distribution using the Planet Onco work-
station. The VSV dose kernel convolution algorithm following the MIRD formal-
ism (Bolch et al., 2009; Dieudonné et al., 2010, 2011) was used for absorbed dose
computations, see Sections 1.6.3 and 1.6.4. Calculations using the LDM algorithm
also available in the software was not performed. Indeed, as stated by Moran et
al. (2020), 3D voxel-based absorbed dose calculations are pretty similar in both the
healthy liver and individual tumours for *°Y microspheres.

All absorbed dose distributions were exported as RT-dose (Radiotherapy dose
distributions) objects in the DICOM format to be used by an in-house Python script
for analysis. The RT-dose based on the predictive SPECT/CT and post-treatment
monitoring PET/CT images are denoted RT-dosesprct and RT-dosepgr, respectively.

6.2.5 Exported input data

At this step, the different RT-structsppcr defined in Section 6.2.3, and the inde-
pendently calculated RT-dosesprct and RT-dosepgr for each patient described in Sec-
tion 6.2.4 have been exported out of the clinical workstation to be used as input
and analysis. The predictive SPECT/CT and post-treatment PET/CT image datasets
were also exported for each patient to be used as input for image registration and
propagation of contours, respectively. Figure 6.2 summarises the workflow for ob-
taining input data for analysis.

6.2.6 Propagation of contours

The alignment of image datasets was performed using the elastix software’,
which consists of a collection of algorithms that are commonly used to solve med-
ical image registration problems (Klein et al., 2009). Different image registration
workflows were developed and compared. The RT-structsprct contours were prop-
agated to PET images using four registration methods, denoted: 1) rigidgopar, 2)
deformablegiopar, 3) 1igid1ocar and 4) rigidjocal, functional- By “global”, we mean that all
the voxels of the images are used for the registration, while with “local”, only vox-
els belonging to a given VOI were used during the registration process. Table 6.5
provides a summary of the methods used and they are described in the following
sections. Figure 6.3 provides a scheme to summarise the workflow used for the
propagation of contours at the step (6) in Figure 6.2. Volumes of the WLV, PLV and
TV 1ytq1 are provided in the tables in Appendix D1.

TABLE 6.5 — The methods used for image registration.

Image Transformation .
Method & . Region
transformation type
rigidglobal TCTSPECT—>CTPET I‘lgld global
deformablegiopa LeT, prer— CTper deformable global
1igid}ocal TcTspper—CTrer rigid local
rigidlocal,functional Tspecr—pET rigid local

1. See elastix software webpage

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI054/these.pdf
© [J. Labour], [2021], INSA Lyon, tous droits réservés



6.2. Materials and methods 139
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FIGURE 6.2 — Scheme showing the steps (1) to (7) for the comparison
between predictive and actual *°Y microspheres absorbed dose dis-
tributions. Step (1): Predictive SPECT/CT. Step (2): VOI contouring
on SPECT/CT images. Step (3): Calculation of absorbed dose. Step
(4): Treatment monitoring PET/CT. Step (5): Calculation of absorbed
dose. Step (6): Propagation of RT-structsppct to obtain RT-structprr,
see Figure 6.3. Step (7): Comparison of absorbed doses using DVHs.

6.2.6.1 The rigidgj,p, method

This method considers a CTspgct to CTper rigid transformation (CTs from the
SPECT/CT and PET/CT acquisitions, respectively), denoted Tcr,..;—sCTppr- The
rigid transformation is performed on the global image. The EulerTransform trans-
form was used. It is defined by a rotation matrix parametrised by three angles in the
3D Euler space and a 3D translation vector. The rigidjop, method therefore consists
of 6 parameters, for 3 translations, (t,, t,, t,), in the 3D (x,y,z) space accompanied
by 3 rotations, (0%, Gy, 6,), around each axis. Therefore, the treated image is neither
re-scaled nor stretched. The rigidg;,p, method was systematically employed before
testing the three other methods described hereafter.

6.2.6.2 The deformableg,p, method

This method considers also a Tcr,,,;—sCTper Dut using a deformable, non-rigid
transformation on the global image. The BSplineTransform transform was used,
where instead of only 6 translation and rotation parameters used as in the rigidgjopa1,
much more parameters are required (~10° parameters) for the rescaling and stretch-
ing of the moving image for a better match. BSpline control points grid spacing
were 12 mm (about 40000 control points per image), allowing smooth and limited
deformation.
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6.2.6.3 The rigid;y.,; method

This method also considers a Tcr.,.;—CTper Tigid transformation between the
two CTs, but centred on the liver region only compared to the global image for the
rigidgiopa method. To consider the liver region only, the WLV was dilated with a
spherical kernel with a radius of 10 pixels.

6.2.6.4 The rigidocal, functiona method

This method considers a rigid local transformation but between the functional
images instead of the anatomical CTs. A transformation is applied to the SPECT
image to match the PET image, denoted Tsppcr— peT, centred on the liver region.
The same region than in rigid),.,; method was used here to perform the registration.

4 Method 1: rigidggey |~ ===~ -~ : Method 2:
' \ 4 deformable,;p. 1
1 I =
] 1 1 ¥ X I
i : | : I
: ; J : |
1 E I
: I Ih ﬁ: |
: : I . I
: 3 i : - I
: -
: Tc Tspeer—>CTper I : 1 Tc Tspeer—CTpeT :
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N
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FIGURE 6.3 — Scheme showing the different image transformations
performed at the Step (6) in Figure 6.2. Methods 2, 3 and 4 implement
first the method 1 with a rigidgep, transformation.

Once the transformation matrix is defined from the fixed (PET) to the moving
(SPECT) images, from either method, it is applied to the RT-structspgct to obtain the
RT-structpgr, i.e. the different structures registered to the PET images.

6.2.7 Analysis

As depicted in Figure 6.2 (Step (7)), RT-structspgct and RT-structper were used
to extract DVH information from the predictive RT-dosesppct and post-treatment
RT-dosepgt, respectively. DVHs based on the predictive SPECT/CT are denoted
DV Hpyedictea- DVHs based on the monitoring post-treatment PET/CT for each regis-
tration technique, j, are denoted DV H; treatment-
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6.2.7.1 Comparing registration methods

Mean absorbed doses (D) obtained following treatment, Dtreatment, Were consid-
ered for comparing the four methods. The maximum absolute differences (in Gy) in
Direatment, Affjth »4- between the four registration techniques are reported, calculated
as in Equation 6.1.

A:ﬁ Lthoq the maximum relative percentage differences in Direatment Obtained be-
tween the different methods for the post-treatment monitoring PET/CT images,

were also reported, calculated as in Equation 6.2.

Afrzbesthod (G]/) = |5treatment,max - 51‘rea1‘ment,n1in| (6-1)
o Aabsh i
A inoq (Y0) = =—1ethod 5 100% (6.2)

Dtreatment,mux

where Diyeatment min @0d Direatment max are the minimum and maximum mean ab-
sorbed doses obtained following treatment, obtained within the four registration
techniques. A%, . and A” , . were calculated for each patient and each VOI in
each patient.

6.2.7.2 Comparison to predictive dosimetry

The DV Hpyegicted and DV Hj yyeapment Were then compared using D and the ab-
sorbed doses at 2% and 50% volumes, D,9, and Dsq,, respectively. They are denoted
by Ewedicted, Dpredicted,50% and Dopregicted,20 for the predicted absorbed doses, respec-
tively. Similarly, the two lasts are denoted by Dyyeatment 50% and Direatment 29 for the
absorbed doses obtained following treatment.

‘;f;zdi ct-treatments L€ absolute differences between Epredicted and Dreatment, Were re-

ported, using the following Equation 6.3.

AZ‘;edict_tmtm ont» the percentage differences between the Dyegictes and Direatment,

were also reported using the following Equation 6.4.

abs o) -
Apredict—treatment (Gy) = |Dtreatment - Dpredictcd| (6.3)
Aubsd
% o/\ __ _ predict-treatment o
Apredict-treatment (/0) = ——=——— x100% (64)

D predicted

abs % . .
predict-treatment and Apredict_treatmem are calculated for each patient and each VOl in

each patient, for specific registration methods.

6.3 Results

The Section 6.3.1 hereafter provides a comparison between the four registration
techniques. Then, the Section 6.3.2 provides the preliminary results comparing the
predictive and post-treatment monitoring absorbed dose distributions for each pa-
tient. The results are further discussed in the Section 6.4 and summarised in Ta-
ble 6.18 in the Discussion section.
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6.3.1 Comparison of registration methods.

Each of the Sections 6.3.1.1 to 6.3.1.6 hereafter are written in a similar format,
reporting data as described in the previous Section 6.2.7.1 for each of the 6 delineated
VOIs. Specific cases of patients are provided in each section. The reader is helped
with the number of the VOI ranging from 1 to 6 and can refer to specific VOIs only,
e.g. (1/6) for the WLV in Section 6.3.1.1.

Examples of DVHs are depicted for two patients #1 and #2 for each VOI in each
section. Even if DV Hy,egicteq are also depicted in all figures, they provide only a
cursory comparison and are not discussed. The DVHs for the complete set of pa-
tients are provided in Appendix D. Tables 6.6 to 6.11 provide the mean absorbed dose
values found using the different registration methods for comparison.

6.3.1.1 Whole liver volume (1/6)

Figure 6.4 depicts the DV H; /eqtment Obtained for the WLV for patients #1 and #2.
Table 6.6 provides the Diregtment using each registration method for the 10 patients
studied. Supplementary figures are provided in Appendix D2 for the WLV for the
complete set of patients.

Patient #1 - WLV Patient #2 - WLV
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FIGURE 6.4 — Two patient cases are represented for the WLV.

The DVH; treatment for the corresponding j methods are rep-

resented as:  rigidgiop, (ved), deformablegop, (cyan), rigidjgcq

(blue) and rigidlocal,functional (green). The 9mTe-MAA SPECT/CT-

based DV Hpegictea (black) are also depicted for comparison to the
DVHj,treatment'

AP, . ranged between 1.8 and 8.8%, which represent A’ . ranging between
0.6 and 4.6 Gy within the four different methods, except for highlighted patients in
pink in Table 6.6. For these two specific patients #4 and #8, A” . of 34.7% and
20.2% were obtained, corresponding to A%, . of 25.1 and 10.2 Gy, respectively.
Less than 6.2% differences were found between the rigidioca, functionar and

rigidgopa methods, except for the same patients #4 (34.7%) and #8 (13.2%).
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TABLE 6.6 — Direatment for the WLV using different registration meth-
ods between SPECT/CT and PET/CT images. Values for D egicteq are
also provided. Patients with the largest differences are highlighted in

pink.
. Mean absorbed doses in Gy - WLV
Patient —
Post-treatment PET/CT Predictive
number — — .
rlgldglobal deformableglobal rlgldlocal rlgldlocal,functional SPECT/CT
#1 494 45.7 48.7 49.7 39.1
#2 41.7 39.6 42.8 41.8 342
#3 14.5 15.9 14.5 14.6 19.1
#4 72.5 66.6 72.5 47.3 70.6
#5 33.2 33.6 33.1 33.0 40.8
#6 40.0 40.9 40.8 42.0 443
#7 26.3 249 27.0 25.8 234
#8 46.7 50.4 40.2 40.5 39.7
#9 29.3 27.9 27.4 27.9 37.9
#10 74.5 76.5 734 69.9 66.3

6.3.1.2 Perfused liver volume (2/6)

The PLV corresponds to the liver parts which received irradiation, containing
the tumour to be treated but also healthy normal tissue. Figure 6.5 depicts the
DV H; treatment Obtained for the PLV for patients #1 and #2. Table 6.7 provides the
Dtreatment using each method for the 10 patients studied. Supplementary figures are
provided in Appendix D3 for the PLV for the complete set of patients.

Figures depicting the DVHs for the ADVsy, which were used to define the
PLV, and tables reporting absorbed doses for the ADVsg, are also provided in Ap-
pendix D4.

Patient #1 - PLV Patient #2 - PLV
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FIGURE 6.5 — Two patient cases are represented for the PLV.

The DVH; treatment for the corresponding j methods are rep-

resented as:  rigidgiop, (ved), deformablegopy (cyan), rigidjocq

(blue) and rigidjocal, functionar (green). The PmTe-MAA SPECT/CT-

based DV Hpegicteq (black) are also depicted for comparison to the
DVHj,treatment‘
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TABLE 6.7 — Dieatment for the PLV using different registration meth-
ods between SPECT/CT and PET/CT images. Values for D gicteq are
also provided. Patients with the largest differences are highlighted in

pink.
. Mean absorbed doses in Gy - PLV
Patient —
number _ Post-treatment PFT/CT _ Predictive
rigidglopal deformablegopal 7igid}ocal rigid1ocal, functional SPECT/CT
#1 69.1 64.6 66.2 71.9 53.9
#2 63.9 60.6 65.9 68.7 55.9
#3 23.5 249 23.2 24.3 329
#4 86.0 88.3 88.0 85.9 136.8
#5 65.7 64.6 64.5 66.7 89.9
#6 66.1 70.7 67.4 70.2 72.5
#7 34.2 BilFS 35.1 34.3 38.0
#8 55.7 62.0 58.4 58.2 61.7
#9 93.6 116.0 109.2 111.8 158.4
#10 105.2 105.5 103.5 101.3 95.3
A;/‘Z’gtho ; Tanged between 2.7% and 11.7%, which correspond to Aff;tho ; ranging

between 2.2 and 8.0 Gy within the methods, except for patient #9. For the specific
patient#9,a A% , . of 19.3% was found, corresponding to a A%, . of 22.3 Gy.
Less than 7.0% differences were found between the rigidioca,functionar and

rigidglopa methods, except for patient #9 (16.3%).

6.3.1.3 Non-perfused liver volume (3/6)

_ Patient #1 - NPLV _ Patient #2 - NPLV _
100 100 —— Prediction
—-= Trigidgiobal
~ deformablegiopar
80 80 == r‘:gfdroca.'
- _ —— rigjdfaca-',functl'onaf
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S 40 S 40l
|
\
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FIGURE 6.6 — Two patient cases are represented for the NPLV.

The DVH, treatment for the corresponding j methods are repre-

sented as: rigidgopy (ved), deformablegiopa (cyan), rigidjoeq (blue)

and 7igidjocal, functional (green). The PmTe-MAA SPECT/CT-based

DVHpregicted (black) are also depicted for comparison to the
DVHj,treatment-

The NPLV by definition refers to the liver parts which should not receive irradi-
ation. Figure 6.6 depicts the DV H; teqtment Obtained for the NPLV for patients #1 and
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#2. Table 6.8 provides the Direatment using each method for the 10 patients studied.
Supplementary figures are provided in Appendix D5 for the NPLV for the complete
set of patients.

TABLE 6.8 — Dtyeatment for the NPLV using different registration meth-
ods between SPECT/CT and PET/CT images. Values for D ,egicteq are
also provided. Patients with the largest differences are highlighted in

pink.
. Mean absorbed doses in Gy - NPLV
Patient r)
number Post-treatment PET/CT Predictive
rigidgiopal deformableglvbﬂl rigidiocal rigidiocal, functional SPECT/CT
#1 6.6 6.7 11.0 1.9 6.9
#2 15.0 13.4 15.3 9.6 79
#3 49 6.9 52 4.2 4.6
#4 59.2 46.8 58.3 9.6 49
#5 11.7 13.2 124 10.8 8.4
#6 5.5 5.9 5.6 4.7 6.5
#7 16.0 15.8 16.5 14.7 43
#8 322 33.4 11.6 12.6 41
#9 10.7 52 3.9 3.8 2.3
#10 242 25.7 23.9 18.4 18.1

Owing to the relatively low absorbed doses reported for the NPLV compared to
the other VOIs, large A . . were obtained, ranging between 10.9% and 83.8% for
all patients. These correspond however to A%, . ranging between 1.2 and 9.1 Gy,
excluding the highlighted patients in Table 6.8. For these two specific patients #4
and #8, A?s, . of 49.6 and 20.9 Gy were found, respectively.

Less than 6.9 Gy differences were found between the rigidoca, functiona and

rigidglopa methods, except for the same patients #4 (49.6 Gy) and #8 (19.6 Gy).

6.3.1.4 Total tumour volume (4/6)

TV1ota was delineated for 7 out of the 10 patients and Figure 6.7 depicts the
DV H; treatment Obtained for patients #1 and #2. Table 6.9 provides the Direatment US-
ing each method for the patients where the TV, was delineated. Supplementary
figures are provided in Appendix D6 for the 7 patients.

Axethod were within 10.1% for four patients (#2, #3, #5 and #10). Ax’ethod were
21.6%, 23.0% and 82.2% for the three other patients #6, #7 and #1, respectively. For
patient #1, the mean absorbed dose found using the rigidj,ca1, functionas method (using
a Tspecr— peT transformation) was 169.2 Gy, compared to less than 43.6 Gy for the
three other methods using Tcrp.cr—sCTpe; transformations. Therefore, large A%,
were found for the TV, as shown in Table 6.9.

The specific case of patient #1 shows the necessity to apply different registra-
tion techniques depending on the patient case. The RI-structspgcr for the TV
propagated to the PET images using the rigid,;,p, seemed to mismatch to the actual
liver structures, as depicted in Figure 6.8. The PET/CT-based absorbed dose map is
depicted at the right of the figure, where the cyan and green RT-structpgT positions
were obtained following the rigidope and rigidocar, functionar Methods, respectively.
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FIGURE 6.7 — Two patient cases are represented for the TV .
The DV H; treatment for the corresponding j methods are repre-
sented as: rigidgop (ved), deformablegiopg (cyan), rigidjoeq (blue)
and 7igidjocal, functional (green). The PmTe-MAA SPECT/CT-based
DVHpregicted (black) are also depicted for comparison to the
DVHj,treatment-
TABLE 6.9 — Dyreatment for the TVrp,, using different registration
methods between SPECT/CT and PET/CT images. Values for
D predicted are also provided. Patients with the largest differences are
highlighted in pink.
. Mean absorbed doses in Gy - TV,
Patient —
b Post-treatment PET/CT Predictive
number P— .. . .
rlgldglobal deformableglobal rngdIucal rlgldlocal,functional SPECT/CT
#1 39.1 43.6 30.2 169.2 125.4
#2 113.4 104.2 115.9 111.6 93.6
#3 121.5 128.5 122.5 125.9 71.6
#4 - - - - -
#5 85.0 79.7 80.9 87.8 170.5
#6 57.7 57.8 54.4 69.4 120.0
#7 43.5 42.7 45.2 55.4 90.3
#8 = = = = =
#9 = = = = =
#10 254.0 251.6 255.4 232.6 2144
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rigid

FIGURE 6.8 — The RT-structpgr obtained from the propagated RT-
structsppcr for the TVryy,, following the rigidgop, (cyan) and
rigidjocal, functional (green) transformations. Top-left: The SPECT/CT
following the rigidgjop, method. Bottom-left: The SPECT/CT follow-
ing the rigidocar, functionar method. Right: The PET/CT and position
of the propagated TV, if the rigidgjop, (cyan) and rigidjoca, functional
(green) transformations are used. The position of the TV, falls out-
side the perfused region using the rigidj,p, method.

6.3.1.5 Target normal liver volume (5/6)

The NLV 1arget corresponds to the normal, non-tumoral, liver volume which re-
ceived irradiation and was delineated for 7 out of the 10 patients. Figure 6.9 de-
picts the DV H; tyeatment Obtained for the NLV 1,4 for patients #1 and #2. Table 6.10
provides the Direatment using each method for the patients where the NLV ;. was
delineated. Supplementary figures are provided in Appendix D7 for the 7 patients.

TABLE 6.10 — Dyreatment for the NLV7gger using different registra-
tion methods between SPECT/CT and PET/CT images. Values for

D predictea are also provided. Patients with the largest differences are

highlighted in pink.
. Mean absorbed doses in Gy - NLV ;¢
Patient
number Post-treatment PET/CT Predictive
7igidgopal deformablegopa rigidocal 7igidocal, functional SPECT/CT
#1 74.7 69.0 72.9 53.5 40.0
#2 51.2 46.7 53.3 57.9 46.9
#3 15.9 17.3 154 16.3 29.8
#4 - - - - -
#5 58.0 58.7 57.9 58.2 57.2
#6 67.2 73.3 69.5 69.7 61.3
#7 329 29.9 33.6 31.3 30.7
#8 - - - - -
#9 - - - - -
#10 64.3 61.2 61.2 64.7 62.2

A% . ranged between 1.5% and 11.2%, which correspond to A%, . ranging be-
tween 0.9 and 6.1 Gy, except for the patients hightlighted in Table 6.10. For these two
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FIGURE 6.9 — Two patient cases are represented for the NLV gt
DVH; treatment for the corresponding j methods are represented
as:  rigidgiopy (ved), deformablegop, (cyan), rigidj,e, (blue) and

rigidjocal, functional  (green). The %"Tc-MAA SPECT/CT-based
DVHpregicted (black) are also depicted for comparison to the
DVHj,treatment-

specific patients #1 and #2, A . . of 28.4% and 19.3% were found, corresponding to
As. . of 21.2 and 11.2 Gy, respectively.
Less than 4.9% differences were found between the rigidjoca, functionar and

rigidgiopa methods, except for the same patients #1 (28.4%) and #2 (11.4%).

6.3.1.6 Whole normal liver volume (6/6)

The NLVyporeLiver cOrresponds to the normal, non-tumoral, liver volume which
received irradiation, or not. Figure 6.10 depicts the DV H; j1eatment Obtained for the
NLVwholeLiver for patients #1 and #2. Table 6.11 provides the D ireatment using each
method for 7 out of the 10 patients where the NLV yy0/01i0er Was delineated. Supple-
mentary figures are provided in Appendix DS for the 7 patients.

A% . . ranged between 3.2% and 14.2%, which correspond to A%, . ranging
between 1.2 and 3.7 Gy, except for patient #1. For patient #1,a A” , . of 31.0% was
found, corresponding to A%, . of 15.8 Gy.

Less than 5.9% differences were found between the rigidioca, functionar and

rigidgopa methods, except for patient #1, where a 30.4% difference was found.

6.3.2 Comparison of predictive and per-treatment dosimetries

Each of the Sections 6.3.2.1 to 6.3.2.6 hereafter are also written in a similar format,
reporting data as described in the previous Section 6.2.7.2 for each of the 6 delineated
VOIs, using the rigidjocal, functionat Mmethod. Specific cases of patients are provided in
each section. The reader is helped with the number of the VOI ranging from 1 to 6
and can refer to specific VOIs only.

Tables 6.12 to 6.17 provide the absorbed dose values for comparisons between
the predicted and post-treatment images using the rigidj,ca1, functional Method only for
each delineated VOI for all patients. Ranges for D5y, as well as Dy, are reported,
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FIGURE 6.10 — Two patient cases are represented for the

NLVwioreLiver- DV Hj treatment for the corresponding j methods are
represented as: rigidgopa (ved), deformablegiop, (cyan), rigidjocq

(blue) and rigidjocar, functionar (green). The *"Te-MAA SPECT/CT-
based DV Hpegicteqa (black) are also depicted for comparison to the
DVHj,treatment-

TABLE 6.11 — Direatment for the NLVyyjoreriver using different registra-
tion methods between SPECT/CT and PET/CT images. Values for

D predictea are also provided. Patients with the largest differences are

highlighted in pink.
. Mean absorbed doses in Gy - NLVyyjo/eLiver
Patient
number Post-treatment PET/CT Predictive
rigidglopal deformablegopa rigidocal 7igidocal, functional SPECT/CT
#1 50.5 46.0 50.9 35.2 28.3
#2 32.7 29.5 33.8 33.2 27.2
#3 10.4 119 10.3 10.2 17.0
#4 - - - - -
#5 26.6 27.9 26.9 26.0 24.0
#6 37.8 38.8 39.0 38.7 12.7
#7 25.0 23.5 25.6 23.5 18.5
#8 = = = = =
#9 - - - - -
#10 46.7 46.0 449 444 43.1

and provide only a cursory comparison until other objective metrics are used in
future analyses.
6.3.2.1 Whole liver volume (1/6)

Table 6.12 compares the predicted and obtained absorbed doses following treat-
ment for the 10 patients studied for the WLV.

D. 5pmﬁcted was within 44.3 Gy for all patients, except for patients #4 and #10.
Direatment Were within 49.7 Gy, except for patient #10.
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TABLE 6.12 — Predicted absorbed doses compared to obtained
absorbed doses following treatment for the WLV, using the

rigidlocal,functionul .

Absorbed doses in Gy - WLV

. Prediction Treatment monitoring
Patient
SPECT/CT PET/CT
number — —
D D509, Dy, D D509, D9,
#1 39.1 26.7 174.4 49.7 7.0 322.4
#2 34.2 23.1 173.7 41.8 21.5 199.6
#3 19.1 12.6 88.3 14.6 1.0 17.2
#4 70.6 22.9 306.7 47.3 42 276.0
#5 40.8 18.2 253.1 33.0 14.5 161.9
#6 443 25.0 183.4 42.0 18.1 194.9
#7 234 12.5 147.1 25.8 15.5 126.0
#8 39.7 30.4 151.9 40.5 32.3 145.4
#9 379 1.5 345.9 27.9 1.9 234.7
#10 66.3 33.6 363.7 69.9 27.7 426.1

%
predict-treatment

to As ranging between 0.8 and 10.6 Gy, except for patient #4 where an

predict-treatment

absolute difference of 23.2 Gy was found.

for all patients ranged between 2.1% and 27.2%, corresponding

Dso%-  Dpredicted,50% ranged between 1.5 and 33.6 Gy and Epost_tmtmeml50% ranged
between 1.0 and 32.3 Gy for all patients.

D3%.  Dpredicted,2 ranged between 88.3 and 363.7 Gy and 5post_tmtment,2% ranged
between between 17.2 and 426.1 Gy for all patients.

6.3.2.2 Perfused liver volume (2/6)

Table 6.13 compares the predicted and obtained absorbed doses following treat-
ment for the 10 patients studied for the PLV.

D. D pregicted ranged between 32.9 to 158.4 Gy for all patients. Dyyeatment ranged be-
tween 24.3 and 111.8 Gy.

% o ; abs
predict-treatment P tO 37.2% were found. The associated Apredict—treatment were

within 8.6 Gy for 5 patients (#3, #6, #7, #8 and #10), were within 23.3 Gy for 3 patients
(#1, #2 and #5), were 46.6 and 50.9 Gy for patients #9 and #4, respectively.

Dso%-  Dpredicted,50% ranged between 22.3 and 136.8 Gy and D post-treatment,50% ranged
between 22.8 and 91.6 Gy.

Dy%.  Dpredicted,2% ranged between 112.1 and 408.0 Gy and 5post_tmtment,z% ranged
between between 144.8 and 483.4 Gy.
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TABLE 6.13 — Predicted absorbed doses compared to obtained
absorbed doses following treatment for the PLV, using the

rigidlocal,functional .

Absorbed doses in Gy - PLV

A Prediction Treatment monitoring
Patient
SPECT/CT PET/CT
number — —
D Dsgo, Dy, D D509, Dy,
#1 53.9 424 188.3 71.9 33.4 356.6
#2 55.9 47.8 176.8 68.7 54.3 233.0
#3 329 25.7 112.1 24.3 3.1 230.6
#4 136.8 121.3 340.1 85.9 66.5 325.7
#5 89.9 69.6 357.8 66.7 56.1 204.0
#6 72.5 63.0 204.8 70.2 58.5 221.3
#7 38.0 22.3 178.5 34.3 22.8 144.8
#8 61.7 52.8 178.6 58.2 55.4 159.8
#9 158.4 136.8 408.0 111.8 91.6 432.6
#10 96.0 46.9 393.1 101.3 48.6 483.4

6.3.2.3 Non-perfused liver volume (3/6)

Table 6.14 compares the predicted and obtained absorbed doses following treat-
ment for the 10 patients studied for the NPLV.

TABLE 6.14 — Predicted absorbed doses compared to obtained
absorbed doses following treatment for the NPLV, using the

rigidlocal,functional .

Absorbed doses in Gy - NPLV

. Prediction Treatment monitoring
Patient
SPECT/CT PET/CT
number — —
D D509, Dy, D D509, Dy,
#1 6.9 6.2 16.2 1.9 1.3 21.9
#2 7.9 7.3 21.0 9.6 2.1 72.0
#3 4.6 3.6 13.6 42 0.3 415
#4 49 1.8 23.0 9.6 2.3 126.8
#5 8.4 4.7 31.3 10.8 1.2 81.2
#6 6.5 5.9 17.1 47 0.6 419
#7 4.3 3.8 10.6 14.7 8.5 72.9
#8 4.1 1.1 18.3 12.6 2.8 87.3
#9 2.3 0.9 16.5 3.8 0.7 32.2
#10 18.1 18.5 28.7 18.4 12.4 77.7

D. D ,regicted ranged between 2.3 and 18.1 Gy for all patients. Direqtment ranged be-
tween 1.9 and 18.4 Gy.
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. E= . 0/0 .
Owing to the low D egicted, large Apredict_tmtm .t Were obtained. However, the

A%bs were within 5.0 Gy for 8 patients (#1 to #6, #9 and #10), and within

predict-treatment

10.4 Gy for the remaining 2 patients (#7 and #8).

Ds50%-  Dpredicted,50% ranged between 0.9 and 18.5 Gy and 5post_t,eatment,5o% ranged
between 0.3 and 12.4 Gy.

D29 Dypredicted,2 ranged between 10.6 and 28.7 Gy and 5past_tmtmmtlz% ranged be-
tween between 21.9 and 126.8 Gy.

6.3.2.4 Total tumour volume (4/6)

Table 6.15 compares the predicted and obtained absorbed doses following treat-
ment for 7 out of the 10 patients studied for the TV .

TABLE 6.15 — Predicted absorbed doses compared to obtained
absorbed doses following treatment for the TVr,,, using the

7’l‘gidlocul,fu'rtctionul .

Absorbed doses in Gy - TV,

. Prediction Treatment monitoring
Patient
SPECT/CT PET/CT
number = —
D D509 Do, D D509, Dy,
#1 1254 116.7 228.7 169.5 152.6 478.9
#2 93.6 76.1 286.6 111.6 96.3 300.9
#3 71.6 60.1 193.3 125.9 77.6 580.7
#4 - - = - - -
#5 170.5 125.0 479.4 87.8 75.8 228.7
#6 120.0 116.5 274.8 69.7 55.3 218.3
#7 91.3 72.6 262.8 55.4 40.5 192.7
#8 - - - - . -
#9 - - - - - -
#10 214.4 199.7 446.4 232.6 203.9 650.2

D. Epredicted ranged between 71.6 to 214.4 Gy for the 7 patients. Direatment ranged
between 55.4 and 232.6 Gy.

Z‘;e dict-treatment VP t0 75.7% were obtained. The found absorbed doses following

treatment were therefore far from predictions. A;’ﬁg dict-treatment TANGEd between 18.1
and 82.7 Gy.

Ds59%-  Dpredicted,50% ranged between 60.1 and 199.7 Gy and 5post_tmtmem,5o% ranged
between 40.5 and 203.9 Gy.

D29 Dpregicted, 2% ranged between 193.3 and 479.4 Gy and Epost_tmtm@ntlz% ranged
between between 192.7 and 650.2 Gy.
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6.3.2.5 Target normal liver volume (5/6)

Table 6.15 compares the predicted and obtained absorbed doses following treat-
ment for 7 out of the 10 patients studied for the NLV 1t

TABLE 6.16 — Predicted absorbed doses compared to obtained
absorbed doses following treatment for the NLVryq., using the

rigidlocal,functional .

Absorbed doses in Gy - NLV ;¢

. Prediction Treatment monitoring
Patient
SPECT/CT PET/CT
number — —
D D59, Dy, D D509 Dy,
#1 40.0 36.1 86.1 53.5 23.2 271.2
#2 57.9 45.7 193.1 53.3 39.3 197.9
#3 29.8 24.5 90.3 16.3 2.1 143.0
#4 - - - - - -
#5 57.2 54.2 97.8 58.2 47.7 186.9
#6 61.3 55.1 150.5 69.7 58.3 221.2
#7 30.7 20.0 145.4 31.3 21.1 132.2
#8 - - - - - -
#9 - - - - - -
#10 62.2 41.3 292.4 64.7 345 373.2

D. Dypyegicted ranged between 29.8 to 62.2 Gy for the 7 patients. Direatment ranged
between 16.3 and 69.7 Gy.
A% up to 45.4% were obtained. Direatment differed to the predictions

predict-treatment

with A% ranging between 0.6 to 13.5 Gy.

predict-treatment

Ds9%.  Dpregicted 50% ranged between 20.0 and 55.1 Gy and 5p05t_tmtmem,5o% ranged
between 2.1 and 58.3 Gy.

D2%.  Dpredicted,2% ranged between 90.3 and 292.4 Gy and Epost_tmtmmtlz% ranged
between between 132.2 and 373.2 Gy.

6.3.2.6 Whole normal liver volume (6/6)

Table 6.17 compares the predicted and obtained absorbed doses following treat-
ment for 7 out of the 10 patients studied for the NLVyyo1eriver-

D. Dregicted ranged between 17.0 to 43.1 Gy for the 7 patients. Diyeatment ranged
between 10.2 and 44.4 Gy.

Z‘;edict_treatmmt up to 40.0% were obtained. Diyegtment differed to the predictions

with Abs ranging between 1.4 and 6.9 Gy.

predict-treatment

Ds0%-  Dpredicted 50% ranged between 11.3 and 29.9 Gy and ﬁpost_tmtmeml5o% ranged
between 0.8 and 22.2 Gy.
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TABLE 6.17 — Predicted absorbed doses compared to obtained ab-
sorbed doses following treatment for the NLVyyjoreriver, using the

rigidlocal,functionul .

Absorbed doses in Gy - NLV yyjo/eLiver

. Prediction Treatment monitoring
Patient
SPECT/CT PET/CT
number — —
D D509, Dy, D D509, D9,
#1 28.3 22.5 81.3 35.2 3.9 238.4
#2 27.2 19.7 97.9 33.2 15.9 161.7
#3 17.0 11.8 70.4 10.2 0.8 93.7
#4 - - - - - -
#5 24.0 13.1 90.6 26.0 8.8 137.3
#6 354 18.5 133.3 38.7 12.7 190.8
#7 18.5 11.3 108.5 23.5 14.4 113.3
#8 - - - - - -
#9 - - - - - -
#10 43.1 29.9 231.2 44 4 22.2 298.3

D2%.  Dpredicted,2% ranged between 70.4 and 231.2 Gy and 5post_tmtmem,2% ranged
between 93.7 and 298.3 Gy.

6.4 Discussion

Context. The main goal of this study was to investigate several workflows for the
propagation of delineated contours from SPECT/CT to PET/CT acquisitions for Y-
radioembolisation. These allow to perform comparisons between the predictive and
post-treatment dosimetries by selecting appropriate image transformations to adjust
as best as possible reference the structures from one image to another. Indeed, ret-
rospective studies still need to be performed to assess the predictive value of %" Tc-
MAA SPECT/CT imaging for *’Y-radioembolisation for different scenarios, as de-
scribed in the Introduction Section 6.1.

Contour propagation methods and VOI segmentation itself still remain limiting
factors for an accurate assessment of dosimetry (Moran et al., 2020). The current
study focused on this source of uncertainty to obtain necessary tools and reinforce
future dosimetric analysis on patient datasets at the CLB. It clearly demonstrates
that, depending on the patient case, different registration techniques should be ap-
plied. This study quantifies the influence of a good match or mismatch between
predictive and post-treatment dosimetry on patients.

6.4.1 Comparisons

Table 6.18 provides a summary of the differences obtained, 1) between the four
methods, and 2) between the prediction and the mean absorbed doses following
treatment. A first difficulty lies in the fact that it is not clear how to set threshold
values to assess whether the results obtained are correct, but the extent of the differ-
ences can be observed between the different VOIs.
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TABLE 6.18 — Summary of: 1) A® . and A%, . obtained be-

e
tween the methods, and 2) A* and A%s be-

o
predict-treatment predict-treatment
tween the predictive and mean absorbed dose obtained using the

rigidjocal, functional Method. The ratio between parentheses, e.g. (8/10)
gives the number of patient VOIs which have differences lower than
or equal to the recorded difference.

Comparisons
. Methods Prediction vs. Treatment
Region S 5
A/o Aabs %o o Aabs )
method method predict-treatment predict-treatment
(%) (Gy) (%) (Gy)
WLV 8.8 (8/10) 4.6 (8/10) 27.2 (9/10) 10.6 (9/10)
PLV 11.7 9/10) 8.0 (9/10) 26.2 (7/10) 12.7 (6/10)
NPLV 83.1 (8/10) 9.1 8/10) >100 (10/10) 10.4 10/10)
TV ia 23.0 (6/7) 22.8 (6/7) 48.5 (6/7) 54.3 6/7)
NLV 1rget 11.2 5/7) 6.1 (5/7) 454 (7/7) 13.5 (7/7)
NLVwholeLiver 14.2 (6/7) 3.7 (6/7) 40.0 (7/7) 6.9 (7/7)

WLV (1/6) On overall for the WLV, as reported in Table 6.18, all four methods were
within agreements of 8.8% (A%, ). The found mean absorbed doses differed by a
maximum of 4.6 Gy (A”mbesth oq)- As expected, the 7i gidglobal method in most cases was
found suitable for the liver as a whole organ. Absolute differences of less than 3.7,
1.9, and 4.6 Gy were found between the rigid .y, and each of the deformablegiopar,
rigidjocar and 1igid ocal, functional Methods among the patients, respectively.

Largest variations (> 10 Gy) were found in patients #4 and #8. For patient #4,
a Dtreatment of 47.3 Gy was found using the rigidj,c,, Functional Method, compared to
more or less 70 Gy for the three other methods. This was due to a misplacement the
WLV after registration using of the rigidjoca1, functionar Mmethod, therefore should not
be used for this specific patient. For patient #8, around 40 Gy were obtained with
methods using local registration methods, whereas higher mean absorbed doses (46.7
and 50.4 Gy) were obtained using registration methods using the voxels of the global
images. A misplacement of the WLV after registration using of the rigidjoca1, functional
method was also observed for this patient. The deformableg,p, method seemed to
provide a better match in the case of patient #8, where it was clear that the liver size
was different in the workup and treatment procedures.

Direatment Were within 50 Gy for all the patients where the prediction was within
50 Gy. For the two patients (#4 and #8) where Direatment Were around 70 Gy, their
predictions were also around 70 Gy (discarding the rigidj,cal, functionat method). A
visual interpretation comparing the DVHs using the 10 figures for the 10 patients
for the WLV in Appendix D2 would let us suggest that the predictions matched ob-
tained results following radioembolisation, requiring however further analysis for
interpretation.

PLV (2/6) As reported in Table 6.18, all four methods were within agreements of
11.7% (A;’/ﬁem »q) for the PLV. The found mean absorbed doses differed by a maxi-
mum of 8.0 Gy (Aﬁfesth oa)- As for the WLV, the rigid gy, method in most cases was
found suitable for the PLV compared to the other methods, with a maximum per-
centage difference in Diyegtment Of 7.0% compared to rigidjoc Functional, COTTESponding
to a maximum absolute difference of 4.8 Gy.

Largest variations between the methods were found for patient #9.
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A Direatment of 93.6 Gy was found using the rigidglgbal method, whereas higher
doses were obtained for the three other methods. The deformablegj,p, method pro-
vided satisfactory visual match for patient #9.

Dtreatment had large variations to predictions among patient. If we broadly try to
classify, using the rigid .41, an absolute difference of less than 12.7 Gy was found for
6 out of 10 patients. Larger differences of 15.2, 50.8, 24.2 and 46.6 Gy were found for
the other 4 patients #1, #4, #5 and #9, respectively. A visual interpretation comparing
the DVHs for the PLV in Appendix D3 would let us suggest that the predictions can be
close to obtained results following radioembolisation (for 7 patients #2, #3, #5, #6, #7,
#8 and #10), and that the mean absorbed dose criteria is not enough for comparisons.

NPLV (3/6) As reported in Table 6.18, large percentage differences (A%, ) were
obtained for the NPLV but all four methods were within good agreements, with
maximum absolute differences (A”mb:th »g) Within 9.1 Gy.

Largest variations between the methods were found for patients #4 and #8. For
patient #4, even if a Diregtment Of 9.6 Gy was obtained using the rigid1ocal, functional
compared to around 50 Gy for the three other methods, it should not be consid-
ered owing to the misplacement of the WLV following the rigidoca, functionat method.
For patient #8, Direqtment of 11.6 and 12.6 Gy were found using the rigid;,.,; and
rigid ocal, functional Methods, whereas 32.2 and 33.4 Gy were found using the rigidgjopa
and deformablegop, methods, respectively.

Considering the rigidjocal, functional Method, Dtreatment were within 14.7 Gy for all
the patients and the predictions were within 8.4 Gy, but may not be the most suitable
method for some patients even if low absorbed doses are obtained. For patient #10
where the found Diyegtment Was 18.4 Gy, its prediction was 18.1 Gy. A visual inter-
pretation comparing the DVHs for the NPLV in Appendix D5 would let us suggest
that the predictions matched obtained results following radioembolisation, except
for patients #4 and #8.

TViota (4/6)  As reported in Table 6.18, all four methods for the TV g,,; were within
agreements of 10.1% (AZ‘;eth »q) for 4 out of 7 patients (#2 #3, #5 and #10). The found
mean absorbed doses differed by a maximum of 11.8 Gy (A%, ) for these patients.

For the 3 other patients, (#1, #6 and #7), the rigidgopa, deformablegiop, and
rigidicy methods had better agreements between themselves, than with the
rigidocal, functiona Method, see Table 6.9. For example for patient #1, the mean ab-
sorbed dose using the rigidj,cal, functiona Method differed largely, showing 169.2 Gy
compared to less than 43.6 Gy to the other three methods.

The Direatment for the TV, using rigidocq Ffunctional Were on overall higher than
for the PLV, which would mean that the NLV1,,¢.; received less irradiation than the
defined tumour. Among all defined VOIs, the TV 1, showed the largest differences
between the found mean absorbed doses following treatment and their predictions.
As it can be shown in the figures in Appendix D6, only patients #2 and #10 showed
good visual match between the DVHs.

NLV7yeet (5/6)  As reported in Table 6.18, all four methods for the NLV ;. were
within agreements of 11.2% (AZ‘Z’ Wthoq) fOr 5 over 7 patients. The found mean absorbed
doses differed by a maximum of 3.8 Gy (A?%, ) for these patients.

The Direatiment found in the NLV 1,4+ are smaller than the PLV, and therefore than

in the TVyty. For example for patient #10, using the rigidjoca, functionar method, the
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Direatment Was 101.26, 232.6 and 64.7 Gy for the PLV, TV, and NLV 1,4, respec-
tively.

A visual interpretation comparing the DVHs using the figures for the 7 patients
with defined NLV . in Appendix D7 would let us suggest that the predictions
matched obtained results following radioembolisation, excluding patient #1.

NLVyioteLiver (6/6)  As reported in Table 6.18, all four methods for the NLV /e Liver
were within agreements of 14.2% (A%, ) for 6 out of 7 patients. The found mean
absorbed doses differed by a maximum of 3.7 Gy (A%, ) for these patients.
For patient #1 where a AZ;’eth o Of 31.0% was found, the rigidgjopa1, deformablegopa
and rigid),.,; methods had better agreements between themselves, ranging between
46.0 and 50.9 Gy, than with the rigidj,ca, functionat method with 35.2 Gy, see Table 6.11.
Considering the rigidjocal, functionas Method, Dtreatment were within 43.1 Gy for all
the patients and the predictions were within 44.4 Gy. Not more than 6.9 Gy differ-
ence were obtained between the prediction and obtained absorbed doses following
treatment. A visual interpretation comparing the DVHs in the figures in Appendix DS
for the NLVyyporeriver Wwould let us suggest that the predictions matched obtained re-

sults following radioembolisation, except for patient #1.

Predictive dosimetry. If an accurate prediction of the different VOIs can be per-
formed, patient selection can be optimised and it can provide an individualised ef-
fective treatment planning. The predicted mean absorbed doses for the large vol-
umes which are the WLV, NLVyyoieLiver and NPLV in this study were within 10 Gy
from obtained values following treatment. However, this is not the case for the PLV
and TV, where much larger differences were found as described earlier.

The difference in the predictions and mean absorbed doses following treatment
using the rigidocal, functionar Method for the NLV ¢, ranged between 0.6 and 13.6
Gy. The PLV is the sum of the TV 4,y and NLV ry¢¢¢. This would mean therefore that
the prediction using the mean absorbed dose to the TV, is not accurate. Indeed,
differences between the prediction and D ireatment ranged between 18.1 to 82.7 Gy
using the rigid)ocal, functionat Mmethod.

Comparisons using Dsgo, and Dyo, between predictions and absorbed doses ob-
tained as presented in Section 6.3.2 remain only cursory until further analysis are
used for comparison.

6.4.2 Limitations

Defined volumes of interest. For the purpose of this study, the defined VOIs were
used as reference volumes for comparison of the image registration methods stud-
ied, detailed in Section 6.2.6. However, only one tumoral zone was selected per pa-
tient instead of individual tumours, the target volume was selected as a 5% threshold
(the PLV) instead of delimiting the planned volume as the treated liver parts, as in
Table 6.1 (treatment approach). A different workflow defining VOISs such as in Mordn
et al. (2020) and Levillain et al. (2020) should be used, defining a planning target vol-
ume (PTV) based on the treatment approach instead of a PLV which might be useful
in future studies following this preliminary one. Individual tumours also should
be delineated. To that aim, diagnostic contrasted images (contrast-enhanced-CT or
MRI) should be available which might not be the case. They are also usually per-
formed several weeks before treatment, which might not be appropriate for VOI
delimitation due to disease progression and internal organ movement.
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Inclusion and exclusion criteria. No selection on the 10 patients were performed
for this retrospective study. Patients with different types of primary and secondary
hepatic malignancies were included. The 10 patients had different treatment ap-
proaches and treated with both resin and glass microspheres. For future studies,
patients should be classified in different groups, for example the tumour and micro-
sphere types. Also, only 10 patients were included. Tumours were delineated for 7
of them. The complete datasets of patients (around 45) can be classified in different
groups to be included in future studies. Patients with visible motion artefacts should
also be excluded from the study as explained below.

Respiratory motion. For some patients, clearly visible respiration motion artefacts
in the hepatic region could be found which lead to misplaced activity activity dis-
tributions outside the liver parts. This is a limitation to an actual accurate quan-
tification. The use of 4D PET for motion correction could be an alternative to cir-
cumvent this effect, but is not performed in our centre for 90Y-SIRT PET monitoring.
Concerning SPECT /CT, research in our group is being performed to reconstruct 4D
respiration-gated SPECT images using a data driven approach (Robert et al., 2019).
Their respiration-gated SPECT reconstruction improves the estimation of the activity
on the tumour, applied to *°Y-radioembolisation, without the need for extra hard-
ware and forms part as a perspective for comparisons to absorbed doses obtained
following treatment.

Other confounding factors. Residual °Y activity calculation by measuring the dose
rates around the injection box does not provide an accurate measurement of the ac-
tivity and is still a limitation to compute the net administered activity. Uncertainties
related to acquisition and reconstruction parameters and PVE, as seen in the previ-
ous Chapter 5 also add bias on voxel-based dosimetry. Finally, the way contours are
delineated and propagated remain a source of error.

6.4.3 Future directions

This preliminary study evaluated the impact of registration methods for con-
tour propagation on the quantification of absorbed dose in the liver following *°Y-
radioembolisation. The absorbed dose distributions to the treated regions as well
as the normal, non-tumoral, parenchymal volumes were performed. Prospective
studies can implement metrics suggested by Moran et al. (2020), with QVHs which
are based on a voxel-to-voxel absorbed dose comparison and deal with absorbed
dose differences directly. However, their method should be validated in prospective
studies that could reinforce this validation to bring additional information in the as-
sessment of the compliance between the predictive and absorbed dose distributions
following treatment.

The results in this study can also be useful to adapt registration methods depend-
ing on the patient case, avoiding manual registrations when mismatching during
contour propagation occurs.

6.5 Conclusion

This work was performed to validate a workflow for image registration tech-
niques before performing further retrospective studies using the same image
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datasets. It allowed to evaluate the extent to which differences can be obtained de-
pending on the registration method and raises awareness of the large differences
which can lead to the misinterpretation of data. Therefore, different methods should
be adapted for each patient case. On overall, the rigidgop, was sufficient for large
volumes such as the WLV, but not for smaller ones such as the TV ;.
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Conclusions and perspectives

The objective of this thesis was twofold, being first to provide a validated Monte
Carlo model of the Vereos SiPM-based PET system, and second to investigate on
the sources of error which could have an impact on the quantification of *°Y using
Monte Carlo simulations for monitoring *°Y-radioembolisation treatment. During
the course of this thesis, we have 1) proposed a Monte Carlo model of the DPC
PET/CT, validated using GATE simulations against experimental measurements; 2)
studied the influence of OSEM reconstruction parameters and listmode acquisition
lengths on the quantitative accuracy in *°Y dosimetry and 3) provided a preliminary
assessment of the predictive value of the " Tc-MAA surrogate to *°Y-microspheres
by suggesting consistent approaches for image registration.

Monte Carlo PET model

The Monte Carlo model of the Vereos presented in Chapter 4 can be useful for
numerous studies. Instead of performing experiments, whole evaluations can be
performed using the model to tune parameters, such as the experimental evalua-
tion of reconstruction parameters performed during this thesis using *°Y. One short
term perspective to follow the work during this thesis could be to validate a work-
flow using the CASToR software for the reconstruction of GATE output data for °Y
imaging. This validation can be carried out comparing simulated against *°Y exper-
imental data acquired during this thesis. An OSEM reconstruction workflow has
been validated against '8F data by Salvadori (2020) which could help in designing
the same workflow for *°Y. This done, studies for example evaluating the extent of
PVEs (Soret, Bacharach, and Buvat, 2007) on objects of different complex shapes and
sizes, and containing variable activity concentrations can be performed. Absorbed
dose recovery coefficients can be derived using simulated data, and corrected for
using known geometries and derived metrics.

Furthermore, evaluations of reconstruction parameters as carried out in Chap-
ter 5 can be continued for different scenarios using the Monte Carlo PET model,
by varying the activity concentrations for different SBRs, which is experimentally
quite time-consuming and raises radiation protection issues. This could provide a
complete set of evaluated reconstruction parameters which can be adapted to spe-
cific cases of patients or specific regions of activity distributions, and this for differ-
ent isotopes used in PET imaging, which could form part of individualised patient
dosimetries. Indeed, evaluated parameters during this thesis were for a SBR of 9:1
throughout the experiments using the NEMA body phantom, and might vary in
patient setups. More complex phantom geometries than spherical volumes can be
studied. Also, confounding factors to image quality and quantification can be stud-
ied as in Strydhorst et al. (2016) for several isotopes.

In a longer term perspective, the model can be useful also for: 1) generation of
datasets for machine learning purposes and 2) testing and validation of generated
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data using image reconstruction with the workflow as described above. For exam-
ple in a future research project, named as the MoCaMed ANR project (2021-2025) 2
in collaboration with different research teams (CREATIS, LATIM, LIRIS and CLB)
starting in September 2021, the model can be of potential use to validate the gener-
ated phase space files, storing particles leaving the imaged patient, such as in a study
recently published in our research team in Lyon applied to external radiotherapy
by Sarrut, Krah, and Létang (2019) using generative adversarial networks (GANSs),
and the proof of concept to SPECT imaging by Sarrut et al. (2021a). These phase space
files can be used as input in Monte Carlo simulations of nuclear imaging systems and
our PET model. The model could also be useful for other coming PhD positions in
our Centre de Recherche en Acquisition et Traitement de 1'Image pour la Santé (CRE-
ATIS) team in collaboration to other institutions, on the use of artificial intelligence
for multimodal image reconstruction in the MultiRecon ANR project (2021-2024) %,
or on investigating parametric digital PET imaging in theranostic applications for
177Lu-based cancer treatments (2021-2024)*.

Another perspective could also be the simulation of patient images to evaluate
dose distributions such as in the study of Roncali et al. (2020) and validate their
methods using CFD for radioembolisation treatment prediction. Therefore, to put
it consisely, the proposed model has a wide range of potential applications and can
support a number of future projects, in particular to optimise imaging performance,
identify the influence of acquisition and reconstruction parameters on image quality
and absorbed dose estimation, evaluate new reconstruction and correction methods.

The GATE toolkit has been used for the Monte Carlo simulation of different types
of imaging and detection systems. It is however more than 15 years old, is commu-
nity driven and the code is complex and evolves continuously. A recent review
by Sarrut et al. (2021b) outlined the numerous simulations of emission tomographs
in GATE, where the work during this thesis has been enhanced. Indeed, GATE (and
other similar platforms) remain the gold standard for designing, optimising and as-
sessing imaging systems and is still useful to industrials, researchers and students.
One of the limitations of GATE is its Monte Carlo approach and simulations are slow
and demand large computational power. Optical tracking simulations therefore can-
not be performed on a complete PET detector ring and is limited to single pairs of
detectors.

In my opinion, GATE will remain a useful tool for Monte Carlo simulations of
complex imaging systems and can be easily adapted to future systems, however re-
lying on volunteer contributions to maintain and implement new modules. Current
considerations exist in the OpenGATE collaboration to propose a major GATE evo-
lution exploiting Python tools® for faster analysis and PyTorch integrations which
might open doors to developments within GATE exploiting Artificial Intelligence
(AI). GATE is also of interest to students and is increasingly used to teach Monte
Carlo methods for medical physics at universities. For an easier understanding, a
more complete and clear documentation should be made available especially for
students who are new to GATE. Efforts are being made on that side and GATE users
are actually responsive to specific issues. Finally, a completely new GATE platform
would be the future integration of the early stage Al tools for simulation and inte-
gration of complete optical analysis and data output, since the growing interest in

2. See MoCaMed

3. See MultiRecon

4. See Parametric PET
5. See GateTools
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Cerenkov luminescence detection for faster TOF resolution (Lecoq et al., 2020). In-
put and output data files are also generally too bulky and Al could help in reducing
their size.

Reconstruction for dosimetry

The short term perspectives of the second contribution to this thesis on the evalu-
ation of reconstruction parameters meet the ones that can be performed with the PET
Monte Carlo model, as described earlier. The evaluation allowed us to understand
the behaviour of the OSEM algorithm under low counts statistics and conditions
intrinsic to the decay of °Y. It can be useful to different institutions and research
works to build their protocols following the same methodologies, starting with our
own institution at the CLB. The evaluation also allowed to reduce patient acqui-
sition duration following 90Y_radioembolisation by 30%, which makes the exami-
nation more comfortable for the patient. The methodology using DVH and RMSD
can be applied to other isotopes, and other imaging modalities, such as for SPECT
imaging following Lutathera therapy using the 17’ Lu isotope. Future studies might
evaluate the PSF influence on quantification, by varying the parameters (fixed to 1
iteration with a 6 mm regularisation kernel in this thesis according to recommenda-
tions for 18F) using the acquired phantom listmode phantom datasets, which might
help to obtain a more accurate quantification. The study was based on simple phan-
tom geometries with no heterogeneity and, therefore, new phantoms can now be
easily designed by a 3D printer to take into account more realistic geometries. Mod-
elling heterogeneous activity distributions in experimental setups is also something
on which research should be focused. Indeed, the phantoms used had homogeneous
activity distributions in the different compartments of the different phantoms.

Predictive vs. monitoring dosimetry

Finally, the selected evaluated reconstruction parameters in the second contri-
bution were used in the third and last contribution to this thesis, which provides
preliminary results, evaluating retrospectively the predictive value of *"Tc-MAA
to Y microspheres for radioembolisation treatment. The primary aim in this work
remained on the choice of the most suitable registration methods for comparisons
between the predictive and actual activity distribution per-treatment and cannot be
used to interpret on the ®"Tc-MAA predictive value yet, limited to 10 patients. This
work will be continued prospectively in a short term, with a better selection and
classification of patients for analysis. Indeed, several aspects were not taken into
account for adequate patient selection. It would require a committee validating each
patient based on specific inclusion criteria (such as liver-only disease, ECOG perfor-
mance status, ...) and exclusion criteria (such as prior radioembolisation or external
beam radiotherapy, ...). Tools and metrics such as proposed by Levillain et al. (2020)
could be tested to validate their methodology using QVH and quality factors (QF)
combined with DVH which could reinforce ours. As they stated, QVHs also pro-
vide a visual and quantitative assessment of the agreement between predictive and
post-treatment dosimetry. Their Python code for QVH calculation is available on
Github/QVH. Furthermore, a synthesis using statistical analyses will be performed.
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Further perspectives

The patient datasets available at the CLB (around 45 patients) could be used
in a future study to incorporate radiobiological parameters specific for radioem-
bolisation using *°Y microspheres, even if TRT still lacks fundamental understand-
ing of the underlying radiobiology and dose response. This would allow to fur-
ther optimise a dosimetric and treatment approaches since dose effects have been
established for °Y-radioembolisation (Hoven et al., 2016). Other metrics besides
the mean absorbed dose can be used for evaluation such as the equivalent uni-
form dose (EUD), biologically effective dose (BED) and equivalent uniform bio-
logically effective dose (EUBED) such as used in Chiesa et al. (2015). There also
seems to be interests in the determination of radiosensitivity parameters towards
Y-radioembolisation and better understanding of the dose response of lesions in
the liver, such as in a recent study from Lee et al. (2019). Future research on fu-
ture patients receiving °Y-radioembolisation treatment at the CLB should consider
characterising the relationship between tumour absorbed dose and response after
90Y-radioembolisation, such as in the SARAH study (Hermann et al., 2020) and the
DOSISPHERE-01 study (Garin et al., 2021). 20y PET-derived radiomics could be
combined to absorbed dose to improve model building to predict tumour response
and progression in *°Y-radioembolisation treatment, using metrics suggested by Wei
et al. (2020) in a recent publication. All these studies could allow to reinforce recom-
mendations as published recently by Salem et al. (2019) and Levillain et al. (2021).

Even if major progress has been made in PET imaging during the recent years,
with an improvement of the timing resolution by a factor of 2 using SiPMs instead
of PMTs, PVE is still a major limitation to PET image quality and therefore absorbed
dose assessments (Rousset, Ma, and Evans, 1998; Soret, Bacharach, and Buvat, 2007;
Brolin, 2011; Erlandsson et al., 2012). Our research team at CREATIS/CLB are actu-
ally working on the feasibility to further correct PVEs following image reconstruc-
tion by a toolkit suggested by Thomas et al. (2016), and recover information using
the image datasets acquired during this thesis. PET technology is still perfectible,
and the search for better temporal resolution desired at less than 100 ps on clini-
cal systems and increasingly wide axial coverage promises satisfactory results that
would improve image quality and quantification. In lab, a 95 ps CTR using SiPMs
has been achieved (Seifert et al., 2012). A quest for a 10 picoseconds timing res-
olution has also been launched, with the use of ultra-fast Cerenkov emission for
TOF PET detectors which may allow PET technology to bypass the use of recon-
struction algorithms, there can be real time image formation and only attenuation
correction would be necessary (Lecoq, 2017; Lecoq et al., 2020). The use of recon-
struction algorithms as a matter of fact adds further bias on quantitative data inde-
pendent of PET performance, as shown in this thesis. Indeed, the TOF information
alone may be sufficient to obtain a distribution of the activity concentration with
an improved temporal and subsequently spatial resolution, and improved quantifi-
cation towards post-treatment *°Y-radioembolisation monitoring. Furthermore, a
major step forward has been taken with the installation of the first clinical and com-
mercial eFOV whole-body PET in 2020, featuring a 1 metre compared to traditional
15-30 centimetres long axial FOVs, besides being SiPM-equipped. Benefiting from
larger solid angles for detection with various long FOV PET systems being under
development (Zhang et al., 2017; Badawi et al., 2019; Vandenberghe, Moskal, and
Karp, 2020), PET therefore provides an even more fortifying technology and impact
in clinical use.
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Résumé étendu

Le foie est 'une des causes croissantes de mortalité liée au cancer chez les
deux sexes, alors que la mortalité due a la plupart des cancers est en baisse . En
fonction du diagnostic, du stade de la maladie, de 1’état de santé relatif et de la
condition physique de chaque patient atteint d"un cancer du foie, plusieurs alter-
natives thérapeutiques sont toutefois disponibles, y compris le traitement par ra-
dioembolisation, également appelé SIRT. La radioembolisation par 1'utilisation de
microspheres d’*’Y encapsulées dans du verre ou en résine marquées a 1”’Y est
une méthode intra-artérielle utilisée en pratique clinique pour traiter les tumeurs
malignes hépatiques non résécables et chimiorésistantes. Pendant la radioemboli-
sation a I’’’Y, des millions de microspheres sont administrées dans des branches
sélectionnées de l’artere hépatique qui alimentent les tumeurs. La désintégration
de 1YY émet des particules B~ de haute énergie qui délivrent des doses ab-
sorbées élevées aux tissus environnants du foie ou sont situées les tumeurs, tout
en préservant de l'irradiation les régions saines non perfusées et les autres organes a
risque (OARs). Suite a 'administration du traitement par radioembolisation a 1'°Y,
I'imagerie PET peut étre réalisée pour surveiller la biodistribution des microspheres
d’YY et évaluer le succes technique de la procédure. Ce suivi est de premiére im-
portance pour la sécurité du patient et pour progresser vers une dosimétrie person-
nalisée, permettant d’évaluer la distribution spatiale de la dose absorbée et de faire
d’autres prédictions sur le résultat du traitement.

La PET est aujourd’hui la modalité d’imagerie fonctionnelle la plus sensible
pour l'étude des interactions moléculaires dans le corps humain. En constante
évolution, elle a récemment été équipée de photomultiplicateurs en silicium (SiPMs),
remplacant les tubes photomultiplicateurs (PMT) conventionnels, permettant ainsi
une amélioration globale des performances et notamment de la résolution en temps-
de-vol (TOF). La PET a également été jugée intéressante par ses performances pour
I'imagerie de I'°Y. En effet, 1YY est un émetteur pur de B~, mais posséde un
rapport d’embranchement lié¢ & une production de paires d’e” /e™ de 32.6 x 107°
paires/désintégration. Méme si les statistiques de production de positons sont
faibles, 'imagerie PET est devenue, depuis une dizaine d’années, la référence pour
la surveillance de la radioembolisation par des microspheres d’?°Y.

Le contexte de cette thése s’inscrit dans le cadre du suivi du traitement par ra-
dioembolisation au moyen de microspheres d’’Y en utilisant 1'imagerie PET basée
sur les SiPMs numérique et les calculs Monte Carlo. La radioembolisation a 1"°Y
est généralement pratiquée dans 1'hopital ot s’est déroulée ma these, le CLB, ce-
pendant, le calcul de la dose absorbée n’est pas systématiquement effectué apres le
traitement bien qu'une imagerie PET soit toujours réalisée. Le succes technique du
traitement est uniquement évalué par la distribution visuelle de la radioactivité des
images PET.

L’objectif de cette these était double. Tout d’abord, 1’accent a été mis sur la si-
mulation du Vereos dans la plateforme GATE afin de la rendre disponible a la com-
munauté scientifique a des fins de recherche. Ensuite, la thése s’est concentrée sur

6. Voir The Surveillance, Epidemiology and End Results (SEER) Program (USA)
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I’évaluation des parametres de reconstruction d’image et des conditions d'imagerie
utilisant 1'’’Y en vue d’une amélioration de la quantification de la dose absorbée
pour la radioembolisation a '’’Y. Les analyses ont été réalisées a I'aide de données
de fantomes mais également appliquées aux données de patients. Enfin, des compa-
raisons préliminaires ont été effectuées entre la dosimétrie prédictive au *"Te-MAA
a celle obtenue suite au traitement par microspheres d’°Y.

Le manuscrit est divisé en deux parties, chacune d’elles comprenant trois cha-
pitres. La Partie I (Chapitres 1 a 3) décrit en détail 1'état de l’art du traitement par ra-
dioembolisation a ’aide de microspheres d’"Y et de 'imagerie PET. Les techniques
de planification du traitement du patient et de dosimétrie pour le suivi du traite-
ment par imagerie PET et les questions relatives a ces techniques y sont détaillées.
La Partie II (Chapitres 4 i 6) présente les différentes contributions apportées au cours
de cette these, notamment les simulations Monte Carlo de la PET Vereos de Philips
dans GATE, les études expérimentales sur fantome pour I'évaluation des parametres
de reconstruction pour I'imagerie PET a 1Y et appliquées aux données des patients
pour le calcul de la dose absorbée.

Le Chapitre 1 décrit d’abord la justification et le contexte clinique du traitement
par radioembolisation. Il présente également 1’état de 1’art des méthodes actuelles
de calcul de la dose absorbée a l'aide d’images voxélisées en PET et SPECT. Le
Chapitre 2 est un état de l'art générique sur la PET, de I"émission de positons a la
détection de photons par annihilation et a la reconstruction d’images. De plus, il
présente les concepts des SiPMs numériques de Philips (DPC), qui sont utilisés dans
le systéme du Vereos, et résume les performances de plusieurs nouveaux systemes
PET cliniques actuels. Le Chapitre 3 décrit enfin la physique de la désintégration de
1YY et les facteurs de confusion liés a I'imagerie PET pour la quantification.

Le Chapitre 4 détaille les travaux réalisés pour la premiére contribution de cette
these sur la simulation Monte Carlo de la PET numérique, décrivant les perfor-
mances simulées du systéme, avec comparaison aux données expérimentales en ac-
cord avec les recommandations de la NEMA. Ce travail a été publié dans EJ]NMMI
Physics (Labour et al., 2020). Le Chapitre 5 présente les résultats de la deuxiéme
contribution réalisée au cours de cette these sur I'étude quantitative utilisant le Ve-
reos pour l'imagerie a 1'’’Y. L'étude visait a évaluer les parametres de reconstruc-
tion et en méme temps a réduire la durée d’acquisition avec une dégradation accep-
table de la précision des informations obtenues dans les images reconstruites. Cette
contribution a été publiée dans EJ]NMMI Physics (Labour et al., 2021). Le Chapitre 6
utilise les résultats des parameétres de reconstruction et d’acquisition sélectionnés
dans la contribution du Chapitre 5 sur un ensemble de données de patients ayant
bénéficié d’une radioembolisation a 1YY dans notre établissement. Une évaluation
préliminaire de la valeur prédictive du substitut " Tc-MAA aux microspheres d’°Y
a été réalisée en suggérant des approches cohérentes pour l'enregistrement des
images.

I Contexte clinique

I.1 Le cancer du foie

L’incidence et la mortalité des cancers du foie sont décrites par 'TARC 7. En 2018,
le nombre de nouveaux cas enregistrés pour le cancer du foie chez les deux sexes

7. Voir Observatoire Mondial du Cancer (OGC) - CIRC/OMS (France, ONU)
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était de 841 100 pour 781 600 déces (Bray et al., 2018), ce qui en fait le sixieme can-
cer le plus fréquemment diagnostiqué et la quatrieme cause de mortalité par can-
cer (Bray et al., 2018; Dasgupta et al., 2020). La Figure 1.1 fournit quelques statis-
tiques sur les taux d’incidence et de mortalité des pays de I'EU, ot la France se
classe respectivement au troisiéme et au quatriéme rang des taux d’incidence et de
mortalité. En plus, le cancer du foie est une maladie a prédominance masculine, as-
sociée a I'laugmentation de I'dge et a de nombreux types de maladies chroniques du
foie consécutives a des infections par le virus de 1'hépatite B ou C, a une maladie
du foie liée a 1’alcool ou & une stéatose hépatique non alcoolique, qui est étroitement
liée au syndrome métabolique et a 1’obésité.

Les deux cancers primaires du foie les plus redoutés sont le HCC, qui représente
75%-85% de la totalité des tumeurs malignes primaires du foie, suivi du ICC qui
représente 10%-15% des cas, ainsi que quelques autres types rares (Tischoff et Tan-
napfel, 2007; Bray et al., 2018). Le foie est également un site métastatique courant
pour une grande variété de tumeurs primaires provenant d’autres sites de l'or-
ganisme (Namasivayam, Martin et Saini, 2007), comme les adénocarcinomes du
systeme GI (par exemple, les cancers colorectaux).

1.2 Le traitement du cancer du foie

En fonction du diagnostic, du stade, de 1’état de santé relatif et de la condition
physique de chaque patient atteint d’'un cancer du foie, une équipe multidiscipli-
naire discutera du traitement approprié a administrer. Bien que le pronostic soit sou-
vent mauvais, il existe de nombreuses alternatives pour le traitement du cancer du
foie, allant de la guérison aux soins palliatifs ou au BSC. Les patients dont le cancer
est détecté & un stade précoce disposent d'un plus large éventail de possibilités de
traitement et ont plus de chances de vivre plus longtemps, par rapport a ceux qui se
présentent a un stade plus tardif.

I.3 Justification de la radioembolisation

La radioembolisation ou SIRT est une méthode intra-artérielle utilisée en pra-
tique clinique pour traiter les tumeurs malignes hépatiques non résécables et chi-
miorésistantes (Lau et al., 1994 ; Salem et al., 2010 ; Sangro et al., 2011 ; Tafti et Padia,
2019). Au cours de la SIRT, des millions de microspheres sont administrées dans une
artere, délivrant des doses absorbées élevées aux régions perfusées sélectionnées du
foie ou se trouvent les lésions hépatiques, tout en préservant les régions saines non
perfusées du foie et les autres OARs de l'irradiation (Kennedy et al., 2012), voir la
Figure 1.3. La SIRT peut étre administrée aux patients atteints de tumeurs malignes
du foie qui sont bien vascularisées puisque les microspheres sont transportées par
le sang jusqu’a la tumeur, qu’il s’agisse de tumeurs primaires, HCC et ICC, ou de
tumeurs secondaires, mCRC, mNETs et SHM de cancers du sein, etc.
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1.4 Propriétés des microspheres

Actuellement, la SIRT peut étre réalisée avec deux isotopes, soit avec des mi-
crospheres d’°Y ou de '°Ho. Trois types de dispositifs médicaux existent, les SIR-
Spheres® (Sirtex Medical Limited, North Sydney NSW, Australia, 2020) et The-
raSphere™ (Boston Scientifics, Massachusetts, United States, 2020) pour les mi-
crospheres d’Y, et QuiremSpheres® pour les microspheres d’'®*Ho (Quirem Me-
dical BV, Deventer, the Netherlands, 2020). Les propriétés des trois types de mi-
crospheres sont résumées dans le Tableau 1.1.

I.5 Laradioembolisation a 'Y

Lors d’une radioembolisation a I'’?Y, les particules d’*’Y émettrices de f~ de
haute énergie, encapsulées dans des microspheres de verre ou de résine marquée,
voir le Tableau 1.1, sont administrées par des branches sélectionnées de 'artere
hépatique qui alimentent les tumeurs. Cette méthode assure une biodistribution
locale des microspheres d’’Y délivrant une dose absorbée trés localisée dans les
régions perfusées, épargnant les OARs et les tissus sains voisins avec l'avan-
tage d’une irradiation négligeable des parties non embolisées et des tissus extra-
hépatiques (compte tenu de la portée maximale des particules B~ autour du site de
dépot), consultez la Figure 1.3. La radioembolisation a 1’’Y est largement utilisée en
raison de son efficacité clinique et de sa sécurité relative (Lau et al., 1994 ; Sato et al.,
2008; Kennedy et al., 2009 ; Salem et al., 2010; Sangro et al., 2011 ; Garin et al., 2021).

Avant le traitement par SIRT, les patients subissent une angiographie appro-
fondie pour cartographier les vaisseaux artériels alimentant la tumeur et des parti-
cules de substitution qui imitent la distribution des microspheéres sont administrées
pour évaluer la présence de shunts pulmonaires et GI. Ces différentes étapes sont
nécessaires pour une planification individualisée du traitement afin de maximiser et
de garantir la sécurité et I'efficacité de la thérapie.

1.5.1 Etape du pré-traitement

Afin d’éviter ou de limiter I'impact des effets secondaires et de la toxicité pos-
sibles, une procédure d’examen de simulation préalable au traitement est effectuée
avant et pas plus de 2 semaines avant la radioembolisation a 1’’Y (en raison de
la progression possible de la maladie) en utilisant les particules de substitution, le
PMTe-MAA, dont la taille correspond approximativement a celle des microspheres.
Le #"Tc est un émetteur gamma pur (7y) avec un pic d’énergie photonique de 140
keV et sa demi-vie physique est relativement courte (~6 heures), ce qui permet un
large éventail de procédures d’imagerie, tout en maintenant I'exposition totale du
patient aux rayonnements a un niveau faible. Les propriétés du *"Tc-MAA sont
indiquées dans le Tableau 1.1.

Scintigraphie planaire et SPECT/CT. Apres l'injection de *"Tc-MAA, une scinti-
graphie planaire et/ ou, si possible, une imagerie par gamma-caméra 3D-SPECT sont
réalisées, comme le montrent les Figures 1.6 et 1.7. L'utilisation de ces deux dernieres
plateformes est multiple. Elles permettent de : (1) de détecter également tout dépot
extrahépatique de 'activité transportée par le systeme vasculaire hépatique vers le
parenchyme hépatique non ciblé ou les OARs, (2) calculer la LSF qui est la propor-
tion de matiere radioactive qui a atteint les poumons vraisemblablement en raison
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d’une migration via les shunts hépatopulmonaires, consultez la Section 1.4.1.1, (3) si-
muler le résultat de la distribution spatiale de 1’’Y pendant la phase de traitement,
(4) adapter l'activité de 1'°Y a injecter pendant le traitement qui dépend du type
de microsphere et (5) estimer si possible la distribution de la dose absorbée dans
les régions tumorales perfusées d’'intérét et le tissu hépatique. L'imagerie doit étre
réalisée dans 1’heure qui suit I'injection en raison de la dégradation des particules de
PmTe-MAA (Grosser et al., 2016).

1.5.2 Etape du traitement

Dans les deux semaines qui suivent la prescription de 'Y avec la procédure
utilisant le 2"Tc-MAA de substitution, ’administration des microspheres d%Y
est réalisée en utilisant la méme position de cathétérisation dans la vasculature
hépatique sélectionnée qui est le site de traitement. Levillain et al. (2021) recom-
mandent (recommandation R17) de réaliser SIRT des que possible apres la simula-
tion et au maximum quatre semaines aprés la simulation pour les microspheres en
résine.

Suivi post-traitement. Bien que si le shunt pulmonaire calculé par les images de la
plannification de traitement a I'aide de " Tc-MAA prédit le shunt pulmonaire pour
les microspheres d?%Y (Jha et al., 2012), des différences peuvent apparaitre entre la
biodistribution du MAA et des microspheres, ce qui donne lieu a des prédictions
imprécises (voir Section 1.7 et Chapitre 6 pour les limitations du *"Tc-MAA). 1l
convient donc de surveiller la biodistribution des microsphéres apreés la procédure
d’administration des SIRT afin d’évaluer le succes technique de la procédure et de
détecter un éventuel dépot non ciblé pour prendre les mesures nécessaires le plus
tot possible aprés le traitement en cas de dépots extra-hépatiques (par exemple dans
le tractus GI). Les normes d’excellence pour ce contrdle peuvent étre réalisées en
utilisant le BremSPECT /CT ou PET/CT), qui permettent en plus une évaluation de
la distribution spatiale de la dose absorbée et d’autres prédictions sur le résultat du
traitement (Lhommel et al., 2010; D"Arienzo et al., 2012). La Figure 1.9 montre une
comparaison visuelle des images obtenues apreés l'injection de " Tc-MAA et apres
linjection de microspheres d’°Y.

1.6 Prescription de l’activité

Une description détaillée de la prescription de l'activité personnalisée par
type de dispositif médical est présentée dans la Section 1.4. La SPECT/CT est
préférablement utilisée, voir la Figure 1.7, pour surmonter les limites des images
planaires telles que le manque d’informations 3D, la correction des densités
et hétérogénéités tissulaires et la correction de l'atténuation. L'objectif de cette
évaluation est I'adaptation de l'activité d’’Y a administrer pendant la SIRT pour
une dosimétrie personnalisée pour chaque patient.

1.7 Radionucléides alternatifs a I'’°Y pour la radioembolisation

Les microsphéres contenant du 166 (Quirem Medical BV, Deventer, the Nether-
lands, 2020) constituent une alternative aux microspheres d’°Y. Les spécifications
du ®Ho par rapport aux microsphéres d’’Y sont également fournies dans le Ta-
bleau 1.1. Les microspheres d’1®*Ho émettent des rayons <y de faible énergie, ce qui
rend possible la visualisation des microspheres perfusées dans les patients a 1’aide
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de la SPECT/CT; mais la spécificité supplémentaire étant que le **Ho et son pro-
duit de désintégration I''Er sont tous deux des lanthanides ® et présentent donc des
propriétés paramagnétiques. La visualisation des microsphéres est donc possible par
MRI du métal. Cependant, méme si la MRI a une résolution plus élevée et peut faci-
lement étre combinée avec des scanners anatomiques, il n’est pas adapté aux tissus
contenant de l'air ou aux tissus contenant des métaux (tels que les coils placés pour
le traitement) (Reinders et al., 2019). En raison de sa demi-vie plus courte que celle
de 'Y et des différences dans les spectres d’énergie, une activité plus importante
est nécessaire lors de 1'utilisation du ®®Ho pour atteindre des doses absorbées com-
parables. Par conséquent, 90% du rayonnement est libéré dans les 4 premiers jours
d’irradiation, contre 11 jours pour 'YY.

I.8 Calculs dosimétriques en radiothérapie interne

La Section 1.6 décrit les différents algorithmes possibles pour calculer la dose
absorbée pour la TRT et pour la SIRT. Les méthodes de calcul utilisées pour la do-
simétrie de la TRT partent de la macrodosimétrie de référence la plus courante, basée
sur un modele et utilisant des S-values pour des organes cibles entiers. Cette derniere
méthode néglige toutefois les hétérogénéités dans les distributions des sources ra-
dioactives biologiques et les densités des tissus cibles et n’est pas représentative de
toutes les variations de la morphologie réelle des patients.

D’autres méthodes basées sur des distributions d’activité non uniformes ont
été proposées pour permettre une dosimétrie plus précise basée sur les voxels. Les
méthodes actuelles font appel a des simulations numériques de Monte Carlo, a des
méthodes de convolution analytiques utilisant des modélisations PK ou VK utilisant
de S-values et le formalisme du MIRD (Bolch et al., 2009) et également a une do-
simétrie voxel analytique plus simplifiée du MIRD utilisant le LDM. Ces dernieres
méthodes tiennent en compte les distributions de sources plus réalistes et, si pos-
sible, des hétérogénéités tissulaires, mais avec des niveaux de précision différents.

Les calculs en dosimétrie interne peuvent étre effectués sur une large gamme de
dimensions de la cible, en commengant par les organes entiers jusqu’aux niveaux
cellulaires, en passant par les tissus a petite échelle. Cependant, ils dépendent des
modalités d’imagerie disponibles et de la résolution des ensembles d’images de sor-
tie, qui sont aujourd’hui de préférence présentés sous forme de cartes de voxels 3D.
Les images fonctionnelles SPECT et PET sont généralement employées dans la do-
simétrie clinique des patients pour évaluer 1’absorption biologique des radiophar-
maceutiques, tandis que la modalité anatomique CT peut fournir des informations
sur la composition des tissus. Aujourd’hui, les systemes bi-modaux tels que 'ima-
gerie SPECT/CT et PET/CT ont été évalués pour le calcul de la dose absorbée dans
les applications de médecine nucléaire.

1.9 Conclusion

La radioembolisation nécessite 1"utilisation de plusieurs techniques d’imagerie
afin de planifier, délivrer et vérifier le succes technique du traitement. Plusieurs
méthodes existent pour prescrire 1’activité des microspheres et des recommanda-
tions ont récemment été publiées par Salem et al. (2019) et Levillain et al. (2021) afin
d’adapter au mieux le traitement a chaque patient pour chaque type de microsphere.
L'utilisation de la SPECT/CT pour le prétraitement ainsi que de la PET/CT pour le
suivi du traitement est cruciale pour personnaliser le traitement (Garin et al., 2021).

8. Voir Wikipedia/Lanthanides
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L’accent est mis sur 'imagerie PET/CT dans les sections suivantes, étudiée dans
cette these pour la radioembolisation.

II Latomographie par emission de positons

Des progrés majeurs ont été réalisés ces dernieres années en imagerie PET. En
plus de I'amélioration de la précision de la position de l'interaction et du gain SNR
par l'incorporation des informations TOF dans la reconstruction tomographique,
des développements significatifs avec I'émergence de la technologie SiPM et de
I'électronique plus rapide permettent des capacités de détection de coincidence
plus efficaces. Les SiPM apportent des avantages supplémentaires, renforcant le
role des PET dans le diagnostic et la stadification des maladies humaines. La PET
semble donc rester la modalité d’imagerie fonctionnelle la plus sensible en médecine
nucléaire, permettant de visualiser le métabolisme des cellules et des organes, par
opposition au CT ou a la MRI morphologique qui permettent d’imager I’anatomie
avec une bonne résolution spatiale. Aujourd’hui, tous les systémes PET sont équipés
d"un CT (ou MRI) qui fournit des informations supplémentaires pour aider a locali-
ser plus précisément les anomalies fonctionnelles, avec des corrections d’atténuation
des photons (CTAC) et PVE.

II.1 Radionucléides utilisés en PET

L'imagerie PET bénéficie avant tout de la physique des isotopes émetteurs de
positons (B* ou e™). Les propriétés d'une liste de radionucléides utilisés en PET
sont présentées dans le Tableau 2.1. Bon nombre des émetteurs les plus utilisés ont
une demi-vie courte (Ty,;), par exemple 'O et le 1*N, ce qui limite leur utilisa-
tion en recherche ou dans les hopitaux a la disponibilité d"un cyclotron sur place
ou a proximité”’. Il est également possible de produire des isotopes en utilisant des
générateurs, par exemple les générateurs *Ge/%®Ga et 82Sr/82Rb (Knapp et Mirza-
deh, 1994 ; Dash et Chakravarty, 2019).

I1.2 Désintégration S+
11.2.1 Emission de positons

Le positon (e*) est I'antiparticule de I'électron (e~). Ils ont des masses simi-
laires mais different en ce qu'un positon a une charge électrique positive, alors
qu’'un électron a une charge négative. Les positons sont émis par le processus de
désintégration nucléaire B des noyaux instables qui ont un excés de protons (p),
I’émission de BT est donc induite par I'interaction faible !’. Fondamentalement, un
proton dans le noyau de 'atome est transformé en un neutron (1) et un positon
comme le montrent les équations 6.5 et 6.6, la seconde étant générique pour tout
isotope parent se désintégrant 42X en son produit fils , 1Y, et I'atome retrouve sa
stabilité nucléaire.

pt—n+ B+ (6.5)

X — , A+ BT+, (6.6)

9. Voir Wikipedia/Cyclotron
10. Voir Wikipedia/Weak interaction
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Le positon est éjecté du noyau accompagné d"un neutrino (v.). Un exemple pour le
I8F qui émet un rayonnement B+ et se désintegre en 80 est présenté dans I’équation
6.7.

BF — B0 +8" + v (6.7)

I.2.2 Annihilation de positon

Le positon se thermalise rapidement apres avoir été éjecté du noyau. Dés qu’il
s’est thermalisé, il se combine directement avec un électron de spin opposé au re-
pos, ce qui entraine une annihilation de 2 photons gamma (2-7), ou bien il peut
former des particules neutres de courte durée (10~7s) appelées positroniums (1'état
lié d'un électron et d'un positon). Les positroniums existent sous la forme soit
de para-positronium qui entraine également une annihilation en 2-, soit d’ortho-
positronium qui se désintegre en 3-y (Harpen, 2003). Malgré cela, la plupart des an-
nihilations dans les tissus donnent lieu & une émission utile de rayons 2-y (Harpen,
2003), qui est a la base de la détection de la PET.

I1.2.3 Interactions des ys de 0.511 MeV avec la matiere

Pour rappel, les définitions des différentes interactions des photons dans la
matiére sont données ci-apres. L'effet photoélectrique et la diffusion Compton sont
les deux principales interactions photoniques qui nous intéressent en PET. Les pho-
tons ne provoquent pas directement des ionisations comme cela se produit avec
le transport de particules chargées (qui ne sera pas détaillé ici), mais peuvent étre
classés comme rayonnement d’ionisation secondaire. Les interactions les plus pro-
bables des photons de 0,511 MeV sont représentées sur la Figure 2.4 (gauche).

L’effet photoélectrique. Le photon subit un effet photoélectrique lorsqu’il est ab-
sorbé completement par un atome et que la totalité de son énergie est transférée a un
électron orbital dans les couches internes. Si la valeur de E,, est supérieure a I'énergie
de liaison de I'électron, ce dernier gagne suffisamment d’énergie et s’échappe de son
orbitale (le photoélectron), laissant une place vacante dans la couche électronique
interne. Il y a alors libération d’énergie (due au déplacement d'un électron de la
couche externe vers la coquille interne vacante) qui peut provoquer 1’émission d"un
photon de fluorescence X, ou étre transmise a un électron atomique qui sera éjecté
de 'atome, appelé électron Auger. Plus le numéro atomique (Z) ou le Z effectif
(Zefr) du milieu est élevé, plus l'interaction photoélectrique est probable. A 0511
MeV, cette probabilité est approximativement proportionnelle a Z3°%4, E, 3375 et
varie linéairement avec la densité (p, c’est-a-dire la masse par unité de volume) des
matériaux.

Diffusion incohérente ou Compton. Le photon subit une interaction de préférence
avec un électron en orbite dans la couche externe, transférant une partie de
son énergie (supérieure a 1’énergie de liaison) a 1’électron. Cet électron est éjecté
(I’électron de recul) et le photon est dévié par un angle de diffusion avec son énergie
restante. Une relation claire existe entre I'E, du photon diffusé et 'angle de diffu-
sion 6 compte tenu des lois de conservation de 1’énergie et de la quantité de mouve-
ment (qui ne seront pas détaillées ici, voir Agarwal (1991), Cherry et Dahlbom (2006)
et Cherry, Sorenson et Phelps (2012)). Comme l'interaction de diffusion Compton
dépend principalement des électrons considérés comme ’libres” avec des liaisons
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faibles avec le noyau, elle dépend donc moins de Z et de E, de I'électron incident,
mais surtout de la densité électronique p,. La diffusion Compton est le principal type
d’interaction des photons dans les tissus mous.

A 0,511 MeV, le photon a trop ou trop peu d’énergie et il est moins probable qu’il
subisse une diffusion cohérente ou une production de paires (respectivement) qu'un
effet photoélectrique ou une diffusion Compton.

II.3 Atténuation des photons dans la matiere

Les photons ne provoquent pas directement d’ionisations, lorsqu’ils traversent la
matiere mais sont atténués par les diverses interactions, en fonction de leur propre
énergie cinétique E, et des propriétés de Z ou Z,¢f, de la densité p et de l'épaisseur
D du milieu de transport. L'atténuation des photons peut étre calculée a 'aide de
I’équation 6.8.

I(x = D) = Ip.e™ Jo i(Er)dx 6.8)

out [y et I(x = D) sont les intensités de photons : 1) sans matériaux atténuants
(absorbeurs, par exemple le corps du patient avec différentes densités de tissu) et
2) transmis apres avoir traversé les absorbeurs (par exemple le corps du patient
avec une épaisseur variable 0 < x < D), respectivement. Le parametre ],tl(Efy, X)
est le coefficient d’atténuation linéaire. Il correspond a la probabilité d’interaction
par unité de distance en fonction de E., et x. y; peut étre donné par I'équation 6.9
en considérant I'atténuation linéaire pour I'effet photoélectrique (ypg) et la diffusion
Compton (yc).

Wi =~ Upg + Hc (6.9)

Dans le cas de I'imagerie PET, trois types de milieux sont susceptibles d’atténuer
les photons d’annihilation : 1) les tissus mous et les o0s, 2) les matériaux scintillateurs
tels que LSO/LYSO et 3) les matériaux utilisés pour le blindage. Le Tableau 2.2 four-
nit les y; a 0,511 MeV dans différents matériaux susceptibles d’agir comme milieux
absorbants dans I'imagerie PET.

II.4 Les principes de I'imagerie PET

Des photons d’annihilation 2, de 0,511 = AE, MeV sont émis a 180° +A0
en coincidence et sont détectés par des détecteurs placés dans des directions op-
posées, sur un ou plusieurs anneaux pour la détection 3D. Une logique simplifiée
de détection de coincidence est illustrée dans la Figure 2.5. Un ensemble de nou-
velles méthodes de détection des 3D et une électronique de pointe améliorée sont
utilisées pour discriminer les photons entrants, car différents types de rayonnements
de photons primaires et secondaires peuvent étre émis et confondre la détection des
photons d’annihilation.

Types d’événements pour la détection des coincidences : Une fois qu'un événement
de coincidence est enregistré par un LOR, la position de l'interaction des photons
(dans le détecteur), I’énergie et le temps d’arrivée dans les fenétres de coincidence
de chaque paire de photons sont enregistrés. La différence de TOF entre les deux
photons est également enregistrée, consultez la Section 2.7. Cependant, en raison
des performances et des limites des systemes de détection et des interactions des

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI054/these.pdf
© [J. Labour], [2021], INSA Lyon, tous droits réservés



174 Chapter 6. Résumé étendu

photons dans le volume d’émission (par exemple le corps humain), les informa-
tions de tous les LOR ne fournissent pas les informations correctes et la détection
est confondue par des événements indésirables. Les coincidences sont classées en
quatre groupes différents : les vraies (les seules souhaitées), les diffusées et fortuites
(les indésirables), et les multiples (un choix ambigu doit étre fait pour le bon LOR
dans ce cas). Chacune d’entre elles est appelée une coincidence, représentée sur la
Figure 2.6.

I.5 Sources d’erreur contribuant a la résolution spatiale de la PET

Différentes sources d’erreur influent sur la résolution spatiale des systemes PET.
Le biais intrinseque (avant la reconstruction de I'image PET) dans la détection PET
a été abordé dans le Chapitre 2, voir la Figure 2.1 pour les erreurs du parcours du
positon et la de non-collinéarité des photons d’annihilation. Les contributions des
autres sources d’erreur sont aussi discutées et décrites quantitativement.

Un résumé des différentes contributions a la résolution spatiale est schématisé
dans la Figure 2.8. On suppose que leur addition se fait en quadrature (bien que
toutes ne soient pas décrites par des fonctions Gaussiennes). Par conséquent, la
résolution spatiale reconstruite I' pour une source ponctuelle située a un rayon r
du centre du FOV radial est décrite par 1’équation 6.10.

(12.5r)2

5 (/2R (6.10)

T [mma FWHM] = 1.25\/ (d/2)? 4 5% + (0.0022D)2 + b +

ou s est la distance parcourue par le positon, D le diametre du tomographe et
b est l'erreur du facteur de décodage du cristal (b = d/3 pour les détecteurs qui
utilisent un décodage optique ou 0 sinon).

I.6 PET temps-de-vol

L’'incorporation de l'information TOF a amélioré les capacités de I'imagerie PET
(Surti, 2015), en améliorant le NEC et le SNR, donc la qualité de I'image. La localisa-
tion du point d’émission des photons d’annihilation dépend de l'information TOF,
a savoir la détection de la différence de temps entre les deux photons d’annihilation,
comme le montre la Figure 2.9. La rétroprojection de l'information sur les LOR est
limitée a un nombre restreint de voxels utilisant I'information TOF par rapport aux
PET sans TOF dans la matrice de I'image reconstruite. L'équation 6.11 donne la re-
lation simple pour déterminer la position de l'interaction AX a partir du centre du
LOR (c’est-a-dire la distance entre deux détecteurs opposés).

=t xc AT xc
2 2

ol ¢ est la vitesse de la lumiere et AT la différence d’information temporelle, se
référer a la Figure 2.9.

AX =

(6.11)

I1.7 Cristaux scintillateurs

Le systeme de détection de photons est basé sur deux détecteurs assemblés
ensemble, le scintillateur (organique ou inorganique) et le photodétecteur (par
exemple, les PMTs, les photodiodes, les SiPMs). Les scintillateurs convertissent
I'énergie déposée par les s de 0,511 MeV par luminescence en photons visibles
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et sont détectés par des photodétecteurs. Pour I'imagerie PET, on utilise des scin-
tillateurs inorganiques sous forme de cristaux solides. Le Tableau 2.3 fournit les pro-
priétés de différents cristaux scintillateurs intrinseques et extrinseques activés (par
exemple, impureté dopé au césium) couramment utilisés en PET. Consultez la Sec-
tion 2.8.

II.8 Principes de fonctionnement des photodétecteurs
I1.8.1 Tubes photomultiplicateurs (PMTs)

Les PMTs convertissent la lumiere de scintillation en une impulsion électrique
détectable par multiplication des électrons. Les PMT ont été les premiers a étre
utilisés pour 1'imagerie PET, mais ils sont aujourd’hui supplantés par les progres
récents de la technologie SiPM pour la détection optique des photons. La figure 2.10
présente une esquisse de la structure d’'un PMT conventionnel, composé d'une
photocathode et de plusieurs électrodes enfermées dans un tube a vide (en verre,
céramique, métaux) dans un champ électrique. Pour plus de détail sur le fonction-
nement des PMTs, Consultez la Section 2.9.1.

I1.8.2 Photomultiplicateurs en silicium (SiPMs)

Le principal développement en matiere de détection de photons pour I'image-
rie PET au cours de cette derniére décennie est la technologie SiPM. Elle utilise des
réseaux de SPAD, qui sont des APD fonctionnant en mode de polarisation inverse
quelques volts au-dessus de la tension de claquage, fonctionnant en mode Geiger,
voir la Figure 2.11. Les SiPMs offrent beaucoup plus d’avantages que les APDs. Ils
peuvent étre de taille beaucoup plus petite (um de cotés) et peuvent étre compactés
par milliers. IIs permettent la détection de photons uniques avec une excellente
résolution temporelle (e SPTR) en raison de la faible gigue temporelle en mode Gei-
ger (augmentation exponentielle du courant) et de l’étroite région d’amplification
ou le signal est produit. Les SPADs offrent un meilleur contrdle de la linéarité, des
résolutions temporelles et spatiales améliorées et des applications TOF pour 1'image-
rie PET, par rapport aux APD, voir la Section 2.10. Ils ont un gain comparable a celui
des PMT, de l'ordre de 10° et peuvent fonctionner numériquement en comptant les
photons incidents au lieu de produire un courant amplifié comme avec les APD. Un
apercu des principes du composant de base de la cellule SiPM, c’est-a-dire le SPAD,
et des types de SiPM existants : aSiPM et dSiPM, sont abordés dans la Section 2.9.3.
Les principes de fonctionnement du DPC de Philips y sont aussi détaillées.

II.9 Acquisition et reconstruction tomographique des données PET

L’objectif de la reconstruction d’'image en PET est de transformer les informations
des LORs individuels acquis en données quantitatives 3D, qui sont la concentration
d’activité en Bg.mL~! dans chaque voxel reconstruit présent dans le FOV. Les Sec-
tions 2.13 et 2.14 présentent les modes d’acquisition 2D et 3D pour 1'imagerie PET,
le format de stockage de données en sinogrammes ou mode liste, ainsi que les algo-
rithmes de reconstruction tomographiques.
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III Laphysique de I’’YY pour I'imagerie PET

Comme exposé dans le Chapitre 1, 'Y est utilisé comme radioisotope pour
le traitement des cancers du foie par radioembolisation. Alors qu’il s’agit d'un
émetteur béta pur, ce qui le rend adapté a la thérapie, il existe également
un phénomeéne de production interne de paires (¢ -¢*) dans le schéma de
désintégration de 'Y, provenant d"une transition monopolaire électrique rare (E0)
entre les états 0 + /0+ du *°Zr. Cette propriété peut donc étre exploitée pour la
détection de photons d’annihilation de 0,511 MeV a l'aide de systémes d’imagerie
PET, dont I’état de l'art est présenté dans le Chapitre 2.

III.1 Propriétés et schéma de désintégration de 1’’’Y

L'?%Y est un émetteur B~ pur, qui ne produit que des électrons au cours de sa
désintégration en ses produits de filiation, principalement au niveau fondamental
du ?°Zr, et dans une bien moindre mesure a un état excité du °Zr. 11 fait partie
d’une minorité de radionucléides qui n’émettent pas de rayons gamma a un taux si-
gnificatif apres leur désintégration. Son schéma de désintégration est présenté dans
la Figure 3.1. Les propriétés de I'’’Y ont été fournies dans le Tableau 1.1 du Cha-
pitre 1. LY a une demi-vie de 64,04 h. L’énergie moyenne du spectre du = est
égale a 0,927 MeV (avec un maximum de 2,28 MeV). L'ensemble du spectre ~ est
représenté sur la Figure 3.2. Nous verrons qu’il y a aussi une tres petite production
de positons pendant le processus de désintégration de 1Y, ce qui est intéressant
pour cette these.

III.2 La production de paires internes et son rapport de branchement
IM1.2.1 Transition 0 — 0% du °Zr

LY a une partie rare de son rapport de branchement (B;) qui se désintegre au
premier état excité 0 du *°Zr a un niveau d’énergie égal a 1,76 MeV. La désexitation
qui suit du premier état excité 0T vers I'état stable fondamental du *°Zr peut en-
trainer la création d’une paire interne électron-positon (8~ /™) si 'énergie excitée
est supérieure a 1,022 MeV. La transition qui se produit est une transition mono-
polaire électrique 0t — 0% du *Zr et il n’y a aucune modification de la compo-
sition des noyaux parent (excité) et fille (stable) et les transitions gamma simples
sont absolument interdites (contrairement aux états excités typiques). Pour une re-
vue détaillée des modes de désintégration de 'Y et ’explication de la transition
monopolaire 0t — 07 des états du °Zr, les lecteurs peuvent se référer a D’ Arienzo
(2013) et Deutsch (1957) (entre autres).

III.2.2 Rapport de branchement des positons et contexte historique

Ford (1955) prévoyait théoriquement que le premier état excité du *°Zr pourrait
étre un 07. Cette prédiction a été mise en évidence la méme année par Johnson,
Johnson et Langer (1955) travaillant dans le méme laboratoire. A I'époque, ils ont
observé une raie de transition de 1,75 MeV (avec un FWHM de 0,5%) sur leur spec-
trometre dans leur montage expérimental utilisant une source d’Y correspondant
a des événements de conversion interne avec une intensité de 0,005% par rapport
au spectre B~ de 2,26 MeV. Plusieurs études expérimentales ont suivi pour mesurer
plus précisément la production de paires internes par désintégration de f~, w), /wg.
Les valeurs trouvées dans la littérature sont fournies dans le Tableau 3.2.
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IIL.3 Facteurs de confusion de 'imagerie PET a 1I’’Y

Pour rappel, le but premier de l'utilisation de 1YY en médecine nucléaire est
la thérapie. Ses caractéristiques d’émission radioactive permettent un suivi post-
traitement par imagerie tomographique d’émission. L'utilisation de la SPECT et ses
inconvénients inhérents ont été mis discutés dans les chapitres précédents. LY est
également un traceur PET défavorable par rapport a ceux couramment utilisés a des
fins de diagnostic. Cette section mentionne les facteurs de confusion dans la quanti-
fication utilisant la PET pour I'imagerie de I’Y. Il s’agit des faibles statistiques dues
au faible rapport d’embranchement du * décrit précédemment et de la difficulté de
détecter des coups utiles parmi le fond naturel de radioactivité du 7°Lu (présente
dans les cristaux de LYSO/LSO) émettant des impulsions gamma qui tombent dans
la fenétre d’énergie pour la détection de coincidence et le rayonnement X du spectre
de désintégration du *°Y autour du pic de 511 keV.

Strydhorst et al. (2016) ont étudié I'impact des facteurs de confusion compromet-
tant la quantification de I'’Y a I'aide de la PET, en comparant leurs expériences sur
fantdme (comparant les mesures de 'Y et de 1'8F) aux simulations Monte Carlo
utilisant GATE. Pour résumer leurs résultats, aucune influence significative n’a été
détectée sur la quantification de 'Y qui pourrait étre attribuée a la présence de
comptages aléatoires en utilisant les simulations et rejoignent les résultats de Car-
lier et al. (2015), permettant aux données d’étre corrigées de la désintégration pour
obtenir une quantification adéquate.

III.4 Autres facteurs limitant la quantification en PET

Plusieurs autres facteurs confondent la quantification en tomographie
d’émission, moins spécifiques a un radiotraceur PET particulier. Les limites des pro-
cessus physiques impliqués (parcours des positons, non-collinéarité des photons
d’annihilation, atténuation, diffusion) et du systéme de détection du PET ont été
présentées dans le Chapitre 2 et ajoutent un biais supplémentaire a la quantifica-
tion de I'activité, voir la Section 2.6 et la Figure 2.8. Pour la PET, plusieurs méthodes
de correction sont disponibles pour limiter ces facteurs de dégradation, notamment
les effets d’arc, la normalisation, ’atténuation, les coincidences aléatoires et diffusés,
les corrections de temps mort et d’empilements et les effets de volume partiel. Les
méthodes de correction ne seront pas détaillées dans cette these, mais un état de
I'art complet peut étre trouvé dans Salvadori (2020), Partie I-Chapitre VI-Corrections
et quantification.

IIL5 Imagerie de 1'°Y par tomographie par émission

L'imagerie SPECT de I’’Y exploite les rayons X de freinage, avec différentes
fenétres d’énergie publiées, et a été utilisée pour 1’évaluation post-SIRT. Cependant,
malgré 1"utilisation courante de la SPECT/CT, elle présente un certain nombre d’in-
convénients.

Nickles et al. (2004) ont d’abord exploité le rapport de branchement des posi-
tons mineurs pour l'imagerie PET de I’’Y pour montrer la distribution de la dose
absorbée délivrée par les thérapies a 1'’’Y. L'évaluation de la distribution de 1'acti-
vité apres la radioembolisation a 1'’Y s’est avérée possible en 2010 par Lhommel
et al., 2009, 2010, grace aux informations TOF ajoutées sur les systemes PET/CT.
D’autres études ont suivi et ont montré que les PET avec TOF comparés aux PET sans
TOF fournissaient une meilleure récupération dans les données quantitatives recons-
truites. Bien qu'il ait été démontré que les scanners PET de routine peuvent produire
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des images *°Y de bonne qualité, d’autres études sont nécessaires pour déterminer
quelles méthodes de reconstruction et quels parametres d’acquisition doivent étre
utilisés (Van Elmbt et al., 2011 ; Pasciak et al., 2014).

II1.6 Conclusion

La PET/CT avec l'information TOF incorporée dans la reconstruction de I'image
offre la possibilité de mesurer avec précision la concentration de 'activité *°Y malgré
le faible rapport de branchement des positons de 1'’Y, avec un degré de précision
raisonnable. Il a été démontré que la contribution des rayons X de freinage et la ra-
dioactivité de fond ont une contribution négligeable sur la quantification de 1"°Y
en utilisant la PET et il y a peu de marge pour prendre en compte ces propriétés
spécifiques. Les principales limites sont la production de positons rares, les perfor-
mances de la PET elle-méme (par exemple, la résolution spatiale) et la précision des
algorithmes de reconstruction. Il est donc nécessaire de sélectionner avec précaution
les parametres de reconstruction qui peuvent améliorer la précision quantitative et
le choix optimal dépendra du scanner et du logiciel de reconstruction.

IV Simulation Monte Carlo de la PET numérique

Un modele Monte Carlo GATE du Vereos DPC-PET utilisant des détecteurs SiPM
est proposé. Ce chapitre est adapté de Labour et al. (2020) et cette publication est le
résultat d’une collaboration fructueuse avec Julien Salvadori du laboratoire IADI de
Nancy. Julien Salvadori et moi-méme contribuons a parts égales a la publication en
tant que premiers auteurs joints.

IVl Introduction

L'imagerie PET joue un rdle essentiel dans la médecine moderne, tant pour
le diagnostic que pour le suivi des traitements oncologiques (Cherry, Sorenson
et Phelps, 2012), comme décrit dans la Partie I de cette these. Il a été démontré
que la technologie PET a connu d’énormes améliorations en termes de perfor-
mances au cours des dernieres décennies et les nouvelles tendances font appel a
des détecteurs SiPM, tels que le DPC Vereos PET/CT de Philips introduit en 2013, le
GE Dicovery™ MI PET/CT lancé en 2016 et le Siemens Biograph Vision™ et eFOV
Vision Quadra™ PET/CT lancés respectivement en 2018 et 2020.

La détection et le traitement des signaux a 1’aide des DPC dSiPMs évitent de
devoir traiter les sighaux analogues, par un comptage binaire direct des photons op-
tiques, réduisant ainsi le bruit dans la sortie traitée, offrant de meilleures conditions
pour I'imagerie que les PMTs a faibles comptages comme décrit dans les Chapitres 1
et 3. Le DPC du Vereos présente les caractéristiques d'un couplage 1 :1 entre le grou-
pement de cristaux et le groupement des dSiPMs, ce qui diminue l'incertitude de
la position d’interaction et améliore finalement la résolution volumétrique sur les
images reconstruites. Le Vereos a été préalablement évalué selon les recommanda-
tions expérimentales de la NEMA (Zhang, Maniawski et Knopp, 2018; Rausch et al.,
2019). La résolution spatiale, définie comme le FWHM, était de 4,2 mm au centre
du FOV, la sensibilité moyenne était estimée a 5200 coups par seconde (cps)/MBgq,
et le pic du NECR était de 153,4 kcps a une concentration d’activité du ®F de 54,9
kBg.mL~1, selon Rausch et al. (2019). Plusieurs études ont montré que le Vereos DPC
peut améliorer la qualité des images PET par rapport aux systemes analogues, tels
que dans Wright et al. (2018), Salvadori et al. (2019a,b) et L6pez-Mora et al. (2019). De
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plus, la confiance et la précision du diagnostic pour les maladies oncologiques sont
également améliorées (Nguyen et al., 2015; Wright et al., 2017a; Fuentes-Ocampo
etal., 2019).

Les simulations utilisant des modeles Monte Carlo sont des outils importants et
utiles pour I'imagerie PET. Elles permettent de concevoir, d’optimiser et d’évaluer
les systemes d’imagerie, de prédire les performances, d’optimiser les parametres
d’acquisition et les algorithmes de reconstruction et d’évaluer les effets des facteurs
de confusion sur la qualité des images. Sarrut et al. (2021b) ont fait la synthése des
dernieres avancées en matiere de simulation de détecteurs actuels et ont présenté
un rapport détaillé sur les systemes d’imagerie qui ont été simulés et évalués dans
GATE ' /Geant4 '? (Jan et al., 2004; Jan et al., 2011; Sarrut et al., 2014). Cette revue
a été alimentée par le travail fourni au cours de cette these (Labour et al., 2020), et a
été un travail collaboratif de la collaboration OpenGATE.

Plusieurs travaux ont été proposés pour simuler les systemes PET en utilisant
GATE. Divers systemes d’imagerie PET cliniques ont été modélisés et comparés
a des mesures expérimentales, comme les systémes PET ECAT HRRT (Bataille et
al., 2004) et EXACT HR+ (Jan et al., 2005; Karakatsanis et al., 2006), Philips Alle-
gro et GEMINI (Lamare et al., 2004; Lamare et al., 2006), GE Advance et Discovery
LS (Schmidtlein et al., 2006) et Siemens Biograph 2 (Karakatsanis et al., 2006), Bio-
graph 6 (Gonias et al., 2007), Biograph mcT (Poon et al., 2015) et Inveon (Lu et al,,
2016). D’autres incluent des études de Buvat et Castiglioni (2002), Assie et al. (2004),
Lamare et al. (2004), Michel et al. (2006), Lamare et al. (2006), Stute et al. (2011), Poon
et al. (2012) et Lee, Gregor et Osborne (2013). Consultez le Tableau 1 dans Sarrut et
al. (2021b) pour une bibliographie complete incluant les systemes de petits animaux
commercialisés et prototypes cliniques et précliniques. Plusieurs plateformes sont
également disponibles pour les simulations de Monte Carlo, comme SimSET (Ba-
dawi et al., 1999; MacDonald et al., 2008; Guérin et El Fakhri, 2008; Poon et al.,
2015), PeneloPET (Abushab et al., 2016) (Penelope), SORTEO (Boisson et al., 2013),
Eidolon (Zaidi et Morel, 1999) (MCNP), PETSIM (Thompson, Moreno-Cantu et Pi-
card, 1992), Geant4 (Moehrs et al., 2006) ou GAMOS (Mikhaylova et al., 2011, 2013).

A notre connaissance, aucun modele Monte Carlo d’un systeme commercial
PET basé sur des SiPM n’a été publié en OpenSource et comparé aux données
expérimentales. Dans ce travail, la DPC-PET de Philips a été modélisé a l'aide de
la plateforme GATE et comparé aux mesures effectuées selon les protocoles NEMA
NU 2-2018 (NEMA NU 2-2018 - Performance measurements of positron emission tomo-
graphs 2018). Toutes les comparaisons ont été effectuées en utilisant des données en
mode liste afin de rester indépendant de I’algorithme de reconstruction d’image.

IV.2 Matériels et méthodes
IV.3 La géométrie de la PET Vereos

La DPC-PET a été modélisée avec la plateforme GATE 8.2, utilisant Geant4 10.5.
La géométrie, les dimensions et la composition des matériaux du scanner ont été
fournies par Philips. La PET cylindrique a été défini par un ensemble d’éléments
hiérarchisés avec quatre niveaux de profondeur différents, comme décrit dans la
Section 4.2.1. Le composant de premier niveau était le module (1" niveau). 18 mo-
dules étaient disposés en anneau et chaque module était composé d"un ensemble de
4 x5 blocs, les stacks (2™ niveau). Les blocs étaient individuellement subdivisées en

11. Voir OpenGATE collaboration
12. Voir Geant4 overview
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4 x 4 mini-blog, les dice (3*™¢ niveau). Chaque mini-bloc était constitué d’une grille
de 2 x 2 LYSO, qui sont les éléments de cristaux scintillateur (4°™ niveau). L'espace-
ment et les matériaux d’emballage entre les différents blocs de détecteurs ont été pris
en compte. La configuration finale conduit a un anneau de détection avec un total
de 23040 cristaux scintillateurs LYSO nécessaires, avec des dimensions individuelles
de 4 x 4 x 19 mm?3, résultant en un FOV axial de 164 mm et un cylindre de détection
de 764 mm de diameétre intérieur, voir le Tableau 4.1.

IV.4 Chaine de détection et circuit de coincidences

Dans toutes les simulations, la liste nommée emstandard_opt4 a été utilisée '°.

Les sources radioactives du '8F ont été simulées par des sources f* avec des spectres
d’énergie paramétrés selon les tables de Landolt-Bornstein (Jan et al., 2004). Le
nombre de particules primaires a été adapté pour toutes les simulations selon le
protocole NEMA.

Le nombre de photons de scintillation générés étant proportionnel a 1'énergie
déposée dans le cristal, un modele analytique est utilisé par le biais d"un digitizer
spécifique qui convertit les interactions des photons dans le cristal en comptages
numériques et gere I’horodatage de tous les événements (Jan et al., 2004). Le digitizer
est composé d’opérations successives de traitement du signal qui imitent le proces-
sus de photodétection . La Figure 4.3 illustre la représentation schématique de la
chaine de traitement du signal proposée. Pour plus de détails sur la construction du
digitizer, veuillez consulter la Section 4.2.

IV.5 Validation de la modélisation de la PET Vereos

Le modele de simulation de la DPC-PET proposé a été évalué selon les recom-
mandations de la NEMA. Les recommandations NEMA pour la PET fournissent
une méthode uniforme et cohérente pour la mesure expérimentale et 1’évaluation
des parametres de performance. Les tests d’évaluation choisis pour la validation
étaient (1) les taux de comptage, le NECR et la fraction de diffusion, (2) la résolution
TOF et la résolution énergétique, (3) la sensibilité et (4) la résolution spatiale avant
reconstruction. Les trois premiers tests sont indépendants de la reconstruction
d’image. Pour la résolution spatiale, une méthode basée sur LOR a été proposée afin
d’estimer la résolution spatiale a partir des données listmode, avant la reconstruction
de I'image.

Pour plus de détails sur les matériels et méthodes, veuillez consulter la Sec-
tion 4.2.

IV.6 Résultats
IV.6.1 Taux de comptage

Comme le montre la Figure 4.8A, un bon accord a été obtenu entre les simu-
lations et les expériences pour les taux d’événements dits singles, avec un maxi-
mum de 0,7% de différence relative jusqu’a une concentration d’activité de 80
kBg.mL~1. 1l convient de noter que les activités habituellement utilisées en clinique
avec le traceur '8F-FDG ne dépassent pas environ 6 kBg.mL~! (Sluis et al., 2019).

13. Voir Geant4/PhysicsList
14. Voir OpenGATE /readthedocs
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© [J. Labour], [2021], INSA Lyon, tous droits réservés



IV. Simulation Monte Carlo de la PET numérique 181

Les différences relatives maximales entre les données simulées et expérimentales,
jusqu’a 80 kBg.mL™!, étaient de 3%, 3%, 5% et 18% pour les taux de comptage
de coincidence fotales, fortuites, vraies et diffusées, respectivement (Figure 4.8B). La
différence pour le taux de diffusées est inférieure a 5% jusqu’a une concentration de
10 kBg.mL L.

IV.6.2 Résolutions TOF et énergétiques

Comme le montre la Figure 4.9A, un bon accord a été obtenu avec moins de 4%
de différence relative observée entre les données simulées et expérimentales pour
les résolutions TOF et énergétiques sur toute la gamme des concentrations d’activité
explorées dans cette étude. Des exemples d’histogrammes de TOF et d’énergie a
partir desquels les valeurs FWHM ont été extraites, obtenus pour une concentration
d’activité de 5,2 kBg.mL~! sont présentés dans la Figure 4.9B.

IV.6.3 Sensibilité

Un accord de 7,9% a été trouvé entre la sensibilité sans atténuation pour les
données simulées et expérimentales, montrant 5591 et 5184 cps.MBq~!, respecti-
vement. Comme le montre la Figure 4.10, les profils de sensibilité axiale entre les
données simulées et expérimentales étaient en bon accord. Les différences relatives
les plus importantes étaient de ’ordre de 14% pour les tranches de faible sensibilité
de part et d’autre du FOV.

IV.6.4 Résolution spatiale intrinseque

Le Tableau 4.6 présente les FWHM de résolution spatiale intrinséeque des 10
positions recommandées par les normes NEMA. Un accord global de moins de 0,25
mm de différence absolue a été obtenu entre les données simulées et expérimentales,
sauf pour 'axe z (axial) ou des valeurs allant jusqu’a 0,92 mm ont été obtenues. La
Figure 4.11 fournit un exemple des histogrammes a partir desquels les PSF ont été
extraits pour la position transversale (0,20,0) cm. Le Tableau 4.7 présente les FWHM
a la position centrale (0,1,0) cm obtenus 1) avant, 2) aprés reconstruction avec
modélisation des PSF basée sur 1'image et 3) apres reconstruction avec la méthode
standard de Sieve.

Pour plus de résultats, veuillez consulter la Section 4.3.

IV.7 Discussions et conclusions
IV.7.1 Contexte

Dans cette étude, un modele GATE du Vereos DPC-PET a été développé et validé
en comparant les données simulées avec les données obtenues expérimentalement
en utilisant les tests NEMA. Ce travail a été publié (Labour et al., 2020), et a notre
connaissance, fournit pour la premiere fois le modele Monte Carlo d'un systeme
PET du corps entier a base de SiPM. Le Tableau 4.9 résume les modéles Monte Carlo
publiés de systémes PET cliniques utilisant GATE. Une liste plus exhaustive des
systemes PET précliniques et validés sur petits animaux publiés peut étre trouvée
dans Sarrut et al. (2021b), Tableau 1, ou1 la présente étude a été valorisée.

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI054/these.pdf
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IV.7.2 Taux de comptage

En général, le modele de simulation proposé a été comparé favorablement aux
mesures. Un excellent accord a été trouvé entre les taux de comptage simulés et
expérimentaux, avec des différences relatives inférieures a 1% sur toute la gamme
de concentrations d’activité (< 80 kBg.mL~!). Pour les taux de coincidence totales,
fortuites et vraies, des accords ont été trouvés avec des différences maximales égales
ou inférieures a 5% dans I'ensemble. Cependant, pour les taux de comptage des dif-
fusés, le pourcentage de différence augmentait avec la concentration d’activité, pas-
sant de 3% a 5% a 1 et 30 kBg.mL~! (respectivement) et atteignait un maximum de
18% de différence a 80 kBg.mL~!. La cause de cet écart a haute activité n’est pas
encore expliquée; elle pourrait étre due au fait que les éléments qui produisent un
rayonnement diffusé sont inclus dans la simulation par des modeles géométriques
simplifiés, comme les plaques de refroidissement, le couvercle en Lexan ou la table
du patient. Cela pourrait également étre dii a la composition simulée des matériaux
du fantdme cylindrique qui pourrait ne pas étre exactement la méme que dans le
fantdme réel. Cependant, pour une fraction de diffusion inférieure a 10 kBg.mL~1,
les différences en pourcentage étaient inférieures a 6% entre les valeurs simulées et
expérimentales et sont restées inférieures a 15% pour des concentrations d’activité
plus élevées.

IV.7.3 Modules d’addition et de lecture

En fixant la logique comme winner-takes-all et le module de lecture, le reader
a profondeur depth 3, sur le dice (voir Figure 4.2), nous décrivons théoriquement
un modele qui répond a I’architecture d’intégration du DPC-PET. Cependant, cette
configuration a conduit a une sous-estimation des taux de comptage et de la sensi-
bilité de 1’ordre de 40% par rapport aux mesures expérimentales. En revanche, en
fixant le domaine de lecture a depth 1 (le plus haut niveau correspondant au module),
les résultats obtenus en termes de taux de comptage et de sensibilité étaient beau-
coup plus cohérents avec les données expérimentales. Cela pourrait étre dii a des
événements diffus (dans les cristaux) qui sont rejetés a des profondeurs inférieures
puisque toute leur énergie ne sera pas intégrée et déposée dans d’autres parties du
module. Comme la modélisation en GATE récupérant les événements diffus n’est pas
encore disponible, il a été décidé de définir le readout au plus haut niveau sur les
modules a depth 1.

IV.7.4 Le temps mort

L’une des principales caractéristiques du Vereos, par rapport aux PET analogues
conventionnels, est ses bonnes performances en termes de taux de comptage, ca-
ractérisées par un faible temps mort et des effets de pile-up. Cette propriété est prin-
cipalement due a l'utilisation de SiPM permettant un couplage 1 :1 avec les cristaux
de scintillation en raison de leurs petites dimensions et permettant plus de canaux
de déclenchement. En conséquence, la différence relative entre le taux théorique et
le taux expérimental de singles obtenu par la régression linéaire de faible activité en
I’absence de temps mort, était inférieure a 5% jusqu’a une concentration d’activité
de 15 kBg.mL~!. Cependant, méme si la perte due au temps mort était relativement
faible avec le Vereos DPC-PET, il était nécessaire de modéliser cet effet pour obtenir
des taux de comptage précis, notamment pour les concentrations d’activité élevées.

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI054/these.pdf
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IV.7.5 Le bruit de fond

Aux concentrations d’activité observées en routine clinique, le bruit de fond
provenant de 1’électronique et la radioactivité naturelle des cristaux sont souvent
considérés comme négligeables et ne sont donc pas modélisés dans les simulations
Monte Carlo pour la PET. Cependant, il était nécessaire de le considérer pour re-
produire les courbes de comptage expérimentales a faible activité. Par exemple, a la
plus faible concentration mesurée de 0,3 kBq.mL‘l, le bruit de fond représentait 60%
du nombre total de singles détectés. Ce pourcentage a diminué avec la concentration
d’activité, mais était encore de 6% a 5 kBg.mL ™1, ce qui est représentatif de 1'acti-
vité clinique du 8 F-FDG. I est tombé en dessous de 1% a partir d"une concentration
d’activité de 35 kBg.mL L.

IV.7.6 Résolutions TOF et énergie

La Figure 4.9A montre la stabilité des résolutions TOF et énergétiques jus-
qu’a 80 kBg.mL~!. Un accord de moins de 4% entre les résolutions temporelles et
énergétiques simulées et expérimentales a été trouvé sur toute la gamme d’activité.
Les valeurs de simulation étaient 1égerement inférieures aux valeurs expérimentales.

IV.7.7 La sensibilité

La valeur de sensibilité obtenue par simulation (5591 cps.MBq~!) s’est avérée
supérieure de 7,9% a la valeur expérimentale (5184 cps.MBg~!). Un bon accord a
été obtenu entre les profils de sensibilité axiale (Figure 4.10B), avec une différence
maximale de 13% aux bords du FOV. Cependant, en comparaison avec les valeurs
publiées par Zhang et al. (5721 cps.MBg~!) (Zhang, Maniawski et Knopp, 2018) et
celles de Philips (5390 cps.MBg~!) (Miller, 2016), 'accord était plus proche avec des
différences relatives de 2,3% et 3,7%, respectivement. Cette disparité entre les valeurs
de sensibilité expérimentales pourrait s’expliquer par l'incertitude sur la calibration
de 'activité ainsi que sur le positionnement du fantome qui est critique pour ce test.

IV.7.8 Larésolution spatiale intrinseque

L’estimation de la résolution spatiale intrinseque avant reconstruction était
proche entre la simulation et les données expérimentales, avec moins de 0,25 mm de
différence entre les FWHM pour les directions transversales (x, y). Les résolutions
spatiales intrinséques étaient meilleures dans la direction transversale que dans la
direction axiale (z) qui a atteint 0,92 mm de différence entre les données simulées et
expérimentales, voir la Figure 4.11 et le Tableau 4.6.

Cette asymétrie dans les trois directions est inhérente a la méthode proposée.
En effet, en raison de la forme cylindrique du scanner, seuls quelques angles azi-
mutaux sont disponibles dans la direction axiale. La distance projetée le long de z

ne peut prendre que des valeurs comprises entre un scalaire b = ||SA||cos(Oax) et

|SAJ|, avec O,y étant I'angle azimutal maximal pour une distance donnée ||SA]|.
De plus, la valeur de b dépend de la position axiale en raison de la troncature des
données axiales dans le PET 3D. Par conséquent, les valeurs de distance projetée
les plus faibles (entre 0 et b) n’étaient pas présentes dans la distribution de la dis-
tance projetée axiale z, ce qui entraine une FWHM dégradée par rapport a celles
mesurées dans les directions transversales x et y. La troncature des projections en-
traine également un échantillonnage axial non uniforme, ce qui rend la mesure de la

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI054/these.pdf
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résolution imprécise avec la méthode présentée pour les positions trop éloignées du
centre du FOV axial. Une solution pour améliorer cette méthode serait d"utiliser un
algorithme de rebinning exact, tel que celui proposé par Defrise et al. (1997), suivi
d’un rééchantillonnage pour obtenir un taux d’échantillonnage axial comparable a
celui obtenu transversalement.

IV.7.9 Résolution spatiale reconstruite

Quel que soit le type de convolution choisi, un bon accord a été observé entre
les résolutions simulées et expérimentales reconstruites, avec une différence absolue
maximale de 0,35 mm, voir le Tableau 4.7. Il est intéressant de noter que ce n’est que
lorsque la convolution a été appliquée dans le modéle de reconstruction et que 1'al-
gorithme OSEM a convergé suffisamment (5 itérations et 10 sous-ensembles), que les
valeurs FWHM étaient proches de celles obtenues avec la méthode de résolution in-
trinseque développée. Lorsque des filtres de convolution post-reconstruction ont été
ajoutés, les valeurs de FWHM étaient proches de 1’évaluation du fabricant (environ
4mm).

IV.710 Reconstructions d’images illustratives

Les images reconstruites étaient en bon accord entre les données simulées et re-
construites avec un écart relatif maximum de 13% pour le CRC et 14% pour le BRN.
Le compromis entre le CRC et le BRN était systématiquement légerement meilleur
pour les données simulées que pour les données expérimentales. Cette différence
peut s’expliquer par les coincidences éparses qui n’ont pas été également corrigées :
les données expérimentales ont été corrigées par la méthode standard de single-
scatter simulation (SSS) (Ye, Song et Hu, 2014), qui corrige uniquement la diffusion
de photons uniques, tandis que les données simulées ont été reconstruites en igno-
rant toutes les coincidences de diffusion (cas idéal).

IV.711 Incertitude statistique

L’incertitude statistique relative Monte Carlo était inférieure a 1% sur les taux
de comptage estimés. Les temps de calcul des simulations étaient relativement im-
portants, avec une moyenne d’environ 3000 particules primaires simulées par se-
conde, ce qui a conduit, par exemple, a environ 80 heures de calcul pour 1'une des
26 acquisitions avec le fantdme cylindrique de diffusion. Aucune attention parti-
culiere n’a été portée au gain de vitesse de simulation. En particulier, la liste la plus
lente (emstandard_opt4) a été utilisée et les énergies de coupures de production et
de suivi de particules n’ont pas été optimisées. Le compromis optimal entre la vi-
tesse de calcul et la précision reste a étudier, mais ce travail peut servir de référence
pour des résultats de précision optimale. Des méthodes rapides, telles que le logiciel
SMART (Pfaehler et al., 2018), peuvent étre utilisées pour accélérer la simulation.

IV.7.12 Conclusion

En conclusion, le modéle GATE PET proposé a été validé par rapport aux
données expérimentales conformes a la norme NEMA NU 2-2018. A notre connais-
sance, c’est la premiere fois qu'un modéle Monte Carlo complet d"un systéme com-
mercial PET basé sur des SiPMs est proposé et publié. Il est accessible en ligne par
la collaboration OpenGate. Ce modele peut étre utile pour de nombreuses études,
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notamment pour optimiser les performances d’imagerie, évaluer les algorithmes de
reconstruction et estimer les effets des facteurs de confusion sur la qualité de 'image.

V FEtude quantitative de 1’°’Y a I’aide de la PET numérique

Le Chapitre 5 est adapté de Labour et al. (2021), qui a été publié dans la revue
EJNMMI (Physics). L'objectif principal était d’évaluer les parametres de reconstruc-
tion pour différentes configurations de fantomes et différentes durées d’acquisition
en mode liste afin d’améliorer la précision quantitative de la dosimétrie de 'Y, en
utilisant la DPC-PET.

V.1 Introduction

La radioembolisation ou SIRT a été détaillée dans le Chapitre 1, et est une
méthode intra-artérielle utilisée en pratique clinique pour traiter les tumeurs ma-
lignes hépatiques non résécables (Salem et al., 2010; Sangro et al., 2011). Actuelle-
ment, la SIRT peut étre réalisée avec des microspheres d’?Y ou de **Ho. Au cours
de la SIRT a 1'’"Y, les particules d’*Y qui sont des émetteurs B~ de haute énergie,
encapsulées dans du verre ou marquées dans des microspheres de résine, sont admi-
nistrées par des branches sélectionnées de I’artere hépatique qui alimentent les tu-
meurs. Cette méthode assure une biodistribution régionale des microspheres d’°Y
délivrant une dose absorbée treés localisée dans les régions perfusées, épargnant
les organes a risque voisins et les tissus sains, avec 'avantage d’une irradiation
négligeable des parties non embolisées et des tissus extra-hépatiques. La méthode
PY-SIRT est largement utilisée en raison de son efficacité clinique et de sa sécurité
relative (Lau et al., 1994; Sato et al., 2008 ; Kennedy et al., 2009; Salem et al., 2010;
Sangro et al., 2011).

A I'heure actuelle, la prédiction de la biodistribution des microspheres d’0Y est
généralement effectuée a I'aide de MAA marquées au *"Tc avant le traitement,
consultez la Section 1.3.1. Cependant, la biodistribution du *"Tc-MAA ne corres-
pond pas toujours a la distribution post-thérapeutique des microspheres d’’Y (Cre-
monesi et al., 2014; Garin et al., 2016; Gnesin et al., 2016; Haste et al., 2017; Ri-
chetta et al., 2019). Une évaluation de la biodistribution des radionucléides doit
étre effectuée apres le traitement, au moyen d'une SPECT, ou d'une PET. Cette
évaluation vise principalement a détecter tout dépot extrahépatique éventuel de mi-
crospheres et a déterminer la distribution intrahépatique des microspheres sur le
tissu hépatique perfusé, tumoral et non tumoral.

L'imagerie SPECT de 1'Y exploite les photons de freinage, avec différentes
fenétres d’énergie publiées, de taille du collimateur, avec ou sans correction (Dezarn
etal., 2011; Wright et al., 2015) et a été utilisée pour 'évaluation du traitement post-
SIRT (Walrand et al., 2011). Cependant, la SPECT souffre de la diffusion, d"une faible
résolution spatiale et d'une analyse quantitative délicate. Par ailleurs, I'imagerie de
1Y en utlisant la PET exploite une désintégration positronique mineure (Johnson,
Johnson et Langer, 1955; Ford, 1955), consultez le Chapitre 3. En 2004, Nickles et al.
(2004) ont exploité pour la premiére fois cette propriété pour montrer la distribution
de la dose absorbée localisée délivrée par les thérapies a 1'’Y a 'aide de la PET, bien
que cela soit difficile et coliteux en temps en raison des statistiques de comptage
des photons d’annihilation. L’évaluation de la distribution de 'activité apres une
thérapie a I’ Y-SIRT s’est avérée réalisable en 2010 par Lhommel et al. (2009, 2010)
grace aux informations TOF ajoutées sur les systemes PET/CT. D’autres études ont
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suivi et ont montré que la PET avec TOF comparé a la PET sans TOF offrait une
meilleure récupération dans les données quantitatives reconstruites (Lhommel et al.,
2009, 2010; Elschot et al., 2011 ; Carlier et al., 2013 ; Gates et al., 2011 ; Kao et al., 2012;
Kao et al., 2013a), surpassant en méme temps I'’°Y BremSPECT (Walrand et al., 2011;
Elschot et al., 2011). En 2007, Selwyn et al. (2007) ont vérifié que le rapport d’embran-
chement lié a la production de paires e /e~ au cours de la désintégration de 1'°Y
était de (31,8640,47)x107°, suite a la désexcitation de I'état excité 0* du °Zr. La
derniére valeur publiée est celle de Dryak et Solc (2020) en 2020, qui ont mesuré le
rapport d’embranchement a (32,6+0,4) x 10~°.

Les systétmes PET numériques récents sont équipés de la technologie SiPM
qui remplace les PMT conventionnels, consultez le Chapitre 2. Ils permettent
d’améliorer les capacités TOF et CTR grace a une électronique plus rapide et plus
compacte (Lecoq, 2017; Gundacker et al., 2020). Ils présentent de meilleures perfor-
mances en termes de sensibilité, de résolution spatiale, de taux de comptage et de
qualité globale de I'image (Zhang, Maniawski et Knopp, 2018; Rausch et al., 2019;
Van Sluis et al., 2019; Labour et al., 2020 ; Gnesin et al., 2020; Chicheportiche, Mar-
ciano et Orevi, 2020).

Contexte de la présente étude. En faisant une revue bibliographique des études
antérieures, les évaluations de l'imagerie de 1°Y ont été réalisées en grande par-
tie en se basant sur des criteres fondés dans les recommandations de la NEMA, et
par I'évaluation de la détectabilité a des fins de diagnostic plutét que de calculs
dosimétriques. Willowson et al. (2012) et Carlier et al. (2013) ont montré qu’avec le
bénéfice des informations TOF, une détectabilité plus élevée était atteinte avec un pe-
tit nombre d’itérations OSEM sur les systéemes Siemens Biograph mCT. Peu d’études
ont évalué les parametres de reconstruction de 'algorithme OSEM a l’aide d’outils
se basant sur le calcul de la dose absorbée. En 2014, Pasciak, Bourgeois et Bradley
(2014) basée sur les résultats précédents de Willowson et al. (2012) et Carlier et al.
(2013) ont trouvé qu'une FWHM supplémentaire de 4,5 mm de la PSF améliore la
précision des distributions de la dose absorbée en utilisant des DVHs. Siman et al.
(2019) ont étudié un GE D690 PET/CT et ont trouvé que 3 itérations avec 12 sous-
ensembles avec une modélisation PSF supplémentaire et une taille de filtre Gaussien
post-reconstruction de 5,2 mm FWHM fournissaient le plus faible RMSD entre leur
DVH expérimental et de référence.

Cette étude porte sur I'utilisation d'un DPC-PET pour la quantification de 1°Y
a des fins de dosimétrie suite a un SIRT. Nous avons considéré le systéme Vereos
PET/CT équipé d'un SiPM entierement numérique décrit dans la Section 4.2.1, avec
un couplage 1 :1 entre les cristaux scintillateurs LYSO et les SiPMs (Zhang, Ma-
niawski et Knopp, 2018), démontrant une résolution temporelle et un SNR améliorés
par rapport aux PMT-PET conventionnels (Salvadori et al.,, 2020b). Wright et al.
(2016, 2017b) et Wright et al. (2018) ont montré que la détection des photons d’anni-
hilation par la DPC-PET a la suite d’un traitement par SIRT a 'Y est possible, en
montrant une visualisation concordante avec un meilleur contraste entre la distribu-
tion des microspheres d’°Y et le fond avec la DPC-PET par rapport aux systémes
SPECT et PMT-PET.

Des études précédentes (Willowson et al., 2012 ; Carlier et al., 2013 ; Pasciak, Bour-
geois et Bradley, 2014 ; Siman et al., 2019) ont évalué les parametres de reconstruc-
tion OSEM pour les systemes PMT-PET avec des résolutions TOF autour de 550 ps.
Par conséquent, les parametres suggérés dans la littérature pourraient ne pas étre
adaptés au DPC-PET avec une résolution TOF d’environ 320 ps (Rausch et al., 2019;
Zhang, Maniawski et Knopp, 2018; Labour et al., 2020), en raison de la dépendance
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de la convergence des algorithmes OSEM sur l'information TOF (Salvadori et al.,
2020b). De plus, les implémentations des algorithmes basés sur 1’algorithme OSEM
different au sein des systemes et l'algorithme OSEM mis en ceuvre dans la DPC-
PET est basé sur des données en mode liste, au lieu de sinogrammes, et utilise
des éléments de volume a symétrie sphérique pour modéliser I'image, au lieu de
voxels (Wang et al., 2006 ; Narayanan et Perkins, 2013).

Dans cette étude, nous avons étudié la précision de la DPC-PET pour 1Y en
évaluant I'effet des parametres de reconstruction OSEM et de la durée d’acquisition
sur |’estimation de la distribution de la dose absorbée basée sur les DVHs (Drzymala
etal., 1991), comme proposé par Siman et al. (2019).

V.2 Matériels et méthodes

Afin d’évaluer la précision des estimations de la dose absorbée basées sur I'image
a partir de 'Y DPC-PET/CT, 3 fantdmes ont été sélectionnés et imagés en utilisant
une série de parametres. Les images PET acquises ont été utilisées comme cartes
d’activité d’entrée pour calculer les distributions de dose absorbée et des DVHs.
Les distributions obtenues a partir des images ont été comparées aux distributions
de dose absorbée de référence calculées a 1’aide de simulations de Monte Carlo et
I'impact de plusieurs parameétres, notamment sur les différent VOIS, les niveaux de
concentration d’activité, les parametres de reconstruction et les durées d’acquisition,
ont été évalués.

V.2.1 Configuration expérimentale

Deux différents fantomes cylindrique, Phl et Ph2, ont été utilisés pour la valida-
tion des données quantitatives récupérées apres I'étalonnage PET pour 1'°Y. Ph1 et
Ph2 sont représentés sur les Figures 5.1A et 5.1B, respectivement.

Un fantome NEMA IEC, Ph3, illustré dans la Figure 5.1C, a ensuite été utilisé
pour les mesures quantitatives destinées aux évaluations dosimétriques. Il se com-
pose d’un compartiment de fond d’environ 9700 ml, d"un insert pulmonaire et d"un
insert avec six spheres remplissables de 10, 13, 17, 22, 28 et 37 mm de diametre.
Les fantomes utilisés dans cette étude permettent de réaliser des évaluations quan-
titatives de la récupération de l'activité (ou de la concentration de l'activité) et de
la dosimétrie dans des objets de différentes tailles. Une activité de 2355 MBq de
NYCl; a été ajoutée au fond d’eau de 9700 mL. Les AC,ini+ dans les spheres et le
compartiment du fond étaient respectivement de 2,25 MBq.mL ! et 0,24 MBq.mL !
au moment de l'injection. Un SBR de 9 :1 a été obtenu, similaire a celui de I'étude
QUEST (Willowson, Tapner, Bailey et al., 2015).

V.2.2 Acquisition et reconstruction d’images

Les acquisitions d’images pour tous les fantdmes ont été effectuées sur six jours
consécutifs (deux demi-vies de 1Y) afin d’analyser la réponse de la PET avec
des concentrations d’activité décroissantes. Les acquisitions de données ont été ef-
fectuées au format listmode.

Toutes les reconstructions d’images ont été réalisées avec des informations TOF
et en utilisant 1’algorithme LMOSEM relaxé (Wang et al., 2006) implémenté sur les
systémes PET de Philips, avec des voxels isotropes de 2 x 2 x 2 mm?. Elles ont
été post-traités avec une version régularisée de l'algorithme de Richardson-Lucy
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pour la récupération de la résolution (Richardson, 1972; Lucy, 1974) avec les pa-
rametres recommandés par défaut de la modélisation PSF (1 itération avec un noyau
de régularisation FWHM de 6 mm) qui permettent une récupération raisonnable du
contraste sans artefacts de Gibbs perceptibles (Narayanan et Perkins, 2013; Golla,
Lammertsma et Boellaard, 2015). Plusieurs parametres ont été comparés pour Ph3,
listés dans le Tableau 5.1, avec au total, 45 combinaisons de reconstructions.

V.2.3 Calcul de la dose absorbée et analyses

Calcul de la dose absorbée. Les distributions de dose absorbée ont été calculées a
partir des images PET avec DOSIsoft® (Cachan, France) par l'algorithme de convo-
lution du noyau de dose VSV selon le formalisme MIRD (Bolch et al., 2009; Dieu-
donné et al., 2010, 2011). Les calculs ont également été effectués en utilisant la
méthode LDM a des fins de comparaison.

Dose absorbée de référence. Des simulations Monte Carlo ont été réalisées avec la
plateforme GATE 9.0 (Jan et al., 2011 ; Sarrut et al., 2014) utilisant Geant4 10.5 (Col-
laboration, Agostinelli et al., 2003). La géométrie, les dimensions et la composition
des matériaux de chaque fantdome ont été modélisées. Le nombre de particules pri-
maires a été adapté pour chaque région du fantdme dans une seule simulation pour
I'ensemble du fantdme en fonction du ACf,ini; expérimental relatif dans chaque
région, de maniere a atteindre une incertitude statistique de type A inférieure a 1%
sur les valeurs estimées de la dose moyenne absorbée. Les valeurs finales de la dose
absorbée ont été mises a I’échelle en fonction des activités cumulées connues dans
toutes les régions injectées.

Comparaisons. Le calcul de la dose absorbée de référence par Monte Carlo, la
convolution VSV basée sur I'image et la LDM basée sur I'image sont désignées

respectivement par DVHrAé[C, DVH;,/er et DVH#gM. Pour chaque ensemble de pa-

rametres, 7, utilisé pour la reconstruction de I'image et la taille de la sphere, &, dans
Ph3, les différences entre les distributions de dose absorbée utilisant la convolution

VSV ont été évaluées par le RMSD entre leurs DVH féfc z €tDVH VSV respectifs, voir
, pet, &

I'équation 6.12.

ref, i pet, & i
N

ot N est le nombre total de points dans lesquels les axes de dose absorbée des
DVHs sont échantillonnés.

RMSDy , =

Zgi?)l(DVHMC o DVHVSV )2
(6.12)

Pour plus de détails sur les matériels et méthodes, veuillez consulter la Sec-
tion 5.2.

V.3 Résultats du fantome NEMA, Ph3

Au total, 270 DVH;/EEV basés sur des images (45 ensembles de parametres de
reconstruction décrits dans la Section 5.2.3 pour les 6 sphéres) ont été calculés, et 6

DVH rAE/;C de référence, correspondant a chaque sphere, ont été simulés. Pour chaque
sphére et chaque reconstruction, le DVH ;’j V a été comparé au DVH fffc. La Figure 5.3
HMC

représente les DVH, f simulés (courbes noires) pour chaque sphere et les DVH;@% v
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pour 8 reconstructions par sphere (seules les valeurs extrémes sont représentées : 1
et 3 itérations, 10 et 30 sous-ensembles, tailles de filtre FWHM de 0 et 8 mm).

V.3.1 Variation du filtre Gaussien post-reconstruction

Comme attendu pour toutes les spheres, 'augmentation de la taille du filtre a
réduit le D, du DVH;/EEV, par exemple entre i1s30-0mm et i1s30-8mm, comme le
montre la Figure 5.3. On a pu observer qu’un filtre trop large ne pouvait pas convenir
a la dosimétrie, en particulier avec des tailles de sphéres décroissantes ot Iaire sous
la courbe peut étre réduite de maniere significative (en comparant les DVH"3V cyan

pet
et vert des Figures 5.3D, 5.3E and 5.3F).

V.3.2 Variation des sous-ensembles

Comme attendu, I’”augmentation du nombre de sous-ensembles a conduit a une
augmentation du Dy, du DVH ;’e? V pour toutes les spheres, par exemple entre i3510-
Omm et i3s30-Omm, comme le montre la Figure 5.3. Pour les plus grosses spheres de
28 et 37 mm, 30 itérations par rapport a 10 itérations ont favorisé I'amplification du
bruit au détriment des doses absorbées intermédiaires (comparaison des DVH 2"

pet
rouge et bleu).

V.3.3 Variation du nombre d’itérations

La relation en variant le nombre d’itérations était moins claire et intuitive qu’avec
la taille du filtre de post-reconstruction ou le nombre de sous-ensembles. Pour les
spheéres > 20 mm (22, 28 et 37 mm), 'augmentation du nombre d’itérations n’a pas
entrainé de changement significatif de la forme de la DVHXer ou a entrainé une
légere augmentation de la D,;,4y, par exemple entre i1s10-Omm et i3s10-0mm, comme
le montre la Figure 5.3. L'augmentation des itérations de 1 a 3 n’a pas semblé favo-
riser I’amplification du bruit pour les plus grosses spheres. En revanche, des varia-
tions plus importantes ont été observées pour les spheres < 20 mm (10, 13, 17 mm)
en utilisant la méme comparaison, par exemple entre i1s10-Omm et i3s10-Omm.

V.3.4 Nombre de mises a jour équivalents

Le nombre équivalent de mises a jour (produit du nombre d’itérations et de sous-
ensembles) n’a pas donné la méme précision dans DVH;/er que celle a laquelle on
pourrait s’attendre, par exemple entre i1s30-Omm et i3s10-O0mm ou entre i1s30-8mm

et 13s10-8mm.

V.3.5 Effet de la durée d’acquisition

La Figure 5.5 représente 'effet de la durée d’acquisition sur le DVHXQ‘?V, pour

les 6 sphéres de Ph3. Les RMSDs en comparant une acquisition de 15 a 10 min/pas
de table DVH]‘SV étaient de 3,2, 8,0, 1,6, 1,8, 23,2 et 19,4 pour les spheres de 37 a 10
mm, respectivement. Ces RMSD correspondants ont augmenté a 10,1, 12,7, 5,6, 6,8,
43,6 et 24,2, en comparant un DVH;’er de 15 a 5 min/pas de table, respectivement.

Pour plus de résultats, veuillez consulter la Section 5.3.
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V.4 Discussions et conclusions
V.4.1 Contexte

L’objectif principal de ce travail était d’évaluer 'influence des statistiques de
comptage acquises (durée d’acquisition), de la configuration du fantéome et des
parametres de reconstruction a 1’aide d’une DPC-PET pour améliorer la précision
quantitative de la dosimétrie de 1'’Y. Une vérification initiale a été effectuée en uti-
lisant deux fantdmes cylindriques uniformes. Un troisieme fantome, le NEMA IEC a
été utilisé pour évaluer les parametres de I'algorithme LMOSEM mis en ceuvre dans
les plateformes de reconstruction Philips pour 'imagerie PET. Les parametres OSEM
ont été variés afin de trouver les combinaisons d’itérations, de sous-ensembles et
de tailles de filtres Gaussiens post-reconstruction qui fourniraient la plus petite
différence entre le DVHrAe/;C utilisant GATE et le DVHX(;V utilisant DOSIsoft® (Ca-
chan, France). Les modélisations TOF et PSF ont été prises en compte dans toutes
les reconstructions. La durée d’acquisition a été variée par rééchantillonage des jeux
de données de fantdomes et de patients en mode liste afin de déterminer la durée
d’acquisition la plus courte permettant de maintenir une précision acceptable. En
utilisant la méthode suggérée par Siman et al., le RMSD entre DVHTAE/;C et DVH;/er
a été utilisé pour comparer les doses absorbées obtenues avec différents ensembles
de données et méthodologies de dosimétrie. Une analyse a l'aide de DVHFI;Q M a
également été effectuée, en utilisant des parametres de reconstruction déterminés
apres évaluation. Aucune intention particuliere n’a été prise pour améliorer la qua-
lit¢ de I'image en utilisant les normes NEMA sur les mesures de performance,

NEMA (2018), puisque 1’objectif était d’améliorer la précision de la dosimétrie.

V.4.2 Ph3 et évaluation par DVH

Les différences de DVHﬁ\e/IfC et de DVH;/E% V' sont représentées sur les Fi-
gures 5.3, 5.4 et 5.5. La limitation due a la faible statistique intrinseque et la PVE
compromettent la quantification précise des objets de petit volume, montrant des
DVH;;? Y et des RMSDs qui ont de grandes variations selon les parametres de re-
construction utilisés. Siman et al. ont également montré des RMSDs relativement
importants entre leur référence et les DVHs basés sur les images, illustrant la perte
de précision apportée par 'utilisation des images. Les Figures 5.5E et 5.5F illustrent
la limite de la réduction de la durée d’acquisition pour les petites lésions. Les écarts
entre les acquisitions de 10 a 15 minutes par position de table étaient significatifs
pour les spheres de 10 et 13 mm par rapport aux 4 autres sphéres plus grandes. D'un
autre coté, la durée d’acquisition peut étre réduite a 10 min/position de table en uti-
lisant un DPC-PET si la taille de la lésion est d’au moins 17 mm de diametre sur la
base des distributions de dose absorbée obtenues dans cette étude. Les résultats ont
montré que dans les données du fantome et du patient, la différence de DVH;/er

entre les acquisitions de 10 et 15 minutes était faible, comme le montre la Figure 5.7.

V.4.3 Calculs de 1a dose absorbée

La convolution VSV pour le calcul de la dose absorbée est basée sur des noyaux
précalculés par des méthodes de Monte Carlo. Elle a été validée et s’est avérée cli-
niquement adaptée a la dosimétrie post-SIRT a 1Y (Dieudonné et al., 2011). Le
LDM est une méthode rapide basée sur le voxel et facile a appliquer en clinique,
qui ne nécessite pas de post-traitement et ott un facteur multiplicatif similaire a
I’équation 5.1 est appliqué par voxel, par opposition a un noyau de convolution
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précalculé pour le VSV. Le LDM est une alternative offrant une bonne précision
comme le suggerent Pasciak, Bourgeois et Bradley (2014). Les simulations Monte
Carlo ont été utilisées dans cette étude mais n’avaient pas pour but de remplacer
la dosimétrie clinique utilisant la convolution VSV ou LDM. Elles ont été utilisées
comme un outil pour obtenir une référence dans les distributions de dose absorbée
et étaient plus accessibles a utiliser que les logiciels industriels pour le traitement
par batch. Cela n’a pas été détaillé ici, mais les distributions de dose absorbée utili-
sant la convolution VSV ont été comparées aux simulations Monte Carlo basées sur
I'image PET ot d’excellents accords ont été obtenus entre eux, illustrant a nouveau
la dégradation majeure de 'image provenant de la performance non idéale de PET
ayant un impact sur les distributions de dose absorbée.

V.4.4 Variation des parametres de 1’algorithme OSEM

L’évaluation des parametres de reconstruction pour la dosimétrie est nécessaire
pour chaque systeme, d’abord en raison des différentes performances PET en termes
de sensibilité, de résolution spatiale, de taux de comptage, résolution en énergie et
de résolution temporelle (Labour et al., 2020 ; Rausch et al., 2019 ; Vandendriessche et
al., 2019; Carlier et al., 2020). L’évaluation est nécessaire pour différents algorithmes
de reconstruction, par exemple 'OSEM ou le BPL, et les implémentations des algo-
rithmes basés sur le OSEM varient d'un fabricant a 1’autre. De plus, les configura-
tions tres spécifiques des protocoles d’imagerie varient d’un hopital a I'autre.

La combinaison des parametres pour les reconstructions OSEM n’est pas un
choix simple et est spécifique pour une configuration de SBR, AC,y, la taille du
voxel de I'image et la taille de la lésion. Dans cette étude, la variation du nombre
d’itérations, limitée de 1 a 3, n’a pas eu d’impact significatif sur les distributions
de dose absorbée calculées, voir la Figure 5.3. En revanche, la variation des sous-
ensembles et du FWHM du filtre Gaussien de post-reconstruction a eu un impact.
L'utilisation de 30 sous-ensembles pourrait contribuer a améliorer la précision de la
dosimétrie pour les petites spheres, mais pourrait favoriser I'amplification du bruit
dans l'image par rapport a 10 sous-ensembles. Le nombre de mises a jour, qui est
le produit du nombre d’itérations et de sous-ensembles, n’a pas été utilisé comme
critere objectif d’évaluation car différentes combinaisons pour le méme nombre de
mises a jour pourraient donner des résultats différents, par exemple 30 mises a jour
pour i1s30-Omm et i3s10-0mm dans la Figure 5.3.

V.4.5 Les limites

Dans la présente étude, nous avons évalué plusieurs DVH;/er pour l'acqui-
sition dans des conditions spécifiques (SBR de 9 :1, taille de voxel d’image iso-
trope de 2 mm, AC,s de 2,18 MBq.mL™1). Pour des recherches plus approfon-
dies, des évaluations de DVH;/E‘%V devraient étre faites pour les différents AC,,s
présentes dans les spheres a différents temps d’imagerie et également en faisant
varier la résolution de l'image, par exemple pour des voxels de 4 mm au lieu de
2 mm. Les évaluations faisant varier le SBR nécessiteraient davantage de données
expérimentales, avec un dispositif expérimental différent pour chaque SBR. Les
évaluations en faisant varier et en réglant les parametres choisis pour la ver-
sion régularisée de 1'algorithme de Richardson-Lucy pour la récupération de la
résolution (fixée a 1 itération avec un noyau de régularisation de 6 mm dans cette
étude selon les recommandations) et leur influence sur la précision des informa-
tions quantitatives récupérées dans les images reconstruites peuvent étre le sujet de
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futures études. Les parameétres de reconstruction sélectionnés étaient basés sur des
évaluations utilisant la convolution VSV, mais des évaluations similaires peuvent
étre effectuées en utilisant le LDM. Les résultats présentés ici peuvent étre utiles
dans le choix des parametres de reconstruction OSEM, par exemple dans les études
telles que celles publiées par Wei et al. (2020), Levillain et al. (2020), Morén et al.
(2020) et Hesse et al. (2020) pour une meilleure précision dans le calcul de la dose
absorbée suite a une SIRT a 1'°°Y utilisant la DPC-PET.

V.4.6 Conclusion

Cette étude visait a évaluer divers parameétres pour I'imagerie PET de 'Y avec
un systeme DPC-PET de Philips pour la dosimétrie basée sur I'image post-SIRT.
A notre connaissance, aucune étude concernant I’évaluation des parametres d’ac-
quisition et de reconstruction par DVHs n’a été publiée précédemment pour les
systemes PET basés sur des SiPMs. Dans 1’ensemble, a des fins de dosimétrie, nous
recommandons d’appliquer un filtre Gaussien post-reconstruction de 2 mm FWHM,
qui pourrait réduire le bruit dans I'image reconstruite tout en conservant la méme
précision que lorsqu’aucun filtre n’est appliqué. Le jeu de parameétres de reconstruc-
tion sélectionné pourrait étre i3s10-2mm pour les grandes sphéres, mais ce choix
dépend de I'information sur la dose absorbée requise. Cette étude pourrait étre utile
pour le choix des parametres de reconstruction avec la DPC-PET, en fonction des
conditions d’imagerie pour 1'’Y. La durée d’acquisition peut également étre réduite
de 15 a 10 min/pas de table pour I'’°Y-SIRT avec une dégradation acceptable de la
distribution de la dose absorbée, améliorant ainsi le confort du patient.

VI Comparaison de la dosimétrie prédictive et la dosimétrie
post-traitement pour le suivi de la radioembolisation

Les images pouvant présenter des différences spatiales, différentes techniques
de recalage d’images sont proposées et comparées. Les données d’images de plu-
sieurs patients ayant subi un traitement de radioembolisation au Centre Léon Bérard
ont été évaluées rétrospectivement. Par conséquent, cette étude contribue a une
évaluation préliminaire de la valeur prédictive des particules de MAA, substitut des
microspheres, de la distribution spatiale de la dose absorbée dans différents volumes
d’intérét dans le foie, ainsi qu'une évaluation et une comparaison de la distribution
de la dose absorbée aprés un traitement de radioembolisation. L’objectif principal
ici est le choix de la méthode de recalage d’images la plus appropriée qui permet-
trait une meilleure correspondance des volumes hépatiques sans avoir besoin de
procéder a des recalages manuels et d’effectuer des comparaisons.

V1.1 Introduction

Contrairement a d’autres formes de radiothérapie ou de curiethérapie, il est dif-
ficile de réaliser une dosimétrie précise avant le traitement pour prédire la faisabi-
lité technique et le résultat du traitement par radioembolisation. Des particules de
substitution, du *"Tc-MAA, ont été suggérées et c’est la pratique courante aujour-
d’hui pour la simulation préalable a 1’administration du traitement par radioem-
bolisation par 'utilisation de microspheres d’’Y, comme décrit dans le Chapitre 1,
Section 1.3.1. Le P"Tc-MAA est injecté a travers des parties sélectives du foie et
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apres l'injection, une scintigraphie planaire et/ou, si disponible, des images 3D-
SPECT/CT sont acquises. La prédiction est principalement effectuée pour les raisons
1 a5 données dans la Section 1.3.1.2.

A la suite de I'administration du traitement par microspheres d’°Y, on procede
soit a une BremSPECT/CT soit, de préférence, a une TOF-PET/CT pour évaluer
le succes technique du traitement, voir la Section 1.3.2.2. Plusieurs inconvénients
et défis ont été abordés dans la littérature, par exemple la qualité d’image et la
résolution spatiale limitées du BremSPECT pour 1YY, et I’absence de statistiques
sur les positons apres la désintégration de 1'’°Y en utilisant la PET. Néanmoins, cela
reste un atout de pouvoir vérifier systématiquement la délivrance du traitement et
d’évaluer les distributions de dose absorbée intra et extra-hépatiques.

C’est également un atout de pouvoir utiliser les images pour prédire le résultat
du traitement, ce qui permet une planification plus personnalisée, donne plus de
confiance dans I'administration du traitement et supprime la nécessité d’une ima-
gerie de suivi. Toutefois, les corrélations constatées entre les distributions de 9IMTe-
MAA et des microspheres Y restent controversées. Une liste non exhaustive de
publications passant en revue des études rétrospectives ayant évalué I'importance
des prédictions a partir du *"Tc-MAA est examinée ci-apres.

Ahmadzadehfar et al. (2010) ont montré que le *"Tc-MAA SPECT/CT est appro-
prié pour minimiser les effets secondaires en minimisant les dépots extra-hépatiques
sur 76 patients atteints de plusieurs types de maladies, avec une comparaison
entre le SPECT planaire, non corrigé en atténuation et le SPECT/CT, mais n’a pas
évalué les distributions intra-hépatiques du *"Tc-MAA. Knesaurek et al. (2010) ont
également comparé les distributions de microspheéres d"Yttrium-90 et de MAA pour
20 patients et ont souligné que la précision dépend fortement de la correspondance
des images dans les 3 dimensions. Les transformées rigides automatiques qu’ils ont
utilisées ne pouvaient pas fournir une correspondance suffisamment précise entre
les images CT en raison du positionnement différent des patients entre les scans
MAA et Y, et ont donc procédé a des recalages manuels dans ces cas. Ils ont ob-
tenu une gamme de corrélations allant d"une corrélation élevée a une corrélation tres
faible entre les distributions d’activité prédictive et réelle. Leurs résultats suggerent
donc que la prédiction de la réponse du traitement peut ne pas étre précise si elle
est basée sur des distributions MAA. Wondergem et al. (2013) ont mené une autre
étude sur 31 patients, et ont fait la méme conclusion qu’il n’y a pas une prédiction
précise de la distribution de 'activité avec les pratiques cliniques de cette époque,
et que des recommandations spécifiques peuvent conduire a une dosimétrie plus
personnalisée.

Garin et al. (2012) ont mené une étude sur 36 patients atteints de HCC traités
avec des microspheéres en verre pour évaluer si la réponse et la survie des pa-
tients peuvent étre prédites en utilisant la dosimétrie des examens de *"Tc-MAA
SPECT/CT. Ils ont conclu que le MAA SPECT/CT fournit des prédictions précises,
mais que des études doivent étre menées pour les configurations SHM (Garin et
al., 2016). Les études menées par Song et al. (2015) sur 23 patients atteints de tu-
meurs malignes du foie et Gnesin et al. (2016) sur 25 patients atteints d’"HCC ont
abouti a des conclusions similaires avec des relations étroites entre la planification
de l'activité MAA et les distributions des microspheres d’’Y. Kao et al. (2013b) ont
également obtenu de bonnes corrélations sur 23 patients et ont encouragé la pour-
suite des recherches sur la dosimétrie prédictive pour une dosimétrie plus person-
nalisée. Haste et al. (2017) ont réalisé des études similaires en utilisant la distribution
de microspheres en verre d’?°Y chez 62 patients atteints de HCC. Ils ont cependant
constaté une grande variabilité dans les distributions de la dose absorbée pour les
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régions tumorales définies, méme si une bonne corrélation a été trouvée pour I'en-
semble du tissu hépatique normal. Ils ont conclu que le "Tc-MAA était un indi-
cateur peu fiable pour prédire quantitativement les distributions de microspheres
d’?Y pour les HCC. Kafrouni et al. (2019) ont procédé aux mémes comparaisons
pour 23 patients atteints de HCC en utilisant des microspheres en verre, en étudiant
les facteurs liés aux risques cliniques et aux problemes d’équipement, tels que la
préparation et I’administration de 'activité, la modalité d'imagerie utilisée et la ra-
diologie interventionnelle. Ils ont constaté une bonne corrélation entre la prédiction
a l'aide du ®"Tc-MAA et la distribution de la dose absorbée pour 1’Y dans le foie
normal et les volumes tumoraux. IIs ont toutefois souligné I'importance de la repro-
ductibilité de la position de I'extrémité du cathéter dans la concordance entre les
distributions de dose prédictive et réelle lorsque des divergences ont été constatées.
Une étude de Jadoul et al. (2019) a également conclu que les distributions de dose
absorbée dans le foie normal peuvent étre raisonnablement prédites en utilisant les
MAA, mais pas pour la tumeur, pour les HCC et les mestastases, quel que soit le
type de microspheéres.

Des études plus récentes gravitant autour de ce sujet controversé sont celles
de Moran et al. (2020) qui ont étudié I'impact de quatre approches dosimétriques
différentes pour le calcul des doses absorbées sur 14 patients et ont trouvé des dis-
parités importantes entre les méthodes. Ils ont suggéré que les approches basées sur
les voxels 3D (convolution du noyau de convolution et LDM) peuvent étre utilisées
de maniere indistincte. Ils n’ont toutefois pas comparé les distributions prédictives
des MAA et des microspheres °Y pour ces patients. Levillain et al. (2020) ont com-
biné le concept de DVH et le concept de QVH (Vanderstraeten et al., 2006) pour
améliorer la dosimétrie de la radioembolisation et ont obtenu des résultats promet-
teurs bien qu’ils n’aient pas conclu sur le résultat clinique sur la correspondance
entre la dosimétrie prédictive et post-traitement sur les patients. Leur méthode de-
vrait étre validée dans des études prospectives.

La liste des publications susmentionnées n’est pas exhaustive et d’autres publi-
cation peuvent étre trouvées dans la littérature. On peut observer que la corrélation
entre les distributions de MAA et de microspheres reste encore peu claire et que
des études prospectives doivent étre réalisées. Il existe des incertitudes a plusieurs
étapes du traitement, comme décrit ci-dessus, et la raison de l'inadéquation entre
ces distributions d’activité peut étre due a un certain nombre de facteurs, tels que
les variations de la position du cathéter, les procédures d’injection, la différence de
dimensions et de flux des particules entre les microspheres et les MAA, la progres-
sion de la maladie entre les étapes pré et post-traitement, et la différence d’énergie
de rayonnement entre 1'’Y et le ®"Tc. En outre, au cours des étapes du traitement
de I'image, plusieurs types d’incertitudes s’ajoutent a la quantification de la distri-
bution de l’activité dans les parties du foie : comme la performance intrinseque non
idéale des différentes modalités d’imagerie utilisées (SPECT pour la prédiction et
PET pour la surveillance) et le choix des parametres de reconstruction qui ajoute
un biais sur la récupération de l'information dans les images reconstruites, comme
évalué dans le Chapitre 5. Enfin, les différences dans les doses absorbées doivent
étre prises en compte en utilisant différentes méthodes de dosimétrie (Morén et al.,
2020).

Contexte de cette étude. Le systeme numérique Vereos (basé sur des dSiPM) est
installé au CLB depuis 2018, et le suivi du traitement par radioembolisation par
microsphere d’°Y est depuis lors effectué a l'aide de ce systéme. La distribution
des microspheres peuvent ainsi étre comparées aux distributions prédictives aux
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MAA telles que décrites dans les études référencées ci-dessus. A cette fin, le recalage
des images est nécessaire pour mettre en relation les images pré et post-traitement.
Plusieurs études ont fait état d’'un manque de correspondance et ont procédé a des
enregistrements manuels entre les images prédictives et les images de controle post-
traitement.

L’objectif de ce travail était donc de proposer une approche cohérente pour les
comparaisons d’images sans avoir a procéder a des ajustements manuels en cas de
non correspondance avec des outils existants. Différents schémas pour recaler les
volumes d’intéret (VOI), délimités avant traitement sur les images au *"Tc-MAA
SPECT/CT aux images PET/CT suite au traitement sont comparés. En effet, le choix
de la méthode de recalage de I'image est un parametre potentiel qui peut étre res-
ponsable de divergences quantitatives dans les distributions de dose absorbée lors
de cette comparaison, en raison de structures mal positionnées et délimitées (par
exemple, de petites tumeurs), en raison des effets connus, mais difficiles a corri-
ger, des déplacements des organes internes et des mouvements respiratoires. Cette
étude rétrospective ne présente cependant que des résultats préliminaires et servira
de perspective a la suite de cette thése pour des études futures.

V1.2 Matériels et méthodes

Dans cette étude, la prédiction au " Tc-MAA SPECT/CT a été utilisée pour cal-
culer la distribution intrahépatique des doses absorbées chez 10 patients, en simu-
lant la distribution des microspheres d’*’Y. Dans la mesure du possible, les phases
de préparation et de traitement ont été réalisées au cours de la méme journée, sans
qu’il y ait plus de trois semaines entre les deux procédures. Le suivi du traitement
par radioembolisation a 'Y a été réalisé a 'aide de la PET/CT et la distribution
intrahépatique des doses absorbées a été calculée. Les distributions prédictives des
MAA et des microsphéres apres le traitement ont été comparées en utilisant quatre
méthodes de recalage d’image différents. Les doses absorbées ont été comparées
grace aux DVHs et aux valeurs de dose absorbée extraites. Les caractéristiques des
patients étudiés sont présentées dans le Tableau 6.1. Les activités utilisées pour
chaque patient sont indiquées dans le Tableau 6.2.

VI.2.1 Protocoles d'imagerie et de reconstruction

9mTe-MAA, SPECT/CT. Un collimateur LEHR a été utilisé avec une fenétre
d’énergie centrée a 140 keV et large de 10% (126,45-154,55 keV). 120 images (60 pro-
jections, 25 s par projection) ont été acquises en mode 3D. Les images ont été recons-
truites avec des corrections d’atténuation basées sur CT et de diffusion par fenétrage,
et calibrées en MBq.mL 1. Un algorithme OSEM a été utilisé avec 8 itérations et 4
sous-ensembles, avec un filtre Gaussien post-reconstruction supplémentaire de 8,4
mm a FWHM. Les reconstructions ont été effectuées pour des tailles de voxels iso-
tropes de 4,4 mm et une matrice d'image de 128 x 128 voxels.

Microspheéres d°°Y, DPC PET/CT. La durée d’acquisition pour chaque patient était
de 10 min/pas de table, centrée sur la région du foie. Les images ont été reconstruites
a l’aide des parametres de reconstruction OSEM évalués et choisis, avec 3 itérations
et 10 sous-ensembles, avec un filtre Gaussien post-reconstruction supplémentaire
de 2 mm a FWHM, sur la base des résultats précédents (voir Chapitre 5). Les pa-
rametres recommandés par défaut de la modélisation PSF (1 itération avec un noyau
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de régularisation de 6 mm FWHM) pour la récupération de la résolution ont été uti-
lisés. Les reconstructions ont été effectuées pour des tailles de voxels isotropes de 2
mm de coté et une matrice d’image de 288 x 288 voxels.

VI1.2.2 Délimitation des volumes d’intérét

Pour chaque patient, les contours des structures hépatiques ont été utilisés. Ils
ont été définis par des cliniciens selon des protocoles cliniques locaux au CLB en
utilisant la station de travail clinique PlanetOnco de DOSIsoft® (Cachan, France).
Les VOI primaires définis étaient : 1) WLV, 2) TV, et 3) PLV, représentées sur la
Figure 6.1. D’autres VOI a des fins de comparaison ont pu étre définis en utilisant les
trois premieres structures, qui étaient : 4) NLV 15,401, 5) NPLV, et 6) NLV /e river- Tous
les VOIs sont résumés dans le Tableau 6.4. Ils ont tous été propagés et enregistrés sur
les images SPECT.

VI1.2.3 Calcul de la dose absorbée

Les cartes de dose absorbée pour chaque patient ont été calculées
indépendamment des : 1) *"Tc-MAA SPECT pour prédire la distribution des
microspheres d’°Y et 2) des images de contrdle post-traitement PET pour la distri-
bution réelle des microspheres d’*’Y en utilisant la station de travail PlanetOnco.
Les algorithmes de convolution de noyau de dose VSV et de LDM ont été utilisés.

VI.2.4 Propagation des contours

L’alignement des séries de données d’images a été effectué a 1’aide du logiciel
elastix!®, qui consiste en une collection d’algorithmes couramment utilisés
pour résoudre les problemes de recalage d’images médicales (Klein et al., 2009).
Différents protocoles de recalage d’images ont été développés et comparés. Les
contours RT-structspgct ont été propagés aux images PET a l'aide de quatre
méthodes de recalage, dénotées : 1) rigidgopar, 2) deformablegiopar, 3) 1igidoca €t 4)
rigidelocal, functionnal- Le Tableau 6.5 fournit un résumé des méthodes utilisées.

Pour plus de détails sur les matériels et méthodes et les résultats, veuillez consul-
ter les Section 6.2 et 6.3, respectivement.

V1.3 Conclusions et discussions
VI1.3.1 Contexte

L’objectif principal de cette étude était d’examiner plusieurs protocoles de propa-
gation des contours délimités a partir d’acquisitions SPECT/CT vers PET/CT pour
la radioembolisation aux microspheres d’*’Y. Ceux-ci permettent d’effectuer des
comparaisons entre les dosimétries prédictives et post-traitement en sélectionnant
les transformations d’images appropriées pour ajuster au mieux les structures de
référence d’une image a 1’autre. En effet, des études rétrospectives doivent encore
étre réalisées pour évaluer la valeur prédictive du *"Tc-MAA SPECT/CT pour la
radioembolisation a 1’°0Y pour différents scénarios, comme décrit dans l'Introduction,
Section 6.1.

Les méthodes de propagation des contours et la segmentation de VOI consti-
tuent encore aujourd’hui des facteurs limitants pour une évaluation précise de la

15. Voir elastix software webpage
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dosimétrie (Moran et al., 2020). L'étude actuelle s’est concentrée sur cette source
d’incertitude afin d’obtenir les outils nécessaires et de renforcer les futures analyses
dosimétriques sur des ensembles de données de patients au CLB. Elle démontre clai-
rement que, selon le cas du patient, différentes techniques de recalage doivent étre
appliquées. Cette étude quantifie I'influence d"une bonne concordance ou d"une dis-
cordance entre la dosimétrie prédictive et la dosimétrie post-traitement sur les pa-
tients.

VI1.3.2 Comparaisons

Le Tableau 6.18 récapitule les différences obtenues, 1) entre les quatre méthodes,
et 2) entre la prédiction et les doses moyennes absorbées apres traitement. Une
premiere difficulté réside dans le fait qu’il n’est pas évident de fixer des va-
leurs seuils pour évaluer si les résultats obtenus sont corrects, mais 'ampleur des
différences peut étre observée entre les différentes VOlIs.

VI.3.3 La dosimétrie prédictive

Si une prédiction précise des différents VOI peut étre effectuée, la sélection des
patients peut étre optimisée et cela peut fournir une planification de traitement effi-
cace et individualisée. Les doses moyennes absorbées prédites pour les grands vo-
lumes que sont les WLV, les NLVyp,eLiver €t les NPLV dans cette étude étaient a
moins de 10 Gy des valeurs obtenues apres traitement. Cependant, ce n’est pas le
cas pour les PLV et TVr,, ou des différences beaucoup plus importantes ont été
trouvées comme décrit dans le Chapitre 6.

La différence entre les prévisions et les doses moyennes absorbées apres trai-
tement par la méthode rigidoca, functiona poOur le NLV e varie entre 0,6 et 13,6
Gy. Le PLV est la somme du TV, et du NLVryg.. Cela signifierait donc que la
prédiction utilisant la dose moyenne absorbée a la TV, n'est pas précise. En ef-
fet, les différences entre la prédiction et la méthode Dyyeqtment variaient entre 18,1 et
82,7 Gy avec la méthode rigid)ocal, functional- Les comparaisons a 1’aide de Dsgy, et Dy,
entre les prédictions et les doses absorbées obtenues telles que présentées dans la
Section 6.3.2 ne sont que sommaires jusqu’a ce que d’autres analyses soient utilisées
pour la comparaison.

VI1.3.4 Les limites

Les limites de cette étude sont présentés dans la Section 6.4.2. Il s’agit des vo-
lumes d’intérét définis, des criteres d’inclusion et d’exclusion, du mouvement respi-
ratoire et d’autres facteurs de confusion y sont discutés.

VI1.3.5 Orientations futures

Cette étude préliminaire a évalué I'impact des méthodes de recalage pour la
propagation des contours sur la quantification de la dose absorbée dans le foie
aprés une radioembolisation a 1'Y. Les distributions de la dose absorbée dans
les régions traitées ainsi que dans les volumes parenchymateux normaux, non tu-
moraux, ont été réalisées. Les études prospectives peuvent mettre en ceuvre les
métriques suggérées par Mordan et al. (2020), avec des QVH qui sont basés sur une
comparaison de la dose absorbée voxel a voxel et traitent directement les différences
de dose absorbée. Cependant, leur méthode devrait étre validée dans des études
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prospectives qui pourraient renforcer cette validation pour apporter des informa-
tions supplémentaires dans 1’évaluation de la conformité entre les distributions de
dose prédictive et absorbée apres traitement.

Les résultats de cette étude peuvent également étre utiles pour adapter les
méthodes de recalage en fonction du cas du patient, en évitant les recalages manuels
en cas d'inadéquation lors de la propagation des contours.

V1.3.6 Conclusion

Ce travail a été réalisé pour valider un protocole de travail pour les techniques
de recalage d’images avant de réaliser d’autres études rétrospectives en utilisant les
mémes ensembles de données d’images. Il a permis d’évaluer dans quelle mesure
des différences peuvent étre obtenues en fonction de la méthode de recalage et sen-
sibilise aux grandes différences qui peuvent conduire a une mauvaise interprétation
des données. Par conséquent, différentes méthodes doivent étre adaptées a chaque
cas de patient. Dans I'ensemble, le rigidg,p, a €té suffisant pour les grands volumes
comme le WLV, mais pas pour les plus petits comme le TV ;.

VII Conclusions et perspectives

L’objectif de cette these était double : d"une part, proposer un modele de simula-
tion Monte Carlo d"un systeme PET numérique basé sur des SiPMs et d’autre part,
étudier les sources d’erreur qui pourraient avoir un impact sur la quantification de
1YY en utilisant des simulations Monte Carlo pour le suivi du traitement de ra-
dioembolisation a 1°°Y. Au cours de cette thése, nous avons 1) proposé un modele
Monte Carlo du DPC PET/CT, validé a 1'aide de simulations GATE par rapport a
des mesures expérimentales; 2) étudié I'influence des parametres de reconstruction
OSEM et des durées d’acquisition listmode sur la précision quantitative pour la do-
simétrie de 1'’°Y et 3) fourni une évaluation préliminaire de la valeur prédictive du
substitut " Tc-MAA aux microspheres en suggérant des approches cohérentes pour
le recalage des images.

VII.1 Modele Monte Carlo de la PET numérique

Le modele Monte Carlo du Vereos présenté dans le Chapitre 4 peut étre utile
pour de nombreuses études. Au lieu de réaliser des expériences, des évaluations
completes peuvent étre effectuées en utilisant le modele pour ajuster les parametres,
comme l’évaluation expérimentale des parametres de reconstruction réalisée au
cours de cette these en utilisant '’°Y. Une perspective a court terme pour suivre
le travail de cette these pourrait étre de valider un protocole utilisant le logiciel
CASToR pour la reconstruction des données de sortie GATE pour I'imagerie de *°Y.
Cette validation peut étre effectuée en comparant les données simulées aux données
expérimentales acquises au cours de cette these. Un protocole de reconstruction uti-
lisant 1’algorithme OSEM a été validé par rapport aux données du '8F par Salvadori
(2020), ce qui pourrait aider a élaborer le méme protocole pour 'Y dans CASToR.
Ceci fait, il est possible de réaliser des études évaluant par exemple I'étendue des
effets de volume partiel (PVEs) (Soret, Bacharach et Buvat, 2007) sur des objets de
différentes formes et tailles complexes, et contenant des concentrations d’activité
variables. Les coefficients de recouvrement de la dose absorbée peuvent étre dérivés
en utilisant des données simulées et non expérimentales, et corrigés en utilisant des
géométries connues et des métriques adaptées.
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De plus, les évaluations des parametres de reconstruction effectuées dans le Cha-
pitre 5 peuvent étre poursuivies pour différents scénarios a 1’aide du modele Monte
Carlo de la PET, en faisant varier les concentrations d’activité pour différents SBRs,
ce qui est expérimentalement coliteux en temps et pose des probléemes de radio-
protection. Cette démarche permettrait de constituer un ensemble complet de pa-
rametres de reconstruction évalués pouvant étre adaptés a des cas spécifiques de
patients ou a des régions spécifiques de distributions d’activité, et ce pour différents
isotopes utilisés en imagerie PET, qui pourraient faire partie de la dosimétrie in-
dividualisée pour les patients. En effet, les parametres évalués au cours de cette
these 'ont été pour un SBR de 9 :1 tout au long des expériences utilisant le fantome
NEMA, et pourraient varier dans les configurations des patients. Des géométries de
fantdmes plus complexes que les volumes sphériques peuvent étre étudiées. De plus,
les facteurs de confusion de la qualité de I'image et de la quantification peuvent étre
étudiés comme dans Strydhorst et al. (2016) pour plusieurs isotopes.

Dans une perspective a plus long terme, le modele peut également étre utile
pour : 1) la génération d’ensembles de données a des fins d’apprentissage pour des
techniques d’intelligence artificielle et 2) le test des données générées en utilisant
la reconstruction d’images avec le protocole de travail tel que décrit ci-dessus. Par
exemple, dans un futur projet de recherche, appelé projet ANR MoCaMed (2021-
2025) !¢ en collaboration avec différentes équipes de recherche (CREATIS, LATIM,
LIRIS et CLB) a partir de septembre 2021, le modele peut étre d'une utilité poten-
tielle pour simuler a partir des fichiers espace de phase générés, stockant les particules
quittant le patient imagé, comme dans une étude récemment publiée dans notre
équipe de recherche a Lyon appliquée a la radiothérapie externe par Sarrut, Krah
et Létang (2019) en utilisant des GANSs, et la preuve de concept a 'imagerie SPECT
par Sarrut et al. (2021a). Ces fichiers espace des phases peuvent étre utilisés comme
entrée dans les simulations Monte Carlo des systemes d’imagerie nucléaire et de
notre modéle PET. Le modele pourrait également étre utile pour d’autres travaux de
doctorat a venir dans notre équipe a CREATIS en collaboration avec d’autres insti-
tutions, sur l'utilisation de l'intelligence artificielle pour la reconstruction d’images
multimodales dans le projet ANR MultiRecon (2021-2024) 7, ou sur I'étude de 1'ima-
gerie PET numérique paramétrique dans les applications théranostiques pour les
traitements du cancer a base du 7Lu (2021-2024) '8.

Une autre perspective pourrait également étre la simulation d'images de patients
pour évaluer les distributions de dose, comme dans 1’étude de Roncali et al. (2020)
et tester leurs méthodes en utilisant le CFD pour la prédiction du traitement par
radioembolisation. Pour résumer, le modéle proposé a un large éventail d’applica-
tions potentielles et peut soutenir un certain nombre de projets futurs, en particulier
pour optimiser les performances d’imagerie, identifier 1'influence des parametres
d’acquisition et de reconstruction sur la qualité de I'image et I'estimation de la dose
absorbée, évaluer de nouvelles méthodes de reconstruction et de correction.

La plateforme GATE a été utilisée pour la simulation Monte Carlo de différents
types de systémes d’imagerie et de détection. Elle a cependant plus de 15 ans, est
gérée par la communauté et son code est complexe et évolue en permanence. Une
revue récente de Sarrut et al. (2021b) a souligné les nombreuses simulations de to-
mographes a émission dans GATE, ou le travail au cours de cette thése a été mis
en valeur. En effet, GATE (et d’autres plateformes similaires) reste le standard pour
la conception, I'optimisation et I'évaluation des systemes d’imagerie et est toujours

16. Voir MoCaMed
17. Voir MultiRecon
18. Voir Parametric PET
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utile aux industriels, aux chercheurs et aux étudiants. L'une des limites de GATE est
cependant son approche Monte Carlo et les simulations sont lentes et demandent
une grande puissance de calcul. Les simulations de suivi de photons optique ne
peuvent donc pas étre réalisées sur un anneau de détecteurs PET complet et sont
limitées a des paires de détecteurs.

A mon avis, GATE restera un outil utile pour les simulations Monte Carlo de
systemes d’imagerie complexes et peut étre facilement adapté aux systémes futurs,
en s’appuyant toutefois sur des contributions volontaires pour maintenir et mettre
en ceuvre de nouveaux modules. Il est actuellement envisagé, dans le cadre de la
collaboration OpenGATE, de proposer une évolution majeure du systeme GATE
en exploitant les outils Python ' pour une analyse plus rapide et des intégrations
PyTorch qui pourraient ouvrir la voie a des développements au sein de GATE
exploitant I'TA. GATE présente également un intérét pour les étudiants et est de
plus en plus utilisé pour enseigner les méthodes de Monte Carlo pour la physique
médicale dans les universités. Pour une meilleure compréhension, une documenta-
tion plus complete et plus claire devrait étre mise a disposition, en particulier pour
les étudiants qui découvrent GATE. Des efforts sont faits de ce coté et les utilisa-
teurs de GATE sont réellement réceptifs a des questions spécifiques. Enfin, une toute
nouvelle plateforme serait I'intégration future des premiers outils de simulation et
d’intégration de 1’analyse de photons optique complete et de la sortie des données,
étant donné l'intérét croissant pour la détection de la luminescence de Cerenkov
pour une résolution TOF plus rapide (Lecoq et al., 2020). Les fichiers de données
d’entrée et de sortie sont aussi généralement trop volumineux et I'IA pourrait aider
a réduire leur taille.

VIL.2 Reconstruction pour la dosimétrie

Les perspectives a court terme de la deuxieme contribution a cette these sur
I’évaluation des parametres de reconstruction rejoignent celles qui peuvent étre
réalisées avec le modele Monte Carlo de la PET, comme décrit précédemment.
L'évaluation nous a permis de comprendre le comportement de ’algorithme OSEM
sous des conditions de statistiques de comptage faibles et des conditions in-
trinséques a la désintégration de 1'°°Y. 1l peut étre utile pour différentes institu-
tions et travaux de recherche de construire leurs protocoles en suivant les mémes
méthodologies, en commengant par notre propre institution au CLB. L’évaluation
a également permis de réduire de 30% la durée d’acquisition du patient apres une
radioembolisation a 1’’’Y, ce qui rend ’examen plus confortable pour le patient. La
méthodologie utilisant le DVH et le RMSD peut étre appliquée a d’autres isotopes, et
a d’autres modalités d’imagerie, comme pour l'imagerie SPECT apres une thérapie
au Lutathera utilisant le 17”Lu. Des études futures pourraient évaluer l'influence du
PSF sur la quantification, en faisant varier les parametres (fixés a 1 itération avec un
noyau de régularisation de 6 mm dans cette these, conformément aux recommanda-
tions pour le '8F) en utilisant les jeux de données listmode du fantdme acquis, ce qui
pourrait permettre d’obtenir une quantification plus précise. L'étude était basée sur
des géométries de fantdmes simples, sans hétérogénéité. Par conséquent, de nou-
veaux fantdmes peuvent désormais étre facilement concus par une imprimante 3D
pour prendre en compte des géométries plus réalistes. La modélisation de distri-
butions d’activité hétérogenes dans les montages expérimentaux est également un
point sur lequel la recherche devrait se concentrer. En effet, les fantomes utilisés

19. Voir GateTools
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présentaient des distributions d’activité homogenes dans les différents comparti-
ments des différents fantomes.

VIL.3 Dosimétrie prédictive vs. dosimétrie de controle

Les parametres de reconstruction sélectionnés et évalués dans la deuxieme
contribution ont été utilisés dans la troisiéme et dernieére contribution a cette
theése, qui fournit des résultats préliminaires, évaluant rétrospectivement la valeur
prédictive des microspheres d’*°Y pour le traitement par radioembolisation. L'ob-
jectif principal de ce travail a été de choisir les méthodes de recalage les plus ap-
propriées pour comparer la distribution de 1’activité prédictive et celle obtenue suite
au traitement et ne peut pas encore étre utilisé pour interpréter la valeur prédictive
du P"Tc-MAA, limitée a 10 patients. Ce travail sera poursuivi de maniére prospec-
tive a court terme, avec une meilleure sélection et classification des patients pour
I'analyse. En effet, plusieurs aspects n’ont pas été pris en compte pour une sélection
adéquate des patients. Il faudrait un comité validant chaque patient sur la base de
criteres d’inclusion spécifiques (tels que la maladie hépatique seule, le statut de per-
formance ECOG, ...) et de criteres d’exclusion (tels qu'une radioembolisation ou une
radiothérapie externe préalable, ...). Des outils et des mesures tels que ceux pro-
posés par Levillain et al. (2020) pourraient étre testés pour valider leur méthodologie
en utilisant des QVH et QF combinés avec DVH qui pourraient renforcer la notre.
Comme ils I'ont précisé, les QVH fournissent également une évaluation visuelle et
quantitative de la concordance entre la dosimétrie prédictive et la dosimétrie post-
traitement. Leur code Python pour le calcul des QVH est disponible a I’adresse sui-
vante Github/QVH. En outre, une synthese utilisant des analyses statistiques sera
réalisée.

VIL.4 Autres perspectives

Les jeux de données de patients disponibles au sein du CLB (environ 45 pa-
tients) pourraient étre utilisés dans une étude future pour intégrer des parametres
radiobiologiques spécifiques a la radioembolisation a l'aide de microspheres d’?°Y,
méme si le TRT n’a pas encore une compréhension fondamentale de la radiobiolo-
gie sous-jacente et de la réponse a la dose. Cela permettrait d’optimiser davantage
les approches dosimétriques et thérapeutiques puisque des effets de la dose com-
mencent a étre établi pour la radioembolisation a 1'°Y (Hoven et al., 2016). D’autres
parameétres que la dose moyenne absorbée peuvent étre utilisés pour 'évaluation,
comme le EUD, le BED et le EUBED, tels qu’ils sont utilisés dans la Chiesa et al.
(2015). I semble également intéressant de déterminer les parametres de radiosensi-
bilité 4 1YY et de mieux comprendre la dose-réponse des lésions hépatiques, comme
dans une étude récente de Lee et al. (2019). Les recherches futures sur les futurs pa-
tients recevant un traitement par radioembolisation a 1’’Y au CLB devraient envisa-
ger de caractériser la relation entre la dose absorbée par la tumeur et la réponse apres
la radioembolisation a 'Y, telle que dans 1’étude SARAH (Hermann et al., 2020) et
I'étude DOSISPHERE-01 (Garin et al., 2021). La radiomique dérivée de la PET pour
1YY pourrait étre combinée a la dose absorbée afin d’améliorer la construction de
modeles pour prédire la réponse et la progression tumorale dans le traitement par
radioembolisation, en utilisant les métriques suggérées par Wei et al. (2020) dans une
publication récente. Toutes ces études pourraient permettre de renforcer les recom-
mandations telles que publiées récemment par Salem et al. (2019) et Levillain et al.
(2021).
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Méme si des progrés majeurs ont été réalisés dans l'imagerie PET au cours des
dernieres années, avec une amélioration de la résolution temporelle d"un facteur 2 en
utilisant des SiPMs au lieu de PMTs, le PVE reste un obstacle majeur a la qualité des
images PET et donc a 1’évaluation de la dose absorbée (Rousset, Ma et Evans, 1998;
Soret, Bacharach et Buvat, 2007 ; Brolin, 2011 ; Erlandsson et al., 2012). Notre équipe
de recherche au sein de CREATIS/CLB travaille actuellement sur la faisabilité de
corriger davantage les PVEs suite a la reconstruction d’images par une boite a outils
proposée par Thomas et al. (2016), et de récupérer des informations en utilisant les
jeux de données d’images acquises au cours de cette these. La technologie PET est
encore perfectible, et la recherche d’une meilleure résolution temporelle souhaitée
a moins de 100 ps sur les systémes cliniques et d’'une couverture axiale de plus en
plus large promet des résultats satisfaisants qui amélioreraient la qualité et la quan-
tification des images. En laboratoire, une CTR de 95 ps utilisant des SiPMs a été at-
teinte (Seifert et al., 2012). La quéte d'une résolution temporelle de 10 picosecondes
a également été lancée, avec I'utilisation d"une émission Cerenkov ultra-rapide pour
les détecteurs TOF PET qui pourrait permettre a la technologie PET de contourner
l"utilisation d’algorithmes de reconstruction, il peut y avoir une formation d’image
en temps réel et seule la correction de I’atténuation serait nécessaire (Lecoq, 2017; Le-
coq et al., 2020). En fait, l'utilisation d’algorithmes de reconstruction ajoute un biais
supplémentaire aux données quantitatives, indépendamment des performances de
la PET, comme le montre cette these. En effet, 'information TOF seule peut étre suffi-
sante pour obtenir une distribution de la concentration d’activité avec une meilleure
résolution temporelle puis spatiale, et une meilleure quantification pour le suivi
de la radioembolisation a 1°’Y suite au traitement. Par ailleurs, une étape majeure
a été franchie avec l'installation du premier eFOV corps entier clinique et com-
mercial en 2020, doté d’'un FOV axial d’un metre de long contrairement aux FOV
traditionnels de 15 a 30 centimetres, et équipé de SiPMs. Bénéficiant d’angles so-
lides plus larges pour la détection avec divers systemes de FOV longs en cours de
développement (Zhang et al., 2017; Badawi et al., 2019; Vandenberghe, Moskal et
Karp, 2020), la PET offre donc une technologie et un impact encore plus fortifiants
dans l'utilisation clinique.
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Appendix A

Evaluation of reconstruction
parameters using DVH

Appendices Al to A6 hereafter provide the DVHXQfV for all reconstruction pa-
rameter sets evaluated for the 37 to 10 mm spheres in decreasing diameter order,

respectively.

Al 37 mm sphere

The DVH’EV for all 45 reconstructions (15 reconstructions per number of itera-
tions) are compared to DVHr]‘e/ifC (black curves) for the 37 mm sphere in the figures

below. Each of the three figures are for a fixed number of iterations.
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A2 28 mm sphere

The DVH;;?V for all 45 reconstructions (15 reconstructions per number of itera-

tions) are compared to DVHf‘e/IfC (black curves) for the 28 mm sphere in the figures
below. Each of the three figures are for a fixed number of iterations.
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A3 22 mm sphere

The DVH;’gV for all 45 reconstructions (15 reconstructions per number of itera-

tions) are compared to DVerAfC (black curves) for the 22 mm sphere in the figures
below. Each of the three figures are for a fixed number of iterations.
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A4 17 mm sphere

The DVH,‘;?V for all 45 reconstructions (15 reconstructions per number of itera-
tions) are compared to DVHf‘e/IfC (black curves) for the 17 mm sphere in the figures

below. Each of the three figures are for a fixed number of iterations.
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A5 13 mm sphere

The DVH,;"

for all 45 reconstructions (15 reconstructions per number of itera-

tions) are compared to DVHr]\e/itC (black curves) for the 13 mm sphere in the figures
below. Each of the three figures are for a fixed number of iterations.
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A6 10 mm sphere

The DVH,‘;?V for all 45 reconstructions (15 reconstructions per number of itera-
tions) are compared to DVHf‘e/IfC (black curves) for the 10 mm sphere in the figures

below. Each of the three figures are for a fixed number of iterations.
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Evaluation of reconstruction
parameters using RMSD

The figures hereafter depict RMSD values between DVH;/er and DVHM¢

ref

against the post-reconstruction Gaussian filter size (FWHM) for all spheres (45 re-
constructions per sphere).
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Appendix C

Influence of acquisition duration

The figures hereafter depict the DVH"2" variation (5, 10, 11, 12, 13, 14 and 15

pet
mins) for all spheres.
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Appendix D

Comparing pre- and per-treatment
DVHs

D1 Delineated volumes.

The three tables below provide the volumes of the delineated VOISs for the WLV,
PLV and TV, on the SPECT/CT and obtained volumes after propagation of struc-
tures on the PET/CT images.

Volumes for the WLV.
. Volumes in cm? - WLV
Patient
number Post-treatment PET/CT Predictive
rigidglopal deformablegopa 1igidocal rigidocal, functional SPECT/CT
#1 3103.0 3331.8 3103.0 3103.6 3102.6
#2 2092.0 2375.7 2091.3 2091.5 2091.3
#3 2821.9 2544.0 2821.9 2822.0 2822.1
#4 2998.7 3397.7 2998.8 2998.4 2998.2
#5 1532.9 1495.4 1532.8 1532.1 1532.9
#6 1319.9 1320.0 1319.7 1319.7 1319.7
#7 2145.8 2647.7 2145.8 2145.9 2146.1
#8 995.8 906.8 996.0 996.4 996.0
#9 1452.5 1479.6 1452.5 1452.2 1452.2
#10 1284.8 1331.6 1284.8 1284.2 1284.5
Volumes for the PLV.
. Volumes in cm® - PLV
Patient
Post-treatment PET/CT Predictive
number — — .
7igidg1opal deformablegopa 1igid ocql rigid ocal, functional SPECT/CT
#1 2119.0 2243.6 2119.0 2120.0 2118.3
#2 1138.2 1315.0 1138.2 1138.4 1138.2
#3 1461.4 1274.4 1461.4 1461.4 1461.4
#4 1482.4 1620.7 1482.3 1482.6 1482.2
#5 609.9 595.8 609.9 610.2 609.9
#6 139.8 138.4 139.4 139.5 139.4
#7 1214.5 1532.8 1214.3 1214.6 1214.5
#8 610.1 538.5 610.1 610.0 610.1
#9 3244 302.3 3244 324.5 324.8
#10 798.5 846.6 798.5 797.9 799.0

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI054/these.pdf
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Appendix D. Comparing pre- and per-treatment DVHs

Volumes for the TV 4.

Patient

Volumes in cm? - TV,

number Post-treatment PET/CT Predictive
rigidgiopal deformablegopa rigidocal 7igid ocal, functional SPECT/CT
#1 335.2 386.4 335.3 335.3 335.5
#2 228.5 316.9 228.6 228.7 228.6
#3 106.3 85.7 106.3 106.7 106.7
#4 - - - - -
#5 175.6 166.9 175.6 175.5 175.9
#6 751.9 712.7 751.7 752.1 751.7
#7 152.3 190.9 152.3 153.3 152.3
#8 - - - - -
#9 - - - - -
#10 174.8 199.6 174.7 174.5 175.0

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2021LYSEI054/these.pdf
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D2 Whole liver

The figures below depict the obtained DV H; treqtment considering the WLV (whole
liver volume) using each of the four registration methods, j, for all patients. The

DV Hpregicted is also depicted on each figure. Refer to Section 6.3.1.1 for a summary
of the results for the WLV.
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Appendix D. Comparing pre- and per-treatment DVHs

Patient #5 - WLV

Patient #6 - WLV
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D3 Perfused liver

The figures below depict the obtained DV H; treqtment considering the PLV (per-
fused liver volume) using each of the four registration methods, j, for all patients.
The DV Hpyegictea is also depicted on each figure. Refer to Section 6.3.1.2 for a sum-
mary of the results for the PLV.
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Patient #5 - PLV Patient #6 - PLV
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D4 Activity distribution

The ADVs5, was used to define the PLV. Obtained results for the ADVse, in each
patient are provided hereafter. The first table below is similar to those presented in
Section 6.3.1. The second table following is similar to those presented in Section 6.3.2.

The figures afterwards depict the obtained DV H; tyeatment for the ADVsg, (activity
distribution volume) using each of the four registration methods, j, for all patients.
The DV Hpregicted is also depicted on each figure.

Direatment for the ADVse, using different registration methods be-
tween SPECT/CT and PET/CT images. Values for D predictea are also

provided.
. Mean absorbed doses in Gy - AD V5o,
Patient s o
ber Post-treatment PET/CT Predictive
num rigidglvbnl dgformableglobal rigidlucal rigidlocal,fulchional SPECT/CT
#1 69.3 61.3 62.0 68.3 51.5
#2 59.8 56.3 59.8 64.5 60.9
#3 23.0 244 22.7 23.8 32.1
#4 79.2 79.3 80.5 83.6 131.2
#5 62.8 61.5 61.3 64.5 88.0
#6 60.0 64.5 61.2 63.9 66.9
#7 29.6 25.2 29.6 31.0 35.4
#8 44.3 479 50.4 51.1 58.6
#9 67.8 84.1 85.9 85.7 132.7
#10 88.2 89.2 87.9 95.1 88.8
Predicted absorbed doses compared to obtained absorbed doses fol-
lowing treatment for the ADVsy,, using the rigidjoca, functional-
Absorbed doses in Gy - AD Vg,
. Predicted Treatment monitoring
Patient
SPECT/CT PET/CT
number
Dmean D50% DZ% Dmean D50% DZ%
#1 51.5 39.5 186.4 68.3 29.2 350.3
#2 60.9 49.2 211.6 64.5 494 234.2
#3 32.1 25.3 111.0 23.8 2.8 227.1
#4 131.2 112.4 335.1 83.6 63.3 320.0
#5 88.0 67.8 354.8 64.5 53.9 201.0
#6 66.9 55.9 201.1 63.9 51.3 215.0
#7 35.4 21.8 162.8 31.0 19.7 139.1
#8 58.6 48.7 186.5 51.1 48.1 158.4
#9 132.7 103.1 396.1 85.8 63.4 385.6
#10 89.0 48.2 373.1 95.1 479 461.3
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D5 Non-perfused liver

The figures below depict the obtained DV H; ye4tment considering the NPLV (non-
perfused liver volume) using each of the four registration methods, j, for all patients.
The DV Hpyegictea is also depicted on each figure. Refer to Section 6.3.1.3 for a sum-
mary of the results for the NPLV.
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D6 Total tumour

The figures below depict the obtained DV H; j1eatment considering the TV, (total
tumour volume) using each of the four registration methods, j, for all patients. The
DV Hpyedictea s also depicted on each figure. Refer to Section 6.3.1.4 for a summary
of the results for the TV r,.,.
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D7 Target normal liver

The figures below depict the obtained DV H; treatment considering the NLV 1;,¢et
(target normal liver volume) using each of the four registration methods, j, for all
patients. The DV Hegicted is also depicted on each figure. Refer to Section 6.3.1.5 for
a summary of the results for the NLV r;,¢,t.
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232 Appendix D. Comparing pre- and per-treatment DVHs

D8 Whole normal liver

The figures below depict the obtained DV H; tyeqtment for the NLVwporeriver (Whole
normal liver volume) using each of the four registration methods, j, for all patients.
The DV Hpyegictea is also depicted on each figure. Refer to Section 6.3.1.5 for a sum-
mary of the results for the NLVyyoreLiver-
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