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Summary

Liver cancer, whether primary or metastatic, represents a global public health priority
due to its rising morbidity and mortality. Surgery is the procedure of choice for hepatic
tumors, but many patients are not eligible for this treatment modality. Numerous novel
therapeutic alternatives have been introduced over the last decades, depending on the
tumor location, the stage of the disease, the age, and the general condition of the patients.

The role of external beam radiation therapy in liver cancer management remains
restricted because of poor tolerance of normal liver parenchyma to radiation. One reso-
lution would be following the Paul Ehrlich (1854-1915) proposal, “we must learn to shoot
microbes with magic bullets”, to develop a radionuclide magic bullet to maximize the
tumor irradiation while sparing healthy liver parenchyma as much as possible. The liver
has an excellent blood flow mechanism; the contrast in blood supply between liver ma-
lignancies and the normal liver parenchyma, which is predominantly arterial and portal,
respectively. Selective internal radiation therapy (SIRT) which is utilizing microspheres
loaded with a high-energy S-emitting radioisotope (e.g. yttrium-90 or holmium-166) ben-
efits from this mechanism; the microspheres target the tumors passively, when infused
into the hepatic artery, and consequently deliver lethal tumor irradiation while sparing
a significant portion of the non-tumoral liver tissue.

As mentioned before, despite the advantageous targeting of the targeted tumors, a
fraction of the microspheres can be accumulated within the non-targeted tissues. So,
in addition to the concept of effective treatment, based on the general rule of “first,
don’t harm”, preserving healthy tissue is also critical. In Europe, to perform a successful
treatment, quantifying the tumor and non-tumor tissue irradiation is compulsory for
treatment planning and for treatment verification. Because of a considerable inter- and
intra-patient variation in tumor and liver tissue vascular anatomy, classical models that
assume “the same relative tracer uptake in the tumor and the normal liver parenchyma
in all patients” are over-simplistic for this task.

In each individual patient, (i) a careful treatment planning by employing a simulation
workup to estimate the distribution of the therapeutic microspheres is essential since ra-
dionuclide therapies are historically prescribed in a (semi-)empirical manner and some
evidence shows personalizing treatment planning could significantly enhance the thera-
peutic outcomes, and (ii) a more precise treatment evaluation is necessary to accurately
determine the localization of the radionuclide in the patient’s body and to identify poten-
tial adverse effects in terms of treatment efficacy and safety. The tumor and non-tumor
irradiation are usually represented by absorbed dose or absorbed energy per unit of mass;
this scheme is called dosimetry.

The existing dosimetric tools do not adequately extract all required information. The
most commonly used method, initially developed for diagnostic applications in nuclear
medicine, is widely accepted to be insufficient for internal radionuclide therapy due to
several questionable assumptions: (i) the person is represented by a standard mathemat-
ical model, and the morphology of each person is not taken into account, (ii) activity
is assumed to be distributed uniformly in the source organ (or sub-organ), and (iii) the
absorbed doses are calculated only in the organ (or sub-organ) tissue level.

In contrast, voxel-level dose calculation addresses the patient-specific morphology and
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activity heterogeneity. This personalized dosimetry approach can guarantee that healthy
tissue irradiation does not lead to unacceptable toxicity and confirm tumor coverage.
Voxel-level dose estimation also could be employed in treatment planning to determine
a maximum injectable activity tailored for each patient based on healthy tissue toler-
ance criteria and tumor dose coverage. One drawback of voxel-level dosimetry is the
requirement for sophisticated image registration and segmentation to obtain detailed
information about activity distribution and the patient’s liver and tumor anatomy.

The objective of this study was to develop a personalized dosimetric tool that answers
the needs of SIRT for hepatic tumors. In this manuscript, a quantitative multi-modal
image processing framework for SIRT was developed, evaluated, and applied to improve
dose prediction for treatment planning, and evaluation of the treatment. The design of
our procedure enables the treatment team to practice voxel-level dosimetry in a busy
clinical routine. The largest part of this study was dedicated to developing registration
and segmentation techniques for reporting an accurate and comprehensive absorbed dose
distribution in clinically relevant volumes of interest.



List of abbreviations and symbols

31T jodine-131.

12py praseodymium-142.

1Ho holmium-166.

169YDb ytterbium-169.

YTLu lutetium-177.

BF fluorine-18.

!88Re rhenium-188.

**Ra radium-226.

32P phosphor-32.

89Y yttrium-89.

98y strontium-90.

Y yttrium-90.

90Zr zirconium-90.

Mo molybdenum-99.

9Te technetium-99.

99mTe technetium-99m.

[ Lu]Lu-DOTA-TATE ['""Lu]Lu-DOTA® Tyr3-octreotate.
["*F]FDG 2-['*F]fluoro-2-deoxy-D-glucose.
[*®*Ga]Ga-DOTA-TATE [**Ga]Ga-DOTATyr3-octreotate.

[ Tc]Tc-MAA technetium-99m macro-aggregated albumin.
aHD average Hausdorff distance.

BCLC Barcelona clinic liver cancer.

BECT bremsstrahlung emission computed tomography.
BED biological effective dose.

BrIDA [*™Tc]Tc-mebrofenin.

BSA body surface area.

vii



viii LIST OF ABBREVIATIONS AND SYMBOLS

CBCT cone-beam CT.

cDVH cumulative dose-volume histogram.
ceCT contrast-enhanced CT.

CNN convolutional neural network.

CT computed tomography.

Dvo1 mean dose to the VOL

DICOM digital imaging and communications in medicine.
DVH dose-volume histogram.

DWI diffusion weighted image.

Dxvor the minimum absorbed dose that x% of the VOI received.

EASL European Association for the Study of the Liver.

EBRT external beam radiation therapy.

ECOG Eastern Cooperative Oncology Group.

eLSF estimated lung shunt fraction.

EUD equivalent uniform dose.

FANC Federal Agency for Nuclear Control; Belgian radiological protection competent
authority.

FOV field of view.

FSU independent functional subunit.

HA hepatic artery.

HCC hepatocellular carcinoma.
HR hazard ratio.

HU Hounsfield units.

TA injected activity.

ICC intrahepatic cholangiocarcinoma.

LET linear energy transfer.

LPT liver perfusion territory.

Lratio left LPT volume ratio.

LSF lung shunt fraction.

LtoW left LPT to entire liver volume.

MC Monte Carlo.
mCRC metastatic colorectal cancer.

MDT multi-disciplinary tumor board.



LIST OF ABBREVIATIONS AND SYMBOLS ix

mHD maximum Hausdorff distance.

MI mutual information.

MIRD medical internal radiation dose.

MLEM maximum-likelihood expectation maximization.
MM metastatic melanoma.

mNET metastatic neuroendocrine tumor.

MR magnetic resonance.

MWA microwave ablation.

NET neuroendocrine tumor.
NTCP normal tissue complication probability.

NTYV non-tumor volume.

OS overall survival.

OSEM ordered subset expectation maximization.

PET positron emission tomography.

PFS progression-free survival.

PM partition method.

PPV positive predictive value.

PRRT peptide receptor radionuclide therapy.
PV portal vein.

PVE portal vein embolism.

QoL quality of life.

RE radioembolization.

REILD radioembolization-induced liver disease.
RFA radiofrequency ablation.

RILD radiation-induced liver disease.

ROI 2D-region of interest.

Rratio right LPT volume ratio.

RTC randomized controlled trial.

RtoW right LPT to entire liver volume.

RV relative volume.

SIRT selective internal radiation therapy.
SPECT single photon emission computed tomography.

SSD sum of the squared differences.



X LIST OF ABBREVIATIONS AND SYMBOLS

SUV Standardized Uptake Value.

T,/ half-life.

T /N ratio tumor to normal tissue activity concentration ratio.
TACE transarterial chemoembolization.

TARE transarterial radioembolization.

TCP tumor control probability.

TOF time-of-flight.

TPR true positive ratio.

TV tumor volume.
UZ Leuven University Hospitals Leuven.

Vdiff volume difference.
VOI volume of interest.

Vxvor volume percentage of the VOI that receive at least x Gy.



Table of contents

Table of contents

1 Introduction

1.1 Liver, cancer and treatments . . . . . .. .. .. ... ... ... ...,
1.1.1 Theliver . . . . . . . . .

1.1.2  Liver segments . . . . . . . . . . .o

1.1.3 Liver cancer and the current status of its management . . . . . . .

1.1.4 Primary liver tumors . . . . . . . . .. ... L L o
1.1.4.1 HCC ... ... e

1.1.4.2 ICC . . .. o

1.1.5 Metastatic liver tumors . . . . . . .. ...
1.1.5.1 mCRC . ... ...

1.1.5.2 mNET . ... ...

1.1.5.3  MLM . . . . . e

1.2 Medical imaging in SIRT workflow . . . . .. ... ... ... ... ....
1.2.1 Anatomical imaging . . . . . .. ... ... 0oL
1.2.1.1 CT oo

1.2.1.2  Contrast-enhanced CT . . . . ... .. ... ... ....

1.2.1.3 Cone-beam CT . . . . . . ... ... .. ... ... ....

1.2.1.4 Magnetic resonance imaging . . . . . .. .. .. .. ...

1.2.2  Molecular imaging . . . . . . . .. ... o
1.22.1 SPECT . . . . . ..

1.222 PET. .. .. ..

1.2.3 Hybrid imaging . . . . . . . . .. ..o

1.3 Radionuclide therapy - therapeutic nuclear medicine . . . . .. .. .. ..
1.3.1 B mitters in radionuclide therapy . . . .. .. .. ... ... ...
1.3.2 Absorbed dose . . . . . ... ...
1.3.21 MIRD schema . . .. ... ... .. ... .. .......

1.3.2.2  Other dosimetry methods . . . . . . ... ... ... ..

1.3.2.3 Dose-effect relationship . . . . . . .. .. ...

1.4 A historical perspective on SIRT . . . . . . .. ... ... ... ... ..
1.5 SIRT concept . . . . . . . . . e
1.5.1 Blood-flow selectivity and hepatic vascularization . . . . . . . . ..

1.5.2  Anatomical selectivity and SIRT strategies/catheterization . . . .
1.5.2.1 Radiation segmentectomy . . . . . . . .. ... ... ...

1.5.2.2 Radiation lobectomy . . . . . . .. ... ... ...

1.5.3 Microsphere embolization . . . . . . . .. ... ... ... ... ..
1.5.4 Physical properties of yttrium-90 . . . . . . .. .. ... ... ...
1.5.,5 SIRT dosimetry . . . . . . . . . . ...
1.5.5.1 MIRD formalism for SIRT . . ... ... ... ......

1.5.5.2  Partition model for SIRT . . . ... .. ... ... ....

1.5.5.3 Voxel level dosimetry . . .. .. ... ... ... .....

1.5.6  Microspheres available for clinical SIRT . . . ... .. .. ... ..

1.6 Clinical trials, certifications, and guidelines . . . . . .. ... ... .. ..

xi

2.

00O ITTOOUUTWN =



xii

1.7

1.8

TABLE OF CONTENTS

1.6.1 Certifications . . . . . . .. .. L Lo
1.6.2 randomized controlled trials . . . . . . .. ... ..o Lo
1.6.3 Large-scale international, national, and single center studies . . . .
1.6.4 SIRT in the guidelines . . . . . . . ... ... ... ... ......
SIRT procedure . . . . . . . . . . . . . e
1.7.1 Pre-therapy tumor evaluation . . . . . ... ... ... ... ....
1.7.2 Patient selection . . . . . . .. ... oo

1.7.2.1 PVE dilemma: contraindication or indication? . . . . . .

1.7.2.2  Considering the QoL and cost-benefit in patient selection
1.7.3 Pre-treatment work-up . . . . . . ... ... Lo
1.7.4 Therapy planning . . . . . . . .. ... Lo 0oL

1.7.4.1 Empirical method . . . . . .. ... ... ...

1.742 BSAmethod . ... ... ... ... ...

1.7.43 MIRD method . . . ... ... ... .. .. ........

1.7.4.4 Partition method . . .. .. .. ... ...
1.7.5 Therapy procedure for resin microsphere . . . . . . . . .. .. ...
1.7.6  Post-treatment evaluation . . . . . .. .. ... .. ... ...
1.7.7 Follow-up . . . . . . . s
Objective and main contributions . . . . . . . . .. ... ...,
1.8.1 Outline . . . . . . . .

2 Investigation of the SIRT workflow in UZ Leuven

2.1

2.2

2.3

SIRT in UZ Leuven: facts and figures . . . . ... ... ... ... ... ..
2.1.1 Diagnostic (baseline) images . . . . .. ... ... ... ......
2.1.2  SIRT simulation using MAA workup and CBCT imaging . . . . .
2.1.21 MAAworkup. . . . . . ... Lo
2.1.22 CBCTimaging . . . . . . . . ... ...
2.1.3 Treatment planning . . . . . . . . .. ... L Lo
2.1.4  Yttrium-90 imaging and activity quantification . . . . . . . .. ..
2.1.4.1 NEMA phantom filled with yttrium-90 . . . ... .. ..
2.1.4.2  Cross calibration with a Sirtex Vial . . . . ... ... ..

2.1.4.3 Total activity of the PET images for the patients

In house software for multi-modal image analysis . . . . . ... ... ...
2.2.1 Image registration algorithms . . . . . . . ... ... ... ...
2.2.2  Liver segmentation . . . . . .. ... ... o 0oL
2.2.3 Perfusion territory (lobe) segmentation . . . ... ... ... ...
2.2.4 Tumor segmentation . . . . . . ... ..o Lo
2.25 Dosimetry . . . . . . .

2.2.5.1 Injected activity calculation and pre-treatment report . .

2.2.5.2 Post-treatment report and pre- and post-treatment com-

PATISON . . . . . ..o e e e e e
A clinical case of dosimetry report . . . . . ... ... ... ... ..
2.3.1 Patient information . . . . ... ... ... L 0oL,
2.3.2  Activity prescription . . . . . ... oL oL Lo

2.3.3 Proposed multi-modal image analysis and dosimetry method

2.3.4 Overview of segmentation . . . . . . ... ... ... ........
2.3.5 Calculated activity based on different models . . . . . . ... ...

2.3.6  Dosimetry report for injected activity calculated based on different

methods . . . . . . .. L
2.3.7 Predicted and measured dosimetry for the prescribed activity . . .
2.3.7.1 Dosimetry/Activity overview . . . . . ... ... ... ..
2.3.7.2 Cumulative dose-volume histograms . . . . .. .. .. ..
2.3.8 Voxel-by-voxel comparison between predicted and measured dose .
2.3.8.1 Dose difference analysis . . . . . . ... ... ... ....
2.3.8.2 Tissue level joint histograms . . . . ... ... ... ...
2383 ~-index ...
2.3.8.4 Conclusion . . . .. .. .. ... oo



TABLE OF CONTENTS xiii

2.3.9 A transaxial slice of the images and dosimetry results . . . .. .. 104
3 Multi-modal image analysis for SIRT 107
3.1 Abstract . . . . ..o 107
3.2 Introduction . . . . . . . . ... 108
3.3 Methods and materials . . . . . .. .. ..o 110
3.3.1 Patient selection . . . . . .. .. Lo oo 110
3.3.2 Pre-treatment studies . . . . .. .. ... Lo 110
3.3.3 SIRT procedure . . . . . . . . . ... 111
3.3.4 Image processing . . . . . . . . . . ... oo 111
3.3.4.1 Image registration . . . . .. . ... ... ... 112
3.3.4.2 Evaluation of registration methodology . . .. ... ... 113
3.3.4.3 Image segmentation . . .. .. .. .. ... .. ... .. 114
3.3.4.4 Liver Segmentation comparison and validation . . . . . . 116
3.3.4.5 Impact of using the CBCT images instead of the CT
image for defining LPT . . . .. ... ... .. ...... 117
3.3.4.6  Role of perfusion territory segmentation in dosimetry . . 118
3.4 Results. . . . . ..o 119
3.4.1 Evaluation of registration methodology . . . . ... ... ... .. 119
3.4.1.1 Expert evaluation: . . . .. .. .. ... L. 119
3.4.1.2 Local volume change: . . . .. ... ... ......... 119
3.4.2 Liver Segmentation comparison and validation . . . ... ... .. 120
3.4.3 Impact of using the CBCT images instead of the CT image for
defining LPT . . . . . . . . .. . 122
3.4.4 Role of perfusion territory segmentation in dosimetry . . . .. .. 124
3.5 Discussion . . . . ..o e 124
3.5.1 Validation of registration . . . . . . ... ... L0000 125
3.5.2 Validation of liver segmentation . . . . . . . . . ... ... ... 126
3.5.3 Validation of the lobe segmentation . . . ... ... ... ... .. 126
3.5.4 Contribution of lobe segmentation methodology in dosimetry un-
certainty . . . . . ... L o 127
3.6 Tumor segmentation . . . . .. . ... L0000 Lo 127
3.7 Conclusion . . . . . ... 127
3.8 Appendix 1: Optimized parameters . . . . . . . . . . . .. ... .. .... 128
3.9 Appendix 2: Patient information . . . . .. ... ... ... L. 129
3.10 Supplementary material . . . . . ... ... oL Lo 130
4 Comparing predictive and measured dosimetry 131
4.1 Abstract . . . . . ... 131
4.2 Introduction . . . . . . . . . L 132
4.3 Materials and methods . . . . . . . .. ..o Lo o 133
4.3.1 Patients . . . . . . . 133
4.3.2 Treatment workflow . . . . . . .. ... ... L. 133
4.3.3 Image processing . . . . . . . . .. .. L oo 134
4.3.3.1 Image registration . . . . . .. .. ... ... ... 135
4.3.3.2 Liver segmentation. . . . . .. .. ... ... ... .. 135
4.3.3.3 LPT and tumor segmentation . .. .. .. ... ..... 135
4.3.4 Absorbed dose calculation . . . . ... ..o 137
4.3.5 Pre- and post-treatment dosimetry comparison . . . . .. ... .. 138
4.3.6 Comparing predicted and measured doses for fixed-dose criteria . . 138
4.3.7 Comparing predicted and measured doses to the planned dose . . . 139
4.3.8 Statistical analysis . . . . . . ... . oL 0oL 139
4.4 Results. . . . . . . o e 140
4.4.1 Patient and treatment characteristics. . . . . . . . ... ... ... 140
4.4.2 Activity planning . . . . . .. ... 142
4.4.3 VOIsegmentation . . ... ... .. ... ... ... ..... 142

4.4.4 Predicted and measured doses . . . . . . ... ... ... ... ... 143



xiv TABLE OF CONTENTS
4.4.4.1 Total liver non-tumor volume . . . . . . .. .. ... ... 143
4442 LPTvolumes . . . . . . ... ... ... ... ... 144
4443 Tumor volumes. . . . . . .. .. .. ... 148
4.4.5 Comparing predicted and measured doses for fixed dose criteria . . 148
4.4.6 Comparing predicted and measured doses to the planned dose . . . 149
4.5 Discussion . . . . . ..o 152
4.6 Conclusion . . . . .. ... 155
4.7 Appendix 1 . . . . ... 159
4.8 Appendix 2 . . . ... 163
5 Prospective dosimetry case reports 165
5.1 Introduction . . . . . . . . .. . L 165
5.2 Casedescriptions . . . . . . . . ... 166
5.2.1 Casel: Activity prescription for a workup with substantial lung
shunt fraction . . . . . . . ... L Lo 166
5.2.2 Case2: Discrepancy between projected and measured dose . . . . . 170
5.2.3 Case 3: Role of VOI segmentation methods in dosimetry . . . . . . 173
5.2.4 Case 4: Use of voxel-level treatment planning in combination with
[%9™Tc]Te-mebrofenin scan . . . . . . . . ... 180
5.3 General conclusion . . . . .. .. Lo Lo 186
6 Discussion, future perspectives, and general conclusion 187
6.1 General summary and discussion . . . . ... ... ... L 187
6.1.1 Implementation of dosimetry in SIRT . . . .. ... .. ... ... 187
6.1.2 Current status of SIRT in UZ Leuven . . . . . ... ... .. ... 188
6.1.3 Software configuration and main contributions of this study . . . . 189
6.1.4 Validation of the developed registration and segmentation algorithm191
6.1.5 Implementation of multi-modal image processing in predictive dosime-
try and dose verification . . . . ... ..o 192
6.1.6 Prospective implementation of the proposed software in clinical
workflow and interesting cases . . . . .. ... ... 193
6.2 Limitations and opportunities of the developed software . . . . .. .. .. 194
6.3 Future perspective . . . . . .. ..o 195
6.4 Final conclusion . . . . . . .. ..o 198
6.5 A final comment . . . ... ... 198
Bibliography 201
7 Acknowledgment, Personal Contribution, and Conflict of Interest
statements 221
7.1 Scientific acknowledgment . . . . . . ... ... oL 221

7.2 Conflict of interest statement . . . . . . . . ... ... ... ... ..... 223



Chapter 1

Introduction

1.1 Liver, cancer and treatments

1.1.1 The liver

The liver is one of the most complex organs and the largest solid organ in the abdomen.
A healthy liver, generally, has a volume of 1 to 3 litres. It is located in the upper-right
quadrant of the abdominal cavity. Specifically, this organ is encompassed by the heart
and the right lung lobe from above (with the diaphragm as a physical barrier), by the
stomach, and the pancreas and the spleen from the left, by the small intestine, the colon
and the right kidney from below, and by the chest and the ribcage from the right and
front (see figure 1.1-A). The liver has a dual blood supply: (1) it receives 75% of its blood
from the portal vein (PV) arising from the confluence of the mesenteric and splenic vein,
which drain blood from the stomach, intestines and spleen and (2) the rest from the
hepatic artery (HA) branching from the celiac artery, which arises from the aorta (see
figure 1.1-B and C) [1]. It follows that the former is nutrient-rich but oxygen deprived,
and the latter is oxygen-rich.
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Figure 1.1: [A] liver position in the body; there are some adjacent organs which sometimes have
very similar density compared to the liver, which could make it difficult to distinguish them in
some internal imaging modalities. [B] a schematic of the blood flow of the liver, [C] the liver
consists of 8 segments which can be considered parallel in blood flow and functionality.

This organ, as the interface between the digestive and the circulatory system (see
figure 1.1-B), has an important role in filtering what is digestive system product prior to
passing through the rest of the body. One of the primary functions of the liver is to process
the nutrients resulting from the digestion of food. First, the liver receives the metabolic
substrates (nutrients, drugs, hormones, toxins, alcohol, etc) from the intestines via the
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PV. Then, the liver breaks down the molecules, and eliminates and neutralizes toxic
substances. Finally, the liver’s blood flow carries away the blood with the metabolites
into the inferior vena cava using three major hepatic veins (left, right, and intermediate),
and the liver’s bile flow carries away some of the waste products in the bile through the
biliary system. Additionally, the liver stores some vitamins, iron, and glucose.

The liver is composed of many different cell types which are divided into parenchymal
cells (hepatocytes) and non-parenchymal cells (e.g. Kupffer cells, endothelial cells, fat
storing cells, and pit cells). Histologically, the liver consists of five tissue systems: (1)
vascular system, (2) hepatocytes and hepatic lobule, (3) hepatic sinusoidal cells, (4)
biliary system, and (5) stroma. The hepatic lobule is the anatomical unit of the liver.
The hepatic lobule is described as a hexagonal region of parenchyma which surrounds a
central vein. On the other hand, the hepatic acinus is known as the smallest independent
functional subunit (FSU) of the liver. The hepatic acinus is a cluster of hepatocytes
oriented around the afferent vascular system.

Diseases typically target one of the liver components. The most common liver diseases
are infections from hepatotropic viruses, fatty liver, alcohol damage, poisoning, drug
damage, and finally cancer [2]. Liver dysfunction can be divided based on morphology
in three basic categories:

1. extensive necrosis
2. cirrhosis (chronic liver scars, which are a source of impaired liver function)
3. hepatic dysfunction without apparent necrosis.

Fortunately, the liver has some exceptional characteristics:

— First, it has a high regenerative capability which is why liver resection, where
macroscopic lesions are removed together with surrounding healthy tissue, can be
a successful treatment.

— Also, the liver is a parallel organ, and it could be considered as a set of FSUs,
similar to kidney [3]. Liver can be divided into eight segments based on the blood
supply. In other words, each liver segment has an independent blood supply, blood
outflow, and biliary drainage. These segments can be considered as functionally
self-standing. So, in case of disease, if one removes or reduces function of the
affected liver segments, the other segments can still carry out the liver function. In
this situation, the other segments of the liver will grow to compensate for the lost
liver volume.

— The last property is that it has an enormous functional reserve; the liver can ade-
quately perform even if roughly up to 75% of the liver is impaired or resected [4].

1.1.2 Liver segments

The liver is divided into eight segments based on its function/blood supply, according to
the Couinaud classification [5]. Each of these segments receives its own primary branches
of the PV and HA. The most used indication for dividing the liver into these functional
compartments is the position of the branches of the portal and sus-hepatic veins. The
segments can be grouped in a superior part (segments VII, VIII, IVa, and II) and an
inferior part (segments VI, V, IVb, and III). The liver also consists of left lobe (segments
II, III, IV, and =+ I) and right lobe (V, VI, VII, VIII, and + I) that can be visually split
using the middle hepatic vein.

The anatomy of the hepatic arterial bed has a high degree of variation. The “classic
standard anatomy” appears in about three-quarters of the population (see figure 1.1;B):
The common HA originates from the celiac trunk (which arises from the aorta), which
becomes the proper HA after branching off the gastrointestinal artery. The common
HA itself bifurcates into the left and right hepatic arteries. Then, the arterial branching
pattern corresponds to the anatomy of the liver segments; the right HA splits into the
right anterior and posterior hepatic arteries and left HA divides into sub-branches that
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supply liver segments II and III. The blood flow of the segment IV is somewhat special;
its hepatic branch can arise from the left, right, or proper HA.

Sometimes, a HA branch arises from a root other than the proper HA, which is called
“aberrant”. These aberrant arteries could be a substitute for the usual HA which is called
a “replaced” HA. An “accessory” branch of the HA is the second type of aberrant artery;
in this case in addition to this branch, the normal proper HA exists. Michels published a
detailed classification of HA in 1966 which was revised later by several authors [6]. One of
the latest studies observed “standard anatomy” in 77.2% of the 1200 evaluated cases. The
rest had a replaced or accessory left HA(5.5%), replaced or accessory right HA (9.7%),
replaced or accessory for both left and right hepatic artery (2.1%), common HA from the
superior mesenteric artery (2.9%), common HA from the aorta (0.6%); in 2.1% of the
cases the variation did not fit in the classical classification [7]. Anatomical variation is
common and can be identified using early arterial phase computed tomography (CT) or
magnetic resonance (MR) angiography, or cone-beam CT (CBCT) imaging (see section
1.2.1.3).

1.1.3 Liver cancer and the current status of its management

Cancer is a generic term for a group of diseases in which a population of cells is growing
rapidly and uncontrollably inside an organ and forms a mass, called tumor. Furthermore,
cancerous tumors can spread to other body parts and grow beyond the boundary of its
origin. According to the World Health Organization, cancer is the second cause of death
worldwide after cardiovascular diseases. Cancer that develops in the liver (hepatic cancer)
is the fourth most common leading cause of cancer-related mortality globally after lung,
colorectal, and stomach cancer [8].

Liver malignancies may start from liver cells (primary liver tumors) or can reach the
liver from another origin (secondary liver tumors or liver metastases), predominantly
from organs drained by the PV (e.g. the colon, small bowel, stomach, and pancreas),
or without PV drainage (e.g. breast and lung). Liver malignancies, whether primary or
metastases, have a high incidence and constitute a significant cause of morbidity and
mortality worldwide [8]. A balance of improving the quality of life (QoL) and main-
taining lifespan is desirable in the management of liver cancer. In terms of disease-free
survival, treatments can be curative or tumor controlling. Early detection of liver tumors
improves the chances for successful curative therapy. Sometimes, successful tumor con-
trolling treatment can later enable the tumor to be treated with curative options (e.g.
downstaging approach). Liver cancer treatments can also be categorized into two groups:
systemic treatment, which acts on the whole body, and locoregional treatments, which
exclusively target the organ of interest or a specific volume.

Here, the main treatment options for liver cancer management are briefly reviewed.
Liver cancer management requires a multi-disciplinary approach which depends on many
factors like the cancer classification, the tumor type, the number of tumors and their
distribution, cancer stage (e.g. the Barcelona clinic liver cancer or BCLC staging system,
see section 1.1.4.1), overall condition of the liver (e.g. cirrhosis), preceding treatments,
etc:

— Partial hepatectomy: Surgical resection of the solitary liver tumor with a margin
of tumor-free tissue. It is the traditionally preferred treatment since this treatment
is acknowledged as a potentially curative option which offers a long term survival.
However, it is suitable for only a minority of patients with liver cancer. For instance,
selecting the surgery depends on the tumor burden, localization of the tumor (e.g. if
the tumor is located close to some critical structures, like the portal and sus-hepatic
veins), presence of an extrahepatic tumor, the number of involved segments, and
functionality of the liver “remnant”. In patients with non-cirrhotic liver, preserving
a future liver remnant of 20-30% of the initial liver volume can take over the normal
function of the liver through an increase in volume (hypertrophy) [9].

— Liver transplantation: Liver transplantation consists of removing the entire liver
and replacing it by a donor liver. Only a small portion of the patients suffering from
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primary or secondary liver tumors are eligible for liver transplantation. The number
of lesions, size of the lesions, PV invasion, and extrahepatic tumor involvement are
taken into account when considering this treatment option [10].

Systemic chemotherapy: When the cancer is diffused all over the body, systemic
chemotherapy is an option. Nonetheless, using this treatment will not only lead
to the destruction of tumor cells, it will also affect a significant amount of healthy
cells, which is frequently associated with systemic toxicity.

Currently, chemotherapy is a standard first-line therapy in some tumor types, e.g.
metastatic colorectal cancer (mCRC), metastatic breast cancer, and high grade
metastatic neuroendocrine tumor (mNET). In some other liver cancers, chemother-
apy has poor results, e.g. hepatocellular carcinoma (HCC) and metastatic melanoma
(MM) [2].

Targeted therapy: This type of treatment aims at specific molecules that partici-
pate in the genesis or maintaining of a cancerous state and tumor growth. The most
used drugs can be categorized into three classes: (i) kinase inhibitors, e.g. tyrosine
kinase inhibitors such as sorafenib and sunitinib which target the VEGF pathway
involved in angiogenesis, erlotinib which targets EGFR involved in uncontrolled
cell division, and imatinib which targets c¢-KIT and platelet-derived growth fac-
tor receptor; serine or threonine kinase inhibitors such as everolimus which targets
mammalian target of rapamycin or mTOR; (ii) hormonal agents such as somato-
statin analogues and estrogen (receptor) inhibitors; (iii) monoclonal antibodies
such as bevacizumab which targets VEGF, and cetuximab which targets EGFR
involved in cell growth [11].

Local ablation: Local ablation intends to destroy the tumor without resection and
is as an alternative strategy for relatively small hepatic tumors resulting in limited
parenchyma loss, not only to achieve local tumor control but also to downstage the
tumor and render the patient a surgical candidate. It can be done percutaneously
under radiological guidance or during laparoscopy.

Ablating the tumor can be carried out using a wide range of techniques [11]: (1)
hyperthermia techniques: radiofrequency ablation (RFA) or microwave ablation
(MWA), (2) hypothermia techniques (e.g. cryoablation), (3) percutaneous ethanol
injections.

From this minimally invasive treatment list, percutaneous ethanol injection has
been used more frequently in the past, but now is considered to be inferior to
RFA/MWA, which is the most used modality today.

Transarterial (chemo)embolization: Transarterial chemoembolization (TACE)
and transarterial embolization consists of administering beads, bland or with a
chemotherapeutic payload, via the tumor-feeding vessels and blocking these vessels
to induce ischemia and deliver a high concentration of a chemotherapeutic drug
in the vicinity of the tumor. TACE has shown a survival benefit in two small
randomized controlled trials (RTCs) in HCC [12,13]. However, there are some
complications like post-embolization syndrome, (fatal) liver failure, gastrointestinal
bleeding, and liver abscesses. The beads employed in TACE are typically sized
above 100 pum. So the HA is blocked much more upstream, with a higher potential
embolizing effect (e.g. more ischemia). More side effects are reported for TACE
compared to other transarterial embolization techniques in which smaller beads
are used (e.g. radioembolization) [14].

External beam radiation therapy: Traditionally, the role of external beam
radiation therapy (EBRT) in liver cancer management is limited due to the low
tolerance of the healthy liver parenchyma to the fractionated dose, radiosensitivity
of the adjacent organs, and motion of the tumor (mainly respiratory). In fact, the
treatment field in traditional EBRT was usually large, and it led to a large area of
the liver with significant radiation exposure, which can cause radiation-induced liver
disease (RILD), also called radiation hepatitis. Alternatively, three-dimensional
conformal radiation therapy or 3D-CRT has been recently introduced to deliver a
high absorbed dose to the tumor while sparing the normal liver parenchyma and
kidney from high absorbed doses. This technique is mostly applicable to focal
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tumors. Modern adaptations of EBRT like intensity-modulated radiation therapy
or IMRT (using pencil beams to enhance the precision of the radiation dose) and
image-guided radiation therapy or IGRT (guiding the dosing by imaging techniques
to improve radiation accuracy), and stereotactic body radiation therapy or SBRT
(ablation of intrahepatic and intrapulmonary tumors) are under investigation [15].
— Selective internal radiation therapy (SIRT): This technique refers to the
delivering of radioactive microspheres labelled with yttrium-90 (°*Y) or holmium-
166 (*5°Ho) through the HA. Although beads are delivered through the HA in both
TACE and SIRT, their macro-embolic effects are different. Larger particles used
in TACE (larger than 100 pm) occlude tumor feeding vessels. On the other hand,
vessel occlusion is not the intent with SIRT; much smaller microspheres (25-35 pm)
are employed in SIRT to reach the tumor micro-vasculature.
These microspheres contain a high energy S-emitter that will emits electrons with
a relatively short range of energy absorption (see section 1.5.4). SIRT can achieve a
highly localized irradiation of the tumor. SIRT or transarterial radioembolization
(TARE) will be discussed in detail elsewhere in this manuscript.

1.1.4 Primary liver tumors

As described above, liver can be the host of either primary hepatic tumors or metastases.
Although metastatic tumors are the more common cause of cancerous liver involvement,
primary liver cancer is the fifth most prevalent cancer in the world, and it is the second
most common cause of cancer-related mortality worldwide [2]. HCC is the most frequent
type of primary hepatic cancer; the other major primary liver cancers are intrahepatic
cholangiocarcinoma (ICC), mixed tumors (HCC-ICC) and angiosarcoma. HCC-ICC is
usually an aggressive tumor and the prognosis is lower than in patients with a pure HCC
or pure ICC [16,17]. Angiosarcoma and HCC-ICC have a low incidence and are not
addressed in this manuscript.

1.1.4.1 HCC

HCC, which arises from hepatocytes, is the most widespread primary liver malignancy
(around 90% of the cases), which generally arises within a cirrhotic liver [18]. HCC
incidence has more than doubled over the past two decades and it is still increasing [19].
Unfortunately, this type of cancer has a poor prognosis due to its aggressive nature and
diagnosis, which is rarely in an early stage. Around 70 % of the HCCs are not resectable
at the time of diagnosis. In case of early detection, a 5-year survival rate of 50-70% is
reported after resection, liver transplantation, or local ablation. On the other hand, a
1-year survival of only 11% is observed in very late stage diagnosis [18].

HCC encompasses a broad spectrum of patients with different possible treatment
options. Hence, the BCLC staging [20], which is currently the baseline for HCC treatment
divides patients into five sub-groups (see table 1.1) based on:

(1) the Child-Pugh score; a scoring system to measure the severity of chronic liver disease.
This score is defined based on five clinical measures: total bilirubin, serum albumin,
international normalized ratio (INR), presence of ascites (fluid in peritoneal cavity), and
presence of hepatic encephalopathy. Child-Pugh is scored A-B-C, with optionally the
number of points scored (e.g B or B7).

(2) the Eastern Cooperative Oncology Group (ECOG) performance; a scale used to
assess how a patient’s disease is progressing. ECOG score is defined as:

PSO0: fully active and capable of all pre-disease activities,

PS1: restricted in heavy physical work but able to carry out light work,

— PS2: capable of all self-care but not of any work activities, up and about more
than half the day,

— PS3: in bed or a chair for more than half the day, capable of only limited self-care,

— PS4: completely disabled and need complete care, and

PS5: dead.
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stage [ ECOG [ Child-Pugh | other conditions
0 (very early) PS 0O CP A single tumor < 2cm
A (early) PS 0 CP AorB single or up to 3 tumors < 3cm
B (intermediate) PS 0 CP AorB large multi-tumors
C (advanced) PS1lor2 | CP A orB | portal invasion, extrahepatic spread
D (terminal) PS 3or4 CP C severe liver damage

Table 1.1: BCLC staging system

The choice of therapy is challenging and requires a multi-disciplinary approach, and
depends on the patient’s age, concomitant disease, liver function, cancer stage, pattern,
location and dimensions of the intrahepatic tumor distribution, vessel invasion, portal
hypertension, and extrahepatic tumor burden [18]. Recently, tumor ablation modalities
[21], targeted therapy with sorafenib [22], TACE [23], SIRT [24], etc. have been reported
to be safe and effective for non-resectable HCC tumors.

Intra-arterial embolization therapies, including TACE, and SIRT, are mainly used as a
tumoristatic treatment and can be used as a bridge to liver transplantation. Specifically,
TACE has recently become a standard of care for unresectable intermediate or advanced
HCC tumors. Currently, SIRT is an emerging treatment for unresectable HCC, which
aims to enhance overall survival (OS) while avoiding complications, limiting treatment
side-effects and improving QoL. This treatment has been shown to be a safe and promising
alternative for patients with HCC, but RTCs have shown a median survival comparable
to TACE (e.g. SARAH, SIRveNIB, SORAMIC trials, see section 1.6.2). Accordingly, in
recent guidelines, SIRT has been introduced as an alternative treatment for HCC cancer
(see section 1.6.4).

1.1.4.2 ICC

ICC is the second major hepatic primary cancer (between 5 and 10 % of the primary
hepatic malignancies) [1]. ICC is a malignancy of the intrahepatic bile ducts of the liver
and tends to spread with local infiltration. The leading causes of ICC are biliary tract
disease (sclerosing cholangitis), diabetes, viral hepatitis, and cirrhosis [25]. Usually, ICC
has a rapid mass forming growing pattern and poor diagnosis. So, this cancer is typically
diagnosed in advanced stages with large masses [26].

Despite the recent advancement in diagnosis and treatment, the prognosis of patients
suffering from ICC remains poor because these tumors are clinically silent, and patients
typically present at an advanced stage. So, most ICC tumors are usually incurable, poorly
responding to the treatments, and they commonly spread to other organs [11]. There
are few studies about using SIRT for ICC, however, data from a phase 2 clinical trial
proposed combined chemotherapy (cisplatin and gemcitabine) and SIRT as an emerging
treatment for these tumors [27]. Recently, a systematic review analyzing 203 patients
from 12 studies showed a median survival of 15.5 months, which is higher than the survival
of either systemic chemoembolization or TACE alone [28]. Also, TACE has been shown
to have a partial response in one-quarter of the patients [1]. A retrospective multi-center
study analyzing 58 patients with unresectable and chemorefractory ICC treated with
SIRT showed an improvement in median OS when a personalized activity prescription
was used compared to widely used body surface area method (5.5 vs 14.9 months; p-
value < 0.001) [29]. They concluded that personalized activity prescription should be
performed when employing SIRT for patients with ICC.

1.1.5 Metastatic liver tumors

Half of the patients with primary malignancies that develop distant metastases will de-
velop metastases in the liver [11]. Liver metastases can arise from a variety of primaries
with different characteristics. The liver is the predominant site of metastatic spread from
primary tumors located in organs drained by the PV that irrigates the liver, with the
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liver sinusoidal vessels being the first microvascular bed encountered, e.g. mCRC and
mNETs. Liver metastases can although originated from organs which are not drained by
the PV, e.g. breast, lung, and MM.

Liver metastases can be solitary but are often multiple lesions, and sometimes their
borders are poorly defined. Most of the hepatic metastases are clinically silent and some-
times the detection can be challenging. These metastases are associated with advanced
stage and have a poor prognosis in most tumor types. Similar to primary liver cancer,
surgical resection and/or ablation is the best treatment available for liver metastasis, but
patients should meet some conditions to be eligible for partial hepatectomy. Dependent
on the tumor type, systemic therapy (with FOLFOX or FOLFIRI) or radiofrequency
ablation is preferred, but transarterial treatments (e.g. TACE and SIRT) are relatively
new and promising options [11].

1.1.5.1 mCRC

Colorectal carcinoma is a very common cause of liver metastases and around one-third of
colorectal cancer patients have already developed liver metastases at the time of diagnosis
and in total liver metastases occur in around half of colorectal carcinoma cases. Also, in
one out of three advanced colorectal cancer patients, the liver is the only target of the
metastases [30].

Locoregional embolization techniques, especially SIRT, are increasingly being used
used for tumor downstaging. SIRT with resin microspheres is approved by the FDA for
mCRC. Saxena et al. report a systemic review of SIRT for 979 patients with unresectable
mCRC employing data from 20 studies. They stated that SIRT is a safe and effective
option for this population [31]. The median OS was 12 months. A partial response has
been observed in 31% of the cases, and time to hepatic progression was 9 months. This
modality is mentioned in the guidelines of the European Society for Medical Oncology
(ESMO) to prolong the time to tumor progression in selected patients [32].

When using SIRT in combination with chemotherapy, an 8-month improvement in
liver-specific progression-free survival (PFS) can be achieved compared to chemotherapy
alone [33]. Two recent studies showed that addition of SIRT to the chemotherapy, FOL-
FOX, (may) improve the resectability of the previously unresectable mCRCs [34, 35].
Another recent study also confirmed that hepatic resection could be considered as a
treatment option after combined SIRT and FOLFOX in the first-line management of
liver-dominant mCRC [36]. Initial investigations and trials on this type of tumor show
that patient selection and treatment planning in SIRT is a crucial step to have a signif-
icant survival benefit, and without careful consideration, adding SIRT to chemotherapy
does not show a survival benefit. This will be discussed in more detail in section 1.6.

1.1.5.2 mNET

This type of liver metastases stems from primary neuroendocrine tumors arising within
a variety of organs like the small intestine, colon/rectum, pancreas, lung, and rarely
other sites within the body. NET is a rare tumor, comprising less than 1% of all ma-
lignancies and up to 75% of these patients will develop liver metastases [37]. Surgical
resection can be indicated for mNET patients if at least 90% of the tumor volume could be
safely removed. Unfortunately, between 10-20% of the mNET tumors are resectable [38].
Disease-free survival for mNET patients after resection ranged from 42 to 46 months [39].

SIRT has been described to be safe and effective for mNET patients, as well as to
improve the QoL significantly [39]. In a meta-analysis of 435 mNET patients from 12
studies, SIRT was described as an effective alternative option with a high response rate
at three months; 86% of the patients showed a complete or partial response [40]. Also, a
5-year survival of 50.1% after SIRT was reported in mNET [41].

Braat et al. analyzed hepatotoxicity of SIRT with resin microspheres in patients who
were previously underwent peptide receptor radionuclide therapy (PRRT), another type
of radionuclide therapy which is a standard treatment now [42]. They concluded SIRT as
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a safe treatment with rare REILD occurrence with an OS of 3.5 years. Similarly, SIRT
with QuiremSpheres was reported as a safe and efficient treatment for patients previously
treated with PRRT [43]. In a recent large international, multi-center retrospective study,
SIRT was shown as a safe and effective treatment for even heavily pre-treated, progressive,
and large mNET [44]. They reported a disease control rate of 91% in progressive patients.

1.1.5.3 MLM

Melanoma is a malignancy arising from melanocytes that are usually occurring in the
skin but can also occur in the eye and in mucosal tissue. For ocular melanoma, even
after the treatment of the primary tumor, half of the patients will develop metastases,
mostly in the liver. Without any treatment, patient survival after diagnosis of melanoma
liver metastasis ranges only from 3 to 12 months in the era before immune- and targeted
therapy [45].

Most of the patients suffering from MM are not a candidate for surgery. TACE and
SIRT are an option in unresectable MM. A recent study on 22 MM patients demonstrated
that SIRT as the first-line treatment is safe with a promising outcome; the median OS
was 18 months [46]. A systematic review of SIRT for unresectable MM proposed SIRT
as a promising treatment for MM management with only mild side effects [45]. In this
analysis, 255 patients from 12 studies were analyzed. The median OS was 10 months,
and one-year OS was 35%. Partial response and stable disease were observed in 20% and
57% of the patients.

1.2 Medical imaging in SIRT workflow

Non-invasive medical imaging is a broad discipline. Here, we briefly discuss the the
SIRT imaging that are used in clinical practice. Anatomical imaging modalities, e.g. CT,
CBCT, and MR imaging are generally employed within the SIRT workflow for detect-
ing the tumor, and defining the liver and liver lobes or segments. On the other hand,
hybrid functional /anatomical imaging is usually performed for pre-treatment simulation
([°™Tc] Te-MAA-SPECT/CT), treatment verification (°Y-BECT and *°Y-PET imag-
ing), and tumor detection and response evaluation ( [**F]JFDG-PET/CT and [*®*Ga]Ga-
DOTA-TATE-PET/CT imaging).

1.2.1 Anatomical imaging
1.2.1.1 CT

CT imaging performs three-dimensional imaging of the body, which has become increas-
ingly important in clinical practices. CT images are used in different tasks, such as
diagnosis, treatment evaluation, and patient follow-up. The conception of CT imaging
began in the late 1960s; Godfrey Hounsfield and Allan Cormack were honored with the
Nobel Prize in Medicine in 1979 for designing the first CT.

Modern CT cameras acquire a set of 2D slices of the body with a sufficient spatial
resolution for extracting clinically relevant information. The CT system is mounted in a
gantry with a cylindrical patient opening of around 80 cm. A patient table, with sub-
mm accurate positioning controlled by the computer, is used to position the patient. An
X-ray source rotates inside the gantry. For each position of the source, a collimated fan
beam of X-rays is sent through the patient. The detector, which is collimated with an
anti-scatter grid to stop the X-rays unless they are coming directly from the focal spot
of the X-ray tube, measures the intensity (energy) of the X-rays (see figure 1.2-A). From
these measurements, a stack of 2D images representing the linear attenuation coefficients
inside the patient’s body can be created.
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Figure 1.2: An illustration of [A] computed tomography of the liver: X-ray beam intensity
generated by the source is attenuated within its path through the liver, [B] a c-arm CBCT
camera with flat detector and a source rotating around patient body, [C] a SPECT camera
which measures the emitted photons with a perpendicular path to the detector by using a parallel
hole collimator, [D] a PET camera which measures two photons travelling in opposite directions
(blue and red lines) that are emitted as a result of a positron annihilation. In time-of-flight PET
(TOF-PET), the time difference between the detection of these two photons is used to reduce
the uncertainty regarding the position of the annihilation.

The X-ray source and detector rotate around the patient in CT [A] and CBCT [B] imaging, and
in [C] the gamma camera also rotates around the patient. No rotation is needed for the PET
system [D].

Spiral or helical CT scanning is another technique in which the X-ray tube and detector
rotate around the patient, while the patient table is moved at a constant speed, to create
a helical trajectory of the system around the patient. This allows to reduce the scan time
and provide a more detailed image.

The linear attenuation coefficient (1) is a function of tissue density and X-ray energy.
As illustrated in the figure 1.2, when the tissue is not uniform, then the relation between
Iout and Ii, is described by:

_ Tout dz
Touwt = Iin X € Lo (1.1)

where, i, and I,ut denote the intensity of the generated X-ray beam and the output
X-ray beam.

Then, a 3D image of linear attenuation coefficients is reconstructed from the acquired
set of 2D X-ray projection images. The reconstructed linear attenuation coefficient in
each voxel is usually rescaled to Hounsfield units (HU), also called CT number. HU
is defined as a linear transformation of the measurement by setting -1000 HU to the
attenuation of the air and 0 HU to the attenuation of the water:

CT number(HU) = £ —Hwater 1000 (1.2)

MHwater — MHair
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The liver has a more or less uniform CT number (54-60 HU), which is very close to
the CT number of the neighboring soft tissues (e.g. heart and kidney), hepatic vessels,
and malignancies. This makes distinguishing them challenging in CT imaging.

1.2.1.2 Contrast-enhanced CT

Contrast medium (also known as contrast agents, contrast media, or contrast material)
is typically used in x-ray, ultrasound, CT, and MR to increase contrast inside the body.
Usually, contrast medium is employed to distinguish particular structures or tissues.
These materials temporary modify the characteristic of selected areas (tissues/organs)
which is detected in the imaging. For example, iodinated contrast agents injected intra-
venously are used to enhance CTs. As described above, the HU of a tissue depends on
its density. So, administering iodine with an atomic number of 53, which is higher than
most soft tissues within the body, produces an image contrast by modifying the density
of the enhanced tissues.

Contrast-enhanced CT (ceCT) scans are helpful in imaging liver lesions and for map-
ping of the HA, because they enhance contrast between the liver parenchyma and tumors
or vessels, respectively [47]. In this technique, an iodine-containing contrast agent is in-
jected into the blood flow before the CT acquisition. This agent, by modifying the blood
density, increases the X-ray attenuation of different tissues, which enhances the hypervas-
cular tissues in the final reconstructed image. Different tissues have a variable contrast
uptake rate due to a different arrival time of the contrast agent within the arterial and
venous networks and different amounts of blood in the tissue. For liver imaging, the en-
hancement of the arterial and venous vessels, liver parenchyma, and tumors is dependent
on the contrast agent concentration and the total amount of administered iodine and
finally on the time between injection and imaging.

As mentioned previously, liver tumors are supplied mostly by the HA, while the normal
liver parenchyma blood flow depends more on the PV. So, by performing the CT at
different timepoints after contrast administration (so-called image phases), the contrast
between different tissue types in the images can be optimized. In liver imaging, (i) native
(pre-contrast), (ii) arterial phase for imaging the arteries (15-20 second after injection),
(iii) late-arterial phase (which is also called early venous phase) to enhance the portal
vein and image hypervascular liver lesions (35-40 second after injection), and (iv) hepatic
phase or late portal phase (70-80 second after injection) enhance the liver parenchyma
through blood supply by the portal vein are widely used. Most hepatic tumors have
a pronounced hypervascularity, leading to a fast wash-in and washout of the contrast
agent. So, early phase CTs (i.e. early or late arterial phase) provide better image quality
in terms of distinguishing tumors and normal liver parenchyma (see section 1.6.4). The
tumor detection rate of ceCT is reported to be about 70%, which is similar to non-
enhanced MR and inferior to contrast-enhanced MR (90%) [47]. The utilization of ceCT
in detection of small hepatic malignancies (e.g. tumors smaller than 1 cm) is usually
challenging due to low contrast uptake.

1.2.1.3 Cone-beam CT

Cone-beam CT (CBCT) imaging is generally used in the angiography suite for performing
intratreatment CT imaging in order to obtain a 3D mapping of the vascular anatomy.
This new technique has been increasingly integrated into complex intra-arterial liver
treatments (e.g. SIRT, and TACE) over the past decade. In CBCT imaging, an X-ray
source and an array of detectors rotate 180 to 360 degrees around the patient in a single
scan without any bed movement. Compared to the conventional or spiral CT techniques,
in CBCT instead of a collimated fan-shaped beam, a cone-shaped X-ray beam is used
(see figure 1.2-B) and the remnant beam is captured on a flat two-dimensional (2D)
detector. Because of the cone shaped X-ray beam and 2D detector, an entire volume can
be reconstructed from an acquisition by a single rotation.

Due to the different geometry and the absence of an effective anti-scatter grid, these
images are not as quantitative as CT images. Usually, the reconstructed images have
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a range of -1000 to 43000 in an arbitrary unit which are rescaled to provide high/low
contrast in different tissues similar to CT images (i.e. air and water/soft tissue having
values close to -1000 and 0, respectively). CBCTs have a limited field of view (FOV)
which often results in tissue being outside the FOV. For example, in abdominal imaging,
sometimes the entire liver is not in the FOV and often the liver is truncated in the image.

Dual-phase CBCT imaging consists of two succeeding rotations of the C-arm, to per-
form early arterial and late arterial (early venous) phase imaging, after contrast injection
of contrast medium through a catheter within the HA, to provide 3D visualization of the
arteries and the parenchyma they perfuse. During intra-arterial liver treatment planning,
CBCT imaging can be used for the tumor detection and identification of feeding arteries,
tumor hypervascularity, tumor perfusion coverage, and extrahepatic enhancement [48].
Also, the contrast-enhanced CBCT is performed to make images of the liver perfusion
territories, which will be used to decide where to put the catheter during the treatment
session or to verify if the intended catheter position will produce the desired results [49].
To provide this information, CBCT imaging is considered to be superior to other tech-
niques such as digital subtraction angiography or diagnostic CT (which uses intravenous
instead of intra-arterial contrast injection).

CBCT imaging is particular valuable in the following cases: (1) when part of the tumor
in one lobe is vascularized by the contralateral HA (e.g. vascular supply of segments I and
IV are highly variant within patients and may be supplied by aberrant arteries) [50,51],
(2) when a single liver segment is perfused by more than one HA branch, (3) when non-
standard liver segments exist because of bulky tumors or extensive previous treatments
(e.g. tumor ablation, surgery, etc), (4) when a super selective procedure is planned that
is increasingly mentioned as an alternative curative treatment in some circumstances (see
section 1.5.2).

A recent study shows the usefulness of CBCT in tumor and liver perfusion territory
(LPT) definition compared to MR for HCC patients [52]. In addition to LPT definition,
some studies showed the additional value of CBCT in SIRT for detecting extrahepatic
deposition and/or tumor and normal liver perfusion definition [53,54]. This information
can be used to embolize additional vessels or to reposition the catheter during the work-
up.

1.2.1.4 Magnetic resonance imaging

MR imaging is another frequently used imaging modality, which provides better soft tis-
sue contrast than CT imaging. Superior soft tissue contrast is beneficial in the detection
and characterization of hepatic malignancies. MR imaging relies upon the magnetic prop-
erties of the protons inside hydrogen nuclei, which is abundant in human tissue. These
protons behave like small bar magnets. In normal circumstances, without a (strong)
external magnetic field, protons spin with their axes randomly aligned in the body (net
magnetization = 0). In an MR scanner, the majority of protons align parallel to the strong
magnetic field (B0), achieving a longitudinal magnetization state. Radiofrequency (RF)
pulses are used to excite these protons, forcing a majority into an non-parallel alignment
to the BO field (excited state) and to spin in sync with each other, i.e. in phase. This
creates a transverse magnetization component, which is perpendicular to the axis of the
main magnetic field. When the RF pulses are stopped, the excited spins start to lose
energy, causing them to relax and return to their resting state and emitting a radio wave.
A receiver antenna (phased array coil) is used to detect this radio wave, as an analog
signal, which is then converted to a digital signal, and reconstructed into an image using
Fourier transforms on a dedicated computer system. Excited protons can decay in a
T1 relaxation (spin-lattice or longitudinal relaxation), where the energy is lost to the
molecular lattice with recovery of the longitudinal magnetization component. T2 relax-
ation (spin-spin or transverse relaxation), is typically faster than T1 and occurs due to a
dephasing of spins and loss of the transverse magnetization component. T2* relaxation
occurs much faster and results from both T2 effects and local inhomogeneities of the main
magnetic field. By adjusting certain MR acquisition parameters, e.g. echo time (TE),
repetition time (TR), and flip angle (FA), the resulting image may be weighted for one
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type of decay or another, e.g. T1, T2, or T2*. The rate of each type of decay depends
on the tissue in which the spins are located, resulting in different signal patterns from
different tissue types. MR scanners can use a variety of RF pulses, for different purposes.
A typical MR acquisition will use multiple RF pulses in succession to achieve a higher
signal to noise ratio, or a different type of image contrast, e.g. T2*, DWI, MRA, fMRI,
etc.

Some MR sequences are very sensitive to noise and are prone to artefacts. MR is
considered superior to CT imaging in liver evaluation because of the possibility of tissue
characterization based on different contrast enhancement techniques and the possibility
to perform different MR sequences:

— T1-weighted MR: this basic MR sequence investigates the T1-relaxation time,
which is defined as the time that is needed to achieve 63% of the realignment in the
direction of the external magnetic field. T1-weighted MR is beneficial in assessing
the liver parenchyma tissue for fatty infiltrates. Both benign and malignant hepatic
malignancies, cysts, and hemangioma (a benign hepatic tumor) usually have low
signal intensity in T1-weighted images. So, this modality is useful for detecting
abnormal liver tissue, but distinguishing between malignant liver tumors and other
lesions is challenging.

— T2-weighted MR: this sequence evaluates the relaxation pattern of the spins
perpendicular to the external magnetic field. This sequence is usually used for
detecting liver tumors, especially when the fat-subtraction technique is used. By
suppressing the fat signal, the contrast between the lesion and hepatic tissue will
increase. Due to high signal of liquids in T2, cysts are very bright.

— Diffusion weighted image (DWI): this subtype T2-weighted sequence computes
the ease of free random motion of water molecules in each voxel. This modal-
ity could evaluate the cellularity of the tissue (e.g. highly cellular tumors). The
diffusion weighted MR, sequence is a valuable tool to differentiate small liver he-
mangioma and cyst from liver malignancies by assessing the cellularity of the tis-
sues [55]. So, DWI enables identifying small lesions that are sometimes challenging
in T2-weighted images. Some studies showed that DWI is superior to CT images
for evaluating the tumor size and hypervascularity of the tumors [56].

Similar to CT imaging, contrast enhancement techniques using gadolinium-based con-
trast agents, are also available in MR imaging. These agents change the magnetic prop-
erties of the blood (i.e. the relaxation times), which improve the visual contrast of the
hypervascular tissues. Pre-contrast, late arterial, portal venous and delayed phase, and
especially, early arterial phase MR imaging (e.g. T1-weighted) and DWI sequences are
crucial for liver tumor detection [57]. Contrast-enhanced and DWI-MR are the current
gold standard for detection of small liver tumors (see section 1.6.4).

1.2.2 Molecular imaging

Radioactivity refers to the emission of radiation from unstable atomic nuclei. Radionu-
clides are unstable because of an excess of neutrons, protons or energy. Most radionuclides
have different decay possibilities that can be followed to reach a final stable state, each
with its own probability, which is called the branching ratio. The amount of radioactivity
is usually expressed in the unit of becquerel (Bq), which is equivalent to one disintegra-
tion or transformation per second, which represents the number of decayed radioactive
atoms per unit of time. The half-life (T; /) of a radionuclide is the amount of time after
which the number of radionuclides has been reduced by half.

For example, 5~ emission is the result of a transformation of a neutron into a proton
and an electron (also emits an antineutrino), which is released with a certain amount
of kinetic energy. [~ emission may produce a daughter nucleus in an excited state.
The daughter nucleus can reach the ground state through different processes (e.g. 7y
decay, which is emitting the excitation energy in the form of one or more v photons).
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Molybdenum-99 (°*Mo) decays to the metastable state of technetium-99m (°°™Tc; which
is the most common radionuclide used in nuclear medicine) by undergoing 3~ decay.
Then, technetium-99m decays to technetium-99 (99Tc) by emitting a photon of 140 keV
with a branching ratio of 89% (see figure 1.3-A).

Positron emission is another mode of decay (87 decay) in which a proton is trans-
formed into a neutron and a positron (also emits a neutrino). At that point, the positron
will be annihilated very quickly (on the order of hundreds of picoseconds) by interaction
with an electron. The mass of these two particles is then converted into energy in the
form of two photons with an energy of 511 keV, that are emitted in opposite directions
(~ 180 degrees). One of the commonly used radionuclides decaying through positron
emission is fluorine-18 (**F) (see figure 1.3-B).

A 99Mo; T1/2=67 (hours)

87% ——\— 99MTA- =
T6; T4,=6.007 (hours) ¢_ 145 6833 kev

E=140.5108 keV

2% 98%
®Te
B e= 1656 Mev 18F; T,,=1.82890 (hours)
fffffffff 96.86%
E=0.634 MeV
——————————— 3.14 %
E=0 MeV

180

Figure 1.3: Decay scheme of [A] technetium-99m and [B] fluorine-18

The first gamma camera was developed in 1957 by Hal Anger to image the distribution
of a gamma emitting radionuclide within the body. Most of the modern gamma camera
still use the same principles. Modern single photon emission computed tomography
(SPECT) and positron emission tomography (PET) are widely used in clinical practice
for diagnostic purposes and are able to provide the quantification of the radioactivity
concentration in absolute values. Nuclear imaging can have higher sensitivity compared
to MR and CT imaging, depending on tumor type and tracer used, but on the other
hand, these imaging modalities have relatively low spatial resolution and there is a lack
of anatomical information in the images.

1.2.2.1 SPECT

In SPECT, a gamma-camera acquires 2D projections of the emitted gamma rays from a
photon emitting radionuclide distribution. The detectors of the SPECT camera acquire
projections from a 180 or 360 degree orbit around the patient with equal angular step.
During SPECT acquisition, the detectors record the photons that fall within a selected
energy window around one or more photopeak energies of the radionuclide. As illustrated
in figure 1.2-C, the detectors are usually collimated using a parallel hole collimator in
order to capture only the photons with a travelling path perpendicular to the detector.
This collimation is crucial for the reprojection step in the reconstruction of the projection
data.
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Then, these 2D projections are reconstructed to a 3D volume using analytical, e.g.
filtered back projection or (FBP), or iterative, e.g. maximum-likelihood expectation max-
imization (MLEM), reconstruction methods. The objective is to determine the activity
distribution that produces the measured projections. In iterative reconstruction, the al-
gorithm starts from an initial guess. In each step, the image projections obtained from
the activity distribution of the previous step are compared to the measured projections.
Based on the determined deviation, the activity distribution is updated. These steps are
repeated until the difference between the calculated projections and the measured ones
becomes sufficiently small. In some cases, regularization during image reconstruction is
performed.

To provide absolute quantification, SPECT images should also be corrected for atten-
uation of the radiation within the body, collimator blurring, and scattering of gamma
rays within the object. To perform attenuation correction, the tissue density distribution
within the object should be provided. In hybrid imaging (combining nuclear medicine
and radiology modalities, described in section 1.2.3), this information can be obtained
from CT images by converting the value of these images into a linear attenuation coeffi-
cient map. The correction for the scatter photons is usually performed by using one or
more additional energy windows alongside the primary photopeak energy window. By
assuming that the counts in this additional energy window are representative for the
scatter component in the main energy window, a scatter subtraction can be applied or
the scatter component can be taken into account by the reconstruction method used.
After these corrections, the provided image represents counts per volume per time unit.
A calibration can be performed to convert the recorded count rate in each voxel to an
absolute value (Bq or Bq/ml) using a volume or system sensitivity calibration factor
obtained from a phantom scan [58].

Limited spatial resolution in SPECT imaging is a source of so-called partial volume
effect [59]. This effect results in a more blurry image with underestimation of the activity
concentration in small volumes (e.g. small hot spots relative to a cold background) with
spill over of counts to the neighboring region. In this case the total counts are preserved
in the reconstructed image but the object appears to be larger with lower activity con-
centration than the actual concentration. On the contrary, a cold spot relative to a hot
background will be reconstructed smaller with higher apparent activity concentration.

1.2.2.2 PET

A PET camera is designed to detect a pair of photons that are emitted as the result of
positron-electron annihilation. These photons are detected within a narrow time interval
called the coincidence timing window (current systems use a coincidence timing window
of about 4 to 10 ns). These photons are travelling in opposite directions each with an
energy of 511 keV, as illustrated in figure 1.2-D. A modern PET camera has multiple rings
containing small scintillation detector units surrounding a bed. Within an acquisition,
the patient is moved through the gantry in one or multiple bed positions. Also, there
are PET cameras that have a continuous bed motion. In contrast to a SPECT camera,
a PET camera does not require a physical collimator because the coincidence detection
in opposite detectors of the photon pair is used to define a line including the position
of the annihilation. The path between these two detectors is referred to as a line of
response. If two photons from two different annihilations are detected in the coincidence
timing window, a so-called random event occurs, which can degrade the image accuracy.
Scatter is another source of error which is the case when two photons of the same event
are detected, but the line of response does not include the annihilation site because of
a scattered trajectory of at least one of the annihilation photons. The distance which a
positron travels through matter before it annihilates is called positron range and depends
on the initial kinetic energy (e.g. the average positron range of yttrium-90 and fluorine-18
are approximately 1 and 0.64 mm, respectively) [60]. The positron range leads to a loss
of spatial resolution.

Reconstruction of PET images is usually performed by employing an iterative method
with attenuation and scatter correction. Scatter correction in PET can be performed by
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different techniques, e.g. subtracting the simulated scatter contribution to the measured
data (e.g. by Monte Carlo simulation). Estimating random events can be performed by
using an additional delayed coincidence timing window [61].

One advantage of modern PET cameras is the time-of-flight (TOF) technique. After
the annihilation of the positron, the two photons are travelling different path lengths
before reaching the detector crystal. Differences in path length correspond to a difference
in detection time between the two photons. By using this information, one can estimate
a probability distribution for the position of the annihilation along the line of response.
This additional information per detected true annihilation event results in less noise in
the reconstructed image [62].

1.2.3 Hybrid imaging

The clinical use of hybrid or dual-modality imaging in nuclear medicine [63,64] began
around 2000 with the first commercial SPECT/CT system, the GE Discovery VG Hawk-
eye, and PET/CT system, the FE Discovery LS. Modern hybrid scanners combine the
advantage of functional imaging (e.g. PET or SPECT) with the advantage of the anatom-
ical imaging (e.g. CT or MR) within one examination to improve the diagnostic power.
The anatomical component can also be used to improve the functional imaging quantifi-
cation accuracy through attenuation and scatter correction. Low-dose CT is sufficient
when the goal of dual-modality imaging is solely attenuation correction and anatomical
localization for detected lesions. Therefore, the use of low-dose, non contrast-enhanced
CT is performed in most of the SPECT/CT workflows. But for high dose CT, often with
administration of iodinated contrast agents, might be relevant for diagnostic purposes
and precise organ identification.

In dual-modality imaging, accurate image alignment is possible if the spatial coor-
dinates of the modalities have been aligned using a geometric calibration step, and if
functional and anatomical data are acquired while the patient maintains the same posi-
tion during both acquisitions. However, since the duration of functional imaging usually
takes about 30 minutes, mis-registration can occur because of respiratory, cardiac, and
arbitrary patient motion. And on top of that, the weight of the patient might change
the normal support position of the bed in between both acquisitions. Some modern
PET /MR cameras acquire both modalities simultaneously, which eliminates the possible
inter-acquisition alignment error but does not eliminate intra-acquisition motion effects.

1.3 Radionuclide therapy - therapeutic nuclear medicine

Nuclear medicine has been practiced in Belgium since the late 1940s and became a dy-
namic disciplines of medicine. Nuclear medicine became a separate medical specialty
by Royal Decree, in March 1985. This clinical speciality utilizes unsealed radioactive
substances for assessing different physiological functions (diagnostic), treating specific
tumors (therapeutic), for clinical and research purpose. These unsealed radioactive ma-
terials (if considered a drug called a radiopharmaceutical) consist of a chemical agent
(vector molecule) which is labelled with a radionuclide.

In 1900, Alexander Graham Bell suggested the idea of accumulating radioactivity
near or within the tumor to treat them, which is still the key of brachytherapy (brachy
is a Greek term meaning short-range). This concept was materialized in 1901 by using
radium-226 (*2°Ra) for treating tuberculous skin lesions. The therapeutic facet of nuclear
medicine has evolved over decades after the discovery of the tracer principle by George
de Hevesy in the 1920s. While the fundamental theory behind radionuclide therapy stays
the same, this field developed slowly but surely in the form of a number of established
clinical radionuclide therapies and promising treatments in preclinical development [65].

Radionuclide therapy results in high absorbed dose to key cellular molecules, which
historically were thought to be only DNA, but proteins and lipids have been recently
discovered to be vectors of the irradiation effect. This will lead to cell death or impaired
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cell growth, causing tumors to shrink or stop growing. This radiation will also partially
irradiate normal cells but these have a better ability to repair themselves, whereas tumor
cells are more radiosensitive because of their rapid cell division. EBRT is the most
commonly used type of radiotherapy. EBRT treats a limited region around the tumor by
irradiating it with high energy photons and is more suitable for a limited target volume.
On the other hand, targeted radionuclide therapy is most often a systemic therapy, akin
to other systemic therapies, which consists of administrating non-sealed radionuclides
(as radiopharmaceutical or medical device) into the blood circulation, which will lead to
whole body coverage. It is a potentially effective modality to treat tumors which have
spread within the body.

In targeted radionuclide therapy, the radiopharmaceuticals have a high affinity for
tumor cells (guided by e.g. antigens, receptors, physical properties) to transfer high and
lethal radiation energy to the lesion which can cause partial or complete ablation of the
tumor. A good candidate therapeutical radiopharmaceutical should:

1. accumulate as much as possible into malignant lesions,

2. have as low accumulation in normal tissue as possible,

3. irradiate the tumor cells with an energy which is adequate to impairment of key
molecules of the malignant cells (e.g. DNA) with limited irradiation of adjacent
normal tissue

A good choice of the vector molecule or vehicle dictates the first two properties, while
the last one depends mostly on the characteristics of the radionuclide.

To release sufficient energy to impact the tumor cells, the therapeutic radionuclide
should have a good linear energy transfer (LET). The LET is the amount of energy
transferred to the tissue by an ionizing particle per unit of distance (unit: keV/um).
Theoretically, radionuclides with dense dose deposition pattern (i.e. short penetration
into the tissue; higher LET) and an adequate half-life in respect with the kinetics of
the biodistribution are desired for radionuclide therapy. The most commonly used type
of particle for radionuclide therapy is 8 emission (e.g. electron), but other types like «
particle emission are useful as well.

One of the attractive features of targeted radionuclide therapy is the possibility of
imaging a predicted distribution within the body of the therapeutic agent using the ther-
apeutic radiopharmaceutical itself (in much lower quantities than for therapy) or using
a vehicle similar to the therapeutic radiopharmaceutical, but labelled with a diagnos-
tic radionuclide. This is called the “theranostic” aspect of radionuclide therapy. The
non-invasive imaging and potential to predict the internal distribution of therapeutic
radionuclides is an advantage over many other systemic therapies (e.g. chemotherapy).
These images can be acquired before the treatment to predict efficacy or toxicity and
also allow to tailor the treatment to the specific situation of the patient. For predictive
imaging, a radionuclide with 7 radiation or positron emission is preferred because it can
be detected externally with clinically useful precision.

1.3.1 [ mitters in radionuclide therapy

B~ emitters with useful physical characteristics (half-life, energy, ...) are used in targeted
radionuclide therapy, to ensure that they have a good balance between therapeutic and
side effects. So, practically, the 8~ emitters like rhenium-188 (**¥Re), lutetium-177
(*""Lu), holmium-166, and yttrium-90 are good choices in targeted radionuclide therapy.
Notably, their path length is adequate to provide a good dose coverage to both small
and bulky tumors, and can also be effective in poorly vascularized tumors because of
the crossfire effect (irradiating the site of accumulation and a number of cells diameters
around it). By using 8~ emitters, most of the effective radiation is delivered within 2-4
mm of the source with practically no irradiation effect one centimeter away.

The emission of the 8~ particles typically takes place when the ratio of neutrons to
protons in the nucleus is too high. A redundant neutron is then transformed into a proton
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which stays in the nucleus and an electron is expelled. The energy of the expelled 5~
particle is radionuclide specific; the radionuclide defines the characteristics of the expelled
particle (e.g. kinetic energy, penetration range, and the energy that can be deposited into
the surrounding tissue).

Along with iodine-131 (*3'1), yttrium-90 is one of the most widely used radionuclides
in therapeutic nuclear medicine due to several advantageous characteristics:

1. advantageous half-life: the physical half-life of the radionuclide is an important
consideration in nuclear medicine. If the physical half-life is too short, most of the
energy will release before the acticity has reached the tumor. Conversely, to limit
radiation exposure in the surrounding of patients, and provide sufficient energy
deposition to impair the tumor, the use of radionuclides with too long half-life in
therapeutic nuclear medicine is not preferred.

2. limited need for radio-protection: it is a virtually pure 5~ emitter with limited
radiation outside the patient, so radio-protection measures to be taken by the
patient, the caregivers and people around are limited.

3. favourable chemistry: its chemical properties allow to attach it to many carriers.

4. near-ideal energy features: the average energy of 5~ emissions from yttrium-90
is 0,9367 MeV with a mean and a maximum tissue penetration range of 2.5 and 11
mm.

Commercial therapeutic applications of yttrium-90 are available in forms of (1) %0Y-
ibritumomab tiuxetan (trade name: Zevalin®) radio-immunotherapy targeting CD20 for
non-Hodgkin’s lymphoma, (2) °Y-DOTA-TOC peptide receptor radionuclide therapy
for mNET, (3) °°Y glass or resin microspheres for hepatic malignancies.

1.3.2 Absorbed dose

The mathematical concept of internal energy deposition calculations (in terms of ab-
sorbed dose) was first published by Marinelli and Quimby et al. in 1948 [66]. However,
the first study which implemented this computation to tailor a prescription for thyroid
cancer treatment with iodine-131 was not successful, due to a large margin of error [67].
More precise image reconstructions as a result of mathematical, computer, and camera
technology advancement enabled more accurate dose measurements.

Absorbed dose of a VOI, i.e. a lesion or (a part of) an organ, is defined as the amount
of energy deposited within a unit of mass:

deposited energy within a VOI [J]

Dyor[Gy or J/kg] = mass of the VOI [kg] 7

(1.3)

Absorbed dose is a fundamental quantity of interaction between ionizing radiation and
the tissue. Absorbed dose is widely used as a parameter to predict treatment effects
(the efficacy and safety of a treatment), by ensuring the delivery of projected adequate
absorbed dose to the treatment volume (sufficient tumor absorbed dose and safe healthy
tissue absorbed dose).

The unit of absorbed dose is gray (Gy), which is equivalent to J/kg. By definition, to
determine an absorbed dose for a volume of interest (e.g. organ, tissue, or voxel), we must
calculate the deposited energy and the mass. The definition of activity concentration is
an essential step for energy calculation together with the knowledge of the radionuclide,
the energy of the emitted radiations, and the penetration pattern within the tissue. The
same approach is used for protection against radiation in diagnostic nuclear medicine, but
the absorbed dose in these applications is much lower, and dose assessment is applied only
to lessen the risk of stochastic radiobiological effects. This so-called “internal dosimetry
method” is different from the dosimetry of radiation from external sources and cannot be
measured directly. This indirect approach relies on biodistribution modelling and quan-
titative imaging of the activity. Therefore, internal dosimetry sometimes needs to rely
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on assumptions. For this purpose, different methodologies exist which use assumptions
to make the calculations feasible, with different levels of detail and accuracy. This range
is quite wide, from assuming a uniform absorbed dose to the entire treated organ and
applying the so called medical internal radiation dose (MIRD) formalism to calculate a
mean absorbed dose, to small level dosimetry using Monte Carlo (MC) calculations to
estimate sub-voxel dose distributions (see figure 1.4).

[A] MIRD schema [B] Partiton model with assumption
of equal dose to all tumors

o,

[C] Partiton model with considering [D] voxel level dosimetry by considering a
each tumor as a compartment non-uniform absorbed dose distribution

J

Figure 1.4: Schematic of different levels of dosimetry [A] MIRD scheme; a uniform dose to the
entire perfusion territory (tumor and healthy tissue) is used to calculate the injected activity,
[B] partition method with two compartments of tumor and healthy tissue in a single perfusion
territory, [C] partition method with three compartments; healthy tissue of the perfusion territory,
tumor one and tumor two, and [D] voxel-level dosimetry considering the heterogeneity of the
absorbed dose at the voxel-level

1.3.2.1 MIRD schema

Since 1968, the MIRD committee of the Society of Nuclear Medicine [68] has proposed dif-
ferent dose calculation systems which have been widely accepted in internal dosimetry for
many years. This schema was intended for diagnostic nuclear medicine and for estimating
absorbed doses to the average patient. In the MIRD scheme, the body consists of source
organ/regions that accumulate activity. Then, by assuming uniform activity within the
source region and uniform absorbed dose to the target region, an average absorbed dose
within the target region is calculated for a standard model of an individual [69]:

D(ry ) = AhS(Tk —Th), (1.4)

where r, and 7, denote target and source organ, respectively. A, is cumulated activity,
and S(rk < ) is so-called S-value or S-factor, which is a conversion factor representing
the mean absorbed dose in the target region caused by a unit of cumulated activity in
source organ. Up to now, 26 MIRD pamphlets and 20 MIRD dose estimate reports
addressed internal dose models, S-factors for the combination of different radioactive and
biological decays and different source and target organs, equations, and techniques.

1.3.2.2 Other dosimetry methods

During the past decades, some new methods have been investigated to increase the accu-
racy of dosimetry by addressing some fundamental assumptions of the MIRD schema: (1)
uniform distribution of the activity, (2) uniform dose in the target region, (3) anatomical
deviation from models that are used to derive S-values.

To move forward from model-based dose calculation to personalized dosimetry, one
needs to tackle different problems: (i) provide the anatomy of the volumes of interest,
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e.g. normal organs, healthy tissues, lesions, ..., (ii) computation of cumulated activity
which is traditionally done by serial measurements and/or kinetic modelling, (iii) trans-
lating the deposited energy to the absorbed dose in a defined VOI. For the latter, recently
several new absorbed dose calculation methods have been introduced like: (1) adapted
MIRD schema by modifying the formalism for patient-specific volume calculation, (2)
convolutional dose point kernels derived from MC simulation to convert cumulated ac-
tivity to a local absorbed dose (see figure 1.5), (8) fully MC methods to simulate all
radiation paths through the patient’s body.

Voxel S-values for Yttrium-90 in soft tissue
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Figure 1.5: Comparison of the S-values for yttrium-90 for two voxel sizes (3 mm and 6 mm), the
points correspond to voxels (-1,-1,-1), (0,-1,-1),(0,0,-1),(0,0,0),(0,0,1),(0,1,1), and (1,1,1) when
the source activity is placed in the (0,0,0) [70]; available online: http: //www.medphys. it/down_
svoxel. htm

1.3.2.3 Dose-effect relationship

Post-treatment absorbed dose along with (1) radiation type (2) tissue radiosensitivity
and (3) the dose rate is used to analyze the dose-effect relationship. To compare an
irradiation induced by different modalities considering above mentioned parameters, a
biological effective dose (BED) formalism is widely used. To account for the impact of
the non-uniformity of the delivered absorbed dose, an equivalent uniform dose (EUD)
formalism has been introduced [71,72].

In a given treatment modality, to compare different scenarios, the other three factors
are invariable, and absorbed dose plays an important role. The correlations between
absorbed dose and radiation-induced effects on normal tissues and tumor could be com-
pared when the same modality (e.g. EBRT and glass or resin microsphere) is used. So,
this parameter is sometimes used to compare different treatment sessions and identify
safety and efficiency criteria for a given treatment modality for an identical organ. Nor-
mal tissue complication probability (NTCP) and tumor control probability (TCP) are
radiobiological models either inherited from EBRT or obtained from SIRT patients that
describe the relationship between absorbed dose and liver toxicity (see figure 1.6-A) and
tumor response (see section 1.7.7), respectively [71,73,74]. Figure 1.6-B illustrates the
relationship between tumor absorbed dose and metabolic tumor response for mCRC.

In radionuclide therapy, absorbed dose levels are in the order of tens to hundreds of
grays, and the absorbed dose is one of the parameters which is used to evaluate the tumor
irradiation and healthy tissue safety. TCP and NTCP curves allow to find the balance
between deterministic effects on the tumor and healthy tissue, e.g. from the NTCP curve,
one can identify the D50, i.e. the dose that induces a 50% probability of normal tissue
complication. In the TCP curve, one can find the probability that this dose will provide
tumor control.
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Figure 1.6: [A] Adapted from [74, 75], a model of normal tissue complication probability of liver
toxicity (grade 2 of so-called common terminology criteria for adverse events, version 4) versus
non-tumoral liver absorbed dose [B] Adapted from [76], with permission: the dose-response for
all lesions follows the expected relationship when measuring response with change in TLG; a 50
Gy cut-off (dashed line) corresponds to a significant response in all but two evaluated lesions.

1.4 A historical perspective on SIRT

The exceptional vascularity of hepatic tumors has been studied since the early 1950s,
with continued interest through the 1980s. Bierman demonstrated that liver tumors
receive blood mainly from the HA, not the PV, in 1951 [77], and Breeds reaffirmed this
discovery later in 1954 [78]. Disclosure of unique liver blood flow led to the development
of various intra-arterial liver treatment modalities:

— trans-arterial embolization consists of blocking the hepatic artery flow using embolic
agents

— trans-arterial chemotherapy is the use of a chemotherapeutic agent released from
embolic agents

— SIRT or radioembolization, which deposits radiation selectively into tumor.

The first reported human administration of °°Y-microspheres to address liver malig-
nancies was performed by Ariel in 1965 after they observed resistance of liver cancer to
contemporary EBRT and available chemotherapy. In this study, ceramic microspheres
with a diameter of 50 + 10 um, labelled with yttrium-90 were infused into the aorta at
the level of the celiac axis [79]. The distribution of the radionuclide was determined by
a photo-scan® using ytterbium-169 (*°°Yb) as a suitable « emitter attached to the mi-
crospheres. They also reported the delivery of microspheres to non-target organs, which
they related to some side-effects.

In the following years, many studies aimed at fine-tuning the technical aspects like (1)
catheterization techniques (e.g. properly accessing the hepatic vasculature and optimizing
the infusion position); (2) so-called “skeletonization” which is isolating the main vascular
trunk by ligating or coiling all hepatic artery side-branches; (3) device characteristics
(e.g. adapting the microsphere diameter and material); (4) performing a simulation by
imaging radiolabelled albumin particles before treatment to predict the distribution of the
therapeutic microspheres; (5) the use of post-treatment imaging to confirm the activity

1To obtain a photo-scan, a radiation probe moved along several horizontal lines and the output
was plotted as dots on a paper
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accumulation after treatment which has been acknowledged from early studies [80]; and
(6) the methodology to estimate the activity to be administered (e.g. paying attention to
activity accumulation within target tumors and organs at risks such as the non-tumoral
liver tissue and extrahepatic sites).

The latter stresses the importance of accounting for the non-uniform activity depo-

sition within the liver in pre- and post-treatment assessments. This challenge has been
known since the very early SIRT studies by Blanchard et al. (1967) and is still relevant
in modern SIRT:
“The difficulty in assessing the actual mass of tissue exposed has presented another prob-
lem in calculating dosimetry. Therefore, in the data presented here, dose has been ex-
pressed as the amount of radiation delivered in millicuries® rather than the radiation
absorbed in rads®. Hence, what might seem to be a relatively high dose delivered may be,
in fact, a low dose absorbed if the tissue mass exposed is large.” [81]

1.5 SIRT concept

As mentioned before, application of EBRT is restricted for liver cancer because the normal
liver parenchyma is one of the most radiosensitive organs, which makes liver parenchyma
prone to radiation-induced injury. SIRT, which is using non-biodegradable (or very
slowly biodegradable) microspheres as vehicles labelled with a 8 emitter (yttrium-90 or
holmium-166), avoids this problem by a selective/super-selective irradiation of the tumor,
and notably sparing of the normal liver tissue to some extent. This selective irradiation
has several aspects:

1. blood-flow selectivity: as normal liver parenchyma and tumor have a dual blood
supply (from PV and HA, respectively), administering the microspheres within the
appropriate branch of HA results in higher activity concentration in tumoral than
in the non-tumoral tissue (see section 1.1.2).

2. anatomical selectivity: the liver consists of separate blood draining regions (liver
segments). So, it is possible to irradiate only selected liver segments. Also, the liver
is a parallel organ and in case of damage to some liver segments due to high activity
deposition, the other liver segments can preserve sufficient liver function (see section
1.1.2).

3. radioactive selectivity: short penetration and high LET of the used radionuclide
leads to a very local irradiation (see section 1.3.1).

SIRT has a complex, logistically and technically demanding workflow. This multi-
disciplinary treatment modality involves different professionals and expertise, including
interventional radiology, nuclear medicine, medical physics, hepatology, surgical and med-
ical oncology, and radiation safety management.

1.5.1 Blood-flow selectivity and hepatic vascularization

SIRT consists of administering millions of microspheres labelled with a [-emitter ra-
dionuclide using a micro-catheter via the HA vascular tree. For this direct access to the
hepatic arterial circulation, typically, a femoral artery catheterization is performed under
fluoroscopic guidance.

The normal liver parenchyma acquires its blood mostly via the PV. In total, approxi-
mately 10-15% of the total blood volume is hepatic blood; 60-80% of the hepatic blood is
delivered from the gastrointestinal tract through the PV and the rest from the systemic
circulation through the HA [82].

Hepatic malignancies are capable of stimulating the growth of new blood vessels with
a ~20-400 times higher density than in normal hepatic parenchyma [83]. These extra

2a non-SI unit of radioactivity equivalent to 37 MBq
3a unit of radiation absorbed dose equivalent to 0.01 Gy
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vessels are developed to supply the tumor with the oxygen and nutrients needed to spur
further growth. Hepatic malignancies (either primary or secondary small tumors bigger
than 3mm) receive their blood predominantly from the HA, which carries nutrient-rich
and oxygenated blood (see figure 1.7).

When administering the microspheres via the tumor feeding HA branch, this difference
in blood supply leads to a tumor to normal tissue activity concentration ratio (T/N
ratio) around 5, but which can be as high as 25 in extreme cases. A ratio less than two is
considered as a poor tumor vascularization and can lead to relatively poor SIRT outcome.
SIRT exploits these properties to deliver an effective dose to the liver malignancies with
limited irradiation to the normal liver tissue and without significant systemic side effects.
This high dose to the liver tumor can provide a lethal dose to tumor cells and demolish
crucial tumor vascular flow, which can result in tumor death and necrosis.
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Figure 1.7: Illustration of a hypervascular tumor with a higher number of microspheres (red
dots) trapped in the the tumor (gray area) compared to normal liver parenchyma (green area).

1.5.2 Anatomical selectivity and SIRT strategies/catheterization

SIRT can be performed at different levels of selectivity regarding liver blood vessel
anatomy (see section 1.1.2) based on the treatment goal (see figure 1.8). Selective or
super-selective irradiation of the tumor is obtained by choosing proper positions within
the HA tree and providing an optimized amount of injected activity (IA) for each catheter
position. This offers the possibility of patient-specific treatment to maximize efficacy and
minimize the risk of normal liver complications. The following levels of selectivity are
often considered:

— whole liver treatment: if there is tumoral involvement in both liver lobes and
within multiple segments, the whole liver needs to be targeted. Administration
can be performed by proximal catheterization (e.g. via proper HA) but whenever
possible separate injection in the left and right HA is recommended.

— lobar treatment: when the tumor is situated in a single liver lobe the micro-
spheres are injected only in the branch of the HA feeding the involved liver lobe.

— segmental treatment: when all the tumoral lesions are located in the same liver
segment, selective catheterization of the HA branch feeding this segment will lead to
only a small fraction of the healthy liver parenchyma being irradiated. If sufficient
liver reserve, both the tumor and healthy liver can be treated to ablative doses.

— radiotumorectomy: in the presence of a single tumoral lesion, the tumor-feeding
branch of the HA can be supraselectively catheterized, leading to activity delivery
virtually exclusively to the tumor with minor involvement of the healthy liver.

— hybrid treatment strategies: in the case of multifocal bilobar disease, the treat-
ment team can administer different activities within different branches of the HA,
which perfuse the involved segments and/or lobes. This bilobar treatment can be
performed in a single session or in two consecutive sessions.
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There is always a tendency to avoid bilobar or whole liver treatment whenever possible,
to spare non-tumoral tissue as much as possible. In case of a lobar or segmental strategy,
the radiation damage induces a decrease in liver function within the treated volume, and
an increase in liver function within the spared volume(s) [84]. This may have implications
for subsequent treatments like resection of the treated liver segment or lobe.

In 55% of the European centers, sequential left and right lobe SIRT is preferred with a
time interval of a month between sessions. Single session bilobar treatment is the favored
modality in 38% of the centers, and only 5% of the centers mostly perform a whole liver
approach trough injection of the common HA [85].

[A] Options: bilobar/whole liver treatment  [B] Option: bilobar treatment

Hepatic artery

[C] Option: lobar treatment

Hepatic artery Hepatic artery

E] Option: radiation segmentectom
[ET0P 9 y [F] Option: radiation lobectomy

Hepatic artery Hepatic artery

Figure 1.8: Schematic of different SIRT strategies [A] diffuse tumors in both lobes; SIRT can
be performed using bilobar treatment or whole liver administration. [B] diffuse tumors in both
lobes; only bilobar treatment could be performed. Because of the existence of a branch of the
hepatic artery supplying an extrahepatic site, a whole liver approach is not possible. [C] tumors
in only one lobe, candidate for a lobar treatment. [D] tumor is limited to a single segment,
segmental administration can be performed. [E] tumor in a small segment with a possibility
of a super-selective approach, ideal for radiation segmentectomy. [F| a schematic of right-sided
radiation lobectomy, leading to downstaging of the tumors in the right lobe and hypertrophy of
the left lobe (purple area).
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1.5.2.1 Radiation segmentectomy

Radiation segmentectomy is a special case of segmental treatment, which is widely ac-
cepted as a curative approach in hepatic malignancies (especially in HCC). This technique
consists of administrating a large amount of activity into a small portion of the liver,
typically a single segment, which fully contains the tumor, often to a high extent [86].
By increasing the TA while minimizing the perfusion volume, a very high absorbed dose
can be achieved in the tumoral area. In this approach, a substantial portion of the non-
tumoral liver tissue in this LPT is sacrificed to obtain a very high tumor absorbed dose
(as high as >1000 Gy), which is enough to ensure complete tumor ablation. One ad-
vantage of radiation segmentectomy over other ablative techniques is its ability to ablate
tumors regardless of their size, geometry, orientation, and distance from large vessels.

Radiation segmentectomy is discussed in several studies as an ablation technique for
large hypervascular, well-defined tumors with a clearly definable arterial supply, which
are not suitable for typical curative treatments because of the tumor location or patient
comorbidities [87]. This is only applicable when the lesion is located in an independent
draining region of the hepatic artery with no or very limited leakage. This method has
been shown to yield good results like complete tumor ablation or serving as a bridge to
resection or transplantation [88].

In this scenario, the role of CBCT (see section 1.2.1.3) is crucial to (i) provide volumet-
ric analysis for dosimetry, (ii) verify complete tumor coverage, and (iii) ensure complete
coverage of the tumor margin. In radiation segmentectomy, CBCT is considered as the
gold standard and a preferred modality for volume definition [53,89].

In a recent retrospective study by Padia et al. [90], radiation segmentectomy was
compared to segmental TACE. In total, 101 and 73 patients were treated with SIRT
and TACE, respectively. Both treatments were safe with low reported toxicity. The
overall complete response rate was significantly better for SIRT (84% versus 58%, p-
value<0.001). Also, SIRT showed a better performance in terms of median PFS (18.8
versus 9.0 months, p-value=0.002) and OS (39.9 versus 34.8 months, p-value<0.001) [91].

1.5.2.2 Radiation lobectomy

Radiation lobectomy is another technique in which a lobar SIRT (usually in the right liver
lobe) is applied when the entire lobe has a high tumor burden. In radiation lobectomy,
the absorbed dose is not as high as in radiation segmentectomy and the non-tumoral liver
parenchyma is not ablated. Still, the dose to non-tumoral liver is sufficient to produce
liver atrophy in the treated lobe and compensatory hypertrophy in the contralateral lobe.
This technique is beneficial for patients who are candidates for liver surgery, except when
they have a too small future liver remnant [92]. Classically, a PV embolization is used
to induce contralateral lobe hypertrophy, but this treatment has no direct anti-tumoral
effect. With radiation lobectomy, the tumor is actively treated, preventing growth and
inducing downstaging. Several studies demonstrated contralateral lobe hypertrophy of
up to 57% in three months after radiation lobectomy with a promising response rate in
the treated lobe [93,94].

The optimal dose to non-tumoral liver to be used in radiation lobectomy is not well
known. The mechanism of hypertrophy is still not entirely elucidated at the molecular
level. Some studies suggests that the reduction in liver function (similar to surgery or PV
embolization) as a result of non-tumoral liver dose in lobar SIRT leads to contralateral
liver hypertrophy [95]. In this study, a sub-group analysis showed that in large lesions
(> 100 ml), tumor dose relates to the liver hypertrophy.

1.5.3 Microsphere embolization

In SIRT, the microsphere embolization is dependent on the diameter of the microspheres,
with a diameter typically ranging from 20 to 40 um; according to the package insert for
resin microsphere, the size of the microspheres are validated, as more than 90% of the



1.5. SIRT CONCEPT 25

particles should have a diameter in the range of 32.5 + 2.5 um. The size is such that the
microspheres are small enough to go quite distally in the arterial tree, up to the level of
the precapillary arterioles, but large enough not to go through the capillary bed of the
liver [96].

Upon administration of the microspheres, clusters of microspheres are lodged in the
vascular plexus adjacent to or within the tumor. The microspheres have a high mechanical
and chemical stability and are not degraded and will remain permanently in the case
of glass or resin microspheres. The term radioembolization is somehow a misnomer
because the treatment effect mostly relies on radiation with little contribution of the
disruption of blood supply due to the embolism caused by the microspheres. Unlike most
of the other transarterial treatments (e.g. transarterial embolization, TACE), the clusters
of microspheres do not cause an important micro-embolic effect.

1.5.4 Physical properties of yttrium-90

The mechanism for tumor irradiation in SIRT is S particle radiation. By far the most
used device for SIRT are yttrium-90 containing microspheres. Ytterbite is a mineral
that has been discovered for the first time in 1787 in a mine near Ytterby in Sweden.
This mineral comprises several elements; one of them was a formerly unknown metal,
which was named yttrium. Commercially, yttrium-90 is produced either by neutron
bombardment of yttrium-89 (®°Y) in a nuclear reactor or by a chemical separation from
the parent isotope strontium-90 (°°Sr).

Yttrium-90 has a physical half-life of 64.0416 4= 0.0312 hours (2.6684 + 0.0013 days)*,
which means that 94% of the energy will be delivered within 11 days after administration.
Yttrium-90 mainly disintegrates by 8~ emission to stable zirconium-90 (*°Zr) (see figure
1.9) with some other low-probability decay pathways [97]:

1. In 99.983% of decays, an electron is emitted with a maximum kinetic energy of
2278.7 keV, and an average energy of 926.7 keV + 0.8 keV.

2. In 0.0000014% of decays, there is an emission of a 2186 keV gamma ray.

3. In 0.017% of decays, an electron is emitted with a maximum energy of 519.1 keV,
and an average energy of 163.7 keV. In this case, the zirconium-90 nucleus is left in
an excited state with an energy of 1760.7 keV above the ground state. Sometimes,
the de-excitation process to the stable state of zirconium-90 via internal conversion
results in an internal pair production (e~ and e™) with a very small branching ratio
of (31.86 4 0.47) x107°. The resulting positron-annihilation photons have been
successfully used for °°Y-TOF-PET imaging and quantification [96,98,99)].

*O; T4,,= 2.6684 (days) E= 2279.800keV

0.0000014% %\ 2+
E=2186.282 keV
0.017% -
o
E=1760.72 keV
99.983%
E=0 keV
%0Zr stable

Figure 1.9: Yttrium-90 decay scheme

“http://www.lnhb.fr/nuclides/Y-90_com.pdf
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As mentioned before, yttrium-90 decay virtually does not include primary gamma
emission, but like many other 8 emitters, secondary high energy photons are created by
bremsstrahlung interaction of the 3 particles along their pathway within the tissue. This
emitted bremsstrahlung has a broad energy spectrum from 20 keV to 2.278 MeV. Some
portion of these photons will travel through the patient body and can be imaged using
a SPECT camera to verify the deposition of the microspheres after treatment witch is
called bremsstrahlung emission computed tomography (BECT). Due to its broad energy
spectrum, quantification of these images is challenging [100] and requires advanced MC
simulation. So, for post-treatment dosimetry, modern TOF-PET images are considered
superior compared to BECT.

As outlined above, the range within soft tissue of electrons emitted by yttrium-90
is low; the average and maximum soft tissue penetration of the electrons are 2.5 and
11 mm, respectively. A typical hepatocyte, the main functional cell of the liver, has
a polygonal shape with a side of approximately 25-40 um [101]. So, the approximate
average penetration of yttrium-90 is 60-100 cells, and the maximal range of the electrons
is about 275-450 cells. Therefore, the kinetic energy of the electrons emitted by each
lodged microsphere is deposited in a limited number of surrounding cells. So, this so-
called cross-fire effect, to some extent, can be beneficial for bulky tumor but most of
the energy deposits with very high peaks in the very close vicinity of the sphere. As a
result, the absorbed dose in SIRT is considered to be much less homogeneous compared
to EBRT.

1.5.5 SIRT dosimetry
1.5.5.1 MIRD formalism for SIRT

Because of the unique characteristics of the microspheres, the MIRD schema (see section
1.3.2.1) can be tailored for SIRT by using some assumptions:

1. Permanent trapping of the microspheres in the precapillary arterioles, which sim-
plifies the calculation of the cumulated activity.

2. Complete deposition of the energy of the IA within each catheter tip position in
a pre-defined perfusion territory, which implies that S(rx < rn) = 1 for h=k for
perfusion territory and otherwise S(rx < ) = 0.

Thus, an activity of 1 GBq delivers about 49.38 Gy per kg of soft tissue:

energy _ I Ddt _ I AEdt _ Ex [7Agx e/ Metdt B Ay x Ty

D= =

mass mass mass mass mass X In(2)
~(926.7[keV] x 1.602 x 107 °[J]/[keV]) x (1 x 10°[Bq]) x (64.0416 x 60*[sec])
- 1[kg] x In(2)

J

=49.38—

9.38 ke

(1.5)

Where D and D are the mean dose and dose rates, respectively; Ap and A are the
activity within the VOI at the time administration and at time t, respectively; E is the
average energy of the 8; and T/, denotes the half-life of yttrium-90.

So, in each VOI, a mean absorbed dose could be derived by applying the calculated
conversion factor:

activity in the VOI [GBq]
mass of the VOI [kg]

Dvyoriay = 49.38(Gy.kg/GBq] x (1.6)
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1.5.5.2 Partition model for SIRT

The partition method (PM) is based on the MIRD formalism that has been redesigned for
SIRT and estimates the absorbed dose by assuming a uniform absorbed dose in tumor(s)
and non-tumoral compartments of the LPT. Hence, on top of the assumptions discussed
in the previous subsection, it is assumed that in each LPT, the tumor(s) and non-tumoral
tissue receive a uniform absorbed dose which can be defined by the fractional activity
uptake of each compartment:

IA F com
Deomp = 49.38 x 14X 'Ucomp (1.7)
‘/Comp
where, FUczomp = Acomp (1.8)
Atotal

where, Dcomp, FUcomp, Veomp, and Acomp are absorbed dose, fractional uptake, volume
and activity of the compartment and Atotar is the total TA.

For practical reasons, the fractional uptake in each compartment is usually derived
from the ratio between activity concentration between tumor compartment(s) and non-
tumoral compartment, which is called tumor to normal tissue activity concentration ratio
(T/N ratio):

Ar
VTj A VT
=

VNT

T,/N =

(1.9)
Then,

FUp, = 25
T Yo .(Ar) + AnT
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T

ANT

Z (ANT)+1

(1.10)
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FUnr =1— ZFUT.

T /N X VT
ZZ (Ti/N x Vg,) + VNr
S (T3/N % Vi)
B ZL(TZ/N x Vr,) + Vnr

_ VVNT
Zi(,Ti/N x Vr,) + VNr

(1.11)
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Where T; /N, Ar;, Vr,, and FUr; denote the tumor to normal activity concentration
ratio, total activity, volume and fractional uptake of the tumor T}, and Ary,, Vrys,
and FUr,, denote the total activity, volume and fractional uptake of the non-tumoral
compartment.

1.5.5.3 Voxel level dosimetry

In voxel level dosimetry, the reconstructed activity map is converted into an absorbed dose
distribution from which the dose inhomogeneity can be computed on a small scale. To
compare different SIRT procedures, this spatial dose information is usually represented
by a dose-volume histogram (DVH), which is often transformed into cumulative dose-
volume histogram (cDVH) [102].

A DVH describes a frequency distribution of dose values within a pre-defined VOI,
e.g. target volume or any other critical structure. A ¢cDVH summarizes the absorbed
dose distribution within a VOI. This graph visualizes the fraction of the total defined
volume (e.g. tumor, non-tumor and total liver/LPT) that receives a specific minimum
absorbed dose.

Dose distribution is usually interpreted by using different DVH parameters like Dxvor
(minimum absorbed dose to x% of the VOI voxels, e.g. D50n1v), or Vxvor (percentage
of the VOI receiving at least x Gy, e.g. V120rvy), or mean absorbed dose (Dvor; area
under the curve of DVH). Radiobiological models are used to find the relation between
these DVH parameters and clinical outcome. The aim is to quantify the biological effect
of dosimetry parameters on an expected outcome like tumor control (tumor control prob-
ability; TCP) or normal liver toxicity (normal tissue complication probability; NTCP).

Different methods for converting activity maps to dose distributions have been intro-
duced in the literature: (a) MC simulation, which reflects tissue density heterogeneity
and random interaction between particle and tissue, (b) dose-point kernel, which consid-
ers cross-fire effects, and (c) local deposition method, which is simply multiplying each
voxel activity by a conversion factor.

Direct Monte Carlo: When images of the attenuation coefficients and of the activ-
ity distribution are available, MC simulation (i.e. a general model of particle transport
accounting for random interactions with the body) can be used to compute an accurate
patient-specific absorbed dose distribution. Monte Carlo codes are available, like Elec-
tron Gamma Shower (EGS), Monte Carlo N-particle (MCNP), PENetration & Energy
Loss of Positrons and Electrons (PENELOPE), FLUktuierende KAskade (FLUKA), and
finally Geant4 Application for Tomographic Emission (GATE) (which is more tailored
for nuclear medicine imaging) [103].

Dose point kernel convolution: MC simulation is complex and computationally
time-consuming. Because the liver is a uniform medium, the conversion could be speeded
up by employing MC to pre-compute the effect of the activity in a voxel to the other
voxels and apply it as convolution to all the liver voxels. The result of the simulation
is a convolution kernel that describes the mean absorbed dose to a target voxel per
radioactive decay within a source voxel.

Generally, the main drawback of this model is neglecting the gradients of the density
of the voxels which could be very important in case of substantial density heterogeneity
(e.g. air-soft tissue or bone-soft tissue) which is not the case in SIRT; where liver and
surrounding tissues have a more or less similar density.

There are some dose point kernels publicly available for yttrium-90 in soft tissue
(see figure 1.5) [70,104]. MIRD Pamphlet 17 defined voxel-based dosimetry using this
method [105].

Local deposition method: In the local deposition model, it is assumed that the
energy of the 38 particles released by the microspheres in each voxel is deposited within
the same voxel. Here, the absorbed dose in each voxel can be easily determined by
multiplying the activity or activity concentration by a constant scale factor. It is claimed
that this method is even more accurate than dose point kernels. Because of the limited
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resolution of the gamma cameras, the measured activity is already blurred a lot, which
spreads the dose out similarly or even more than the convolution with the dose point
kernels [106]. Mikell et al. found that for a voxel size of a typical SPECT image, MC,
dose point kernel and local deposition model obtained nearly identical results [107].

1.5.6 Microspheres available for clinical SIRT

In the previous section, the properties of the radionuclide contained within the micro-
spheres have been discussed. Here, different microspheres available for use in patients
are described. As discussed in section 1.3, an ideal therapeutic agent in SIRT should
have the following characteristics:

a density close to blood density for optimal distribution

a spherical shape to overcome cluster formation within peripheral arteries

— uniform size of 25-30 um which is a fundamental characteristic for trapping within
tumor precapillary arterioles with an average diameter of 15-35 pm

— easy labeling with § emitters with sufficient specific activity (activity per sphere)
and low free radionuclide. No release of the radionuclide from the microspheres.
No impurities.

— no long-lived radionuclide contaminants.

— biocompatibility and in vivo stability and retention until complete decay.

There are two different categories of microspheres commercially available for SIRT:
(1) microspheres labelled with holmium-166 (QuiremSpheres- Quirem Medical B.V., De-
venter, Netherlands) (2) resin (SIR-spheres - SIRTeX Inc, North Sydney, Australia)
and glass (TheraSpheres- Boston Scientific, Natick, MA, USA) microspheres labelled
with yttrium-90. In addition to these commercial devices, some other radionuclides, in-
cluding phosphor-32 (*?P) [108], rhenium-188 (***Re) [109], iodine-131 (*3'1) [110], and
praseodymium-142 (**2Pr) [111] have been developed, but they have not received CE
market approval yet. Table 1.2 provides information about these three microspheres
together with technetium-99m macro-aggregated albumin ([**™Tc]Tc-MAA), which is
usually used for treatment simulation (see section 1.7.3).

Glass and resin microspheres are very stable with virtually no degradation during
patient life; for the resin microspheres, a level of up to 50 kBq/L in blood and urine has
been reported; a six week in vitro discharge of less than 0.13% was reported for the glass
microspheres. On the other hand, QuiremSpheres degrade more during the patient’s life;
its stability is around 93.5% in human plasma after 72 h.

When comparing QuiremSpheres with glass or resin microsphere, the difference in
half-life is an important parameter. The T, ,, for holmium-166 and yttrium-90 is quite
different (26.8 versus 64.1 hours), leading to higher initial dose rate for holmium-166
when giving a similar absorbed dose, which could have a radiobiological impact.

One of the main differences between the resin and glass microspheres is the difference
in the activity per sphere (specific activity), which is approximately 50 times higher for
the glass microspheres. This means a ~50 times lower number of microspheres will be
administered into the patient for an equivalent absorbed dose. This higher number of
administered resin microspheres can result in a mild to moderate embolic effect, which
potentially enhances the risk of stasis during administration. Sometimes this phenomenon
could also result in reflux and/or a large residual activity in the vial because there is not
enough vascular space in the perfused volume to administer all prescribed spheres. On
the other hand, the resin microspheres will produce a more uniform irradiation which
is considered as an advantage in some circumstances. Recently, the FLEXdose delivery
program was introduced for the resin microspheres to offer a variety of ordering options.
In this new delivery system, rather than a fixed vial activity (3.6 GBq), 4 other activity
levels are provided for 1-, 2-; 3- or 4- day pre-calibrated delivery choices. This directly
has an influence on the specific activity of the microsphere and as a result the number of
administered microspheres for the same amount of activity.
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Table 1.2: Characteristics of different microspheres and [°°™ Tc]Tc-MAA particles

Name [ [P Tc|Tc-MAA |

SIR-spheres

TheraSpheres

I

QuiremSpheresx

radionuclide
max [ emission (Mev)

technetium-99m

141 keV (89%)

yttrium-90
2.28(100%)

yttrium-90
2.28(100%)

holmium-166
1.77 (49%), 1.85 (50%)

gamma emission (keV) 2 x 511 keV (32E-4%) | 2 x 511 keV (32E-4%) 80.6 (6.8%)
half-life (hours) 6 64.1 64.1 26.8
mean tissue penetration - 2.5 mm 2.5 mm 3.2 mm
imaging SPECT BECT or PET BECT or PET SPECT or MR
radionuclide location surface surface matrix matrix
matrix material MAA Resin (polymer) Glass Poly (L-lactic acid) (PLLA)
biodegradability biodegradable non-biodegradable non-biodegradable biodegradable
density (gr/ml) 1.1 1.6 3.2 1.4
mean diameter (range) pm 31.3 [10, 100] 32 [20, 60] 25 [20, 30] 30 [15, 60]
specific activity (Bq/sphere) - 50%% 2500 450
available activity (GBq) as needed 3.6%% from 3 to 20 maximum 3 vials (each up to 12 GBq)
number of instilled particles 0.15 million 50 million 1.2 million(3GBq) 33 million
embolic effect mild mild-moderate mild mild-moderate
CE mark - 2002 2014 2015

* QuiremScout utilizes the same microsphere as QuiremSpheres with lower specific activity for treatment simulation instead of the ﬁmwsuﬁo_ﬁa.z>>. It received CE mark in 2019.

** recently introduced FLEXdose: 5 different activity levels; 10.0, 7.8, 6.0 , 4.6, and 3.6 GBq whether the vial is 4-, 3-, 2- or 1-day pre-calibrated or delivered on calibration day
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It has been shown that the optimum size and specific activity for each microsphere
is something between the resin and glass design [112], which has been the target in the
design of the new generation of the microspheres (QuiremSpheres). Besides, it seems
reasonable (although not yet confirmed in literature) that fewer infused microspheres
with higher specific activity is favored to cure small tumors. On the other hand, a larger
number of spheres ensures sufficient irradiation coverage for bulky tumors. Besides some
side-effects related to the embolic effect of the resin microspheres, recent studies showed
comparable OS of the resin and glass microspheres for treating patients suffering from
different stages of HCC [113] and mNET [114].

Also, some studies showed inconsistent non-tumoral distribution patterns; a lower
number of administered glass microsphere provides less uniform irradiation, which pro-
duces very different microscopic radiobiology effects compared to the resin microspheres.
This results in very different non-tumoral liver safety and tumor efficacy dose thresholds
published for the glass and resin microspheres [73].

It is worthwhile to mention that one should be careful about the shelf-life of the glass
microspheres when interpreting these results. The shelf-life is 1 and 15 days for the
resin and glass microspheres, respectively. This indicates that the specific activity of
the resin microsphere is fixed in different treatments, while the specific activity of the
glass microsphere decreases based on the physical half-life of yttrium-90. Consequently,
if an amount of glass microspheres was injected into a patient after 15 days, the specific
activity would be around 51 Bq, which is comparable to the fresh resin microsphere.

Another variation between these two kinds of microspheres is the difference in density.
The glass spheres have a higher density (3.6 gr/ml), which is substantially higher than
blood density (1.05 gr/ml) and is assumed to result in a more non-uniform distribution
compared to the resin microsphere with a density of 1.6 gr/ml. This non-uniformity
could conceivably lead to non-uniform lodging in tumor vascular bed [115{1. Additionally,
the density of glass microspheres is higher than that of protein-based [*°™Tc|Te-MAA
particles (1.1 gr/ml), which are used for the simulation of the treatment. Therefore,
this could be a reason for potential discrepancies between [*°"Tc]Tc-MAA and resin
microsphere distribution patterns [116].

Also, due to the lack of considerable gamma-emission and the absence of free yttrium-
90, which could transfer to body fluid system, patients can be sent home shortly after
treatment with minimal precautions compared to many other radionuclide therapies.
On the other hand, having no primary gamma radiation makes imaging of yttrium-90
distribution inside the body challenging.

1.6 Clinical trials, certifications, and guidelines

1.6.1 Certifications

Glass and resin microspheres obtained FDA approval for treating unresectable HCC in
1999, and for treating unresectable liver metastases in 2002, respectively. They also
received European conformance (CE) certification in 2006 and 2002, respectively. From
this point, this modality grew fast and has been used widely to treat liver malignancies
in different clinical settings in the past two decades.

1.6.2 randomized controlled trials

A number of RTCs have evaluated SIRT for the treatment of various liver cancers. Table
1.3 provides information about selected RTCs, with various endpoints studied such as
QoL, PFS and OS. None of these large RT'Cs did showed a statistically significant benefit
for the primary endpoint over the control treatment. But the tumor response rate and
treatment-related adverse events and rate of progression in the liver were found to be
better for SIRT arms, in various trials. Questionable patient selection and IA prescription
methods are frequently considered as the main reasons for these trials to be negative [117].
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Table 1.3: Selected large RTCs for the resin microspheres, comparing the treatment results of SIRT (+chemo) with chemo alone

trial , NTC b patient tumor arml arm?2 rimary outcome measure secondary outcome
, PAMBEr - umber type SIRT (4+chemo) (chemo) P Y measures
18] | NCTO0739167 | 134 | HOC || SIRT (n=68) %Wm% Mwwhﬁwﬂwﬁﬂwm ]
! OS: 8.8 vs. 10.0 months
. PFS: 6.3 vs. 5.2 months
, — .
SIRveNIB [119] | NCT01135056 360 HCC %HMS ﬁwﬁ% @wwwmw. mw %ﬂw@%. (p=0.01); TRR: 23.1 vs.
| 0014 p= 0.96) 1.9% (P<0.001)
| 0OS: 8.0 vs. 9.9 (p=0.18); | PFS: 4.1 vs. 3.7 months
! SIRT sorafenib HR (arml vs. arm?2): (p=0.76); TRR
SARAH [24] , NCT01482442 380 HCC (n=184) (n=196) 1.15 (95% CI, 0.94-1.41; (complete or partial): 36
! p= 0.18) vs. 23%
OS: 12.1 vs. 11.4; HR
! SIRT+ . g HR in patients
SORAMIC NCT01126645 424 HCC sorafenib mOanmE_u (arml vs. arm2): H.WH without cirrhosis: 0.46
[120] , (216 (n=208) (95% CI, 0.81-1.25; p= (P=0.02)
! = 0.9529) =Y
M PFS: 10.7 vs. 10.2
SIRT+ months (P=0.551); HR
| ) .
SIRFLOX [33] | NCT00724503 || 530 | mCRC | mFOLFOX6 BAM wwmmva (arml vs. arm2): 0.93 oww.ﬁwawowwv%p %
| (n=267) = (95% CI, 0.77-1.12; p= :
| 0.43)
FOXFIRE [121] N 61 | moRC Bmm%mwmx@ mFOLFOX6|| OS: 18.8 vs. 29.4 months | PFS: 9.9 vs. 9.5 months
| - (ne182) (n=182) (p=0.712) . ORR: 67.6 vs. 61.0%
, SIRT+
FOXFIREGlobal mFOLFOX || OS: 25.9 vs. 25.0 months PFS: 11.8 vs. 11.2
[121] ” NCTO01721954 209 mCRC QMMMWWW (n=104) (p=0.43) months (P<0.05)

TRR: tumor response rate; ORR: overall response rate, CI:

confidence interval
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A combined analysis of FOXFIRE, SIRFLOX , and FOXFIRE-Global trials (549
patients receiving chemotherapy and SIRT; 554 patients receiving chemotherapy alone)
showed that adding SIRT to the first-line chemotherapy for patients with mCRC did
not improve the outcome regarding the primary endpoint, OS (22.6 versus 23.3 months;
p-value=0.61), with hazard ratio (HR) 1.04 (95% CI, 0.90-1.19; p-value=0.61) [121].
Objective response over the complete study duration was in favor of the SIRT arm (72%
versus 63%; p-value=0.0012). The study concluded that to further define the role of
SIRT in mCRC, careful patient selection and studies investigating the role of SIRT as
consolidation therapy after chemotherapy were needed.
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Figure 1.10: Adapted from [122], with permission: Kaplan-Meier curves [A] OS of the patients
in the SIRT arm for whom dosimetry was available (n=127) with tumor dose break down at the
100 Gy level. [B] matched comparison of OS between patients in the SIRT arm with documented
dose >100 Gy to a matching set of patients from the sorafenib arm. This shows that when the
tumor absorbed dose is sufficient, SIRT can lead to a survival benefit compared to sorafenib.

The role of SIRT in multi-focal HCC has been the subject of the SARAH, SIRveNIB,
and SORAMIC trials. These trials compared SIRT and sorafenib, which is the standard of
care chemotherapy for advanced HCC. There was no difference in OS, but SIRT had fewer
attributable high-grade adverse events with improved QoL. Some further investigations
pointed out that the non-dosimetric prescription method is one of the primary sources
of failure of these trials [123,124]. A report [122] showed that in the group of patients
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in the SARAH trial with reported pre-treatment tumor dose estimation (n=127), OS
was considerably longer in patients with a predicted tumor dose (based on [**™Tc]Tc-
MAA-SPECT) of more than 100 Gy compared to patients with low predicted tumor
dose. Also, when comparing patients in the SIRT arm with a predicted tumor dose of
more than 100 Gy to a matched comparison sub-group of the sorafenib arm, the median
OS was significantly higher for SIRT arm (22.5 versus 17.9 months), the HR was 0.74
(95% CI: 0.51-1.04, p-value=0.09). Median PFS is also in favor of the SIRT arm with a
predicted tumor dose greater than 100 Gy (10.05 versus 6.91 months). Figure 1.10 shows
the survival curves for these groups of patients in the SARAH trial.
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Figure 1.11: Initial results of DOSISPHERE-01 trial [125] from www.bostonscientific. com:
Kaplan-Meier curves [A] OS for the patients treated with IA prescription based on tumor dose
is significantly higher than patients with standard IA prescription. [B] OS after SIRT according
to tumor dose break down shows a better survival for patients who received more than 205 Gy
than in patients with a tumor dose below 205 Gy. [C] EASL tumor response at three months in
dosimetric arm (PDA) and standard arm (SDA).
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DOSISPHERE-01 is another RTC® which compared glass microsphere treatments with
optimized individualized tumor dosimetry with standard treatment planning in unilobar
HCC patients with at least one tumor larger than 7 cm [126]. As illustrated in figure
1.11, the initial results showed that prescribing an IA based on a predicted tumor dose
of at least 205 Gy to the index lesion (“dosimetric arm”) compared to classical MIRD-
based lobar treatment (“standard arm”) leads to a better median OS (26.7 versus 10.7
months, p-value=0.0096); HR:0.42 (95% CI, 0.215-0.826, p-value=0.012). The study also
showed a better OS for those patients with an actual tumor absorbed dose of more than
205 Gy comparing to the patients with a lower tumor dose (26.7 versus 6.0 months, p-
value=0.0029); HR:0.34 (95%CI: 0.15-0.74, p-value=0.0063). This study has as primary
end point the response rate of the index lesion at month 3 according to European Associ-
ation for the Study of the Liver (EASL) criteria. The overall response rate was higher in
the dosimetric arm than in the standard arm (71.4% versus 35.7%); p-value=0.0074). The
study also observed higher complete and partial responses and less stable or progressive
disease in the dosimetric arm compared to the standard arm.

1.6.3 Large-scale international, national, and single center studies

Here, a few international (European), national (the UK and US), and single-center
(Chicago) studies providing result in large cohorts are described:

— ENRY (European Network on RE with *°Y Resin Microspheres): A Eu-
ropean evaluation of the survival after resin microsphere SIRT in 325 HCC patients
reported a median OS of 12.8 months which varied significantly by disease stage
(see figure 1.12). The authors claimed that SIRT provided a substantial impact on
the disease course, including in patients with advanced disease with few treatment
options available [127].

— UK National program for SIRT for mCRC: This study evaluate the current
SIRT practice (both resin and glass microspheres) in UK [128]. The results showed
a median OS of 7.6 months and a median PFS of 3 months in 399 patients. They
also reported a high-grade adverse event rate of 8%.

— MORE study (US experience): MORE was a retrospective analysis of the
outcome of 606 patients with unresectable mCRC treated with resin microspheres.
A report of this long-term follow-up study after the death of 574 patients showed
a median OS of 10.0 months. The authors claimed that this was evidence of a
favorable survival benefit [129].

— A message from Chicago: Northwestern Memorial hospital is one of the leaders
in implementing SIRT in liver cancer management. In 2014, the treatment team
reported their twelve-year experience with SIRT for mCRC in 214 patients. They
reported a median OS of 10.6 months after first SIRT procedure [130]. They also
reported their 15-year experience of SIRT in 1000 HCC patients [131]. In Child-
Pugh A patients, censored OS for BCLC A, BCLC B, BCLC C were 47.3, 25.0,
and 15.0 months, respectively. In Child-Pugh B patients, censored OS for BCLC
A, BCLC B, BCLC C were 27, 15.0, and 8.0 months, respectively. About 5% and
11% of the patients developed grade 3/4 albumin and bilirubin toxicities. Based
on experience in 1000 HCC patients, SIRT was adopted as a primary treatment for
HCC in their center in 2018 .

These studies show that SIRT can be considered as a promising alternative in selected
patient groups.

Shttps://clinicaltrials.gov/ct2/show/NCT02582034
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Figure 1.12: Adapted from [127,132], with permission: Kaplan-Meier OS curves of patients with
HCC treated with resin microsphere SIRT stratified by BCLC stage.

1.6.4 SIRT in the guidelines

Several prospective and retrospective studies suggested SIRT as a safe and effective al-
ternative for the management of hepatic malignancies. This was reflected in different
guidelines:

ESMO- European Society for Medical Oncology (HCC), 2018: This guide-
line mentioned the use of SIRT in some circumstances: patients with liver-confined
disease and excellent liver function who could not be considered for TACE or sys-
temic therapies. For patients with small tumors waiting for liver transplantation,
SIRT was suggested to be used instead of TACE [133].

ESMO (mCRC), 2016: SIRT was noted as a good alternative for potential
resection candidates with a small future liver remnant. Also, it was mentioned
that SIRT should be considered for patients with liver-only disease who are not a
candidate for chemotherapy [32].

NCCN- (US) National Comprehensive Cancer Network (HCC), 2017:
SIRT was mentioned as an alternative treatment for unresectable HCC [134].
NICE- (UK) National Institute for Health and Care Excellence (HCC),
2013: SIRT was mentioned for patients with unresectable liver-predominant dis-
ease with a good liver function who are not suitable for ablative treatments. NICE
also encouraged clinicians to enter patients into ongoing RTCs [135].

AASDL- American Association for the Study of Liver Diseases (HCC),
2018: Lobar SIRT was suggested for appropriate resection candidates with small
future liver remnant; this technique has been shown to treat the tumor and at the
same time enhance the healthy liver volume in the non-treated lobe. This treatment
modality also was mentioned as an alternative for TACE for large tumors and in
case of portal vein invasion [136].

APASL- Asian Pacific Association for the Study of the Liver (HCC),
2017: SIRT was noted as an evolving and promising option that can complement
or replace TACE [137].

EASL- European Association for the Study of the Liver (HCC), 2018:
The effect of SIRT in tumor control was described. Also, for patients who are not
eligible for surgery, SIRT could be performed for patient preparation and to improve
the liver condition to be reconsidered for hepatic surgery. This is mostly due to its
ability to induce hypertrophy in the liver lobe contralateral to the target [18].
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1.7 SIRT procedure
A typical outline of the SIRT diagnostic-therapeutic path includes several steps:

pre-therapy tumor evaluation

patient selection

pre-treatment work-up

clinical evaluation by multi-disciplinary tumor board and therapy planning
therapy procedure

post-treatment evaluation

follow-up and response monitoring

N Ot W=

These steps will be discussed in detail in the following sub-sections.

1.7.1 Pre-therapy tumor evaluation

Liver metastases usually are diagnosed through non-invasive imaging at diagnosis or in
the follow-up of a primary tumor. Further procedures to provide information on which
the treatment plan will be based upon may include: additional imaging of the liver tu-
mors (ultrasound, MR), imaging of other body parts (to identify primary tumors and/or
metastases) including nuclear medicine imaging, biopsies, blood tests (liver function,
other organ function, tumor marker).

Cross-sectional imaging, e.g. CT, MR, whole-body PET with 2-['*F]fluoro-2-deoxy-
D-glucose (['*F]FDG), and somatostatin receptor PET with [*®CGa)Ga-DOTA-TATE,
is usually performed before treatment to evaluate the volume and condition of liver
parenchyma, the hepatic vasculature, intrahepatic tumor characterization, as well as
presence and extent of extrahepatic lesions.

MR sequence || HCC | hypervascular metastases
T1 variable hypointense
T1 (arterial) heterogeneous hyperintense hyperintense
T1 (venous) iso- or hypointense iso- or hypointense
T1 (delayed) variable (most often hypointense) hypointense
T2 variable (most often hyperintense) marked hyperintense
DWI slightly hyperintense hyperintense

Table 1.4: Appearance of hypervascular liver tumors on different MR sequences

The vascularity of malignant lesions plays a critical role in SIRT. Hepatic malignan-
cies generally receive their blood supply from the HA, but they can be either hypo-
vascular or hypervascular when compared to the surrounding liver parenchyma. Liver
metastases from colorectal carcinoma, lung, gastric, and breast cancers are commonly
hypovascular, while hepatic metastases from kidney, thyroid, neuroendocrine cancers,
and melanoma are usually hypervascular [138]. Following ablation (radiofrequency, mi-
crowave, and cryoablation), the tumors can be avascular, and post chemotherapy or
chemoembolization, tumors can be isovascular [139].

— Hepatic metastases and ICC: For patients with metastatic tumors or intra-
hepatic cholangiocarcinoma, a baseline CT, usually using contrast-enhancement, is
preferred for the assessment of some tumor types. In CT imaging, most of the hep-
atic lesions are slightly hypo-attenuating in non-contrast enhanced and portal phase
enhanced imaging. A multi-phase ceCT can be used to assess tumor hypervascu-
larity and washout; for better visualization, a late arterial phase for hypervascular
and a portal venous phase for hypovascular tumors is preferred.

Also, [**F]FDG-PET imaging may be performed for lesion detection [140]. A higher



38

CHAPTER 1. INTRODUCTION

signal in ['**F]FDG-PET can be examined to locate the intra- and extrahepatic ma-
lignancies, determine their size, discriminate viable tumor cells from a necrotic part
and evaluate treatment response. The most common ways for automatic lesion def-
inition on PET are thresholding using a fraction (e.g. 40 or 50%) of the maximum
Standardized Uptake Value (SUV), adaptive thresholding, or applying a relative
threshold after background subtraction [141].

Sometimes MR imaging is performed to evaluate liver metastases. Some of the hep-
atic metastases (i.e. hypervascular metastasis) show hyper- or hypointense signals
on different MR sequences (see table 1.4).

HCC: In patients with HCC, contrast-enhanced MR or CT is preferred for tumor
evaluation, with MR being superior over CT [142].

The MR examination generally consists of T1 and T2 and DWI. An increased signal
in DWI reflects the hypercellularity of the tumor. Contrast-enhanced T1 and DWI
are the most important MR sequences for HCC tumor assessment (see table 1.4).
mNET: For patients with grade 1 or 2 mNET metastases, ['*F]JFDG-PET is infe-
rior due to low FDG-avidity in the majority of lesions. [**Ga]Ga-DOTA-TATE is
currently the best PET tracer for this tumor type.

1.7.2 Patient selection

SIRT is generally known as a well-tolerated treatment with a low frequency of serious
adverse events [143]:

post-embolization syndrome, which consists of (1) immediate short-term abdomi-
nal pain in 25% of the patients which caused by transient hepatic ischemia and is
linked to a higher number of administered microspheres, (2) slight fever for several
days in 5% of the cases, and (8) fatigue (in half of the patients) and mild nausea
(in 20% of the patients) for up to 10 days after therapy.

rare non-target radiation-related complication, like stomach or duodenal ulcers,
cholecystitis, pancreatitis, abdominal wall pain (with even necrosis), due to dose
deposition from microspheres that followed arterial branches into these sites.
radioembolization-induced liver disease (REILD) due to irradiation and inflamma-
tion of the normal liver parenchyma.

microsphere radiation pneumonitis due to substantial lung shunt.

Careful patient selection is imperative in SIRT to achieve a safe and efficient outcome.
Patient selection for SIRT demands a multi-disciplinary investigation on two different
levels: (1) initial clinical evaluation: the patient’s general condition, physical exam-
ination, laboratory results, and imaging findings, and (2) analyzing the pre-treatment
work-up result, using angiography, [gngc] Tc-MAA-SPECT, and planar imaging. Hence,
the ultimate confirmation of the eligibility of the patient for SIRT treatment will be after
pre-treatment work-up.

Absolute contraindications for SIRT include:

decompensated cirrhosis

insufficient baseline liver function

significant extrahepatic disease which determines the patient’s prognosis

a life expectancy of fewer than three months

pregnancy

any contradiction regarding intra-arterial treatment in general

uncorrectable risk of activity accumulation in gastrointestinal tract based on vas-
cular anatomy or [**™Tc]Tc-MAA scan

uncorrectable lung shunt fraction (LSF) leading to a dose of more than 30 Gy (single
session) or 50 Gy (split session) based on the planar image after [*"Tc]Tc-MAA
injection

history of prior external beam radiation therapy to the liver
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Besides these absolute exclusive contraindications, some aspects should be considered
for each patient to tailor the treatment process:

— tumor burden: excessive tumor involvement (e.g. more than 70% of the liver mass
especially in diffuse bilateral involvement can be a relative contraindication.

— tumor hypervascularity: for tumor tumors with no hypervascularity, radiation seg-
mentectomy is an option

— Bile duct occlusion or incompetent papilla (biliary stents or Whipple procedure)

— significant intractable or refractory ascites

— previous extensive chemotherapy

1.7.2.1 PVE dilemma: contraindication or indication?

PVE, resulting from a direct tumor invasion into the portal vein, is a significant concern
in patients with HCC. It occurs in one-third of the patients. Compared to HCC patients
without portal vein invasion, patients with PVE have shortened survival; e.g. when sup-
portive care was provided, OS of 2 to 4 month was reported for HCC patients with
PVE, which was shorter than 10 to 24 month OS in HCC patients without PVE [144].
Sorafenib is the current standard of care for these patients.

Previously, the existence of PVE was considered as a relative (sometimes absolute)
contraindication to SIRT because of the high perceived risk of liver infarction or de-
compensation due to loss of arterial and venous flow. Recently, because of the limited
microembolic effect, in particular of glass spheres, SIRT has been reported to be both
safe and effective for patients with PVE, which can also result in re-vascularization of
the portal vein [145]. When considering SIRT for these patients, detailed dosimetry,
including absorbed dose to the PVE as an additional compartment, could be beneficial
for patient selection, therapy planning, and treatment evaluation.

1.7.2.2 Considering the QoL and cost-benefit in patient selection

Generally, in oncology, treatments are evaluated in terms of efficacy (tumor respons,
survial) and toxicity. Nevertheless, for up to 95% of the patients who have advanced can-
cer, the QoL is at least as important as the life expectancy, especially in a non-curative
setting [146]. For example, a study comparing TACE and SIRT for HCC patients, con-
cluded that SIRT resulted in a significant increase in several QoL features [118]. Besides
QoL, in cost-effect comparison, SIRT has been shown to induce a lower total lifetime cost
compared to sorafenib for HCC in the UK (£21,441 versus £34,050, respectively) and
conventional transarterial chemoembolization in the US ($31,000 versus $48,000, respec-
tively). Rognoni et al. suggested an expected global saving of about 7 million euro in 5
years by progressive increased utilization rates of SIRT over sorafenib [147].

1.7.3 Pre-treatment work-up

The first phase after identifying a patient as potential candidate for SIRT is the pre-
treatment work-up, which will serve as the basis for the treatment planning. This con-
sists of two essential imaging studies: (a) an angiography to investigate the gross vascular
anatomy and to evaluate tumor perfusion. During this angiography, the sites where the
catheter will be positioned in the arterial tree during microsphere injection are identified.
In many cases, some vessels are embolized in order to isolate the arterial supply to the
liver from other structures. This is often followed by a valuable new modality, dual-
phase contrast-enhanced CBCT imaging showing the perfusion territory of each catheter
position and indicating the hyper- or hypovascular nature of the tumors, (b) administra-
tion of [**™Tc]Tc-MAA particles at each proposed catheter position followed by planar
imaging and SPECT/CT to predict the intra- and extrahepatic distribution of the mi-
crospheres. The combination of [**™Tc]Tc-MAA simulation and hepatic angiography can
be used for:
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— confirming the appropriateness of SIRT for the patient

— finding the best treatment strategy (bilobar, lobar, segmental, supra-selective)

— identifying the configuration of the liver-feeding vessels

— confirming the hypervascularity of the tumors by visual tumor blush on angio-
graphic images and high density areas on CBCTs

— optimizing the catheter tip position and coiling to assure more favorable tumor
coverage, optimal normal liver parenchyma sparing and minimal deposition of the
activity in extrahepatic sites

— visualizing the potential shunt to the gastrointestinal tract via tiny accessory ar-
teries using angiography, CBCT and [**™Tc]Tc-MAA-SPECT/CT

— assessing the microsphere uptake in the tumors and non-tumoral liver parenchyma,
which can serve as the basis for IA planning

Because rapid revascularization of these vessels can occur, the treatment team should
try to perform the treatment as close as possible to the pre-treatment work-up to avoid
unexpected extrahepatic activity uptake. Generally, this angiography aims to detect
the best catheter tip position in the work-up and therapy session for maximal tumor
coverage and sparing as much as possible the non-tumoral liver and extrahepatic sites. A
contrast-enhanced CBCT is beneficial for identifying incomplete tumor perfusion and/or
extrahepatic perfusion. CBCT imaging is used in 78% of the European centers to verify
tumor coverage (67%), extrahepatic deposition assessment (5%), and extract volumetric
information (30%) [85].

After careful analysis of the arterial perfusion and determination of the proper catheter
position(s) during the angiography, with or without CBCT, [*°™Tc]Tc-MAA particles
(with density and average size close to resin microspheres; see table 1.2) are administered
slowly at the selected catheter tip positions matched to planned draining regions, to
simulate the biodistribution of therapeutic microspheres.

Thereafter, the patient is transferred as quickly as possible to the nuclear medicine
department, and without much delay (preferably within less than one hour [148]) a pla-
nar image and SPECT/CT are performed to determine the extent of activity deposition
in organs at risks (non-tumoral liver tissue, lung, extrahepatic intra-abdominal sites),
and tumor coverage. Sticking to this time-frame is important to avoid an overestimation
of the LSF [148] and to a lesser extent to avoid free technetium-99m uptake in thyroid
and stomach, which may result in a misinterpretation of hepatopulmonary and gastroin-
testinal shunting; activity uptake in thyroid and stomach can be suppressed by giving
intravenous perchlorate [149]. Usually, a planar (anterior / posterior) scintigraphy of the
trunk is performed to measure the LSF. To calculate the LSF, total counts inside regions
of interest drawn over the lungs and the entire liver are combined using the geometric
mean of the anterior and posterior views of the planar image. A planar-based shunt
calculation (which is shown to overestimate the lung shunt [150-152]) is usually used
for activity planning as described in section 1.7.4. If the observed LSF might be due
to excessive [?™Tc]Tc-MAA degradation (e.g. scan several hours after injection), a new
simulation can be envisioned [153,154].

However, the accuracy of the prediction made using [**™Tc]Tc-MAA, is uncertain.
Possible reasons for a mismatch between [**™Tc]Tc-MAA and therapeutic microspheres
are:

— the irregular shape of the [**"Tc]Tc-MAA that is different from the therapeutic
spheres

— the discrepancy between [**"Tc]Te-MAA and microsphere size and size distribu-
tion; the small [**™Tc]Tc-MAA particles can go further in the vascular tree and
the smallest fraction of the [*°™Tc]Te-MAA size distribution can potentially pass
through the liver capillary bed:

— resin microspheres have a size range of 20 to 60 um; more than 90% of the
microspheres in the vial have a size between 30 to 35 um.
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— for the [*"Tc]Tc-MAA particles, ~20% of them are smaller than 20 pm;
~45% and ~20% of them have a size in the range of [20, 30] and [30, 40] pm,
respectively; and ~15% of the particles are bigger than 40 pm [155].

— the number of simulation particles and the number of administered microspheres
are markedly different, the number of administered resin microspheres is in the
order of 300 times higher than the number of injected [*™Tc]Tc-MAA particles

— the in vivo stability, in particular in the arterial tree with its high blood pressure,
is much less for [*""Tc]Tc-MAA than for therapeutic microspheres, with clinically
significant impact on LSF if measured at several hours interval [148,156]

— the infusion rate of [**"Tc|Tc-MAA is operator-dependent and can be different
from the microspheres administration rate

— catheter tip positioning can be different between simulation and therapy session

— catheterization close to an arterial bifurcation or small arterial branch [157], with
preferential flow in one branch during simulation and in the other branch during
treatment

— temporary vessel spasm during pre-treatment work-up

— extent of tumor burden [158] with better agreement on bigger tumors

On the other hand, the value of [*"Tc]Tc-MAA simulation in SIRT treatment plan-
ning has been shown in several studies. Strigari and Flamen reported a good correspon-
dence between [*™Tc]Tc-MAA and resin microsphere distribution of 80% and 100% of
the cases, respectively [75,159]. This correlation was confirmed later by Kao et al. for
tumor dose determination [160, 161].

1.7.4 Therapy planning

Based on the result of the pre-treatment work-up and treatment intent of the tumor
board, treatment planning can be conceptually performed in different settings:

— salvage setting: SIRT performed in patients with liver-limited or liver-dominant
tumors to prolong the time to tumor progression.

— adjuvant or consolidation setting: SIRT used in the first- or second-line to-
gether with a primary treatment (e.g. chemotherapy) to impact the few remaining
cells.

— neoadjuvant setting: SIRT conducted prior to surgery in potential resection
candidates. In some patients with small functional liver residual volume, practicing
SIRT can induce contralateral liver hypertrophy. Plus, for patients initially unfit
for surgery due to tumor extent, SIRT may be employed for downstaging the tumor.
These two approaches aim to increase the possibility of resection.

— curative setting: In hypervascular tumors with potential super-selective catheter-
ization (i.e. tumor(s) in a single small LPT), SIRT could be considered as a cu-
rative option. In this setting, [*°™Tc]Tc-MAA needs to confer a high tumor up-
take/absorbed dose, near-complete tumor coverage, and limited pre-defined LPT
without significant activity leakage. In cirrhotic HCC patients, this can be com-
plemented with a liver transplantation, which can be considered as a complete
cure.

Radiation pneumonitis is one of the most serious reported complications of SIRT,
which may cause impairment of respiratory function and can be lethal. The general
assumption to avoid radiation pneumonitis, adapted from EBRT, is to keep the mean
lung dose below 30 Gy for a single treatment and below 50 Gy for the accumulated
absorbed dose in multiple SIRT; in resin microsphere’s package insert, instead of using
a criterion based on the estimated lung absorbed dose, LSF is used to (1) reduce the
prescribed IA by 20% and 40% when the LSF is between 10 and 15 % and between 15%
and 20%, respectively; (2) consider SIRT contraindicated for patients with a LSF>20%.
The current gold standard for predicting lung absorbed dose before treatment is planar
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[*"Tc] Te-MAA scintigraphy without accounting for attenuation or scatter effects. How-
ever, it has been confirmed that this method is conservative and the resulting estimated
lung absorbed dose exaggerates the real lung dose [162] due to tissue overlap, lack of
attenuation correction and neglecting of differences in tissue density between lung and
liver tissue, the use of an estimated lung mass instead of the actual mass of the lung [163],
and time-dependent degradation of the [?°™Tc]Tc-MAA particles.

Historically, IA planning has been performed using pragmatic methods, which have
been designed to be safe for an average patient with an average liver according to histor-
ical data. Consequently, the use of these pragmatic methods has produced a wide range
of outcomes, from under-dosing the tumor to overdosing the non-tumoral liver. So, this
approach can have a high risk of hepatotoxicity in patients with decreased liver volume
because of surgical resection. These pragmatic methods have been criticized by experts
for many years and have been replaced by more scientific and patient-tailored methods.

Currently, the number of centers performing patient specific IA determination is in-
creasing. Some centers take into consideration the viability of tumor, patient condition,
and a specific desired therapy outcome (e.g. tumor ablation, radiation segmentectomy,
tumor down-staging, etc) by planning to meet a target dose to the tumor or not to ex-
ceed the safety limit of the non-tumoral liver dose. In calculating the absorbed dose,
T/N ratio is one of the key parameters. An estimation of T/N ratio, which can be
easily obtained from several regions of interest (ROIs) over the [**™Tc|Te-MAA-SPECT
image, could give a first estimate of the selective accumulation of activity within the tu-
mor. Some authors consider a ratio of 2.0 (or sometimes 1.0) as an predictor for therapy
outcome [159,164].

Voxelized dosimetry for TA prescription is still under investigation. In this method,
one can verify the heterogeneity of absorbed dose in each compartment by analyzing
some DVH parameters corresponding to an TA. Multi-modal voxelized dosimetry is in a
research phase, which uses a combination of morphological and functional imaging and
image processing techniques (i.e. image registration and segmentation) to extract clinical
relevant data from images performed before treatment, and to simulate the irradiation
and its heterogeneity within different defined VOIs (various tumors, LPT). This method
still requires large trials to set optimized dose limits (i.e. explore dose-effect relation-
ships), which could be different from patient to patient based on factors affecting the
tumor compartment (tumor type, tumor stage) and factors affecting the non-tumoral
liver compartment (presence of cirrhosis, liver function, previous therapies) and finally
the aim of the treatment.

A patient-tailored TA prescription for each of the selected branches of HA is the art
of balancing many aspects like patient condition (clinical, imaging and laboratory data),
liver condition (e.g. previous radical chemotherapy or SIRT, liver cirrhosis), treatment
goal (extension of overall survival, prolong the time to progression, tumor downstaging or
reducing the tumor burden while preserving the functional capacity of non- tumoral liver
parenchyma, or palliation of the symptoms), and tumor characteristics (tumor type,
tumor load, tumor distribution, and anatomy of the tumor-feeding vessels). Several
methods are outlined in guidelines, resin microsphere package insert, recommendations,
and literature for an optimal TA calculation. A European questionnaire among interven-
tional radiologist in 2018 reported that in 80 and 16% of the centers, the body surface
area (BSA) and empirical methods are used for calculating the prescribed IA for resin
microspheres [85]. Also, 36% of the centers practiced PM in their clinical workflow.

1.7.4.1 Empirical method

This method has been developed for resin microspheres in 1989 [165] and is currently
abandoned. This is the crudest method as it prescribes a fixed TA which depends only
on the tumor burden.

With the empirical method, a standard activity based on the tumor burden in the
liver is recommended; for a tumor involvement of more than 50% of the liver, the TA is 3.0
GBq; for 25-50% tumor involvement, 2.5 GBq; and for less than 25% tumor involvement,
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2.0 GBq. This activity must be decreased by 20% and 40% in the case of a LSF of 10-
15% and 15-20%, respectively. To split the IA in the right and left lobe injection, it is
proposed to administer 30% of the planned TA into the artery feeding the left lobe and
the rest into the artery feeding the right lobe.

Disadvantages:

— Historically, this method was designed to choose the safest and most effective TA
planning. Later, this technique was shown to expose patients to the risk of unnec-
essary REILD or tumor under-dosage. Kennedy et al. reported radioembolization-
induced liver disease (REILD) in 28 of 680 RE treatments by employing resin mi-
crospheres. From these 28 treatments, 75% of the treatments were planned using
the empirical method [166].

— It restricts the IA up to 3 GBq. In some patients, an IA of more than 3 GBq can
be applied safely with a better tumor control.

— It determines the TA just by considering fractional tumor involvement, e.g. the
actual size of the tumor and the liver are not taken into account. Also, the physician
has no control over the dose in any VOI.

— Total calculated IA is divided into liver lobes based on their (assumed) volumes
(not their tumor involvement or intralobar activity distribution); it is not designed
for prescribing A for other LPTs, e.g. liver segments.

1.7.4.2 BSA method

This pragmatic method, which prescribes an IA based on anthropometric parameters
(patient weight and height) together with tumor load, was developed to overcome high
toxicity, which was observed in a lot of patients when using the empirical method. In the
BSA method, a hypothetical liver volume is derived based on the patient body surface
area [167], which was used together with the lung shunt fraction and tumor burden to
prescribe an TA:

IABSA [GBq] =

(BSA[m2]70.2+(tum0r involvement)) X (LPT volume fraction) x (lung shunt modifier),
(1.12)

where tumor involvement is the fraction of the tumor in the defined volume (liver or
LPT, when the latter is used, this is called modified-BSA) and BSA is the body surface
area of the patient in m? which is calculated using the Dubois formula [168]:

1.275

BSA[m?] = 0.20247[%] x height[m]* ™ x weight[kg] 2’ (1.13)
o

Similar to the empirical method, it is advised to decrease this IA by using a lung shunt
modifier of 80% and 60% in the case of a lung shunt fraction of 10-15% and 15-20%,
respectively.

A modified version of BSA, in form of lookup tables, was used in SIRFLOX, FOX-
FIRE, and FOXFIRE-global trials [169], where similar to the basic BSA method, pre-
scribed TA is increased in proportion to the BSA of the patient and reduced based on
LSF. In basic BSA, prescribed IA is first increased linearly with tumor involvement; but
in this more conservative approach, for a given body surface area of the patient and LSF,
prescribed IA is first increased with the increase of tumor involvement from 0 to 50%
but for a tumor involvement above 50%, it is gradually decreased (see figure 1.13).

Advantages:

— It is relatively simple and user-friendly.
— The method is moderately safe.
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— There is a large historical dataset describing the clinical use of this method.

Disadvantages:

This method estimates the size of the liver from the body surface area; the concept
of this method is based on a moderate correlation (r*=0.46) that has been found
between the body surface area (BSA) and total liver volume in a study in 2002
[167]. The actual volume of the liver is readily measured from CT or MR images
and can be used instead. With the availability of anatomical imaging techniques,
subjecting patients to a pragmatic method to estimate the size of the liver is highly
questionable.

This method limits the TA to the patient body surface area; the essential component
of the formula is body surface area (for a standard human, body surface area is
1.73 m?); so, large patients with small liver receive a relatively high dose to the
liver; for patients who had liver resection before, there is a high risk for liver
toxicity [170,171].

The physician has no control over absorbed dose in the lungs and healthy liver
tissue and tumor in each liver lobe/segment. It is not corrected for intrahepatic
distribution of the microspheres (e.g. T/N ratio)

Total calculated IA is divided over different defined VOIs based on their volumes
(not their tumor involvement or therapy activity distribution). It is not optimal
for patients with unilobar disease.

Comparing IA by sirflox look-up table and BSA for LSF=10%
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Figure 1.13: Representation of the injected activity recommended by the BSA method and
SIRFLOX lookup table for an LSF of less than 10% as and different body surface area as a
function of tumor involvement. For almost all bins, there is a reduction of injected activity for
SIRFLOX look-up table compared to classical BSA.

Although there are some patient-specific parameters included in the BSA formula,
nuclear medicine experts do not acknowledge this approach as an optimized treatment
planning because it is based on anthropometric parameters and does not represent the
patient-specific clinically relevant parameters, i.e. T/N ratio and the actual achieved
doses. This may sacrifice the efficiency for safety for a large population of the patients.
For example, Bernardini et al. observed no correlation between the BSA-based prescribed
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IA and T/N ratio or tumor burden [172]. In a similar study, Lam et al. did not find a
correlation between the BSA-based IA calculation and whole liver dose [171].

One general misconception is that “the BSA method is conservative, i.e. that it can
only lead to under-treatment, never to over-treatment.” BSA will be safe in many cases.
Still, the assumption of correlation between the body surface area and liver weight may
also result in liver toxicity, if the liver or tumor uptake deviate from the “average” patient
(i.e. for tall patients with small liver, small cirrhotic liver, previous liver resection).
Sangro et al. reported a 22.7% incidence of REILD for 75 patients treated with the
BSA method (13% severe and 5% fatal) [173]. After adapting the prescription strategy
(10-20% IA reduction), their subsequent 185 patients experienced a significantly lower
REILD disease incidence of 5.4% (2.2% severe and 0.5% fatal; p-value=0.0001).

1.7.4.3 MIRD method

The MIRD method is the simplest dosimetric method. It takes into account the dose
that is deposited by the IA in the targeted volume. Compared to the BSA method, in
the MIRD method, the actual liver/LPT volume obtained from CT or MR is employed
to control the mean absorbed dose to the total liver/LPT, by assuming a uniform activ-
ity distribution. So, it disregards the heterogeneity of the activity within the perfused
territory and does not make a distinction between the tumoral and non-tumoral com-
partment. The MIRD calculation assumes that the activity uptake in the tumor and
non-tumor compartment is identical and perfectly uniform. By implementing these as-
sumptions into the basic MIRD methodology, one can calculate an IA corresponding to
the desired absorbed dose to the total LPT:

Dplanncd,livcr X MasSliver

1A iver =
mis 49.87
_ _Dmaziung (1.14)
MIAwng = 15767 TS

IAMIRD - min(mIAliven MIAlung)

where MIAiung, mIAiiver and IAvrp are the maximum IA based on the safety limit
of the calculated lung dose (Dmagz,iung) by assuming a lung mass of 1 kg, minimum IA
based on the calculated liver dose (Dplanned,liver), and IA based on the MIRD method,
respectively.

Sangro et al. proposed an activity concentration of 0.8 GBq/1 to the entire liver (tu-
moral and non-tumoral) which is correspondent to an approximate 40 Gy for the entire
liver as the safety threshold to prevent REILD for resin microspheres, which can be used
in MIRD method [173].

Advantages:

— Compared to the pragmatic methods (i.e empirical and BSA method), it is more
“personalized” by providing control over clinically relevant parameters, i.e. the
mean absorbed dose to the lungs and liver which has a more scientific explanation.

— It has no theoretical limits on the amount of TA.

— This dosimetry method does not rely on [*"Tc|Tc-MAA as a surrogate of the mi-
crospheres within the liver parenchyma and tumor(s), which could be considered
a limitation when a potential discrepancy between MAA and therapeutic micro-
spheres is suspected (e.g. small or diffuse tumors).

Disadvantages:

— It considers a uniform therapeutic microsphere activity distribution within the liver
and neglects the actual spatial dose distribution of an individual patient; it assumes
that T/N ratio=1. So, the physician does not have control over the tumor and
normal liver parenchyma absorbed dose.
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The MIRD method is simple and has recently received a lot of attention. But the main
weakness here is the fact that it does not take into account the preferential accumulation
of microspheres in the tumor, which is the biological rationale for SIRT. The MIRD
method implies a fixed T/N ratio of 1 for all lesions and all patients. The idea of
incorporating the T/N ratio in the MIRD schema was the next step forward into the
personalized dosimetry (see next section).

1.7.4.4 Partition method

The PM is a dosimetric approach that takes into account the differential uptake between
the tumor and non-tumoral liver and was proposed in 1996 by Ho et al. [164]. This
method assumes uniform uptake within each compartment. By applying this method,
the physician has oversight over the tumor and non-tumor liver absorbed dose. This
method is a considerable step forward in treatment planning. This method is also based
on the MIRD model and has been validated in a series of studies [73,102]. Although
this method has been designated as the preferred method for treatment planning, it has
some drawbacks like reliance on the T/N ratio calculation method and the correlation
between [*°™Tc]Te-MAA and therapeutic microsphere distribution.

In the PM, the first step is calculating some parameters like the tumor and non-
tumoral liver volume (on CT, MR, baseline PET, or sometimes [**"Tc]Te-MAA-SPECT),
T/N ratio, and LSF. The next step is calculating the fractional activity uptake of each
compartment (i.e. tumor and non-tumor in each LPT):

- _ TMnon—tumor
FUnon—tumor = (1 LSF)(77%0“7t‘mm)r + T/N X Mtumor

T/N X Mtumor
MMnon—tumor + T/N X Mtumor

(1.15)

FUtumor = (1 - LSF)(

Here, FUnon—tumor and FU¢umor denote fractional accumulated activity in healthy liver
and tumor. Then, by making a decision for a safe absorbed dose threshold for the lung
and non-tumoral tissue and an absorbed dose criterion for an efficient treatment for the
tumor, the maximum and minimum IA can be calculated using the MIRD schema:

Dmaz,nonftumor X Mnon—tumor
MIAnon—tumor
4987 X FUnon—tumor
Dmin tumor X Mtumor
mI Atumor = ; (1.16)

49.87 X FUtumor

Dmaz lun
MIAnne = __Zmaz,tung
8 T 1987 x LSF

Here, M 1A« and mIAx denote maximum and minimum IA based on the maximum and
minimum calculated dose to theVOI x (Dmaz,z y Dmin,z); mx and FUx are the mass and
fractional activity uptake of VOI x, respectively.

In this strategy, historically, a dose of 40 Gy to the non-tumoral liver compartment
was considered a safe dose limit. This dose limit has been adapted from EBRT to avoid
inducing fibrosis in non-tumoral liver tissue. Because of the differences between SIRT
and EBRT (e.g. dose rates and uniformity of the absorbed dose), it is recommended by
several authors to perform further careful evaluations about non-tumoral absorbed dose
limit for SIRT. A non-tumoral absorbed dose limit of less than 80 Gy (70 Gy in cirrhotic
livers) was proposed in resin microsphere package insert, but absorbed dose of 70 Gy (50
Gy in cirrhotic liver) is discussed in the literature as the maximum acceptable non-tumor
liver absorbed dose [73,174]. For glass microspheres, higher absorbed dose criteria for
tumor (e.g. 205 Gy for HCC) and non-tumoral (e.g. 97 Gy for 50% probability of NTCP)
were recommended by several authors [73].

If the maximum IA for the lung and non-tumoral tissue are both greater than the
minimum IA for the tumor compartment, there is a therapeutic window, and every
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activity in this interval could be selected, based on non-dosimetric considerations as
explained previously. Otherwise, the safety limit to lung or liver will determine the
final TA. One of the drawbacks of this method are the technical problems dealing with
quantification of the dosimetric parameters in case of multifocal liver involvement and
ill-defined tumors.

It is also important to consider that the LSF is overestimated, especially when planar
imaging is applied. By using the MIRD and PM as originally proposed, any overesti-
mation in LSF will directly affect the dose and activity calculation of both lungs, tumor
and non-tumoral liver. So, in some centers for the calculation of TA for tumor and non-
tumoral limits (M IAnon—tumor and M I A¢umor), an LSF of 0% is used, i.e. it is assumed
that all administered activity would be deposited into the liver.

Advantages:

— It is more “personalized” than previous methods and as a dosimetry based method
has a more scientific basis; The physician has control over the mean absorbed dose
to the lungs, liver, and tumor(s).

— It can be easily extended to additional compartments: (1) predict absorbed dose
in every compartment which is defined by the physician can be calculated ( e.g.
liver lobes/segments, PVE), and (2) as individual tumors can be defined as an
independent compartment, a tumor-by-tumor based absorbed dose calculation is
feasible.

— It has no theoretical limits on the amount of TA.

Disadvantages:

— Tt assumes that [*"Tc]Tc-MAA is a realistic microsphere surrogate and has the
same T'/N ratio and LSF as *°Y-microspheres.

— It hypothesizes uniform yttrium-90 activity within each compartment, which is not
necessarily true.

— Any imprecision in image registration/segmentation could directly influence the
calculated absorbed doses and prescribed IA. This is particularly important when
compartments are delineated on one modality and transferred to another modality,
with potentially very important effects in small lesions.

— The calculations are too complex in some cases to be implemented in the clini-
cal routine, e.g. it needs a liver and tumor segmentation either on anatomical or
functional imaging, so it is unsuitable for tumors with ill-defined margins or diffuse
metastatic disease.

Calculating the T/N ratio is one of the main challenges in the PM, and there is no
standardized technique to do so [175]. Frequently, T/N ratio is represented on [*°™Tc]Tc-
MAA-SPECT image using:

A(tumor)

T/N = ————""—
/ A(non — tumor)

(1.17)

Where A(tumor) and A(non-tumor) are the mean of the activity concentration in (i.e. in
Bq/ml or counts/ml), which are usually measured using several pre-defined tumoral and
non-tumoral VOI or 2D-region of interest (ROI) in the [*°"Tc]Tc-MAA-SPECT space.
This calculation depends on the ROI/VOI definition method, the skills of the expert,
and deviates from tumor to tumor in case of multiple tumors. The applied method
to calculate T/N ratio has a considerable variation between different operators. These
methods can be classified into two different approaches: (1) thresholding the activity to
avoid manual segmentation and deal with diffuse and small tumors, (2) drawing some
2D ROlIs:

— Gulec et al. used max tumor counts and average liver counts [176] for thresholding.
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— Flamen et al. use the VOIs from thresholding the ['*F]FDG-PET for defining the
tumor ROIs and three circular VOIs with a diameter of 2 cm to define the tracer
concentration in the non-tumoral liver volumes [159].

— Campbell et al. threshold [**™Tc]Te-MAA-SPECT with a level for which the tumor
volume would be close to the volume of pre-defined tumors on a diagnostic contrast-
enhanced CT [177].

— Kao et al. segment the tumor manually on each transaxial slice of the activity
map [178].

— Arbizu et al. manually define ten identical ROIs (five as tumoral and five as non-
tumoral) [179].

— Garin et al. proposes using combined anatomical and functional information to
extract tumor regions, both in a phantom study and patient evaluation [180,181].

Another possibility is a fully anatomical tumor segmentation on CT, MR, or CBCT.
The disadvantage of the fully morphological process is a potential underestimation of the
tumor dose due to registration error or in the case of necrosis (including this portion in
the tumor compartment). On the other hand, a fully functional method on [**™Tc]Tc-
MAA-SPECT is prone to result in an overestimation of the tumor dose due to neglecting
hypovascular tumor areas because they do not show increased [gngc]Tc—MAA uptake.
In addition, there is a possibility of mislabeling a high uptake area within the non-tumoral
liver tissue as tumor. Also, this method faces problems arising from the partial volume
effect and the difficulty of setting a fixed threshold level for all tumors. To deal with the
latter, some adaptive thresholding methods haven been proposed in the literature [182].

When there are multiple tumors, there are even more substantial discrepancies in
the implementation of the PM. There is no consensus on calculating the T /N ratio for
tumor-specific dosimetry. The most used technique in the PM consists of extracting mass
of the tumor and non-tumoral compartment in anatomical space (e.g. CT or MR) and
estimating T /N ratio separately by using sample ROTs over different tumors on [ Tc] Tec-
MAA-SPECT. This facilitates the use of the PM in clinical practice, but inevitably
introduce a larger uncertainty in T/N ratio estimation. According to Mikell et al. these
effects can create a large uncertainty (factor of ~ 2.5) in estimating T /N ratio estimation
for glass microspheres [183].

1.7.5 Therapy procedure for resin microsphere

On the day of treatment, the following steps are performed: patient preparation and
lab tests (liver, renal, and hematological checkup), activity preparation, catheterization,
activity administration and (if possible) post-administration activity verification, and
post-treatment imaging. The administration set is typically delivered a day before to
the nuclear medicine department. For resin microspheres, this set, which is designed to
optimize the radiation safety and administration and handling process, contains:

1. one (or sometimes two) vial(s) carrying 3 GBq £ 10% of ?°Y-microspheres cali-
brated at 23 h GMT in pyrogen-free water, which can be used up to one day after
calibration,

2. a so-called V-vial that should be used for preparing the prescribed TA. This vial

allows maximal retrieval of its contents by using an inserted needle

an acrylic holder of the V-vial,

a syringe shield which should be used during injected activity preparation,

5. connecting tubes and needles.

=

The TA, prescribed by a nuclear medicine physician, is prepared by a technologist in the
laboratory following the manufacturer’s instruction and local radio-pharmacy regulations
at a time as close as possible to the time of administration. First, the prescribed IA is
taken out of the vial received from the manufacturer using a reentrant type radionuclide
calibrator or activity meter. Then, it is placed into a V-vial, that, for the administration,



1.7. SIRT PROCEDURE 49

will be shielded by a plastic delivery box to minimize radiation exposure. The accuracy
of the activity calibration in this step is paramount because it can affect all quantitative
measurements and delivered absorbed doses. A typical activity calibration is performed
by measuring the bremsstrahlung production, which may vary with container geometry,
container material, placement and thickness, the volume, and homogeneity of the source.
It is the task of the medical physics expert to calibrate and control the quality of the
used equipment, such as the radionuclide calibrator or activity meter [184, 185].

For resin microspheres, the delivered activity is provided by the company with an
accuracy that is claimed to be within 10%. A study shows a difference of 20% between
on-site activity measurement of the V-vial and the vendor claimed activity of the shipping
vial [186]. According to the recommendation of the American Association of Physicists
in Medicine on dosimetry, there could be a deviation of up to 26% between measured
and manufacturer indicated activity [153]. So, further study is required to evaluate
cross-calibration with regard to a primary laboratory [187].

The administration step consists of repositioning the catheter at the same positions
within the HA tree as during the pre-treatment work-up. Extra angiography mapping
is performed to verify the catheter positioning. This also allows to assess the possible
development of arteriovenous anastomoses in the time window between pre-treatment
work-up and the therapeutic procedure; further coil embolization can be performed, if
needed. The intra-arterial infusion of the therapeutic microspheres is performed under
fluoroscopic guidance with attention to sphere reflux. After slow administration of the
prepared activity, 20 cc saline is flushed to wash the whole path (vial, catheter, ...). To
determine the extent of the residual activity after administration, the radiation exposure
of the set from an equal distance (30 cm from center of the box) is measured before and
after administration and the relative value can be taken as a measure for the residual
activity.

One hour after treatment, the patient is moved to a hospital room for an over-night
stay, in line with local radiation regulations. Careful clinical follow-up is required in the
first six weeks to diagnose potential side effects caused by extrahepatic activity deposition
and REILD.

1.7.6 Post-treatment evaluation

For patient safety and treatment verification, post-treatment imaging should be per-
formed to visualize the deposition of the microspheres after treatment and to identify
possible accumulation of the activity in non-target organs as a verification of the pre-
treatment prediction of the activity distribution.

Historically, it was suggested to perform a “SPECT” scan that has been setup to de-
tect bremsstrahlung radiation with an energy of 50 keV or more that is emitted because
of interaction between 3 particles and the soft tissue in 2.23% of the electrons. Making
a quantitative reconstruction of a BECT acquisition is challenging and usually not per-
formed in a routine clinical setting for a number of reasons: (1) the continuous energy
spectrum of the bremsstrahlung photons and lack of photopeak which makes the energy
window based scatter and attenuation correction very challenging, (2) uncertainty of the
source position of the S~ emission; before releasing the bremsstrahlung, the 8 particles
have traveled up to a few millimeters, and (3) pronounced collimator septa penetration
of the high energy photons. Therefore, these images are usually used qualitatively to
visually verify the placement of the microspheres in the liver and to look for potential
extrahepatic deposits. Together with a low-dose CT scan, localization of BECT is much
easier.

Quantitative imaging of the actual distribution of the spheres can, on the contrary, be
performed using °°Y-TOF-PET imaging. This assessment allows to determine the actual
delivered doses on the tumors and healthy liver. Optimizing a *°Y-PET procedure is
not trivial: (i) the count rate is very low as there are only 32 internal pairs produced
per million events with related Poisson noise; (ii) for a certain PET detectors (e.g.
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LSO based crystals), the natural radioactivity inside the detector material will be non-
negligible and this will influence the count rate. But it has been shown that by using the
TOF technique, quantitative imaging of the distribution of the microspheres is feasible
with acceptable accuracy and high resolution. Post-treatment imaging is performed
in almost all European centers g93%) by performing °Y-BECT/CT (53%), *°Y-PET
imaging (34%), and stand alone “°Y-BECT (19%) [85].

Some authors proposed advanced reconstruction methods mostly by utilizing MC
modelling to reach an error level of less than 10% in **Y-BECT phantom imaging £73}.
On the other hand, a multi-center study (QUEST) shows that dosimetry based on *°Y-
TOF-PET imaging is reproducible. Generally, °°Y-TOF-PET imaging is widely accepted
to be superior to clinical *°Y-BECT imaging in different aspects like spatial resolution,
clinical availability, and sufficient accuracy to perform post-treatment dosimetry.

1.7.7 Follow-up

Follow-up imaging is recommended usually after one to three months and every three
months thereafter to evaluate the treatment, to consider additional SIRT procedures, or
to alter treatment strategies. The response to SIRT in hepatic tumors could be assessed
by employing imaging findings, evaluating tumor markers, and pathology results. Several
methodologies have been established to determine the tumor response:

1. Anatomical response evaluation methods: Response Evaluation Criteria in
Solid Tumors methods (RECIST [188], RECIST 1.1 [189], and mRECIST [190])
or EASL [191] are widely used for assessing tumor response. The mRECIST uses
the single largest diameter of the viable tumor, which is defined as the tumor with
hyperenhancement in the arterial phase. This method is currently the standard of
radiological response assessment in HCC. This method is primarily based on ceCT
or T1 contrast-enhanced MR imaging. Some authors suggested the usefulness of
other MR sequences for HCC response evaluation [192].

2. Functional assessment (EORTC [193], PERCIST [194]), or apparent dif-
fusion coefficient -ADC- change: For liver metastases and ICC, evaluating
the tumor response based on [18F}FDG-PET has been proposed in several stud-
ies. Some authors claimed that this monitoring technique is superior to anatomical
evaluation because a tumor cell viability can be heavily impaired before anatomical
size changes are present and it allows to distinguish massive necrotic areas more
readily [195-198].

On follow-up imaging, different levels of response can be documented [199]:

1. complete response: the disappearance of all target lesions,

2. partial response: decrease of the tumor beyond a predefined threshold compared
to the baseline image,

3. progressive disease: increase of the tumor beyond a predefined threshold com-
pared to the baseline image or appearance of new lesions,

4. stable disease: any case that does not qualify for either of the above conditions.

Response evaluation follow up is performed by using CT and MR, PET/CT, and PET
stand alone in 72, 72, 35, and 2% of the European centers, respectively [85].
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1.8 Objective and main contributions

The main aim of this Ph.D. project is to develop a patient-specific and precise dose-
prediction and dose-measurement method along with the development of the steps how
to achieve this in clinical practice by employing advanced imaging and image processing
methods.

For optimal use of information from images performed before and after SIRT, we
developed and evaluated a new methodology for registering all these images to a common
space. This so-called meta-image is used for multi-modality liver and tumor segmentation
using contrast-enhanced MR, CT, CBCT, or ["*F]FDG-PET, and for LPT segmentation
using CBCT. To our best knowledge, this is the first attempt to study the application of
CBCT based LPT definition in SIRT dosimetry.

Before treatment, voxelized dosimetry is performed to estimate the absorbed dose to
different VOIs (é.e. LPTs, tumors, normal liver parenchyma) in different scenarios (i.e.
different IA). This information provides useful dosimetric details (e.g. mean absorbed
dose, DVH parameters), which can facilitate a safe and efficient treatment strategy
and TA prescription based on predicted absorbed dose to the tumor and healthy liver
parenchyma. We also focused on assessing the predictive power of [gngc]Tc—MAA sim-
ulation by comparing these predictions to actual delivered dose distributions measured
with quantitative “°Y-PET.

1.8.1 Outline

This manuscript is organized as follows:

— In chapter 2, the overview of our proposed workflow for multi-modal image anal-
ysis is described, and an example of prospective pre-treatment dose estimation and
post-treatment dosimetry report are provided.

— Chapter 3 describes the validation of the registration and segmentation workflow.
The emphasis of this validation is on the multi-modal liver segmentation and defi-
nition of the LPTs using CBCT. We also investigate the registration accuracy for
SIRT dosimetry.

— Chapter 4 reports our result of a quantitative comparison between pre-treatment
dose estimation and post-treatment dose verification. In this study, we used CBCT
images to delineate the tumor and LPTs. Then the correlation between pre- and
post-treatment dose assessments are provided using different dosimetric parameters.

— Chapter 5 discusses some interesting clinical cases. We present some examples to
highlight the importance of the multi-modal image analysis in SIRT dosimetry.

— Chapter 6 concludes and summarizes all discussed methods and results and clar-
ifies how our framework could be further extended to facilitate accurate SIRT in
clinical routine.






Chapter 2

Investigation of the SIRT workflow in UZ
Leuven

Over sixteen years that SIRT has been practiced in University Hospitals Leuven (UZ Leu-
ven), more than 440 patients have been treated with 90Y-microspheres. This treatment
modality, together with ['""Lu]Lu-DOTA-TATE, has emerged as the primary therapeu-
tic procedure within the nuclear medicine department, with 61% of the total therapeutic
nuclear medicine sessions since 2004 till the end of 2019 (see figure 2.1).

Over the years, some investigations have been performed in UZ Leuven to optimize
the SIRT workflow:

— advanced imaging: UZ Leuven is one of the pioneers in implementing advanced
imaging techniques to optimize the treatment:

(a) since 2009, SPECT/CT is used form imaging the [**"Tc]Te-MAA distribution
and post-therapy bremsstrahlung imaging.

(b) a two-phase contrast-enhanced CBCT image set is performed systemically for
each catheter tip position during angiography workup since 2013.

(c) since November 2017, a quantitative 90y TOF-PET image is systemically
acquired after the treatment.

— assessing pre- and post-treatment imaging: the therapeutic and imaging
procedures have been reviewed in an attempt to reduce the mismatches between
[2"Tc]Te-MAA and the °°Y-microspheres distributions; e.g. [**™Tc]Tc-MAA ad-
ministration technique (e.g. volume, rate, ...), and [*°"Tc] Te-MAA-SPECT imaging
time.

— activity planning: the activity prescription method has evolved from the BSA
method to a dosimetric and patient-tailored procedure.

— activity cross-calibration: a cross-calibration between the imaging device and
the activity meters was performed for both [**™Tc]Te-MAA and yttrium-90 activ-
ities to investigate the accuracy of the activity measurements and the qualitative
and quantitative accuracy of emission tomography.

— predictive and measured absorbed dose comparison: a retrospective voxel-
level dose prediction (based on [**™Tc]Te-MAA-SPECT/CT) and dosimetry (based
on 90Y—F‘ET) was conducted. It proves the feasibility of a more detailed dosimetric
activity prescription and dose verification.

— prospective dose estimation report: because of the results obtained in the
analysis of the retrospective voxel-level dose prediction and dosimetry, our physi-
cian refers, difficult cases to employ advanced multi-modal sophisticated analysis,
prospectively, to either (i) verify the IA prescribed within the routine UZ Leuven
clinical workflow, or (ii) extract more information from different pre-treatment im-
ages to include more clinical relevant information (e.g. liver functionality, separating
tumor and necrosis, CBCT-based LPT segmentation) in activity planning.

53
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— prospective dosimetry: a post-treatment prospective report of delivered ab-
sorbed dose within different VOIs (e.g. TV and NTV in each LPT) is performed
using voxel-level dosimetry based on “°Y-PET to verify the output of the clinical

procedures.
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Figure 2.1: [A] Since 2004, in total, 444 patients have been treated with SIRT in UZ Leuven,
which corresponds to 61% of the total patients treated in this period; each of the 9°Y-DOTA-
TOC and [M""Lu]Lu-DOTA-TATE treatments are typically made-up of four cycles. [B] The
number of SIRT sessions has risen over the years, and SIRT is one of the main radionuclide
treatments in UZ Leuven.

In line with SIRT procedures described in section 1.7, the current SIRT workflow is
described in figure 2.2:

1. evaluation: in UZ Leuven, a MDT assigns eligible patients to the SIRT based

on patient, liver, and tumor characteristics extracted from some recent diagnostic
images.
In the angiography workup, a [*™Tc]Tc-MAA-SPECT/CT, together with planar
gamma camera, provides information about intra- and extrahepatic (e.g. LSF) ac-
tivity distribution. During this workup, an early and late arterial phase contrast-
enhanced CBCT are also performed for each catheter tip position to assess (a)
extrahepatic activity accumulation, (b) define LPTs, and (c) track the vascularity
of the tumors.

2. planning: based on the images described above, the final decision for proceeding
with SIRT is taken and treatment parameters such as the type of microsphere to
be used, the catheter positions to be used and their resulting LPT are decided.
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Then, a nuclear medicine physician prescribes the IA based on one of the methods
detailed in the guidelines. By using multi-modal image processing, it is also possible
to perform a voxel-level dose estimation for each proposed IA.

3. treatment: after administering the prescribed activity, post-treatment imaging
using either TOF-PE b/CT or TOF-PET/MR can be performed the same day or
the day(s) after (cfr. ***Ho-QuiremSpheres for which the post-treatment evaluation
could be performed many days later).

A report of pre- and post-treatment voxel-level dosimetry could be offered to give
an overview of the delivered dose to the different LPTs and tumors.
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Figure 2.2: The current SIRT workflow in UZ Leuven consists of three phases: patient and tumor
evaluation, treatment planning, and treatment. The gray boxes represent the steps that are still
in the research phase.

In this chapter, a review on the current status of the SIRT in UZ Leuven, together
with the achievements in practicing dosimetry and/or multi-modal image processing, is
described. R software version 3.6.1 (R Foundation for statistical computing, Vienna,
Austria) was used for all statistical analysis. An example of the pre- and post-treatment
dose assessment report is also provided at the end of this chapter (section 2.3). More
results are provided in the following chapters.

2.1 SIRT in UZ Leuven: facts and figures

Some aspects of the SIRT workflow are variable and can be different from one patient
to another depending on the patient status, liver condition (normal liver parenchyma
volume, cirrhotic liver,...), previous treatments (e.g. multiple chemotherapy lines, prior
SIRT), tumor characteristics (e.g. type of the tumor, tumor load, regional spread (seg-
mental, lobar, bilobar)), and the aim of the treatment (tumor control, curative ap-
proach,...). Designing a dedicated tool to aid the treatment team for a universal patient-
tailored and smooth workflow is not straightforward and needs a sharp eye on details
provided by clinical reports and images.

2.1.1 Diagnostic (baseline) images

Diagnostic images are essential for treatment planning (see section 1.7.1). Mainly, these
images are utilized for tumor characterization. Depending on tumor type, different imag-
ing techniques are preferred for screening, staging, and tumor and liver assessment. So,
as mentioned before, any treatment planning workflow in SIRT should support regis-
tration and VOI segmentation for different image modalities, e.g. [**F]JFDG-PET/CT,
[*®Ga]Ga-DOTA-TATE PET/CT, MR and ceCT imaging. As illustrated in figure 2.3,
both FDG-avid and non-FDG-avid tumors are treated frequently in UZ Leuven.
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Figure 2.3: [A] From 444 patients treated with SIRT, HCC, and mCRC are the most frequent
tumor types, which demonstrates the importance of both MR and CT based tumor definition.
[B] and [C] Over years, HCC has superseded mCRC as most frequent indication.
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2.1.2 SIRT simulation using MAA workup and CBCT imaging
2.1.2.1 MAA workup

From 412 SIRT procedures, for which the data was available, pre-treatment simulation
with [*°™Tc]Te-MAA was carried out on average 24.340.8 days before treatment (first
interquartile range, median, and third interquartile range of days difference are 16, 22
and 29 days, respectively). It is hypothesized that this time difference is small enough to
limit liver or tumor volume change and more importantly change in the tumor vasculature
[200].

As mentioned in section 1.7.3, some authors briefly stated the number of administered
particles/microspheres as a potential factor for activity homogeneity. The specific activity
of the calibrated resin microsphere is 50 Bq/microsphere, which corresponds to around
20 million microspheres for each GBq of fresh activity. On the contrary, this number
is widely variable for [*™Tc]Tc-MAA particles due to its short half-life (6.01 hours)
compared to the shelf-time (as a result a highly variable specific activity), potentially
high residual activity, etc. The number of administered [*°™Tc|Tc-MAA particles is
typically 100 to 300 times less than the resin microspheres. So, the [*°™Tc]Te-MAA
residual activity, which reduces this number linearly, is one of the factors for optimizing
this step.
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Figure 2.4: [A] The percentage of the residual activity in the syringes for MAA study is lower in
big syringes (6.6 cc). This amount could be up to near 90% of the prepared activity. [B] Manual
administration of the MAA is performed as slow as possible.
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To improve the [*™Tc]Te-MAA procedure, some actions and routine clinical modifi-
cations were applied in UZ Leuven to the workup since the second quarter of 2015:

— volume of injected solution: to compensate the volume difference between the
left and right lobe (anthropometrically, the right lobe is twice the volume of the left
lobe), for the small LPTs, big LPTs, and whole liver evaluation, around 50 MBq in
3.3 cc, 100 MBq in 6.6 cc and 150 MBq in 6.6 cc are prepared.

— activity documentation: the prepared activity, residual activity after adminis-
tration, and actual time of activity injection are documented to measure the netto
injected activity.

— slow injection: the responsible expert is asked to administer the activity as slow
as possible. After this consideration, the injection time is increased from around 10
seconds to an average of 41 and 59 seconds for a syringe with 3.3 cc and 6.6 cc, re-
spectively. From July 2016, the duration of the administration is also documented.

From 132 pre-treatment sessions, this information has been documented for 99 left
lobe, 123 right lobe, 6 whole liver, and 14 segmental administrations. The percentage of
the residual activity (normalized by prepared activity) is reflected in figure 2.4. The result
indicated that even after slow administration (about a minute), the residual activity in
the syringes was not negligible. No correlation between the residual activity (neither
in Bq nor in the percentage of the prepared activity) and LPT volume, tumor volume,
tumor involvement, administration duration, or administration time (to check the effect
of the [*™Tc|Te-MAA shelf-time) was found.

These results suggest that the number of administered [?*™Tc]Te-MAA particles could
even be lower than what is expected. This, potentially, has two important effects on
dosimetry, which need to be further investigated:

— A smaller number of administered particles in [**"Tc]Tc-MAA compared to the
treatment session could influence the predictive power of [**”Tc]Te-MAA.

— In bilobar treatment, partitioning the total liver into different LPTs is a crucial step
in finding the fractional uptake (in voxel-level dosimetry) and T/N ratio (in the
PM). Usually, in the [*°™Tc]Tc-MAA workup, the syringes containing 100 MBq and
50 MBq for big and small lobe are prepared to administer the activity proportional
to their volume (generally volume of the right lobe is assumed to be twice the
volume of the left lobe). In case of accurate LPT segmentation, theoretically,
this (im)balance does not affect the administered activity accuracy (because of
the normalization of the voxel activity by the total activity in each lobe). Still,
any error in separating the LPTs could potentially increase the dosimetry error,
especially when there is a high uptake or interesting VOI (e.g. TV or high uptake
within NTV) in the region which is wrongly segmented. Our results showed that
the residual activity is sometimes too high to keep the balance between ratio of the
administered activity in different LPTs and their volumes (see section 3.4.4). We
believe that CBCT-based LPT segmentation is an effective tool to improve the lobe
segmentation and follow the perfused volume (or territory) of each [**"*Tc]Te-MAA
administration.

Analysis revealed a good correlation between the activity in the prepared syringe
and the netto administered activity (r* = 0.918) with some small bias. The results are
provided in figure 2.5, which recommends that if one needs to provide a netto injected
activity of 50, 100, and 150 MBq, the correspondent prepared activity in the syringes
should be around 70, 120, and 175 MBq, respectively.
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net administered vs prepared activity in MAA work-up
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Figure 2.5: Correlation of the netto administered [ Tc]Te-MAA with the prepared activity.
According to these results, it would be recommended to prepare an additional amount of 19, 21
and 25 MBq if the target net activities equal 50, 100 and 150 MBq, respectively.

2.1.2.2 CBCT imaging

As mentioned above CBCT imaging can be used as a complement to the [*™Tc]Tc-MAA
scan to provide more accurate dose estimations, especially for treatment with more than
one administration. Since November 2013, CBCT imaging has been implemented in the
pre-treatment angiography evaluation (see section 1.2.1.3). As mentioned before, this
modality is used as an indication of the intra- and extrahepatic activity uptake. In
pre-treatment workup, CBCT images are acquired for each planned branch of the HA.
So, this imaging technique could provide some information about perfusion territories of
the different branches of the HA. This information could be beneficial, especially when
SIRT is performed by administering activity(ies) within sub-branch(es) of the common
HA (e.g. left and/or right HA). Figure 2.6 gives an illustration about the frequency of
different SIRT scenarios in UZ Leuven.

2.1.3 Treatment planning

The treatment planning, which is described in section 1.7.4, is a crucial step in the SIRT
workflow to spare NTV from a high absorbed dose and provide sufficient dose to the TV
to avoid disease progression or kill the tumor. On the other hand, there is currently not
a standard guideline or recommendation for the calculation of the activity that needs to
be administered, given the therapy approach. In this section, we report our evolution
in the area of treatment planning (e.g. overall survival analysis of different SIRT patient
groups) to gain insight into the impact of activity planning on patient outcomes. These
preliminary analyses are only for informational use since not all (clinical) covariates were
taken into account and further investigation should improve methodological and reporting
quality. All survival analysis (Kaplan-Meier) were performed using R software version
3.6.1 (R Foundation for statistical computing, Vienna, Austria). Cox’s proportional
hazards model was used for data analysis. The pairwise log-rank test was used for
comparison.
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Figure 2.6: Targeting the entire liver by placing the catheter tip in the common hepatic artery

is applied in only 3% of the SIRT sessions in UZ Leuven. This shows the importance of the LPT
definition in SIRT treatment planning.

m radiosegmentectomy

A treatment plan depends on several factors, including the type of the tumor. When
applying SIRT, the mNET and HCC tumors are known to show a better survival com-
pared to the other tumor types (see sections 1.1.4.1 and 1.1.5.2). Figure 2.7 represents
a Kaplan-Meier survival analysis of all patients treated with resin microsphere in our
database. Patients with mNET do not reach the median yet and the median survival for
patients with HCC, mCRC, and other tumors are 13.5, 8.5, and 8.6 months, respectively.

Depending on the type of microsphere, a number of methods for calculating the TA
can be found in the literature, recommendations, and package inserts (see section 1.7.4).
The resin microsphere is used almost for all SIRT sessions in UZ Leuven (6 SIRT sessions
with glass microspheres and one with '®®Ho-QuiremSpheres have been used in total until
the end of 2019). Among all methods, the BSA is the most frequently used prescription
method as this was used historically and in multi-center clinical trials according to pro-
tocol, but it has been replaced by the MIRD and PM since 2018. There is a tendency
to use more personalized dosimetry with the PM. In 2019, this method is used in 72% of
the prescriptions (see figure 2.8). In 2017 and 2018, the treatment planning was initiated
with the BSA as a mere starting point. If the calculated activity based on the BSA was
close to the activity calculation based on the MIRD method (e.g. 40 to 50 Gy to the
total liver), no modification was made and the BSA is documented as the prescription
method.

As described in sections 1.6.3 and 1.7.4, several aspects could be mentioned to support
the advice of replacing the BSA method by more scientific and internal dosimetry based
methods:

o SIRT is not a systemic treatment and should not be addressed by the patient weight
and height. This is explicitly stated in the new European regulations [201].

¢ Despite a known moderate to weak correlation between the BSA and liver volume,
the BSA activity planning method is based upon an estimation of the size of the
liver from the body surface area [167,202]. We observed only a very poor correlation
(r=0.085) between the BSA and the total liver volume (see figure 2.9).

¢ In many centers, still, the BSA method is applied when the PM is not suitable, e.g.
ill-defined or/and diffuse tumors, when VOI definition is technically or practically
challenging, or when the [**™Tc]Tc-MAA is suspected to be a poor predictor for
the treatment. Even in these circumstances, instead of the BSA method, the MIRD
method (which can be interpreted as the fixed activity concentration per unit of
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Survival curves for different tumor types
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Figure 2.7: mNET and HCC patients showed a better OS than other tumor types, the p-values
for pairwise comparisons were (HCC versus mCRC): 0.0001, (HCC, mNET): 0.001, (HCC, other
tumor types): 0.01, (mCRC, mNET) < 0.0001,(mCRC, other tumor type): 0.33, and (mNET,
other tumor type) < 0.0001. The difference between mCRC and HCC overall survival (HR=
1.86, 95% CI: 1.37-2.53; p-value< 0.001) was more pronounced in a longer period of follow up
(e.g. two or three years); the fraction of patients alive (mCRC versus HCC) patients after 12, 24
and 36 months are (39% versus 50%), (11% versus 32%), and (3% versus 16%), respectively.

volume/mass, e.g. 0.8 MBq/ml for 40 Gy to the total liver) could be easily applied
which does not rely upon the tumor segmentation and the predictive power of the
[%"Tc] Te-MAA simulation.

 Historically, the BSA is considered as a safe (conservative) treatment planning.
Our evaluation (see figure 2.9) showed that by calculating the IA based on the
BSA method, only half of the patients received a total liver dose below 50 Gy, and
one quarter of the patients would receive a total liver dose of above 58 Gy, which
could be potentially toxic. So, the BSA method could be considered to deliver a
total liver dose of between 43 Gy (Q1) and 58 Gy (Q3) to half of the patients.
Still, it could be detrimental to deliver a possibly toxic dose to one quarter of
the patients and could lead to under-dosing another quarter of the patients, which
could be avoided by using the patient-tailored treatment planning concept.

e Some evidence shows that using dosimetric methods could potentially improve the
tumor response and OS (section 1.6.2). Figure 2.10-A shows an OS analysis of
all patients (with a mix of tumor type) treated with resin microsphere for whom
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Figure 2.8: [A] In total, for 39% of the patients, the prescription has been made based on
dose estimation to the liver (MIRD method) or TV and NTV compartments (PM). [B] Since
2017, dosimetric methods were used for more than 80% of the patients; in 2019, most of the
prescriptions take into account the absorbed dose to the TV and NTV.

the data were accessible. Here, the treatments were stratified by the prescription
method (SIRFLOX look-up table and mixed strategies have been excluded due to
their limited use). The median survival for patients treated with the BSA-, MIRD-
and PM-based prescription were 9.2, 13.5, 19.7 months, respectively. These results
show a significantly better median survival when the prescription was made using
the MIRD method compared to the BSA method (p-value=0.018), with a HR of
0.64 (95% CI, 0.46-0.88; p-value=0.006). The differences between median survival
of the patients prescribed by the PM compared to either the BSA (p-value=0.059)
or MIRD (p-value=0.848) method were not significant. When comparing PM and
BSA prescription, a HR of 0.59 (95% CI, 0.37-0.99; p-value=0.04) was calculated.
HR for PM and MIRD prescription was 0.95 (95% CI, 0.54-1.65; p-value=0.85).
On the other hand, a pair-wise Fisher’s exact test showed a dependency between
prescription method and the tumor type, i.e. the prescription of the patients with
HCC and mNET tumor (which had the best median survival over other types of
liver malignancies) were more based on the PM compared to the other tumor types
(p-value< 0.01). There are two important sources of bias in this comparison: (a)
Usually, PM is used in prescription when a good targeting is observed with a high
T/N ratio. Typically, HCC and mNET have a high tumor uptake, also they have
a better prognosis than mCRC which is chemorefractory. (b) Another potential
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bias is the tumor burden. PM is usually used for patients with one single lesion.
For patients with diffuse tumor burden, other methods could have been used.
When comparing the non-dosimetric prescription (BSA method) and dosimetric
prescriptions (pooled PM and MIRD) outcome, a pairwise Fisher’s exact test
showed that the proportions depended on the tumor type (HCC patients are more
treated with dosimetric methods compared to other tumor types; p-value<0.01).
The result of the median survival comparison was in favor of dosimetric prescrip-
tions (13.9 versus 9.2 months; p-value=0.001) and showed some evidence of im-
provement in overall survival (HR of 0.63; 95% CI, 0.47-0.84; p-value=0.002). The
survival analysis is provided in figure 2.10-B.

Figure 2.11 provides an OS analysis of the patients with HCC treated with SIRT
with two different types of strata (a potential bias is that the BSA was the most
frequent prescription method till 2016 and then it was replaced with dosimetric
methods (PM and MIRD method)):

(a) Figure 2.11-A shows a median survival of 19.7, 16.4, and 9.3 months when
the treatment was planned by the PM, MIRD method and BSA method, re-
spectively. But these differences were not statistically significant (all pairwise
p-values were more than 0.60).

(b) Asillustrated in Figure 2.11-B, when dosimetric prescriptions (MIRD and PM)
are pooled, a median survival of 16.4 months was observed, which was higher
(not significantly) than BSA-based prescription (9.3 months; p-value=0.19).
No significant effect of dosimetric prescription for HCC on survival was noted
(overall survival HR of 0.73; 95% CI, 0.46-1.16; p-value=0.19).

For patients with mCRC, when the A was calculated using dosimetric methods, a
better median survival was observed compared to the non-dosimetric methods (12.7
versus 8.4 months; p-value=0.007). Dosimetric prescription for mCRC patients
were positive predictor of survival (HR of 0.51; 95% CI, 0.31-0.84; p-value=0.008).
The survival analysis is illustrated in figure 2.12.

Another reason to abandon the MIRD method is that one needs to specify the
target dose to the entire section of the liver treated, but the optimal dose value is
unknown (see section 1.7.4.3). To investigate the feasibility of defining an optimal
liver dose, a survival analysis of all patients treated with resin microspheres has
been performed (see figure 2.16). Lobar and segmental treatments were excluded.
The treatment was categorized by the total liver delivered dose: low liver absorbed
dose (less than 40 Gy), medium liver dose (between 40 and 50 Gy), and high liver
dose (more than 50 Gy). A pairwise Fisher’s exact test showed that this dose
thresholding was independent of the tumor type (figure 2.13 illustrates the box
plot of the absorbed dose for each tumor type).

The median survival (see figure 2.16) for patients treated with low, medium, and
high liver absorbed dose groups were analyzed: (1) treating patients with a low
absorbed dose showed a lower median survival compared to patients received a
medium absorbed dose (6.5 versus 11.9 months; 0.001) and was associated with
worse overall survival (HR of 2.06; 95% CI, 1.41-3.01; p-value < 0.001); and (2)
patients treated with high absorbed dose showed a lower median survival compared
to patients received a medium absorbed dose (9.1 versus 11.9; p-value= 0.048) with
a HR of 1.39 (95% CI, 1.00-1.94; p-value= 0.051).

Figure 2.14 shows the overall survival analysis based on the same total liver dose
threshold for the patients with HCC and mCRC malignancies:

(a) HCC patients: compared to median survival for medium liver absorbed dose
(median survival of 31.8 months), no significant effect on survival was noted
for (1) low liver absorbed dose (median survival of 7.1 months; p-value =
0.17) with a HR 1.89 of (95% CI, 0.93-3.86; p-value= 0.08), or (2) high liver
absorbed dose (median survival of 8.3 months; p-value = 0.19) with a HR of
1.79 (95% CI, 0.86-3.73; p-value= 0.12).
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(b) mCRC patients: compared to median survival for medium liver absorbed
dose (median survival of 10.1 months): (1) a significant lower median survival
was observed for patients who received low liver dose (4.7 month, p-value
= 0.006) with a HR of 2.5 (95% CI, 1.38-4.52; p-value= 0.002), and (2) for
patients with high liver absorbed dose, no significant effect on median survival
(8.6 month; p-value= 0.57) and overall survival (HR of 1.16; 95% CI, 0.71-1.89;
p-value= 0.56) was found.

We also investigated the effect of receiving a so-called optimum liver dose (between
40 and 50 Gy for HCC patients and more than 40 Gy for mCRC patients) on OS.
These strata were defined based on the obtained results in survival analysis for
different liver absorbed dose thresholds in figure 2.14. One of the possible reasons
for excluding HCC patients with liver absorbed dose of more than 50 Gy from
the optimum dose group is the fact that NTV of the patient (compared to mCRC
patients) are more sensitive to the absorbed dose. As illustrated in figure 2.15:

(a) For HCC patients, receiving a non-optimum liver dose was associated with
worse median OS (31.8 versus 7.4 months; p-value=0.056), with a HR of 1.84
(95% CI, 0.98-3.48; p-value=0.059).

(b) For mCRC patients, receiving a non-optimum liver absorbed dose was associ-
ated with poor median survival (7.2 versus 10.1 months; p-value=0.001) and
overall survival (HR of 2.31; 95% CI, 1.36-3.93; p-value=0.002).

These results supports the notion that replacing BSA by dosimetric methods in activ-
ity planning may improve the treatment outcome. One limitation of this analysis is the
lack of information about patient condition in each group. We found a relation between
survival and activity planning method, but still we do not know if the treatment planning
method is the cause of increased survival. Some potential biases are:
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the prescription method depends on tumor targeting. For patients with high tumor
uptake and/or high tumor burden based on [**™Tc]Tc-MAA study, PM is usually
used for prescription.

it is known that different tumor types have different tumor uptake and burden.
HCC and mNET typically have high T/N ratio and also they show better OS
compared to other tumor types (e.g. mCRC).
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Figure 2.9: [A] Body surface area of the patient had a weak correlation with the total liver
volume (n=333). [B] BSA-based IA corresponded to a considerable variation of the total liver
absorbed dose which could be as high as 160 Gy; the individual points are also provided (red
dots).
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A Survival curves for different activity planning
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B Survival curves for dosimetric and non—dosimetric activity planning
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Figure 2.10: [A] Patients treated with the MIRD method had better median survival than
patients treated with the BSA method (13.5 versus 9.2 months; p-value=0.02) with a HR of
0.64 (95% CI, 0.46-0.88; p-value=0.006). The median survival of the patients treated with the
PM was 19.7 months. The pairwise Fisher’s exact test showed that there was a statistically
significant association between the prescription method and tumor type; SIRT for HCC patients
were prescribed more by PM compared to BSA (p-value < 0.001) and MIRD (p-value = 0.004).
[B] Patients treated with dosimetric prescription had a better median survival (13.9 versus 9.2
months; p-value=0.001) with some evidence of improvement in overall survival (HR of 0.63; 95%
CI, 0.47-0.84; p-value=0.002).
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A Survival curves for different activity planning (HCC)
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B Survival curves for dosimetric and non—dosimetric activity planning (HCC)
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Figure 2.11: For patients with HCC: [A] The median survival of the patients with HCC' tumors
receiving SIRT by applying the BSA was 9.3 months which was lower (not significantly) than
MIRD (16.4 months; p-value= 0.61) with HR 0.71 (95% CI, 0.42-1.22; p-value=0.22) and PM
(19.7 months; p-value= 0.61) with a HR of 0.77 (95% CI, 0.39-1.49; p-value=0.43) [B] The
group with dosimetric prescription has a better median survival compared to the group with
non-dosimetric prescription (16.4 versus 9.3 months; p-value=0.19) with a HR of 0.73 (95% CI,
0.46-1.16; p-value=0.19).
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Survival curves for dosimetric and non—-dosimetric activity planning (mCRC)
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Figure 2.12: Patients with mCRC showed a better survival when the treatment was planned by
using dosimetric methods compared to the BSA method. The median survival for dosimetric and
non-dosimetric sessions were 12.7 and 8.4 months, respectively (p-value=0.007). Also, dosimetric
prescription was positive predictor of survival (HR of 0.51; 95% CI, 0.31-0.84; p-value=0.008).
Because the PM was applied only for two mCRC patients, survival analysis for these patients
was not performed separately.
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Figure 2.13: The box plot of total liver absorbed dose (normal liver and tumor) for different tumor
types.The purple lines indicate absorbed doses of 40 and 50 Gy to the total liver (tumor and
non-tumor tissue together) which are mentioned in several studies for activity planning [171,203]
but is considered less reliable for safety consideration compared to PM which considers the NTV
absorbed dose [204].
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A Survival curves for different liver dose strata (HCC)
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Figure 2.14: [A] The median survival of the patients with HCC tumors receiving medium liver
absorbed was 31.8 months compared to (1) low liver absorbed dose (7.1 months; p-value = 0.17)
with a HR of 1.89 (95% CI, 0.93-3.86; p-value= 0.08), and (2) high liver absorbed dose (8.3
months; p-value = 0.19) with a HR of 1.79 (95% CI, 0.86-3.73; p-value= 0.12). [B] When com-
paring mCRC patients receiving medium liver absorbed dose (median survival of 10.1 months),
a worse median survival (4.7 month, p-value = 0.006) and overall survival (HR of 2.5; 95% CI,
1.38-4.52; p-value= 0.002) was observed when the liver dose was lower. This association was
not significant for patients receiving higher liver absorbed dose doses (8.6 month; p-value= 0.57)
with a HR of 1.16 (95% CI, 0.71-1.89; p-value= 0.56).
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A Survival curves for optimum and non—optimum liver dose strata (HCC)
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B Survival curves for optimum and non-optimum liver dose strata (MCRC)
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Figure 2.15: [A] The median survival of the patients with HCC tumors receiving a liver absorbed
dose either less than 40 Gy or more than 50 Gy (non-optimum dose) was 7.4 months compared
to other patients receiving a liver absorbed dose of between 40 to 50 Gy (31.8 months; p-value=
0.056) with a HR of 1.84 (95% CI, 0.98-3.48; p-value= 0.059). [B] mCRC patients with non-
optimum liver absorbed dose (less than 40 Gy) had a statistically significant decrease in median
survival (7.2 versus 10.1 months; p-value= 0.001) and overall survival (HR of 2.31; 95% CI,
1.36-3.93; p-value= 0.002).
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Survival curves for different liver dose strata
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Figure 2.16: Compared to Patients treated with medium total liver dose (median survival of 11.9
months) (1) patients treated with low liver dose showed a worse median survival (6.5 months;
p-value= 0.001) and overall survival (HR of 2.06; 95% CI, 1.41-3.01; p-value < 0.001), and (2)
patients treated with higher liver dose showed a trend to a worse median survival (9.1 months;
p-value= 0.048), with a HR of 1.39 (95% CI, 1.00-1.94; p-value= 0.051).

2.1.4 Yttrium-90 imaging and activity quantification

On the day of treatment, a nuclear medicine technologist prepares the prescribed activity
for each LPT using a radionuclide calibrator (see section 1.7.5). Since November 2017,
a day after administering the prepared activity (or in some cases on the day of the
treatment), a TOF-PET image is performed to assess the distribution of the microspheres
inside the body. As described in section 1.7.6, these images are used to perform a post-
treatment evaluation/dosimetry. In total, the quantitative imaging has been performed
for 61 patients from November 2017 to the end of 2019. A PET/CT camera (Discovery
MI, GE Healthcare, Waukesha, MI, USA) was used for 12 patients (ten patients treated
with resin microspheres and two patients with glass microspheres) and a PET /MR camera
(Signa, GE Healthcare, Waukesha, MI, USA) was used for post-treatment imaging of 49
patients treated with resin microspheres.

Before using these modern cameras with an excellent time resolution for PET in the
SIRT workflow, two procedures have been performed, first cross-calibration with the
clinical radionuclide calibrators in UZ Leuven and a determination of the precision of the
PET/MR in recovering the activity.

2.1.4.1 NEMA phantom filled with yttrium-90

In the first study, a NEMA phantom (PET Phantom - NEMA NU 2-2007) has been
filled with yttrium-90 (°*Y-chloride) provided by BTG. The chelating agent EDTA was
added to the solution to prevent adhesion of the activity to the wall of the phantom.
The spheres and background of the NEMA phantom were filled with a solution with
activity concentration of 0.704 and 0.093 MBq/ml as determined by the radionuclide
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calibrator in our radiopharmacy room (IBC-Lite with a VIK-202 ionization chamber;
Comecer, Joure, The Netherlands). The reported activity by the supplier was taken
as the true activity but there might be an error there due to limited accuracy of the
supplier value; for resin microspheres, the activity of the source vial is claimed by the
manufacturer as 3.0 GBq + 10% and some studies showed even a higher deviation (e.g.
26% higher than the activity labelled by the vendor) [205]. A PET/MR imaging was
performed during 11 hours. The data were reconstructed with attenuation, scatter, and
decay correction (as detailed in [206]). To validate the concentration ratio between the
spheres and background activity, samples from spheres and background were measured
using a gamma counter (1480 Wizard 3-inch gamma counter, Wallac / Perkin Elmer;
Turku, Finland), which is referred to as wellcounter. Figure 2.17 shows the activity
concentration ratio of the biggest sphere and background as determined by the different
methods.

biggest sphere to background signal
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Figure 2.17: The ratio between the activity in the biggest hot sphere and background in the
NEMA phantom; comparing the calibrated activity in the phantom preparation (using VIK-202
radionuclide calibrator), PET measurement and measured count on the well counter

The total recovered activity in PET was 20% lower than documented activity in the
NEMA phantom (measured by the VIK-202 radionuclide calibrator); the total recovered
activity in the PET reconstruction was 926 MBq at the time of imaging, while the total
time corrected calibrated activity in the NEMA phantom was 1168 MBq.

2.1.4.2 Cross calibration with a Sirtex Vial

On November 16" 2017, a SIRT session was canceled at the last minute, and the vial was
used for cross-calibration purposes. This vial has been imaged on the PET/MR camera
on November 20" 2017. Two days later, the activity of this vial has been measured by
two activity calibrators in the nuclear medicine department. The activity measurement
by UZ Leuven equipment was within 10% for the declared activity by the supplier, which
is a regulatory requirement, Federal Agency for Nuclear Control; Belgian radiological
protection competent authority (FANC).

The result is provided in figure 2.18, which shows a better correspondence between
the vendor (SIRTEX) provided activity (1.203 GBq) and the activity measured by ac-
tivity calibrators- radiopharmacy room (IBC-Lite with a VIK-202 ionization chamber;
Comecer, Joure, The Netherlands): 1.272 GBq and injection room calibrator (Capintec
CRC®-55tR;Capintec, Ramsey, NJ, USA):1.269 GBq- than the total recovered activity
on the PET/MR (1.434 GBq).
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Figure 2.18: The activity of a SIRTEX vial was measured by two activity calibrators and
PET/MR camera, the result of the activity calibrators were within 10% (legal aspect; FANC) of
the vendor provided activity.

2.1.4.3 Total activity of the PET images for the patients

These initial simple studies provide some insight into the precision of the activity mea-
surement using PET imaging for capturing the yttrium-90 distribution. For the NEMA
phantom, the ratio between total activity in the PET image and calibrated activity was
0.79, and for the SIRTEX vial study this ratio was 1.11.

To investigate this more, we compare the measured activity on PET images and what
has been documented as the prepared (calibrated) activity in the prescription sheets (see
figure 2.19). For the patients imaged on the PET/CT camera (n=10), the ratio between
the total activity in the reconstructed PET and calibrated activity has a median (first
and third interquartile range) of 1.31 ([1.25,1.45]), the minimum and maximum of this
ratio were 1.15 and 1.79.

For 49 patients imaged by PET/MR after treatment, the median (first and third
interquartile range) was 0.95 ([0.86,1.01]) with minimum and maximum ratio of 0.63 and
1.25.

Any deviation from unity for this ratio could be explained by:

— residual activity in the vial, catheter,...: we believe that this would not explain
substantial differences or an overestimation of the activity in the PET images (e.g.
ratio above 1 which was the case for all PET/CT studies).

— calibration error: as it is mentioned in the vial study, the calibrators have shown
a better correspondence with the vendor, but still the volume, geometry, and the
positioning of the vial in the activity calibrator could affect the precision of the
measurement. Because the same highly skilled expert who was aware of this phe-
nomena performed the vial measurement in clinical routine very carefully, we believe
it could theoretically produce only a systemic error and not such a wide deviation,
which has been observed.

— reconstruction error: this result suggests that the PET reconstruction on two
cameras from the same vendor behaves differently (the preparation of the activity
is the same and performed by the same expert). Therefore, the acquisition and re-
construction parameters were examined, which revealed that the problem may have



2.2. IN HOUSE SOFTWARE FOR MULTI-MODAL IMAGE ANALYSIS 73

been caused by a different parameter selection in the scatter correction procedure.
This will be investigated.

Despite the source of this discrepancy, two options are available for using *°Y-PET
imaging for post-treatment dose calculation: (1) using the reconstructed PET image as
a quantitative representation of the activity distribution; (2) by assuming that the PET
image is relatively quantitative and the calibrated activity is deposited completely within
the PET field of view (i.e. no activity outside the imaging area and no residual activity in
the administration set). Hence, scaling of the PET image would allow us to recover the
total administered activity. In this manuscript, we used the second method. For further
investigation, we believe that examining the residual activity, and cross-calibration of
the different PET cameras together with the activity calibrators using phantoms and
syringes (to investigate the effect of the geometry, position, and volume) are beneficial to
understand the source of this error. Some studies investigated on methods on end-user
activity calibration and the US national institute of standards and technology (NIST)
traceable activity calibration standards for resin microspheres [205,207].

PET-based activity recovery for patients, NEMA and vial
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Figure 2.19: When comparing the total administered activity measured using radionuclide cali-
brators and reconstructed activity in the different PET systems, a significant deviation has been
observed. Importantly, our PET/CT camera always measures an activity significantly higher
than what has been reported in the clinical documents due to quantification inaccuracies.

2.2 In house software for multi-modal image analysis in SIRT
workflow

The objective of our in-house software, developed as part of this research project, is to
(1) implement an image registration tool to align all pre- and post-treatment relevant
images to a common space, (2) employ advanced and multi-modal segmentation meth-
ods to improve VOI (e.g. TV, liver, LPT, ...) delineation, and (3) convert predictive
and therapeutic activity uptake information into the relevant dosimetric reports. This
workflow should support a number of medical imaging modalities which are part of the
SIRT routine according to the guidelines, vendor manuals, and the clinical protocol in
UZ Leuven [153]:

« Diagnostic images either ['"*F]JFDG-PET/CT for FDG-avid tumors or MR or ceCT
for non-FDG-avid tumors (or [**Ga]Ga-DOTA-TATE PET/CT for mNET tumors):
for patient selection, tumor definition and volumetric analysis (liver volume, lobe
volumes, and tumor burden), as detailed in 1.7.1.
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e CBCT images: for identifying the liver arterial anatomy, evaluating tumoral feed-
ers, defining LPT, precise arterial mapping and identifying extrahepatic feeders,
which is described in section 1.7.3.

o [?"Tc]Te-MAA SPECT/CT: for simulating the therapy session: to provide a pre-
diction of extrahepatic shunts (lung, stomach, ...) and spatial distribution of the
treatment activity within the liver (see section 1.7.3).

« %Y TOF-PET imaging after the administration of the °*Y-microspheres: to verify
the accumulation of the microspheres within the TV and NTV (section 1.7.6).

In current clinical routine, in absence of an image registration algorithm, these im-
ages are usually analyzed side by side and often with manual segmentation and visual
assessment. Some studies are promoting advanced image processing techniques, such as
image registration and (semi-) automatic VOI delineation to amend patient selection, IA
calculation, definition of treatment strategy, treatment verification, and analysis of the
follow-up studies [73].

Based on the new EU directive [201], treatment prescription and therapy verification
need to be patient-specific. This reflects the emerging need for image acquisition and
processing efforts in this field [208]. This procedure can be used both treatment planning
and treatment verification with more accuracy (see section 1.5.5). For example:

e combined VOI segmentation: without a decent image registration technique,
all volumes should be derived from a single image (CT or MR). Using our pro-
posed approach, each VOI is delineated by employing the most relevant available
modality; defining semi-automatically:

1. tumors on MR, [**Ga]Ca-DOTA-TATE PET, and ["*F]FDGPET, the gold
standards for primary tumors, mNET and other metastatic liver tumors, re-
spectively,

2. total liver on multiple CT or MR, and

3. perfusion territories on CBCTs instead of using anatomical landmarks on CTs.

This multi-modal VOI segmentation could be used as an alternative or quality
control step for the current clinical VOI segmentation workflow. Any difference in
VOI volumes could influence the clinical decision making process.

o dosimetry/administered activity report: matching between an observed and
circumscribed tumor location (based on [**Ga]Ga-DOTA-TATE or [**F]FDG up-
take or MR images) and [**"Tc]Te-MAA uptake is a crucial factor for treatment
planning before treatment. Also, after treatment a good correspondence between
tumor location and °°Y-microspheres (i.e. from *°Y-PET) uptake can be used for
predicting treatment outcome. These mappings are currently checked visually on
different studies side by side. An accurate multi-modal image registration will
enable a voxel- or tissue-level analysis of the TV and NTV activity uptake and
absorbed dose. These results cover clinically valuable information in:

1. patient selection: to evaluate if SIRT is a suitable option for a particular
patient,

2. therapy planning: to check if the selected catheter tip position is optimal
or treatment re-planning should be considered,

3. activity prescription: based on predictive doses in different levels, e.g.
organ-level (total liver absorbed dose), tissue-level (dose to the normal and
non-normal liver), or at voxel-level dosimetry,

4. comparing treatment predicted dose and actual absorbed dose: to
check whether the treatment reaches its goal.

A multi-modal image analysis procedure is offered for processing and analyzing all pre-
treatment and post-treatment images (see chapter 3). Figure 2.20 describes the software
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design. First, this involves aligning all images to an identical space. Then a semi-
automatic and multi-modal delineation of the desired tissues (e.g. entire liver, tumors,
and LPT) using information from all relevant studies are performed. The final outcome is
the pre- and post- treatment dosimetry in different levels, calculating prescribed TA using
various proposed methods, post-treatment verification and possible analysis of follow-up
images.

In this project, we also investigated the role of CBCT in VOI definition and its impact
on dosimetry. To our knowledge, this had not yet been done before. In addition, there
is no other study investigating the accuracy of multi-modal image registration involving
non-contrast, low-dose CT ([**™Tc]Te-MAA study). Because our analysis showed that
registration accuracy was adversely affected by the noise of these CTs, the CT tube
current has been increased in our clinical [**"Tc]Te-MAA-SPECT/CT studies (higher
than a low dose CT, which is typical for a non-contrast enhanced hybrid CT but still
lower than a high dose diagnostic CT protocol).

2.2.1 Image registration algorithms

The CT from the [**Tc]Tc-MAA study is selected as the reference image because the
SPECT image in the same session is the core of the predictive dosimetry, and this study
is performed for all patients undergoing SIRT. Therefore, all anatomical (CT, MR, and
CBCT) images are registered to this image non-rigidly. Using position information ex-
tracted from the digital imaging and communications in medicine (DICOM) header, the
functional images (i.e. PET and SPECT) are registered using the deformations obtained
from their anatomical counterpart (i.e. MR or CT).

Developed algorithms (described in section 3.3.4.1) for image alignment include:

e Rigid registration: A multi-resolution, rigid registration is always performed
before non-rigid registration to accelerate the final registration and make it more
robust. For CT-to-CT registration, the sum of the squared differences (SSD), and
for inter-modality registration, mutual information (MI) is used as the cost function.
For cases with a disparate liver shape between floating and reference images, the
liver voxels, segmented out by employing a CNN developed in our group, are given
a higher weight in the computation of the cost function. In cases for which the
rigid registration is not good enough as the initial step for non-rigid registration,
a manual guidance tool is provided. In this tool, the user is free to match a set of
points in the reference and floating image to guide the registration.

e Non-rigid registration: A multi-resolution, non-rigid registration algorithm, de-
veloped at our institution, was the basis for our further research. The non-rigid
registration is based on the spring algorithm, that is detailed in [209]. In this al-
gorithm, the deformation is expressed with a displacement vector for each voxel.
In our algorithm, it is assumed that each pair of neighboring voxels are intercon-
nected via a non-linear spring. Voxels are assigned to tissue classes with uniform
intra-class, and different inter-class spring characteristics like stiffness and max-
imum allowed deformation. These classes include air, liver, non-liver tissue and
bone, and these are defined by thresholding the floating image. The liver class
could also be determined by the convolutional neural network (CNN) liver seg-
mentation algorithm described in the next subsection. A lower rigidity is applied
to the non-liver voxels compared to a high stiffness to the liver. This encourages
realistic deformations and discourages extreme deformations in (almost) uniform
regions (e.g. intra-organ regions) where there are not many features to guide the
image registration. It also helps to minimize the effect of aligning other structures
adjacent to the liver on the alignment of the liver. MI or SSD is used as the cost
function for inter- and intra-modality registration, respectively. For cases where the
registration fails due to an extensive non-rigid liver shape deformation or real liver
volume change between floating and reference images, the operator has the option
to guide the registration. This is done by defining pairs of corresponding points
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in both images. During the registration, a high cost is assigned to the distance
between these points to ensure that they will be aligned as intended.

As a quality assurance (QA) step for the non-rigid registration, a local Jacobian deter-
minant was provided to assess the degree of compression or expansion in each proposed
VOI (especially within the liver). To evaluate the local non-rigidity of the registration
visually, the deformation is applied to a grid of parallel planes. In the next chapters (3),
the result of registration evaluation is presented.

2.2.2 Liver segmentation

A multi-modal joint region growing method has been designed to outline the liver us-
ing information from the CT component of the [**™Tc]Tc-MAA workup and other pre-
treatment images (e.g. ceCT and PET from ['*F|FDG study). The initial step of region
growing is manual segmentation of the liver in every 15*® transverse slice on the CT com-
ponent from the [*°"Tc]Tc-MAA study. In each step of the subsequent iterative region
growing, the mean and standard deviation of the segmented voxels in all selected im-
ages in the previous step is employed to re-label some of neighboring voxels as the liver.
Finally, the resulting VOI is adjusted manually and closing and opening operations are
applied. This method is described in detail in the next chapter (3). It is also possible to
import the delineations from clinical/commercial softwares in DICOM standard format
(e.g. RTstruct).

Currently, a faster alternative and automated method is the CNN that is developed
in-house as part of another research project supporting radionuclide therapy (see chapter
4) to delineate the liver on CT images (i.e. CT image from the [*"Tc]Tc-MAA study).
The CNN model is a revised version of a dual pathway, 11-layer deep, three-dimensional
structure (named DeepMedic) that is initially designed for brain lesion segmentation
[210]. The modified model contains three pathways, each consisting of ten layers, which
are connected via 3 X 3 X 3 convolutional kernels followed by two common pathways based
on 1 x 1 x 1 convolutional kernels. It was trained with 139 datasets from different liver
segmentation challenges and SIRT patient datasets from UZ Leuven [211].

2.2.3 Perfusion territory (lobe) segmentation

In the current clinical workflow, a diagnostic baseline CT or MR image is used to split
the liver into liver lobes (or segments) based on anatomical landmarks, predominately
based on venous structures. Here, an alternative approach is provided, where the liver
was partitioned using contrast-enhanced CBCT images. Contrast enhancement in the
early or late arterial phase of the CBCT study is used to separate different parts of the
liver, which are called liver perfusion territories instead of liver lobe or segments (see
chapter 3). A graphical user interface was developed to cut the liver on CBCT (or CT)
by drawing just a few separation lines on different transverse slices. It usually takes less
than a minute for the expert for each case. The next chapter describes the result of the
LPT segmentation using CBCT images.

2.2.4 Tumor segmentation

As mentioned before, depending on the tumor type, different image modalities are fa-
vored to delineate the tumors. As mentioned in section 1.7.1, the gold standard modality
for segmenting FDG-avid and mNET tumors are ['*F]FDG-PET and [**Ga]CGa-DOTA-
TATE-PET. For other tumor types, MR image is routinely preferred. In some circum-
stances, other modalities ([*°™Tc|Te-MAA-SPECT, ?°Y-PET, ceCT, and CBCT) are
used for tumor definition.

For thresholding the functional images (PET or SPECT), an adaptive thresholding
scheme (tumor-specific thresholding) is used to delineate tumors on the uptake image
[212]. Initial segmentation (so-called tumor core) is set to p + 2.802 X o, where p and



2.2. IN HOUSE SOFTWARE FOR MULTI-MODAL IMAGE ANALYSIS 77

o are mean and standard deviation of the liver activity uptake. Then, for each tumor
core, a specific threshold is calculated using individual core and background uptake. This
method is described in detail in the chapter 3.

For anatomical images, either a manual tool or region growing from manually provided
seed points in each slice of the median filtered image is provided. But, it appeared over
time that our tools are inferior (i.e. more time consuming) than available commercial
softwares (e.g. MIM software). It is also possible to import the resulting contours from
other softwares in a standard DICOM format.

2.2.5 Dosimetry

In this step, [*°™Tc]Te-MAA-SPECT or *°Y-PET is utilized to report dose prediction and
dose calculation, respectively, within each VOI that has been segmented (i.e. liver, LPT,
and TVs). The dosimetry is performed at the tissue level (PM) or voxel-level (see section
1.5.5). For the tissue level, the MIRD method is applied by assuming the radiation is
homogeneously distributed within each of the compartments. For the voxel-level dosime-
try, the calculations can be done according to the local deposition method or by making
use of pre-defined dose-point kernels based on Monte Carlo simulation. Both methods
have been implemented (see section 1.5.5.3). Voxel-level dosimetry provides cumulative
dose-volume histograms (cDVHs) that present the heterogeneity of the absorbed dose
distribution in the different compartments. The dose prescription and dosimetry results
are detailed in chapter 4, some examples also provided in section 2.3 and chapter 5.

2.2.5.1 Injected activity calculation and pre-treatment report

A software was developed that generates WTEX -based pre-treatment reports (see the
subsection 2.3). This report consists of:

1. validation of segmentation results: a comparison between semi-automatic seg-
mentation and manual segmentation volumes performed by an expert

2. TA calculation: the software computes the IA based on different methods men-
tioned in the microsphere package insert and guidelines, including the empirical
method, BSA, SIRFLOX look-up table, MIRD and PM method, and voxel-level
dosimetry.

3. absorbed dose report: a detailed voxel-level dosimetry analysis is also provided
for each of above mentioned activity and the prescribed activity.

2.2.5.2 Post-treatment report and pre- and post-treatment comparison

An automatic routine has been designed to generate a W TEX -based post-treatment report
(one example is provided in the next subsection, 2.3). This report includes the voxel-level
dose verification using the *°Y-PET image.

Moreover, a comparison between [*"Tc]Tc-MAA based dose prediction and actual
dose calculation is reported using different measures to indicate if the therapeutic goal
was reached:

1. comparing absorbed doses in different VOIs (e.g. TV and NTV) is the most straight-
forward way to compare predictive and measured absorbed dose,

2. the difference between the cDVH and DVH curves provides information about a
possible deviation in absorbed dose distribution,

3. a voxel-by-voxel dose difference analysis evaluates the predictive power of the
[*Tc] Te-MAA study (see 2.3.8.1),

4. In clinical routine, the desired absorbed dose to the TV and NTV compartments
are derived from TCP and NTCP curves, respectively. These models usually have
a sigmoid shape. This means that the probability of tumor control and non-tumor
complication changes dramatically around a critical absorbed dose. So, for each of
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these compartments, an absorbed dose change below and above certain thresholds
has a smaller effect on the cells. In other words, in the area of extensive tumor
over-dosing or under-dosing, the tumor cell dose difference does not change prob-
ability of the tumor control a lot. For the non-tumoral liver cells, also absorbed
dose difference below or above the safety threshold does not alter the likelihood of
complications a lot.
By considering this idea, one could compare predictive and measured absorbed dose
by employing these dose-levels in the tumor and non-tumor compartments to in-
vestigate if the predictive dosimetry could estimate ideal/non-ideal absorbed doses
in each compartment (see 2.3.8.2). For example, if it is desired to know to what
extent [**™Tc)Tc-MAA-based dosimetry predicts tumor under-dosing, by choosing
a sufficient tumor dose level (e.g. 100 Gy), a joint histogram is introduced to report
the percentage of the voxels within the TV that received more than 100 Gy in both
predictive and measured absorbed doses. It can, also, report the volume percent-
age for which the [**™Tc)Tc-MAA predicted correctly or wrongly an under-dosing
within the tumor, and wrongly sufficient tumor coverage. The same concept is also
provided to validate the predictive value of the [**™Tc|Te-MAA-based dosimetry
for NTV over-dosing or substantial lower irradiation.

5. a routine is also provided to extract the ~-index to verify the match between
[*"Tc]Te-MAA dose distribution and actual dose distribution (see 2.3.8.3).
The v-index evaluation method [213], which is also used in radiotherapy [214,215],
quantifies the dose differences between pre- and post-treatment dosimetry by com-
bining information about the dose values and about their spatial distribution [216,
217):

e In low dose gradient regions, the doses are compared directly, based on a
dose-difference (DD) acceptance tolerance, e.g. 3% of the maximum of the
measured dose (global -index) or 3% percentage of measured dose in each
voxel (local y-index).

e In high dose gradient regions, where a small spatial deviation between two
dose distributions results in a large dose difference, a distance-to-agreement
(DTA) acceptance tolerance (e.g. 3 mm or 3 voxels) is used.

Analytically, the y-index at a point r; is defined by comparing this point with each
point 7, in a distance range:

7(re) = minT(re, rr) (2.1)
Where,
|7nr_7‘t|2 ‘Dr_DtP
r ryTc) = 2.2
(rere) DTAZ | DD? (2:2)

Here, D; and D, are the target dose value at r; and the reference dose value at
7y, respectively. The pass—fail criterion is then defined. If the -index is equal to
or less than 1, the dose at the spatial target point is considered to pass the test.
Conversely, if the y-index is greater than 1, the test fails.
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Figure 2.20: The workflow of proposed software for multi-modal image analysis in the SIRT

dosimetry
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2.3 A clinical case of a pre- and post-treatment dosimetry
Here, one example of a prospective predictive dosimetry and dose verification is reviewed.

2.3.1 Patient information

Here in tables 2.1 and 2.2, relevant information about the patient is given. This patient
suffers from bilobar mNET.

SIRT code | Gender [[ Weight (kg) || Height(m) | BSA (m2) [ BMI(kg/m2)
YPT043 | OTHER || 74 ]| 158 | 1.76 [ _ 296

Table 2.1: Patient information

preSIRT date | SIRT date ]| Tumor type [ SIRT type | LSF(%)
dd/mm/yyyy | dd/mm/yyyy | mNET | bilobar [ 5.8

Table 2.2: Therapy information

Relevant clinical information from tumor board report:

— Known rectal neuroendocrine tumor.

— Multifocal liver metastasis in the left and right liver lobe with an increase in volume
and number. The most massive liver injury was in the left liver lobe.

Relevant clinical information from pre-treatment workup:

— Heterogeneous activity distribution observed. It was mostly pronounced in the
right liver lobe. An intense localization in segments I, VIII, and IV was reported.
— LSF of 5.8% has been estimated based on planar imaging.

2.3.2 Activity prescription

For this patient, the PM was employed for activity planning. In this setting, an absorbed
dose of 25 Gy to the NTV, and 150 Gy to the TV has been projected:

— left lobe TA: 1.833 GBq
— right lobe TA: 1.560 GBq

The volumes have been determined on a diagnostic CT image (see table 2.3), and a
T/N ratio of 12.3 has been estimated using some ROIs over [*°"Tc]Tc-MAA-SPECT/CT.
An inconsistency in the T/N ratio, volumes, and absorbed doses may be perceived when a
different segmentation and dosimetry method is practiced (e.g. our voxel-level dosimetry,
see table 2.3). More details are provided in section 1.5.5.2. All the activities and absorbed
doses in this report were calibrated to the planned treatment time.

2.3.3 Proposed multi-modal image analysis and dosimetry method

Figure 2.38 provides one slice of the registered images and VOI segmentation.

segmentation (see section 2.2):

— [*™Tc]Te-MAA-CT from [*°™Tc]Tc-MAA study was utilized for liver segmenta-
tion. The segmentation was performed by an in-house CNN model trained for liver
segmentation on CT images. Then, the output of the CNN was manually adjusted.
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— [%8Ga]CGa-DOTA-TATE-PET was used for tumor definition (threshold at 15% of
SUVmax of the tumor); the tumor definition was confirmed by our physician.
— CBCTs were employed for lobe separation.

Dosimetry (see section 2.2):

— Voxelized fractional uptake was estimated from [*™Tc]Te-MAA-SPECT and *°Y-
PET/CT for predictive and measured dosimetry, respectively.

— Activity maps were masked by the segmented liver. It was assumed that all the TA
would be retained inside the liver perfusion territories.

— To convert activity maps (Bq) to the absorbed dose distribution (Gy), a local energy
deposition method was used.

2.3.4 Overview of segmentation

As described in table 2.3, there is a good agreement between the total liver volume
reported in the prescription sheet and CNN result (A = 41 ml).

Also, volumes of the left and right liver lobe based on contrast-enhancement in the
CBCTs and volumes that have been summarized in the prescription sheet (CT-based
separation using anatomical landmarks) were comparable. The difference between the
left to the entire liver volume ratios had a difference of less than 1%.

The situation for tumor segmentation was somewhat different. The volume of the
anatomical tumor segmentation on CT (prescription sheet) was around twice the [**Ga]Ga-
DOTA-TATE-PET-thresholding volume (our proposed method). In the entire liver, CT
suggested a tumor involvement of 58%, but our software reported a tumor involvement
of 33% (see table 2.3).

One transaxial slice of the segmentation is provided in figure 2.38.

parameter [ method | left lobe [ right lobe || entire liver
clinical routine 759 622 1381
TV (cc) | “new software” | ~ 471" | T 325 || T 796
- AN 288 | 297 || -B8&
clinical routine 131 872 1003
NTV (cc) | “new software” | ~ 440~ | ~ 1189 " || T "1629
T T A T T T 7T 809 | 317 || 6260
clinical routine 890 1494 2384
entire VOI vol (cc) | new software” | ~ 911~ ~|” “ 1514 "~ || ~ 72425
F - " AN B 21~ | 20 || T 4 41 —
vumor tvolvement (%) | Clnical routine | 85.28 | 4163 || _ 57.93 _
new software 51.74 21.46 32.83
. clinical routine - - 37.33
left to entire (%) I “new software | ~ ~ It il 71T 3786

Table 2.3: segmentation analysis, comparing our segmentation results and clinical records

2.3.5 Calculated activity based on different models

In the previous chapter (see 1.7.4), various activity planning methods are described in
detail. The SIRFLOX-lookup table (noted as SFX) is a modified version of the BSA
method, which was used in the SIRFLOX trial [169]. Some acronyms are used in the
tables of this subsection:

— TI: tumor involvement
— LSM: lung shunt modifier for reducing IA based on empirical method when LSF
is higher than 10% (see section 1.7.4.1)
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— LPM: liver part modifier to split the TA in the right and left lobe injection when
using empirical method (see section 1.7.4.1) or BSA method (see section 1.7.4.2)

— FUvyor: fractional uptake of the VOI, e.g. TV or NTV

— TA*: initial total IA before splitting in the left and right perfusion territory (sum
of IAs for all the LPTs)

- MIA,,¢/vor: maximum activity based on the organ or VOI dose tolerance

- mIA,,;/vor: minimum activity based on the organ or VOI dose lower criterion

— TA hethoa: lobe IA based on the mentioned method

— Dvor: mean dose to the VOI, e.g. TV or NTV

— Vxvor: volume percentage of the VOI that receive at least x Gy, e.g. V90rv is
volume percentage of the tumor volume that receive at least 90 Gy

— Dxvor: the minimum absorbed dose that x% of the VOI received, e.g. D50nTV is
volume percentage of the NTV that receive at least 50 Gy

Injected activity by empirical method

lobe [[ TI [ LSMT [ IA* (GBq) | LPM [[ TAcmp
Teft 0.38 ][ 0.939
rght || °3% | 10 25 0.62 || 1.561

. LSF of 5.8% was used (table 2.2).

Table 2.4: Empirical method’s parameters [153]; activities are reported in GBq

Injected activity by BSA method

lobe [ BSA(m?) | TI | LPM [| TA* [ TAxio | MIAJ [ TAgsa
left 0.52 | 0.38 [ 0.779 0.779
right L7 5ot Toee [ Taos | % | 19372 |06

T: LSF of 5.8% was used, and 30 Gy was set as the lung absorbed dose tolerance.

Table 2.5: BSA method’s parameters [153]; activities are reported in GBgq

Injected activity by SIRFLOX look-up table

lobe || BSA(m*) [ TI [ LSF(%) [ IA* | LPM [[ TAskx

left 0.38 0.714
right 1.757 0.33 5.8 1.900 062 1136

Table 2.6: SIRFLOX method’s parameters [169]; activities are reported in GBq

Injected activity by MIRD method (MIRDS50 or 50 Gy to the entire lobe)

For the total liver (TV and NTV compartments together) a dose criterion of Dentire liver <
50 Gy is set, which corresponds to an activity concentration of 1.0 GBq per litre [203].

lobe H VOhiV H IA* [ MIAlung+ H LPM [ IAMIRD
left 0.38 0.911
Tight 2.425 2.425 10.372 0.62 1514

*: LSF of 5.8% was used, and 30 Gy was set as the lung absorbed dose tolerance.

Table 2.7: MIRD method’s parameters; activities are reported in GBq
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Injected activity by compartmental partition model

TApri—iow and IAppr—pign methods denote the lowest and highest acceptable IA (mini-
mum and maximum of the therapeutic window, if there is any). So, IApar—iow is more
conservative and aims to calculate an IA, which leads to a sufficient dose to the TV
while keeping the NTV dose below the safety threshold. On the other hand, IApar—nign
increases the IA up to reaching NTV tolerance dose.

VOI [ Dyrv (Gy) | Drv (Gy) [ Diung (Gy)
Lobes or entire liver | < 50 [ >150 ] < 30

Table 2.8: Criteria [87,159,218] used for the compartmental PM

lobe [[ T/N[FUrv [ FUntv [ mIAty | MIANTY [ MIAjung [[ TAPM-low | TAPM high

left || 1.30 | 0.58 0.42 2.436 1.054 10.372 1.054 1.054
right || 4.36 | 0.54 0.46 1.798 2.611 ) 1.798 2.611

Table 2.9: Compartmental Partition method’s parameters; activities are reported in GBq

As one can see in table 2.9, there is a therapeutic window in the right lobe, as the
maximum activity (based on NTV mean absorbed dose) is higher than the minimum
activity (based on TV mean dose). On the contrary, the calculations for the left lobe did
not demonstrate a range of acceptable activities; which means that for the left lobe, the
T/N ratio is not sufficient to spare the NTV from maximum tolerance mean dose when
deciding to achieve an acceptable TV mean dose.

Injected activity by voxel-level dosimetry

Similar to PM, IA,oz—i0w and IAyoz—hignh denote the lowest and highest acceptable IA.

VOI [ Dnrv (Gy) [ V50ntv (%) ]| Diung (Gy) [[ Drv (Gy) [ V80rv (%)
Lobes or liver || < 50 [ < 50 [ < 30 [ >150 ] > 70

Table 2.10: Criteria for voxel-level activity planning [87,159,218-220]

lobe HmIA(DTv)[mIA(V8OTv) [MIA(DNT\/)[MIA(VE)ONT\/) “MIAlung “IAvozflow[IAvothigh

left 2.532 12.277 1.096 1.526 10.372 1.096 1.096

right 1.869 1.632 2.715 4.431 1.869 2.715

IA(criterion) denotes the IA based on a defined criterion.

Table 2.11: Voxel-level dosimetry method’s parameters; activities are reported in GBq

As illustrated in table 2.11, there was a therapeutic window for the right lobe ([1.869,
2.715] GBq). On the other hand, in the left lobe there was no activity that met all the
criteria; an injected activity of 1.096 GBq was the boundary of the safety threshold, but
to fulfill the TV mean and volumetric dose criteria, the TAs of 2.532 and 12.277 GBq
would be needed, respectively. The reason behind such high TA to satisfy the volumetric
tumor criterion was the presence of a low [**™Tc|Te-MAA uptake area in the tumor in
this lobe (see figure 2.38-B). As illustrated in figure 2.38-D, based on [*®*Ga]Ga-DOTA-
TATE-PET, this area was not suspected to be necrotic. Fortunately, post-treatment
imaging showed a better uptake within this area (see figure 2.38-F), which is discussed
in the next section.
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Figures 2.22 to 2.25 represent the mean dose and some cDVH parameters within the
TV and NTV compartments in different VOIs as a function of the administered activity.
The mean dose increased linearly with IA. The percentages of the compartment that
received at least critical amounts of absorbed dose are also provided.

Figure 2.22 describes the change of some dosimetric parameters in the NTV in the
right lobe by increasing the IA. As can be seen in this figure, all the curves were increas-
ing slowly. This means that a wide range of acceptable IA was predicted based on NTV
irradiation. This is mostly due to a large volume of the NTV which received negligible
[P Tc]Te-MAA uptake, as can be seen in figure 2.21 (this can be seen as a very early
drop in figure 2.28-B, i.e. very low doses). The opposite situation could be observed in
the left lobe (see figure 2.24), where the dosimetric parameters increased with a higher
steepness below 1.5 GBq and became close to their convergence to a high volume per-
centage around 2.5 GBq. This means that NTV was more at risk of over-irradiation for
this lobe compared to the right lobe, due to a considerable uptake all over the NTV (this
can be seen as a relatively late drop, 4.e. median high doses, in the cDVH of the NTV,
see figure 2.29-B).

A-CT from MAA B-SPECT from MAA

S3UN0d 00SE

C- segmentation D-PET from DOTATATE

S3UN0d 0000< 2 LIeRN)

Figure 2.21: A transaxial slice of the images illustrates a large volume of the NTV within
the right lobe which received very low [?°™Tc]Tc-MAA uptake; [A,B] CT and SPECT images
from pre-treatment workup, [C] segmentation map, in other images, the green and red contours
represent the liver and tumor segmentation illustrated here, [D] CT and PET from baseline
image ([°8 Ga]Ga-DOTA-TATE study).

On the other hand, TV dose parameters within the right lobe, which were presented
in figure 2.23, showed a good dose coverage in the range of 1 to 3 GBq of the activity;
the curves grow very fast and reach a convergence of more than 90% coverage (which
could be seen as a so-called shoulder or flat line at the beginning of the cDVH for TV,
i.e. very low doses, see figure 2.29-C).

Also, figure 2.25, which reflects the effect of administered activity on the dose param-
eters of the TV in the left lobe, shows that while the mean dose to the TV increased
well by the increase in the administered activity, the tumor coverage in terms of cDVH
parameters were not adequate; an early convergence was observed for the curves, but
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they converged to only around half of the TV. Even a very high IA (2 to 6 GBq) was
not enough to cover more than 65% of the TV with a sufficient dose because of the
presence of a relatively big low uptake area within the TV. This kind of result could only
be obtained with voxel-level dosimetry, and the mean dose to the TV (PM) could easily
fail to show insufficient TV absorbed dose coverage because the mean dose increased
linearly with the IA (which can be seen as a very fast early drop, i.e. very low doses,
and an late shoulder in the cDVH of TV, i.e. medium high doses, see figure 2.28-C). The
post-treatment dosimetry is discussed in section 2.3.8.

injected activity vs cDVH parameters (NTV / right lobe)
100 120

Volume percentage (%)
Absorbed dose (Gy)

IA (GBq)

Figure 2.22: Mean dose and cDVH parameters in the right lobe as a function of IA

injected activity vs cDVH parameters (TV / right lobe)

Volume percentage (%)
Absorbed dose (Gy)

£
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
IA (GBq)

Figure 2.23: Mean dose and cDVH parameters in the right lobe as a function of IA
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injected activity vs cDVH parameters (NTV / left lobe)
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Figure 2.24: Mean dose and cDVH parameters in the left lobe as a function of IA
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Figure 2.25: Mean dose and cDVH parameters in the left lobe as a function of IA

2.3.6 Dosimetry report for injected activity calculated based on
different methods

Figure 2.26-A shows an overview of the total IA and IA for each lobe calculated based
on different methods defined in the previous chapter (section 1.7.4). The black bars in
the following figures correspond to the actual prescribed activity in the clinical routine.
As it is stated before (in section 2.3.2), this activity was prescribed based on the PM
(150 Gy to the TV and 25 Gy to the NTV compartment). The comparison between our
dosimetry result and this projected dose for prescribed activity is not straightforward
due to different approach in (see section 1.5.5.2):
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— VOI segmentation: defining lobes based on CT instead of CBCT, tumors on CT
instead of [*®*Ga]Ga-DOTA-TATE-PET (see table 2.3).

~ T/N ratio estimation: deriving from some ROIs on the [**"Tc|Tc-MAA-SPECT
rather than the entire TV and NTV VOIL.

These variations in dosimetry methodology should be taken into account when comparing
these projected doses and our calculated dose parameters.

Figure 2.26-A demonstrates that [A based on the empirical method was comparable
with the MIRD for both lobes, which corresponded to a higher activity (and doses)
compared to the BSA and SIRFLOX-lookup table.

For the left lobe, the voxel-level dosimetry and PM proposed a very similar activity,
without any therapeutic window. This indicated a non-optimum tumor coverage in the
left lobe.

For the right lobe, the PM and voxel-level dosimetry proposed a wide therapeutic
window, which means that the treatment team had a variety of choices for administered
activity, which was a higher maximum TA than proposed by the other methods.

In terms of the mean dose to the NTV compartment (see figure 2.26-C), all the
methods were safe and did not reach the 50 Gy dose level. But, analyzing the dose to the
TV in figure 2.26-D, we see that all methods failed to reach the TV dose of 150 Gy in the
left lobe. For the right lobe, all methods except PM and voxel-level dosimetry failed to
meet mean tumor dose criterion (150 Gy). Therefore, by considering only the mean dose
criteria in this lobe, administered activity calculated by empirical, BSA, SIRFLOX, and
MIRD were not within therapeutic window and cannot considered to be effective based
on meeting the TV mean dose criterion.

oY)

A injected activity by different methods mean dose to the liver for different

4.0 activity prescription methods
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Figure 2.26: IA and mean dose report for activities reported by different methods; empirical
(emp), BSA, SIRFLOX (SFX), MIRD, partition method (PM-low and PM-high), voxel-level
dosimetry (vox-low and vox-high), and therapeutic administered activity. When analyzing these
graphs, one should consider that the left lobe is mostly tumoral (85% tumor involvement).
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The ¢cDVH report in figure 2.27-D revealed that for the right lobe, only the activity
based on PM-high and voxel-level dosimetry was high enough to cover more than 70%
of the TV with at least 80 Gy (activities calculated based on the empirical and MIRD
method were also very close to meet this criterion). For the left lobe, none of the estimated
activities were sufficient to ensure this coverage. The cDVH parameters for NTV also
showed that all the methods were safe for this compartment, and less than half of the
NTV compartment received more than 50 Gy.

Cumulative dose-volume histogram of the TV, NTV, and whole (both TV and NTV)
of the left, right, and entire liver are provided in figures 2.28 to 2.30.

As you can see in figure 2.28, the irradiation of the NTV for none of the methods
exceeded the safety threshold (bold green dashed lines), and depending on the activity
prescription method, half of the NTV in this lobe received more than 24 to 36 Gy. These
numbers were even lower for the right lobe, and for all the methods, half of the NTV in
this lobe received around 14 to 31 Gy or more (see figure 2.29).

As the liver is a parallel organ, for the NTV, the dose distribution to the entire liver
is more critical than the lobar assessment. Figure 2.30 shows that in the entire liver for
voxel-level (IAyoz—high) method, half of the NTV compartment received at least 32 Gy,
and for all the other methods, this number did not exceed 31 Gy.

Figure 2.28 also implies that the TV dose distribution of the left lobe was not sufficient;
for example, 70% of the tumor volume for all the methods received at least a dose of
less than 8 Gy. This number for the right lobe (see figure 2.29) varied for different
methods, and ranged from 55 Gy for the BSA and 132 Gy for the voxel-level dosimetry
(IAvorfhigh)-
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Figure 2.27: Volumetric (¢cDVH) report for activities reported by different methods; empirical
(emp), BSA, SIRFLOX (SFX), MIRD, partition method (PM-low and PM-high), voxel-level
dosimetry (vox-low and vox-high), and therapeutic administered activity. When analyzing these
graphs, one should consider that the left lobe is mostly tumoral (85% tumor involvement).
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Figure 2.28: ¢cDVH obtained from different activity prescription methods for the left lobe; empir-
ical (emp), BSA, SIRFLOX (SFX), non-compartmental partition model (NCP), partition modal
(IApnr—iow and IApp;_pign), voxel-level dosimetry (IAyoz—iow and IAyoz—_pigh), and thera-
peutic administered activity.
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Figure 2.29: c¢DVH obtained from different activity prescription methods for the right lobe;
empirical (emp), BSA, SIRFLOX (SFX), non-compartmental partition model (NCP), partition
modal (IAppr—jow and IAppr_pign), voxel-level dosimetry (IAyoz—jow and IAyoz—_nign), and
therapeutic administered activity.
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Figure 2.30: ¢cDVH obtained from different activity prescription methods for the entire liver;
empirical (emp), BSA, SIRFLOX (SFX), non-compartmental partition model (NCP), partition
modal (IAppr—jow and IAppr_pign), voxel-level dosimetry (IAyoz—jow and IAyoz_pign), and

therapeutic administered activity.
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2.3.7 Predicted and measured dosimetry for the prescribed activity
2.3.7.1 Dosimetry/Activity overview

Here, the pre-treatment dose estimation and post-treatment dose verification using the
actual prescribed activity are described in detail. One transaxial slice is shown for all
pre- and post-treatment images in figure 2.38.

For the total NTV compartment in the entire liver, [*™Tc]Tc-MAA based dose pre-
diction is very close to the measured dose. Based on the dose verification (and predictive
dose), this IA resulted in 37 Gy (predictive: 44 Gy) to the NTV in the entire liver;
around 76% (predictive: 73%) of this compartment (measured: 1237 cc, predictive: 1194
cc) received less than 50 Gy, and half of the NTV received less than 20 Gy (predictive:
22 Gy). When comparing the predictive and measured mean dose to the NTV tissue in
each lobe, predictive dosimetry overestimated the mean dose (84 versus 68 Gy) for the
left lobe, and underestimated for the right lobe (29 versus 25 Gy).

Measured (and predictive) mean TV dose for the left and right lobe and entire liver
were 112 Gy (predictive: 109 Gy), 167 Gy (predictive: 126 Gy), and 134 Gy (predictive:
116 Gy), respectively. More than 45% (absolute volume of 213 cc), 67% (absolute volume
of 219 cc), and 54% (absolute volume of 432 cc) of the TV in the left and right lobe and
entire liver were predicted to receive at least 80 Gy, respectively. But post-treatment
dose verification corresponded to approximately 70% of the tumor receiving more than
80 Gy for both lobes and entire liver, which were equivalent to an absolute volume of
333, 227, and 560 cc for the left lobe, the right lobe, and entire liver, respectively. This
means that in both lobes, predictive dosimetry underestimated the tumor coverage of 80
Gy. In other words, dose measurement suggests that 70% of the tumor in both lobes and
entire liver received at least around 80 Gy, while predictive dosimetry underestimated
this parameter; a predictive D707y of 12, 76, and 35 Gy were estimated for the left lobe,
right lobe and entire liver based on [*°™Tc]Tc-MAA-SPECT.

These results are discussed in more detail in the next subsections. Three months
follow-up [*®*Ga]Ga-DOTA-TATE-PET/CT (see figure 2.38-U and V) showed a devel-
opment of central necrosis in the treated liver metastasis in both lobes. Unfortunately,
new liver and bone metastases were detected. The patient was treated with PRRT after
SIRT.

2.3.7.2 Cumulative dose-volume histograms

Predictive cDVHs, using actual prescribed activity, are given in figure 2.31. The difference
between the predictive and measured cDVH is also given in figure 2.34.

Figure 2.32 also provides the dose-volume histogram (DVH), not the ¢cDVH, for dif-
ferent VOIs. The use of DVHs is limited in the SIRT workflow, and dose distributions
are usually reported in cDVHs. But in the case of examining the predictive value of
[%°™Tc]Tc-MAA particles, one may want to look at the difference between predictive and
measured volume percentage in different dose bins. This information is provided in figure
2.34.

As shown in figure 2.31-B, predicted dose-volume histograms for TV and NTV in the
left lobe were very close to each other (green and red dashed lines), which indicates that
[*°Tc] Te-MA A-based dose did predict a poor differential dose distribution between TV
and NTV.

Post-treatment dose verification shows that the DVH for the left lobe TV and NTV
compartment (solid green and red line) were less close to each other compared to the pre-
dictive lines (dashed lines), which means that therapeutic microspheres showed a better
distribution within the TV compared to the prediction. The difference between predic-
tive and measured cDVH curves (subtracting predicted cDVH from measured curve) for
this lobe is illustrated in figure 2.33 (light red and green lines). As you can see for NTV,
the difference was always in the range of [-20, 40] % of the tumor volume. For the doses
less than 120 Gy, prediction underestimates the TV dose, but in high doses, there is
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an overestimation of the TV dose. For the NTV compartment, the range of difference
between predictive and measured dose was less ([-13, 8] Gy). In the area of the decisive
dose to the NTV liver (between 40-60 Gy), the underestimation was limited. Figure 2.34
gives a better insight into where the discrepancy is more pronounced; in this figure the
DVH differences for different VOIs (e.g. TV dose in light red line) are shown with dose
bins of 10 Gy. This figure indicates a volume percentage difference of 5% for the doses
between 65 Gy to 135 Gy, which was the most interesting dose interval for this compart-
ment. For the NTV compartment (light green line), by comparing dose differences with
a dose bin of 10 Gy, most of the disagreement happened around 55 to 105 Gy, which is
also an interesting dose interval.

Figure 2.31-C shows that in the right liver lobe, there was an excellent difference
between TV and NTV irradiation for both predictive (dashed red and green lines) and
measured dose (solid red and green line). Also, predictive (dashed lines) and measured
(solid lines) doses for both TV (red) and NTV (green) were very close, which means
that [**™Tc]Tc-MAA was a good surrogate in this lobe. This is also provided in figure
2.33-C (orange and blue lines). The difference between cDVH of the TV and NTV never
exceeded 10 and 7%, respectively. Figure 2.34 shows that a small discrepancy (less than
2.5%) is reported in the volume of the TV that received doses of around 55 to 95 Gy.
For the NTV compartment in this lobe, predictive, and measured dose above 140 Gy
were identical. The most pronounced differences (figure 2.34) were recorded as a mild
overestimation in the range of [0, 35] Gy and a mild underestimation between 35 and 65
Gy.
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95



96 CHAPTER 2. INVESTIGATION OF THE SIRT WORKFLOW IN UZ LEUVEN

A

30

N
o

Volume percentage(%)
=
o

o

30

N
o

Volume percentage(%)
=
o

@]

ey
o

w
o

Volume percentage(%)
[ N
o o

DVH of the entire liver

=== pre-TV

== pre-NTV

=== pre-entire liver
post-TV
post-NTV

= nost-entire liver

DVH of the left lobe

“ == pre-TV

\ === pre-NTV

W === pre-entire LPT
‘:‘ post-TV

\ post-NTV

‘\ = post-entire LPT

DVH of the right lobe

=== pre-TV
=== pre-NTV
AR === pre-entire LPT
post-TV
S post-NTV

e nost-entire LPT

k4 — — o e
LU OMWOOMWOOMUOOUOOUOWOMUOOOWOWONWOWOMLWOWMLWLWLWLWLWmLWmLWm
HANN TN ONODO A AN NTNONODNDNO T ANMST L OO

™ A A A AN AN AN AN AN ANANNANN

Figure 2.32: DVH of different VOIs



2.3. A CLINICAL CASE OF DOSIMETRY REPORT

50

40

30

20

Volume percentage difference (%)
=
o

10
20
30
40

Difference between cumulative DVHs

50

e cDVH diff (TV, entire liver)

e cDVH diff (TV, left)

———cDVH diff (NTV, left)
cDVH diff (TV, right)

== cDVH diff (NTV, right)

== cDVH diff (NTV, entire liver)

60
70
80

90
100

OO 0O 0000000000000 OO0

HANNTN OMNODOIITO A NN WN ON 0

™ o A A A A AN NN N NN NN
Absorbded dose (Gy)

290
300

97

Figure 2.33: Difference between measured and predicted cDVH of different VOlIs, positive values
associated with higher post treatment measured cDVH compared to pre-treatment predicted

cDVH

10

-10

Volume percentage difference (%)

-30
n

n
—

n
(o]

n
o

n
<

n
wn

n
(=}

Difference between DVHs

n
~

n
0

n
D

L
(=}
—

-

e DVH diff (TV, liver)
——DVH diff (NTV, liver)
= DVH diff (TV, left)
DVH diff (NTV, left)
DVH diff (TV, right)
= DVH diff (NTV, right)

N wmwmLwLuwmLwmuwmwmLwmLwmwmwmwmwmwn
S ANM SN OO O NS N
L B T B B T B B Y oA o VAR o VY oV I N I o}

Absorbded dose (Gy)

265
275
285
295

Figure 2.34: Difference between measured and predicted DVH of different VOIs with absorbed
dose bins of 10 Gy (positive values meaning higher measured DVH)



98 CHAPTER 2. INVESTIGATION OF THE SIRT WORKFLOW IN UZ LEUVEN

2.3.8 Voxel-by-voxel comparison between predicted and measured
dose

2.3.8.1 Dose difference analysis

The most naive way to analyze voxel-by-voxel dose difference between predictive and
measured absorbed dose is reporting the distribution of the difference (see figure 2.38).

The interquartile ranges of the dose differences in different VOIs are provided in
the following figures. Figure 2.35-A illustrates the interquartile ranges of the voxelized
absolute dose difference, and 2.35-B shows the interquartile ranges of the absorbed dose
differences normalized by the measured absorbed dose in each voxel.

As can be seen in figure 2.35-B, the median absolute difference between the measured
and predicted dose for TV and NTV voxels in the left lobe were 34 and -4 Gy, respectively.
Moreover, the first and third interquartile range of the TV and NTV voxels showed a
significant deviation between predicted and measured dose. For TV, this range was [-99,
92] Gy and for NTV voxels, this range equaled to [-77, 48] Gy. In the entire left lobe, the
median dose difference was 12 Gy. When analyzing the normalized difference (figure 2.35-
B), the TV and NTV voxels had a median of absorbed dose difference of 50% and -10%
of their measured dose. Also, for one quarter of the TV and NTV voxels, the predicted
dose overestimated the absorbed dose by 80 and 180% of the measured dose or more. On
the other hand, for one-quarter of the TV and NTV voxels, the underestimation of the
absorbed dose based on the predicted dose was more than 90 and 70% of the measured
dose.

The inconsistency between measured and predicted dose was lower for the right lobe.
The median of the absolute dose difference between measured and predicted dose for
TV, NTV, and entire lobe voxels were 10, -1, and -1 Gy. The first and third-interquartile
range for absolute dose difference between measured and predicted dose for TV and NTV
voxels in this lobe were [-35, 62] and [-12.7] Gy. The first-interquartile range of the dose
differences normalized by the voxel measured dose for TV and NTV compartment were
-0.4 and -0.9. Also, the third-interquartile range of the normalized dose difference showed
that only one-quarter of the predicted dose for both TV and NTV voxels in this lobe
underestimated the measured dose by 40%.
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A quartile ranges of the voxel level absolute dose differences
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Figure 2.35: Interquartile ranges of the [A] absolute and [B] normalized dose difference between
measured and predictive dosimetry (positive values are associated with higher post-treatment
measured doses)

2.3.8.2 Tissue level joint histograms

By using TCP curve for mNET [218], a minimum threshold of 150 Gy is accepted as a
dose with a high tumor response probability (see section 5.2.4). Also, an absorbed dose of
80 Gy is considered to be the cut-off for predicting nonresponse. By using NTCP curve,
a dose of 50 Gy is considered as a safety threshold, an absorbed dose of 40 Gy is also
used to illustrate the lowest dose recommended (e.g. for cirrhotic NTV or for patients
that were treated heavily with chemotherapy) [71,73].

Taking these values into account, a comparison between dose-levels in NTV and TV
in each lobe is provided (see figure 2.38). Absorbed doses are binned using 40 and 50 Gy
for NTV and 80 and 150 Gy for TV.
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NTV, left [ pre € [0,40]Gy | pre € [40,50]Gy [ pre € [50, +oo]Gy || total
post € [0, 40]Gy 15.8% 1.9% 13.8% 34.2%
post € [40,50]Gy 3.0% 0.4% 3.8% 9.5%

post € [50, +o0]Gy 21.9% 2.9% 31.6% 56.4%
fotal [ 384% | 5.2% [ 54.2% [ 100%

Table 2.13: Joint histogram of the NT'V (left lobe) dose in pre- and post-treatment dosimetry

NTV, right [ pre € [0,40]Gy | pre € [40,50]Gy [ pre € [50, +0o]Gy || total
post € [0,40]Gly 71.8% 16% 72% 83.6%
post € [40,50]Gy 2.2% 0.6% 1.6% 4.4%

post € [50, +00]Gy 31% 1.2% 7.8% 12.1%
fotal [ 71% | 64% | 16.6% [ 100%

Table 2.14: Joint histogram of the NT'V (right lobe) dose in pre- and post-treatment dosimetry

NTV, liver [ pre € [0,40]Gy | pre € [40,50]Gy [ pre € [50, +oo]Gy || total
post € [0,40]Gy 56.7% 3.8% 10.3% 70.8%
post € [40,50]Gy 2.4% 0.5% 2.2% 5.1%

post € [50, +00]Gy 8.1% 1.7% 14.2% 24.0%
total [ 672% | 60% | 36.7% [ 100%

Table 2.15: Joint histogram of the NTV (whole liver) dose in pre- and post-treatment dosimetry

TV, left [ pre € 10,80]Gy | pre € [80,150]Gy [ pre € [150, +00]Gy [ total

post € [0, 80]Cy 20.2% 15% 7.6% 29.3%
post € [80, 150]Cy 23.4% 4.5% 20.6% 185%
post € [150, +00]Gy 11.2% 3.5% 7.5% 22.2%
fotal [ 5i8% | 9.5% [ 35.7% [ 100%

Table 2.16: Joint histogram of the TV (left lobe) dose in pre- and post-treatment dosimetry

TV, right [ pre € 10,80]Gy | pre € [80,150]Gy [ pre € [150, +00]Gy ]| total

post € [0,80]Gly 16.0% 10.7% 3.5% 30.2%
Dost € [R0, 150]Cy 10.1% 17.4% 6.0% 33.5%
Dost € [150, Foo] Gy 6.6% 11.6% 18.1% 36.3%
fotal [ 327% [ 397% | 37.6% [ 100%

Table 2.17: Joint histogram of the TV (right lobe) dose in pre- and post-treatment dosimetry

TV, liver [ pre € 10,80]Gy | pre € [80,150]Gy [ pre € [150, +00]Gy [ total

post € [0,80]Gy 18.5% 5.3% 5.9% 29.7%
post € [30, 150]Gy 18.0% 9.8% 14.6% 12.4%
post € [150, Foo]Gy 9.3% 6.8% 11.8% 37.9%
fotal [ 5% | 21.9% | 32.3% [ 100%

Table 2.18: Joint histogram of the TV (whole liver) dose in pre- and post-treatment dosimetry
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Agreement levels:

We could also categorize these dose bins into the following levels:

¢ Good agreement: when the pre- and post-treatment doses belong to the same
dose interval; combining the green blocks in tables 2.13 to 2.18 (e.g. predictive and
measure NTV dosimetry both report a dose of between 40 and 50 Gy).

e Moderate agreement: when the pre- and post-treatment doses belong to the
neighboring dose intervals; combining the blue blocks in tables 2.13 to 2.18 (e.g.
TV, predictive TV dose is less than 80 Gy and post-dose TV dose verification is
between 80 and 120 Gy).

o Poor agreement(better in treatment): when the pre- and post-treatment
doses are very different, i.e. one belongs to the first and the other to the third
dose interval, but the actual dose to the tumor was higher and the actual dose to
the NTV was lower than predicted; the yellow blocks in tables 2.13 to 2.18 (e.g.
predictive dose to the NTV is more than 50 Gy while the measured dose in this
volume is less than 40 Gy).

o Poor agreement(worse in treatment): when the pre- and post-treatment doses
are very different, i.e. one belongs to the first and the other to the third dose
interval, but the actual dose to the tumor was lower and the actual dose to the NTV
was higher than predicted; the red blocks in tables 2.13 to 2.18 (e.g. predictive dose
to the TV is more than 150 Gy while the measured dose in this volume is less than

80 Gy).
Agreement levels for different VOIs
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Figure 2.36: Agreement levels of predictive and measured doses
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2.3.8.3 ~y-index

Here you can find the volume percentage of different VOIs which passes this local «-index
criteria (see section 2.2.5.2):

e DD= 3 % of the post-treatment dose for each voxel
o DTA= 3 times MAA-SPECT voxel size (14.4 mm)

Here, both DD and DTA can be chosen arbitrarily. In our evaluation, the most
common passing criteria (3% of the post-treatment dose and 3 voxel size) is used which
was originally proposed by Low et al. [213]. By employing other values than proposed,
one can achieve a different value of «-value, and new pass-fail criteria would be defined.

Figure 2.37 provides the percentage of the passed voxels in different VOIs, figure 2.38
shows one transaxial slice of this test. So, in the entire liver, 69% of the voxels (60%
of the TV and 74% of the NTV voxels) passed the 7-index criteria. The passed voxels
in the TV, NTV and entire lobe were higher for the right lobe; y-index suggests that
around 80% all the voxels of the NTV voxels of the right lobe received similar absorbed
dose based on predictive and measured dose, but around half of the NTV in the left lobe
did not pass the criteria.

Around 85% of the TV voxels in the right lobe showed a good agreement between
predictive and measured dose based on their y-index; this number was only around 44%
of the TV voxels in the left lobe.

In total, 82% and 49% of the voxels within the right and left lobe passed the -index
criteria.
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Figure 2.37: Volume percentage of different VOIs which passes the local y-index criteria

2.3.8.4 Conclusion

In this section, several methods were presented to clarify different ways which can be
used to analyze differences between the predicted and measured doses in clinical routine.
These approaches give insights about possible match or mismatch between estimated
and measured doses from different angle. For this case, in the left lobe there were two
interesting results: (1) there is a large part of the tumor without any [*°™Tc]Te-MAA
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uptake. Fortunately, that part received °°Y-microsphere. So, the treatment was much
better than the prediction. This mismatch happened mostly in two dose intervals: low
dose (between 0 to 25 Gy) and medium-high absorbed doses (between 75 to 135 Gy).
Both of these dose intervals were important in treatment planning. (2) in the part of the
tumor where there was [*°™Tc]Tc-MAA uptake, the correlation between [*°™Tc]Te-MAA
intensity and yttrium-90 intensity was only moderate.
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2.3.9 A transaxial slice of the images and dosimetry results
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Figure 2.38: A transaxial slice of the images and dosimetry results [A,B] CT and SPECT images
from pre-treatment workup, [C,D] OT and PET from baseline image ([°® Ga]Ga-DOTA-TATE
study), [E,F] CT and °° Y-PET images from post-treatment imaging, [G,H] early and late arterial
phase CBC'Ts for the left lobe

continued on the next page ...
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Figure 2.38: ... continued from the previous page

A transaxial slice of the images and dosimetry results [I,J] early and late arterial phase CBCTs
for the right lobe [K,L] predictive and measured dose maps converted from images B and J,
respectively, [M,N] the same images as K and L with iso-dose contours, [O] the difference between
measured dose and predictive dose (image K subtracted from image L), [P] segmentation map,
green and blue are partitioned liver (from image A) into left and right lobe (by using images E to
H); the green and red contours in the images A to J represent the liver and tumor segmentation
illustrated here,

continued on the next page ...
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Figure 2.38: ... continued from the previous page

A transaxial slice of the images and dosimetry results [Q,S] agreement level which corresponds to
the joint-histogram of the predictive and measured dose [T] passed and failed pixels using local
~v-index, [U,V] CT and PET from 3 months follow-up image ([°® Ga]Ga-DOTA-TATE study).



Chapter 3

Multi-modal image analysis for
semi-automatic segmentation of the total
liver and liver arterial perfusion
territories for radioembolization

This chapter has been published as:

Rangraz EJ, Coudyzer W, Maleux G, Baete K, Deroose CM, Nuyts J. “Multi-modal image
analysis for semi-automatic segmentation of the total liver and liver arterial perfusion
territories for radioembolization.” EJNMMI research. 2019 Dec 1;9(1):19.

Appendiz 2 is not included in the published paper.

3.1 Abstract

Purpose: We have developed a multi-modal imaging approach for SIRT, combining
[*"Tc] Te-MAA-SPECT/CT and/or °Y-PET, contrast-enhanced CBCT, and [**F]FDGC-
PET/CT for voxel-based dosimetry, as a tool for treatment planning and verification.
For absorbed dose prediction, a segmentation of the total liver volume and of the liver
perfusion territories is required.

Method: In this paper we proposed a procedure for multi-modal image analysis to as-
sist SIRT treatment planning. The pre-treatment ['*F|FDG-PET/CT, [**™Tc]Tc-MAA-
SPECT/CT and contrast-enhanced CBCT images were registered to a common space
using an initial rigid, followed by a deformable registration. The registration was scored
by an expert using Likert scores. The total liver was segmented semi-automatically based
on the ["®F]FDG-PET/CT and [*°™Tc]Tc-MAA-SPECT/CT images, the liver perfusion
territories were determined based on the CBCT images. The segmentations of liver and
liver lobes were compared to the manual segmentations by an expert on a CT image.

Result: Our methodology showed that multi-modal image analysis can be used for de-
termination of liver and perfusion territories using CBCT in SIRT using all pre-treatment
studies. The results for image registration showed acceptable alignment with limited im-
pact on dosimetry. The image registration performs well according to the expert reviewer
(scored as perfect or with little misalignment in 94% of the cases). The semi-automatic
liver segmentation agreed well with manual liver segmentation (dice coefficient of 0.92 and
an average Hausdorff distance of 3.04 mm). The results showed disagreement between
lobe segmentation using CBCT images compared to lobe segmentation based on CT im-
ages (average Hausdorff distance of 14.18 mm), with a high impact on the dosimetry
(differences up to 9 Gy for right and 21 Gy for left liver lobe).

Conclusion: This methodology can be used for pre-treatment dosimetry and for
SIRT planning including the determination of the activity that should be administered

107
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to achieve the therapeutical goal. The inclusion of perfusion CBCT enables perfusion-
based definition of the liver lobes, which was shown to be markedly different from the
anatomical definition in some of the patients.

Keywords: Radioembolization, Selective internal radiation therapy (SIRT), Transar-
terial radioembolization (TARE), Liver segmentation, Liver lobe segmentation, Liver
perfusion territory segmentation, CBCT

3.2 Introduction

Radioembolization (RE), also known as selective internal radiation therapy (SIRT) or
transarterial radioembolization (TARE), is a promising therapy in both safety and effi-
cacy aspects for non-resectable primary and metastatic liver malignancies [33,45,221-223]
which is recommended in guidelines in the salvage setting in mCRC and HCC when other
therapies are contraindicated or have failed, and for small tumors in patients waiting for
liver transplantation [32,133]. Several large RTCs have investigated SIRT in HCC and
mCRC and did not meet their primary endpoint, highlighting the need for optimization
of the technique and patient selection [33,73,221,224-226].

In SIRT, millions of implantable microspheres containing yttrium-90 are administrated
into the HA during a femoral arterial catheterization [153,227] which results in higher
concentration in the tumors located within that liver perfusion territory than within the
normal liver parenchyma [228].

Before injecting the °°Y-microspheres, a simulation is performed in which the patient
specific vascular anatomy is determined and specific arteries are coiled to prevent extra-
hepatic dissemination [229]. Then, MAA particles labeled with technetium-99m are in-
jected and within the hour after injection a scintigraphic planar imaging and SPECT with
X-ray CT (SPECT/CT) are performed [148]. These images are used to quantify a possi-
ble pulmonary shunt and determine extrahepatic uptake. These SPECT/CT images can
be used to predict the intrahepatic distribution of the °°Y-microspheres as well, enabling
a pre-therapeutic dosimetric analysis. Subsequently, the patient undergoes a second pro-
cedure in which a prescribed amount of °*Y-microspheres are injected. Yttrium-90 is a
B emitter. In soft tissue, 2.23% of the electrons produce a bremsstrahlung photon with
an energy of 50 keV or more. Its decay also has a very small positron branching ratio
(32 per million decays) [230,231]. Therefore the actual distribution of the spheres can
be determined by bremsstrahlung emission computed tomography (BECT) or *°Y-TOF-
PET [232-234].

Because of the high kinetic energy of the emitted electrons (mean energy of 0.934 MeV,
mean and maximum tissue penetration of 2.5 and 11 mm, respectively), treatment with
90Y-resin microspheres can achieve an absorbed dose (the energy that will be absorbed
per unit of tissue mass) of about 100 to 1000 Gy to the tumor which is sufficient for
complete tumor ablation, while keeping the healthy tissue irradiation below the safety
threshold (typically in the order of 30-50 Gy) [235,236]. Estimating the absorbed dose
to the TVs and NTV has a key role in radionuclide therapy for predicting the tumor
response and healthy liver toxicity [237].

The so-called partition method is a tissue level dosimetry method that is used widely as
a tool to predict mean absorbed dose in the TV and NTV. This method assumes uniform
activity in TV and NTV compartments [238]. However, there are some concerns about
using the mean absorbed dose in SIRT because of the inherent activity heterogeneity. For
this reason, using a more detailed dosimetry is vital for treatment optimization [73,239].
The role of [?*Tc]Te-MAA-based dose estimation for a safe NTV absorbed dose and
efficient TV absorbed dose has been investigated in several studies [175,240,241]. Post-
treatment dosimetry has also been studied to verify the treatment planning [107,242-244].

Recent arguments over choosing between an activity prescription based on BSA and
dosimetry based prescription in the treatment planning procedure [245,246] accentuate
the relevance of quality control, dosimetry process verification and standardization in
the field of SIRT. In addition to the activity distribution estimation uncertainties (e.g.
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simulating power of MAA, partial volume effect, breathing motion, ...), some errors are
introduced by image processing techniques e.g. image registration and segmentation,
which need to be avoided [73]. To date, activity calculation based on BSA is used for
SIRT with resin microspheres in one-third of European hospitals regardless of availability
of numerous commercial softwares designed for dosimetry [247,248]. This is possibly due
to lack of image processing validation, error estimation or complexity of the process and
regulation.

Image registration accuracy has been investigated for CT to CT liver registration for
contrast-enhanced diagnostic CTs [249]. Over the past decade, numerous semi-automatic
and automatic approaches for liver segmentation [250,251] on CT that rely on histogram
based methods [252,253], graph cut [254-256], region growing [256-258], geometric de-
formable model and level set [259-261], probabilistic atlas [262,263], statistical shape
models [264-266], and recently neural network [267-270] have been proposed. Despite
these efforts, image registration and segmentation remains a challenging task for SIRT
application for several reasons:

1. liver is a soft tissue and liver shape is heavily dependent on patient positioning (e.g.
the position of the arms);

2. the liver shape in SIRT patients differs from the normal shape, because of preceding
treatments (liver resection, liver ablation, chemotherapy) and tumor growth which
makes it challenging to use liver segmentation techniques which are dependent on
the liver shape for these patients;

3. liver is a soft tissue and its Hounsfield units are similar to those of adjacent organs
like the heart, spleen, stomach and kidney, which makes liver segmentation on
non contrast-enhanced CTs (e.g. CT from [ Tc]Tc-MAA study) hard, even for
experts.

4. CT from [*"Tc]Te-MAA study is not a dedicated diagnostic CT, this low-dose CT
usually suffers from streak artefacts; and

5. the interval between the [*"Tc]Tc-MAA and the diagnostic high-dose, contrast-
enhanced CT from ["*F]FDGC study can be up to weeks to even one or two months
and the liver can deform dramatically over time for several reasons e.g. tumor
change.

Although liver segmentation techniques offer highly accurate results for healthy liver
on contrast-enhanced CTs, few studies applied volumetric methods to the baseline and/or
non-contrast-enhanced, low-dose CTs for radiation therapy planning. Monsky et al. pro-
pose a method based on iterative watershed segmentation to semi-automatic volumetric
segmentation of the liver, tumor and necrosis using multi-phase CTs in 14 patients. They
compare their results with manual liver segmentation and report a good inter- and intra-
observer reproducibility [271]. Goryawala et al. present a framework for extracting 3D
liver segmentation based on coupling a k-mean algorithm with a localized contouring
method. They applied their method to 5 patients aiming at minimizing human interven-
tion [272]. In [273], they improved their method by decreasing the human intervention
time and applying their workflow to 34 patients with liver metastatic.

To overcome the inaccuracy of liver segmentation due to the similar Hounsfield values
of the liver and its surrounding organs in non-contrast-enhanced CTs, some studies use
co-segmentation algorithm, using information from different co-registered modalities (e.g.
["*F]JFDG-PET and CT) to guide the liver segmentation. Wang et al. use FDG uptake
difference between the liver and adjacent organs to separate them for 12 patients [274].
Later, they apply their method to more patients [275] and using probabilistic atlas [276].
Mendes et al. present a framework for outlining liver using CT alone, PET alone and a
hybrid modality liver segmentation using information from PET and CT together [277].

The main aim of this study is to develop a multi-modal image analysis approach that
can be used for voxel-level and partition model dosimetry, using pre-treatment simulation
based on the [*"Tc]Tc-MAA study. This methodology is generic and can be extended for
post-treatment dose verification images. For this purpose, we developed and evaluated
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a new methodology for image registration, for liver segmentation using all pre-therapy
image data, for tumor segmentation using [**F]FDG-PET/CT, and for LPT segmentation
using the CBCT.

To our best knowledge, this is the first attempt to investigate the role of lobe seg-
mentation based on contrast-enhanced CBCT for dosimetry and activity prescription.
LPTs are usually segmented using the anatomical landmarks on CT, which reflect the
standard anatomical venous lobe segmentation [278]. In our hospital, contrast-enhanced
CBCT are acquired in the early and late arterial phase during the angiographic workup
to outline the different LPTs [279, 280].

To our knowledge there are no reported studies investigating the registration accu-
racy for SIRT therapy planning; CBCT and low-dose, non-contrast-enhanced CT reg-
istration. We are also implementing a multi-model liver segmentation approach which
uses the ["*F]FDG-PET/CT aligned to the CT from the [**™Tc|Tc-MAA-SPECT/CT
study. The current version is still semi-automatic and its preliminary evaluation shows
that it produces a segmentation similar to that produced by an expert operator on the
contrast-enhanced CT using commercial software. Nevertheless, we present the method
already here because we believe that such a multi-modal segmentation approach has the
potential to improve the segmentation of the liver and the tumors. Details about the
method are provided as supplementary material.

The paper is organized as follows: In section 3.3, the multi-modal image analysis
algorithm is described: first all images are registered to the same space, then the liver,
the LPTs and the tumors are delineated. Then, the results of the proposed algorithm are
shown and compared to a manual segmentation by an expert in section 3.4. Finally, in
section 3.5, our results are discussed. In section 3.7 some conclusions are presented and
some future directions are discussed.

3.3 Methods and materials

3.3.1 Patient selection

Between May 2014 and December 2017, 22 consecutive patients underwent bilobar SIRT
in the University Hospitals Leuven (UZ Leuven) with early and late arterial phase
CBCT imaging for both lobes before treatment (for delineating different LPTs) and
with ["*F]JFDG-PET/CT imaging (for delineating FDG-avid malignancies). Of these,
5 patients were excluded from the study due to artefacts or low image quality in the
[*9"Tc] Te-MAA-SPECT/CT study (n=3), CBCT images (n=1) and ['*F]FDG-PET/CT
study (n=1). Pre- and post- treatment images were collected and analyzed retrospec-
tively. From these patients, a set of 7 patients with a HCC, 2 breast, 2 melanoma, a
colorectal and an esophageal cancer was arbitrarily selected to optimize the parameters of
the algorithm (so called “training set”) and 10 patients, 6 colorectal cancer, an esophageal
cancer, a neuroendocrine tumor, a colon cancer and a cholangiocellular cancer were used
for an independent evaluation (so called “test set”). A list of the optimized parameters
is provided in appendix 1 (section 3.8). Detailed patient characteristics are provided in
the appendix 2 (section 3.9).

3.3.2 Pre-treatment studies

Pre-treatment studies were performed for SIRT (see figure 3.1) based on the European
Association of Nuclear Medicine (EANM) guideline [154], the recommendations of the
American Association of Physics in Medicine (AAPM) [153] and the SIRTEX manual
[281].

For a SIRT simulation, about 150 MBq of [**"Tc]Tc-MAA was infused into the HA at
the position where the therapeutic activity was expected to be administered (about 100
MBq and 50 MBq to the vessels that feed right and left LPTs respectively). A SPECT/CT
was performed as soon as possible [148], typically within 1 hour on a Symbia T16 camera
(Siemens Healthineers, Erlangen, Germany).
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SPECT, using a dual-head gamma camera, was performed with rotation over 180 °,
60 views per detector and 21 sec per view in a 128 x 128 matrix with 15% energy window
centered at the photopeak of technetium-99m (140 kev) using low-energy high-resolution
collimators. The reconstruction was done using the ordered subset expectation maxi-
mization (OSEM) algorithm accounting for attenuation, position dependent collimator
blurring and a scatter contribution, which was estimated using a dual-energy scatter win-
dow. Phantom experiments were done to determine the calibration factor (producing a
system sensitivity of 11.7 ¢pm/kBq), which absolutely quantifies the reconstruction of the
images, these results are in line with results provided by Zeintl et al. [282]. This image
was reconstructed with an isotropic voxel size of 4.8 mm. The CT scan (120 mAs, 110
kV) was acquired with 0.9 mm in plane voxel size and 1.0 mm slice thickness.

During the angiographic workup, contrast-enhanced CBCTs were acquired in the early
and late arterial phase, outlining the LPTs of the hepatic artery branches. CBCTs
were performed using XtraVision (Philips Healthcare, Amsterdam, Netherlands). These
images are not mentioned in the guidelines and there are not many centers that acquire
these images as part of the SIRT procedure.

For some patients (e.g. patients with FDG-avid tumors), a whole body [**F]FDG-
PET/CT with a Biograph 40 TruePoint TrueV system (Siemens Healthineers, Erlan-
gen, Germany) was performed up to two months before treatment to provide the tumor
metabolic data. CT imaging was done mostly with intravenous contrast-enhancement
for outlining the total liver and the liver tumor burden (85mAs, 120kV, plane voxel size
of 0.98 mm, slice thickness of 1.5 mm). The PET images were reconstructed using reso-
lution recovery, attenuating and scatter correction. Voxel size and slice thickness are 2.9
mm and 5 mm, respectively.

3.3.3 SIRT procedure

SIR-Spheres (SIRTEX Medical Ltd, Sidney, Australia) were used in all patients. Ac-
cording to the resin microspheres’ manufacturer guideline (SIRTEX Medical Ltd, Aus-
tralia, North Sydney NSW), determination of therapeutic activity was based on the BSA
method [281] or a 1-compartment partition method (MIRD method) aiming at keeping
the dose to each lobe below 40 to 50 Gy [203]. The activity was adjusted to have a lung
absorbed dose below 30 Gy. The calculated activity was administered according to the
manufacturer recommendation [281].

3.3.4 Image processing

We proposed a multi-modal image analysis approach for registering all pre-treatment
images to an identical space. These aligned images were used for semi-automatic total
liver, tumor and LPT delineation. All codes were written in house using IDL 8.4 (Harris
Geospatial Solution, Boulder, CO, USA).

Before registering all images to an identical space, a box was defined manually for
each image which contains the entire liver; this makes the whole procedure faster and
also gives a data reduction for the image registration and segmentation. To define the
box for each image, the first and the last plane that contain liver were selected in each
of the three orthogonal views (6 planes). Then, the images were cropped by these boxes
and the cropped images were used in the entire workflow (see figure 3.2).

To suppress the noise and increase the voxel intensity homogeneity within the liver,
which is helpful for image registration and segmentation, the CT and CBCT images
were filtered by three consecutive 2D median filtering with a width of 3 by 3 voxels; first
plane-by-plane filtering in the xy-direction, then zx-direction, and finally the yz-direction.
This filter better preserves the organ’s edges than Gaussian filtering (see figure 3.2). The
smoothed images were used as intermediate for segmentation and registration and the
unsmoothed images were also processed in each step.
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Figure 3.1: Single transaxial slice of SIRT pre-treatment studies and segmentation result (patient
ID BIO1 from training set in our database): [A] the CT and activity image of the [*9™ Tc|Tc-
MAA-SPECT/CT scan. Correction for scatter and attenuation is applied and a phantom-based
calibration factor is used to obtain images of absolute technetium-99m concentration [kBq/cc].
[B] CBCT images with contrast-enhancement facilitating delineation of the right and left liver
lobe [C] the CT and PET of the [\ FJFDG-PET/CT study. [D] the segmented liver, tumor and
LPTs

3.3.4.1 Image registration

The aim is to have all images in an identical space, we refer to the resulting set of aligned
images as the meta-image. Image registration was done in two steps:

First, early and late CBCTs for each LPT were aligned by a rigid registration. This
multi-resolution registration used the sum of square differences as the cost function.
After registration, averaging over all CBCTs creates an image which covers a larger field
of view than the individual CBCTs, because each image is typically focused on a single
liver lobe. We refer to this image as meta-CBCT. In addition, the contrast-enhancement
is suppressed due to averaging which helps further registration.

Then, the meta-CBCT and CT from the [**F]FDG study (CTrpc) images were reg-
istered to the CT from the [*"Tc]Tc-MAA study (CTmaa) non-rigidly (starting from
a initial rigid registration) and the PET image was deformed with the deformation ob-
tained for the corresponding CT image. CBCT images were acquired in breath hold.
['**F)FDG-PET/CT, and [*°™Tc]Tc-MAA-SPECT/CT imaging allowed shallow breath-
ing. Consequently, breathing impact is unavoidable [283]. These images were acquired in
clinical routine and were not gated for respiratory movement. So, in this study breathing
motion is part of the uncertainties.

The multi-resolution non-rigid registration was done with the algorithm described in
[209]. Mutual information was used as the cost function. This algorithm represented the
deformation with a displacement vector in every voxel. The deformation was constrained
by assuming that neighboring voxels are connected by non-linear springs, which can have
different rigidity for voxels belonging to different classes. The image was segmented by
thresholding into air, liver, other soft tissues and bone. The rigidity of the liver was set
to a relatively high value, while that of all other tissues was set to a low value. This was
done to ensure that the liver registration is good and as rigid as possible, and that it is
not hindered by alignment of the other structures surrounding the liver. Moreover, the
registration is mostly driven by the high intensity gradients near the liver boundaries.
By favoring rigidity, a useful alignment for structures inside the liver can be obtained.
Indeed, the perfusion and ["®F]JFDG uptake will not always be matched, and identifying
mismatches is highly relevant for treatment planning/verification (see image 3.1). The
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Figure 3.2: Patient ID BIO1 from training set in our database; [A and B] transaxial and coronal
view of a CTyaa, [C and D] median filter and Gaussian filter (FWHM=4) of the same slide
in transaxial slice (image C is sharper and voxels within the liver are more homogeneous; red
contours shows the boxes that are defined for data cropping)

CBCTs and CTwmaa acquisitions were within hours from each other with minimal organ
change in between.

3.3.4.2 Evaluation of registration methodology

Expert evaluation: To evaluate CTrpa to CTymaa non-rigid registration, an expert
(CMD) scored the results by using a 5-point Likert method. The co-registered datasets
were displayed in an orthogonal viewer with transverse, coronal and sagittal sections and
were scored by using these predefined categories:

major misalignment; major impact on dosimetry, dosimetry results not reliable
pronounced misalignment; substantial impact on dosimetry is expected
moderate misalignment; little impact on dosimetry is expected

little misalignment; no significant impact on dosimetry is expected

near perfect alignment; no intervention warranted and dosimetry deemed reli-
able

Gr W=

The following positions were inspected using a cursor point consisting of intersecting
orthogonal lines:

— cranial, caudal, lateral and medial most extreme positions of the liver contour
— the hilar fat at the portal bifurcation
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— the ligamentum falciforme

— the gallbladder bed

— inlying calcifications in the liver (most often due to calcified liver metastasis), if
present

— liver metastasis if visible on the non-contrast-enhanced CT

— biliary cysts, if present

— coils in hilar vascular structures from pre-SIRT workup, if present

Local volume change: The liver is assumed to be a non-compressible organ. One
can consider the non-tumor tissue/tumor volume changes over time owing to the time
difference between the ['*F]FDG and [**™Tc]Tc-MAA study, but still we assumed that
local volume changes should be small and could be used as a metric in the evaluation of
the registration results.

We used the Jacobian determinant [284,285] to evaluate to which extent CTwpg
to CTmaa registration was locally volume preserving in three different VOIs for each
patient: the entire liver, excluded liver and eroded liver. For the entire liver, the Jacobian
of the voxels belonging to the manual liver segmentation was analyzed. For eroded liver,
the manual liver segmentation eroded by a 10 mm kernel was used and excluded liver
was defined as the entire liver subtracted by the eroded liver.

The most obvious feature of the liver used by the registration algorithm is its boundary,
in particular for non contrast-enhanced CT images. The Jacobian is computed in a
region near the liver boundary to evaluate the balance between rigidity and similarity
(“excluded liver”). In non contrast-enhanced CT images, the center of the liver contains
very few features, the deformation in the center is mostly driven by the deformation of the
boundaries and the rigidity constraint. To evaluate the propagation of the deformation
to the center of the liver, the Jacobian is also computed in the central part (“eroded
liver).

3.3.4.3 Image segmentation

To define all the VOIs needed for the dosimetry report, one needs to delineate the entire
liver, the tumors and the different liver perfusion territories. All the variables which were
used for liver, tumor and LPT segmentation and validation are listed in table 3.1.

step H variable description
tumor segmentation THR(init) | initial threshold of FDG gptake for tumor
| core definition

tumor segmentation BG(T:) measured background of tumor ¢
tumor segmentation max(7;) | measured maximum FDG uptake of tumor ¢
tumor segmentation THR(T:) final threshold for tumor ¢

liver evaluation DICE | dice coefficient

liver evaluation TPR | true positive ratio (sensitivity)

liver evaluation PPV ! positive prediciton value

liver evaluation RV I relative volume
liver/LPT evaluation aHD 1 average Hausdorff distance
liver/LPT evaluation mHD | maximum Hausdorff distance

LPT evaluation Vdiff ! volume difference

LPT evaluation Rratio,Lratio ‘ right and left volume ratio

Table 3.1: List of variables that are used in VOI segmentation and validation
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Liver segmentation: The entire liver was segmented by a joint region growing by using
information from three co-registered images at the same time (CTmaa, CTrpg and the
[ISF]FDG-PET), This procedure benefits from co-segmentation; the liver is segmented
based on the low-dose and low-quality CT from [*"Tc]Tc-MAA study which is the most
important pre-treatment study, but information from [18F]FDG study also helps the
algorithm to have better initial liver segmentation and smoother manual modification
by the expert. Details about liver segmentation are provided as supplementary material
(see section 3.10 and figure 3.14).

Tumor segmentation: An adaptive thresholding method was used for tumor segmen-
tation. This method is very similar to the fixed threshold level, but the threshold level is
calculated from the tumor specific background and tumor max SUV [141,212]. First, the
['*F)FDG-PET image was converted to SUV values. Then, a mean () and standard de-
viation (o) were computed within the liver. To find the tumor cores, an initial threshold
(THR(init)) was set to (confidence interval of 99.5% corresponding to 2.802 sigmas):

THR(init) = p + 2.802 x & (3.1)

Then, each of the detected tumor cores was independently processed to yield a final
tumor volume. A mask was generated for each tumor core (T;) after dilation with a
uniform sphere of radius 25 mm. The background for T; (BG(T;)) was defined as the
mean value of all voxels in the mask that had an SUV of less than 2.5, the tumor specific
threshold (THR(T;)) was defined as [212] (see figure 3.3):

THR(T;) = BG(T}) + 0.41 x (max(T;) — BG(T})) (3.2)

Figure 3.3: Tumor segmentation steps for one of the tumors (patient ID BIO1 from training
set in our database) that is visible in the slice by using the method proposed in [212], for the
other tumor(s) the same algorithm was used [A] initial ['8 FJFDG-PET and (liver segmentation:
green), [B] [*8 F]JFDG initial threshold and finding initial tumor burden (liver segmentation: green
, tumor cores: red), [C] finding specific background for each tumor (liver segmentation: green;
tumor cores: red; background: blue), and [D] final tumor thresholding (liver segmentation:
green; initial tumor volume which is not included in the final tumor segmentation: red; final
tumor segmentation: blue)
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Perfusion territories segmentation: The task is to separate the left and right LPT
based on the contrast-enhancement in the early or late arterial phase of the CBCT. The
early arterial phase aimed at capturing the arterial vessels (how arcuate they are? how
do they bifurcate? do they go to the tumor?). On the other hand, the late arterial
phase aimed at depicting the perfused parenchyma (what is the treatment volume?).
To segment the liver in two lobes, an expert drew lines in at least 3 different transverse
slices on one or more aligned CBCT(s) that shows a higher contrast signal in the perfused
volume (most often the late arterial phase). Then a plane was fit to these lines by using
the least square method. The plane was reviewed by the same expert in all 4 sets of
CBCTs and revised when needed (see figure 3.4).

Figure 3.4: Perfusion territory segmentation (patient ID BIO1 from training set in our database);
[A and B] CBCTs with late contrast-enhancement for the right and left liver perfusion territory
respectively, [C] difference between two CBCTs, [D] LPT segmentation result (right lobe: blue;
left lobe: green)

3.3.4.4 Liver Segmentation comparison and validation

A second segmentation of the liver by an expert (WC) on a single contrast-enhanced
CT was used to validate our segmentation methodology. This manual segmentation was
done using Siemens Syngo MMWP Volume software [286].

Our segmentation results were compared to those obtained by manual segmentation
using dice coefficient, true positive ratio (TPR) or sensitivity, positive predictive value
(PPV), relative volume (RV), average Hausdorff distance (aHD) and maximum Hausdorff
distance (mHD). Dice coefficient is the most used method to evaluate volume overlapping,
TPR shows the ratio of the gold standard that is covered by our segmentation, PPV shows
the fraction of our segmentation that is covered by the gold standard, RV reports the
volume ratios and mHD and aHD are based on distances between the boundaries of the
two segmentations [287,288].

Dice index, TPR, PPV, RV, aHD and mHD between a volume A and the gold standard
segmentation B are given by:
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(3.3)

Here, S(X) denotes the set of surface voxels of X and ||.|| is the Euclidean distance in
mm.

3.3.4.5 Impact of using the CBCT images instead of the CT image for
defining LPT

To evaluate our methodology to delineate LPTs of different branches of the hepatic artery
(left and right hepatic artery in our patient selection), a second segmentation was done
on a single CT by defining a plane to cut the CT for segmenting two different LPTs
by using the anatomical landmarks. To manually segment the liver in two lobes, the
expert (WC; who performed lobe segmentation on CBCT) segmented the LPTs on the
CT images with the same tool that has been used to segment them on the CBCT images.
To avoid bias, the expert segmented the LPTs on CT two weeks after CBCT-based LPT
segmentation. Then, this separation plane was used to define different LPTs by using
the transformed liver segmentation.

The VOI for the left and right LPT were compared by using volume difference (Vdiff),
left LPT volume ratio (Lratio), right LPT volume ratio (Rratio), aHD and mHD.

Left/right volume ratio was used to compare the left /right volumes derived from these
two LPT segmentations; these parameters can be re-formulated as the ratio of RtoW and
LtoW, which calculate right and left LPT to entire liver volume. LtoW and RtoW are
two key parameters in dosimetry and therapy planning in SIRT. They are used in most
of the activity calculation methods (BSA, partition method,...) to split total activity into
the right and left lobe activity:

volume of the right LPT

volume of the entire liver (3.4)
volume of the left LPT ’

volume of the entire liver

RtoW =

LtoW =

Volume difference is the liver volume which is assigned to different lobes by CBCT and
standard venous anatomical lobe segmentation, normalized by total liver volume. Similar
to the liver segmentation evaluation, aHD and mHD are based on distances between the
(operator defined) planes that are used to separate the LPTs.
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where L4 and R4 are the left and right LPT volumes defined by the expert on CBCT
images respectively and Lg and Rp are the left and right LPT volumes defined on the
CT images. S(A) denotes the set of voxels in the segmented liver which lie on the plane
which separates the left and right LPTs. The LPT segmentation in S(A) was derived
from the the contrast-enhanced CBCT based segmentation. S(B) is defined in the same
way for lobe segmentation based on anatomy (on CT).

3.3.4.6 Role of perfusion territory segmentation in dosimetry

In the SIRT workflow, the volumes of the right and left LPTs are used to compute the
activities that should be administered to each of the lobes [153,154,281]. Our hypothesis
is that CBCT contains more accurate information about perfusion territories than CT
which only contains anatomical landmarks to distinguish the left and right liver lobes
and is based on the venous anatomy (which sometimes is different from the arterial
perfusion territories). To estimate the impact of using standard venous anatomical lobe
segmentation on CT instead of LPT segmentation on CBCT, a simulation was performed:

First, the IA for each LPT was calculated by using the non-compartmental partition
method [164] and lobe segmentations based on anatomical landmarks (current clinical
workflow):

Diiver|Gy] x CT based lobe mass [kg
A st (LPT)[GB] = Pt CCCTretony moss B8 (36)

Where Djjper is the desired mean dose to the total liver and 40 Gy was used based
on the algorithm by the Gil-Alzugaray et al. study [203]. In our calculation lobe volume
was converted to lobe mass by using 1.0397/cm® as the liver density [164].

Then, a second partition dosimetry was performed to evaluate the absorbed dose for
the corresponding IA in each LPT by using CBCT-based lobe segmentation results to
calculate actual mean absorbed dose (unit: Gy) in each lobe by assuming CBCT-based
lobe segmentation as the ground truth:

49.380[Gykg/GBq] X IApartition(LPT) [GBQ]

D =
Eld CBCT-based lobe mass [kg]

(3.7)

The impact of using CBCT instead of anatomical LPT segmentations is then assessed
by computing the difference of Dipr of equation 3.7 from the intended dose of 40 Gy.
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3.4 Results

3.4.1 Evaluation of registration methodology
3.4.1.1 Expert evaluation:

The registration of CTrpe to CTymaa was reviewed by the nuclear medicine expert
(CMD). The results for the registration evaluation are shown in figure 3.5 and demon-
strate that the proposed method for registering CTrpg to CTmaa was near perfect
for 5 patients (29%) and with little misalignment for 11 patients (65%), with moderate
misalignment for one patient (6%) and none of the cases were scored as “pronounced mis-
alignment” or “major misalignment”. Figure 3.6 shows an example of little misalignment
for CBCT and CTgpg to [gngc]Tc—MAA non-rigid registration.

Likert scores for image alignement
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Figure 3.6: An example (patient ID BIO2 from training set in our database) of mis-registration
for CTrpg and CBCT to CTyaa non-rigid registration (Likert score for this patient is “little
misalignment”, contours come from automatic liver segmentation and red arrows point to mis-
registration area. [A] reference image (CTyaa) [B] deformed CTrpg [C] deformed meta-CBCTs

3.4.1.2 Local volume change:

The Jacobian determinant for non-rigid registration deformation is a parameter which
shows the local volume change. A Jacobian determinant equal to 1 corresponds to no
volume change, greater than 1 corresponds to a local dilation and less than 1 corresponds
to a local contraction. Negative Jacobian shows up where the deformation is locally non-
revertible. Figure 3.7 shows a transaxial and coronal slice of the non-rigid registration
with Jacobian determinant distribution for a patient.

Figure 3.8 shows the statistics of the Jacobian determinant. The median of the Ja-
cobian determinant of liver voxels ranged from 0.81 to 1.05 for all cases, while the me-
dian range for eroded liver and exclude liver voxels were very similar ([0.79,1.07] and
[0.83,1.05] respectively). But higher local contraction occurred in excluded liver (mini-
mum of Jacobian ranged from 0.36 to 0.67) compare to eroded liver by minimum Jacobian
range of [0.45,0.69]. Also, excluded liver had higher local dilation (maximum of Jacobian
ranged from 1.47 to 1.78) compare to eroded liver which had maximum Jacobian range
of [1.25,1.59).
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Figure 3.7: An example (patient ID BI04 from training set in our database) of transaxial and
coronal view of non-rigid registration evaluation for a patient with Likert score of “little mis-
alignment”, the statistics [min, Q1, median, Q3, maximum] of the Jacobian over all liver voxels,
eroded liver and excluded liver for this patient are [0.42, 0.82, 0.89, 0.97, 1.74], [0.58, 0.83, 0.88,
0.96, 1.45] and [0.42, 0.82, 0.90, 0.99, 1.74] respectively (red contours are from excluded liver and
eroded liver-see B); [A] reference image CTyaa [B] excluded and eroded liver: eroded liver is
manual liver segmentation eroded by 10 mm and excluded liver is the subtraction of excluded
liver from liver [C] and [D] results of non-rigid registration (CTrpg to CTyaa) and the defor-
mation grid and [E] Jacobian determinant of the non-rigid registration, blue: local dilation, red:
local contraction and white: no local volume change

3.4.2 Liver Segmentation comparison and validation

Our semi-automatic liver segmentation used joint region growing by using information
from CTyaa, CTrpe and [18F}FDG—PET. The results of the joint region growing were
manually adjusted for all the patients. The initial liver segmentation (seed for region
growing) took up to 4 minutes (median=3 min) and final adjustment took up to 6 minutes
(median = 4 min). Figure 3.9 illustrates the performance of the total liver segmentation
by 4 volumetric accuracy metrics (dice, TPR, PPV and RV) for all training and test cases.
Statistics of these metrics for all patients (test cases and training set) are summarized
in table 3.2. Median and mean of the dice coefficient were both 0.92 showing very
similar liver segmentation by both methods with very narrow interquartile range. TPR
and PPV had a median of 0.94 and 0.92 which means on average 94% of the liver,
which was segmented with manual segmentation, was also segmented with automatic
segmentation; and 92% of automatic segmented liver volume was also segmented by
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Jacobian determinant for liver, eroded liver and excluded liver in all patients
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Figure 3.8: First, second and third interquartile range, minimum, maximum and mean of for
Jacobian determinant for liver, eroded liver (liver eroded with 10mm) and liver excluded (sub-
traction of eroded liver of liver), this measure shows the local dilation (Jacobian greater than 1),
local contraction (Jacobian less than 1) and no local volume change (Jacobian 1) for each voxel
for liver voxels, core of the liver and border of the liver

the manual segmentation. RV is a very important parameter for IA planning. If the
partition method or BSA method is used for calculating TA, the volume of the liver
plays an important role. So, the ratio between the volumes is a key parameter in liver
segmentation for SIRT. Our analysis shows that the median (i.e. 1.03) was very close to 1.
The accuracy of the segmentation is important if one wishes to use small scale dosimetry
(e.g. voxel level dosimetry). The average (aHD) and maximum (mHD) distance between
the liver surfaces obtained with the semi-automated method and by the expert were 3
mm and 22 mm respectively.

[ Dice [ TPR [ PPV | RV | mHD(mm) | aHD(mm)

minimum 0.87 | 0.85 0.84 | 0.88 16.93 2.09
Q1 0.91 0.91 0.89 | 0.98 20.54 2.51
median (Q2) 0.92 0.94 0.92 1.03 22.39 3.04
Q3 0.93 0.96 0.94 | 1.08 30.62 3.16
maximum 0.94 0.99 0.96 1.17 47.26 4.23
average [[ 0.92 ] 0.94 [ 0.92 JT1.03 [ 2239 | 3.04

Table 3.2: Evaluation of total liver segmentation for all cases (test set and training set were
pooled together); dice coefficient, true positive ratio, positive protective value , relative volume
and maximum and average of Hausdorff distances for manual and automatic liver segmentation
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volumetric evaluation parameters for liver and lobe segmentations
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Figure 3.9: Volumetric evaluation of liver and lobe segmentation for training and test cases; Dice
coefficient, true positive ratio, positive protective value and relative volume for liver manual and
automatic segmentation and ratio between right/left lobe volumes for two different lobe segmen-
tation procedures (anatomical lobe segmentation on CT and LPT segmentation on CBCT)

3.4.3 Impact of using the CBCT images instead of the CT image for
defining LPT

Results for the volumetric comparison of the two different lobe segmentation procedures
for the test and training sets are illustrated in figures 3.9, 3.10 and 3.12 ; more detailed
results for all 17 cases (10 test and 7 training cases) can be found in table 3.3. Figure
3.11 shows an example with a large area of disagreement between CBCT and CT-based
LPT segmentation. In this particular case, a tumor was segmented in different LPTs by
each of the two LPT segmentation methods.

Surface distances are also provided in table 3.3 and figure 3.10.

[[ Vdiff | Rratio | Lratio [ mHD(mm) | aHD(mm)

minimum 0.02 0.86 0.48 18.01 4.69
Q1 0.05 0.98 0.84 30.13 10.31
median (Q2) 0.08 1.02 0.95 45.80 14.18
Q3 0.11 1.08 1.06 56.91 16.97
maximum 0.14 1.22 1.48 138.16 40.08
average [ 0.08 | 1.02 | 097 [ 48.00 [ 1510

Table 3.3: Evaluation of lobe segmentation for all cases (test set and training set); volume
difference, right lobe volume ratio, left lobe volume ratio and maximum and average of Hausdorff
distance for CT and CBCT based lobe segmentation

Median of Vdiff (area of disagreement for lobe segmentation) was 8% of the liver
volume and in some cases it was as high as 14%. This is an important source of error
for high level dosimetry (e.g. compartmental partition model and voxel-level dosimetry)
when there is a tumor in this disagreement area (see figure 3.11).

The median of the ratio between left /right lobe ratio index, that has a direct effect on
splitting the total prescribed IA in all prescription methods, was near 1 (1.02 and 0.95
for Rratio and Lratio respectively) but the deviation from 1 was very high and for some
cases this deviation was up to 48% (see section 3.4.4).



3.4. RESULTS 123

outline distance measures for liver and lobe segmentations
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Figure 3.10: Outline maximum and average Hausdorff distance measures (mHD and aHD) be-
tween manual and automatic liver segmentation and two different lobe separation planes (on CT
and on CBCT) for training and test cases

[ assigned to the right LPT

by both methods

assigned to the right/left LPT
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Figure 3.11: An example (patient ID BI02 from training set in our database) of [A] transaxial
view of early and late CBCTs, [B] the [\ FJFDG-PET/CT images, as well as, (C) CBCT/CT-
based LPT segmentation and tumor segmentation (from [\*® FJFDG-PET). In this slice, the tumor
was segmented in different lobes by the two methods. Comparing the CBCT and CT-based lobe
segmentation for this patient showed that 10% of the liver volume was assigned to different lobes
(Vdiff), the ratio of “right lobe to entire liver volume ratio” for these two methods (Rratio) was
1.08 and the same parameter for the left lobe (Lratio) was 0.82. Furthermore, the average and
maximum distance between lobe separation planes by these two methods (aHD and mHD) were
2.74 and 16.94mm. Dosimetry simulation showed that a mean absorbed dose to the left and
right lobe when using CBCT-based lobe segmentation were 19 and 46 Gy respectively, when we
aimed at delivering 40 Gy to each lobe using the CT-based LPT segmentation
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volume difference ratio for lobe
segmentations
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Figure 3.12: Volume difference parameter; the liver volume which was assigned to different lobes
by standard venous anatomical (using CT) and perfusion (on CBCT) lobe segmentation for both
training and test cases

The median of aHD and mHD between the two separating planes for the all patients
were 3.04 and 22.39 mm respectively. This shows a possible error for compartmental
partition model and voxel-level dosimetry because the same tumor can be assigned to a
different liver perfusion territory, depending on the procedure used to segment the liver
lobes. This would be very problematic for using the dosimetric result either for finding
IA or post-treatment verification (see figure 3.11).

3.4.4 Role of perfusion territory segmentation in dosimetry

For analyzing the effect of using the standard venous anatomical lobe definitions instead
of the perfusion territories, a simulation was designed to calculate the absorbed dose
in each CBCT-based LPT. Our dosimetry calculations showed that when we aim at
delivering 40 Gy to the total liver a median absorbed dose to the right CBCT-based
LPT (using the standard venous anatomical lobe segmentation) was 40.8 with a [min,
max| deviation of [-5.9, 8.8] Gy from 40 Gy. For the left lobe the deviation was wider,
the median absorbed dose was 38.1 Gy, however, the range of deviation was [-20.7, 19.1]
Gy. Figure 3.13 shows the results of the absorbed dose in the left and right LPTs (figure
3.11 shows a transaxial view slice of a LPT segmentations).

3.5 Discussion

Our aim was the development of a semi-automatic procedure for registration and segmen-
tation of all the images acquired in the planning of and during SIRT. The tool aligns all
available images and provides semi-automatic delineation of the total liver, the liver per-
fusion territories and the tumors. The total liver is delineated on ["*F][FDGPET/CT, the
perfusion territories on CBCT and the tumors on [**F]FDG-PET/CT. Since no ground
truth is available, we have evaluated the semi-automated segmentation by comparison to
manual expert segmentations and the registrations were evaluated visually by an expert.
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Figure 3.13: Dosimetry simulation result in each lobe when we aimed at 40 Gy based on standard
venous anatomy delineation and using CBCT-based LPT segmentation and IA calculated by the
partition method

This routine is generic and could be implemented (with minimal modification) in
clinical routine for different tumor types and in different scenarios. For example, defining
tumor lesions by thresholding the ['*F]JFDG-PET data (for FDG-avid tumors) and/or
contrast-enhanced CT or MR potentially could be used for producing more detailed
dosimetric reports, by separating necrotic tissues from viable tumor. Also, our workflow
allows for the delineation of liver perfusion territories on the CBCT datasets. This
lobe segmentation can be used as an alternative for the current clinical approach, which
segments the lobe on a CT image based on anatomical landmarks, predominantly venous
structures. The effect of tumor type (e.g. different hypervascularity and FDG-avidity)
on our proposed method for tumor and LPT segmentation could should be evaluated in
further studies.

3.5.1 Validation of registration

Because in our method, we used information from all images to segment different VOIs,
the accuracy of registration plays an important role. Also the alignment between the
[*°"Tc] Tc-MAA-SPECT/CT images and the final segmentation highly affect the dose
volume histograms and dosimetry analysis.

The assumption is that in our registration algorithm the deformations inside the liver
were more driven by the liver boundary registration than by correct alignment of inner
liver structures. For that reason, we maximized the rigidity inside the liver, in the
hypothesis that this better approximates the true deformation.

Maximizing the rigidity of non-rigid registration, also, favors local volume preservation
in liver voxels. A Jacobian determinant was used to estimate this local volume change due
to non-rigid registration. The result of Jacobian determinant analysis showed relatively
small volume change for central liver voxels. Bigger volume changes (either contraction
or dilation) were observed near the border of the liver.

Sometimes these assumptions (high rigidity of liver movement and lack of local volume
change of the liver) are questionable because of some small nonrigid deformation of the
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liver and because of anatomical liver changes over time but still it seems reasonable to
limit the non-rigidity of liver registration. In those cases, our parameter selection may
contribute to mis-registration errors. Another possible source of error in registration
could be the artifacts in the CT images (e.g. streak artefacts or photon starvation due
to elbows inside field-of-view) and non-rigid liver deformation due to patient position.
Likert scoring results for registration accuracy showed that this mis-registration was not
crucial in most of the cases of CTrpc to CTmaa registration.

In clinical routine, the Jacobian can be used as a quality control step to warn physi-
cians about possible registration problems. Our visual investigation showed that the
upper and lower part of the liver were the areas with deviation from Jacobian determi-
nant of 1 for most of the cases. In general, the results suggest that the registration error
was low compared to other sources of error in SIRT dosimetry but in areas with mis-
match between ['*F]FDG-PET and [**"Tc]Tc-MAA-SPECT, we suggest to look more
carefully into registration deformation to avoid underestimation of tumor dose/activity
and overestimation of NTV dose/activity.

One of the limitations of this study is that during [**"Tc]Tc-MAA-SPECT/CT and
['**F)FDG-PET/CT shallow breathing was allowed and breathing motion is not corrected.
It has been shown that respiratory motion can impose a large error into final dosimetry
results. Bastiaannet et al. report 90% to 66% decrease in activity recovery and T /N ratio
because of respiratory motion in a series of SPECT/CT Monte Carlo simulation using
digital XCAT phantoms. [283].

3.5.2 Validation of liver segmentation

Liver segmentation is very important for dosimetry based prescription of activity. Dice,
TPR and PPV parameters showed a high similarity between our semi-automatic seg-
mentation results and manual liver segmentation by an expert, which is used in clinical
routine. A comparison between our liver segmentation results and the accurate meth-
ods on liver segmentation reviewed by Moghbel et al. [251] shows that our Dice metric
(mean=0.92) is similar to what is reported in previous published liver segmentation al-
gorithms ([0.91,0.94]), and our relative volume metric (mean=1.03) is comparable with
the result of the most accurate algorithms ([0.943,0.983]  J[1.003,1.075]).

These results show that our semi-automatic liver segmentation was comparable with
manual liver segmentation by an expert. Because this segmentation method is applied
to a multi-modal image ([**F]FDG-PET and CT) it uses more information and therefore
its segmentations could even be slightly superior. This will be further investigated in the
future.

3.5.3 Validation of the lobe segmentation

In standard clinical routine, the lobe segmentation is done on a CT image based on
anatomical landmarks, predominately based on venous structures. Here, we studied
an alternative approach, where the lobes were segmented on contrast-enhanced CBCT
images. A graphical user interface was developed to cut the liver on CBCT and CT by
drawing just a few separation lines on different transverse slices, it usually takes less than
a minute for the expert for each case.

In several cases, the expert separated the liver differently into lobes, depending on
whether anatomical CT images or perfusion CBCT images were being used. Evaluation
of these two different lobe segmentation procedures suggested that there was a relatively
large area in the center of the liver where the standard venous anatomical lobe seg-
mentation on CT differed from the perfusion based segmentation on CBCT. This can
cause a large error for total administered activity distribution in bilobar treatment and
in dosimetry. If there is a tumor in this disagreement area, there is a risk of assigning
the tumor to the wrong perfusion territory, which could lead to serious underdosing of
the tumor (see figure 3.11).
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3.5.4 Contribution of lobe segmentation methodology in dosimetry
uncertainty

LtoW and RtoW - ratio between left /right to entire liver volume- (which is very important
for dividing the total IA for left and right lobe) had a median of 0.95 (range:[0.48, 1.48])
and 1.02 (range[0.86, 1.22]) respectively. The volume ratio of the left LPT to the entire
liver had a wider range than right to entire because the left lobe is generally smaller than
the right lobe and is more sensitive to mis-segmentation. It showed that the left lobe
suffered more from under/over-treatment or under/over-irradiation by using the standard
venous anatomical lobe segmentation as an estimate of the LPT. In our dosimetric setting,
this under-treatment could be up to 21 Gy for the left lobe and 5 Gy for the right lobe.
On the other hand over-irradiation of the left lobe was up to 19 and 9 Gy for the left
and right lobe respectively.

3.6 Tumor segmentation

In this study, we have focused on FDG-avid tumors that can be delineated by thresh-
olding the ["®*F]JFDG-PET images. In this study an adaptive threshold method was
used for tumor segmentation which uses a tumor specific threshold level by consider-
ing the SUV ,ax and background SUV for each tumor separately. Because thresholding
the ['®F]FDG-images is straightforward and the same as the method used by experts to
delineate the lesions, we have not attempted to further evaluate the tumor delineation.

3.7 Conclusion

A multi-modal image analysis approach was developed to obtain a personalized liver map
(liver, perfusion territories and tumor segmentation) from the pre-treatment [*"Tc]Tc-
MAA-SPECT/CT, [**F]FDG-PET/CT and CBCT images. The analysis showed that
liver segmentation was comparable with manual segmentation by an expert. Liver perfu-
sion territory segmentation by using CBCT instead of using CT and anatomical features
showed to improve segmentation; the results showed a relatively high difference in volu-
metric parameters that are very important for SIRT in clinical routine.

Our results were based on 7 cases for optimizing and 10 test cases. Extending the
number of patients can help us to evaluate our routine in clinical practice.

This procedure can be used in the future to provide semi-automatic voxel-level frac-
tional uptake predictions based on the [*°"Tc]Tc-MAA-SPECT/CT. By using this work-
flow, various dosimetry reports can be computed which can be used to evaluate and
improve the safety and effectiveness of SIRT. This method can be used in the future for
finding the IA more accurately by using either dosimetric methods (partition, voxel-level
dosimetry, ...) or non-dosimetric methods (BSA, SIRFLOX look-up table [169],...).

This procedure was designed for patients with [**F]JFDG-avid tumors but in the fu-
ture it can be extended to using magnetic resonance (MR) images instead of ['*F]FDG-
PET/CT images in patients with non-FDG-avid tumors such as hepatocellular carci-
noma.
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3.8 Appendix 1: Optimized parameters

As discussed in section 3.3.4, for optimizing employed image processing techniques (e.g.
pre-processing, image registration, and VOI segmentation), a set of 7 patients was used to
tune the parameters. In table 3.4, a description of the optimized parameters is presented.

possible choices and/or

section aim optimized parameter
parameter values
2D median filter (neighborhood
noise of 3x3 or 5x5) and Gaussian .
3.3.4 reduction smoothing (FWHM= 3 and 4 2D median filter (5x5)
mm)
cost: MI, normalized MI, SSD,
3.3.4.1 SeBi(sngtion __ and absolute differences | ?%D7 S
g optimization: Greedy and Powell Greedy (faster)
initial rigid cost: MI, normalized MI, SSD, MI for CBCT2CT and
3.34.1 resistration |l — — ‘and absolute differences | SSD for CT2CT
& optimization: greedy and Powell Greedy
MI for CBCT2CT and
soan | mowmma | ot MIand 58D | Vel o omacr
T registration CBCT2CT classes:
outside the FOV
[-00,-1000], air
[-1000,-200], liver
HU intervals for each tissue class | [100,300], bone [300,+0oc],
(voxels within each class have and other
identical spring characteristics) tissues[-200,100].
CT2CT classes: air
[-2000,-250], liver [-250,0],
bone [200,+00], and other
tissues [0,200]
Spring cost function (see formula [ ~ o e
6 in [209]), Spring stiffness (w), Spring cost function’s
. . . parameters were
spring maximum deformation timized separately for
(B), resolutions, and number of OCpBCT2CT P y
. . . and CT2CT
iteration and maximum . .
deformation for each resolution. registration
number of slices between two 15t i
3.9 initial liver || ~  manual segmentations | 76\776{}’7 o 571367 L
’ segmentation|| radius of erosion (for core) and | dilation and erosion by 20
dilation (for mask) voxels (18 mm)
coefficient of the y in formula 3.8 | =~ coefficient of 2~~~
dilation radius when defining a -
39 sec9nd mask r=20 voxels (18 mm)
;iil\sﬁlg . CThan: (=25,2),
(k1, k2) in formula 3.9 CTrpc : (—2.5,2) and
PET : (—2,+00)
tumor core: multiplication factor
3.3.4.3 tumor for o in formula 3.1 (3.291, factor for o = 2.802
T segmentation 2.802, 1.960, and 1.645)

tumor threshold methods based
on [141,212]: k x MAX and
BG + 0.50 x (MAX — BG) with
k= 0.41, 0.50, and 70

BG+0.41 x (MAX — BG)
(formula 3.2 )

Table 3.4: List of optimized parameters
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3.9 Appendix 2: Patient information

characteristics all cases training set test set
patient information, median [range]
sex (female/male) 6/11 3/4 3/7
age in years 60.5 [32.9, 72.3]  60.6 [32.9, 72.3]  58.2 [36.2, 69.5]
height in meter 175 [160, 193] 174 [163, 186] 178 [160, 193]
weight in kg 81 [61, 123] 79 [71, 100] 84 [61,123]
tumor cell type, n (%)
mCRC 7 (41%) 1 (14%) 6 (60%)
breast cancer 2 (12%) 2 (29%) 0 (0%)
melanoma cancer 2 (12%) 2 (29%) 0 (0%)
esophageal cancer 2 (12%) 1 (14%) 1 (10%)
HCC 1 (6%) 1 (14%) 0 (0%)
mNET 1 (6%) 0 (0%) 1 (10%)
colon cancer 1 (6%) 0 (0%) 1 (10%)
cholangiocellular 1 (6%) 0 (0%) 1 (10%)

volumes from prescription sheet (cc), median [range]
total liver (WL) 1892 [1268, 3127] 1878 [1663, 2721] 1907 [1268, 3127]
total liver (L-LPT) 448 [215, 1197] 390 [251, 1050] 514 [215, 1197]
total liver (R-LPT) 1496 [677, 1930] 1330 [1223, 1839] 1533 [677, 1930]

NTV(WL) 1700 [1218, 2988] 1700 [1513, 2528] 1694 [1218, 2988
NTV (L-LPT) 390 [135, 1115] 390 [201, 1041] 395 [135, 1115]
NTV (R-LPT) 1319 [700, 1873] 1241 [1184, 1612] 1344 [700, 1873
tumor (WL) 150 [7, 643] 150 [28, 494] 153 [7, 643]
tumor (L-LPT) 36 [0, 312] 18 [0, 109] 51 [0, 312]
tumor (R-LPT) 130 [7, 479] 146 [10, 479] 93 [7, 331
clinical information from prescription sheet (%), median [range]
TI (WL) 7.1 (0.4, 27.8] 8.5 [1.5, 24.2] 5.7 (0.4, 27.8]
TI (L-LPT) 6.9 [0.0, 47.3] 4.8 (0.0, 28.7] 8.7 (0.0, 47.3]
TI (R-LPT) 8.6 0.8, 27.7] 11.0 [0.8, 27.7] 6.5 [1.1, 20.0]
LtoW ratio 25 [11, 60] 23 [12, 39] 27 [11, 60]
LSF 6.4 [3.8, 8.5] 7.4 [3.8, 8.2] 5.8 [3.9, 8.5]
day differences between different studies and SIRT (days), median [range]
FDG and SIRT 20 [3, 58] 35 [3, 58] 16 [6, 40]
MAA and SIRT 21 [15, 41] 21 [15, 32] 21 [15, 41]
prescription
IA calculation method, n (%)
BSA 14 (82%) 7 (100%) 7 (70%)
PM 3 (18%) 0 (0%) 3 (30%)

" 1A in GBq, median [range]
WL 1.850 [1.268, 2.502] 1.837 [1.746, 2.063] 1.882 [1.268, 2.502]
L-LPT 0.457 [0.228, 1.089] 0.457 [0.228, 0.724] 0.469 [0.248, 1.089]
R-LPT 1.339 [0.733, 1.783] 1.339 [1.113, 1.640] 1.414 [1.113, 1.640]

‘WL:whole liver ; L-LPT:left liver perfusion territory; R-LPT:right liver perfusion territory;
LtoW ratio:L-LPT to WL volume; TI: tumor involvement

Table 3.5: Patient characteristics
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3.10 Supplementary material: Joint region growing for liver
segmentation

A joint region growing method has been designed to delineate the liver using CT from
[*""Tc] Te-MAA-SPECT/CT, and CT and PET from [**F]JFDG-PET/CT study. The
algorithm consisted of the following three steps:

- Initial liver segmentation: first, we manually segmented the liver in every 15"
slice corresponding to 15 mm in the axial direction. The final liver segmentation was done
independently in each of these volumes (of 15 slices) by the joint region growing algorithm.
The eroded version (r=20 voxels) of the intersection of two neighboring segmentations
defined the seed for the joint region growing algorithm, and the dilated (r=20 voxels)
union determined the mask of the joint region growing algorithm. In the joint region
growing algorithm, a voxel (u;) within the selected mask was considered as liver if its
intensity satisfies:

Vi |p —pt| <2x o' i=CTyaa, CTepa, PET (3.8)

where p* and o? are the mean and standard deviation of the segmented voxels in image
i in the previous step of region growing (see figure 3.14).

- Second region growing: the segmentation from the previous step was used as the
seed for the second region growing. In this step, the dilated version of the resulting VOI
by radius 20 voxels was used as the mask. In the second joint region growing algorithm,
a voxel (u;) within the selected mask was considered as liver if its intensity satisfies:

Vi:kixo' <pj—pt <kbxo'i=CTuas, CTrpe, PET (3.9)

where p' and o are the mean and standard deviation of the segmented voxels in
image ¢ in the previous step of region growing. (ki,ks3) was set to (—2.5,2) , (—2.5,2)
and (—2, 00) for i = CTmaa, CTrpe, PET respectively, also u; was restricted to be below
2.5 Standardized Uptake Value (SUV) for i = PET.

- Adjustment: finally, the resulting VOIs were adjusted manually and closing and
opening with 3 mm were applied.

Figure 3.14: Semi-automatic liver segmentation steps (patient ID BIO1 from training set in
our database), [A] manual liver segmentation in every 15th slices, [C] a layer and [B] and [D]
transverse slice of the upper and the lower plane of a sample layer and their manual segmentation,
[E] and [F[the layer region growing seed (red) and mask (green), [G] a slice in the middle of the
layer and its seed and mask, [H] initial region growing result and [I] final segmentation
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Quantitative comparison of pre-treatment
predictive and post-treatment measured
dosimetry for selective internal radiation
therapy using cone-beam CT for tumor
and liver perfusion territory definition
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4.1 Abstract

Background: Selective internal radiation therapy (SIRT) is a promising treatment for
unresectable hepatic malignancies. Predictive dose calculation based on a simulation
using technetium-99m macro-aggregated albumin ([**"Tc]Tc-MAA) before the treatment
is considered as a potential tool for patient-specific treatment planning. Post-treatment
dose measurement is mainly performed to confirm the planned absorbed dose to the
tumor and non-tumor liver volumes. This study compared the predicted and measured
absorbed dose distributions.

Methods: Thirty-one patients (67 tumors) treated by SIRT with resin microspheres
were analyzed. Predicted and delivered absorbed dose was calculated using [*°™Tc]Tc-
MAA-SPECT and °°Y-TOF-PET imaging. The voxel-level dose distribution was de-
rived using the local deposition model. Liver perfusion territories and tumors have been
delineated on contrast-enhanced CBCT images, which have been acquired during the
[P Tc]Te-MAA workup. Several dose-volume histogram (DVH) parameters together
with the mean dose for liver perfusion territories, non-tumoral and tumoral compart-
ments were evaluated.

Results: A strong correlation between the predicted and measured mean dose for
non-tumoral volume was observed (r=0.937). The ratio of measured and predicted mean
dose to this volume has a first, second, and third interquartile range of 0.83, 1.05, and
1.25. The difference between the measured and predicted mean dose did not exceed 11 Gy.
The correlation between predicted and measured mean dose to the tumor was moderate
(r=0.623) with a mean difference of -9.3 Gy. The ratio of measured and predicted tumor
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mean dose had a median of 1.01 with the first and third interquartile ranges of 0.58
and 1.59, respectively. Our results suggest that [**™Tc]Tc-MAA-based dosimetry could
predict under- or over-dosing of the non-tumoral liver parenchyma for almost all cases.
For more than two-thirds of the tumors, a predictive absorbed dose correctly indicated
either good tumor dose coverage or under-dosing of the tumor.

Conclusion: Our results highlight the predictive value of [?°™Tc]Tc-MAA-based dose
estimation to predict non-tumor liver irradiation, which can be applied to prescribe
an optimized activity aiming at avoiding liver toxicity. Predictive dosimetry is also
moderately reliable to estimate the tumor absorbed dose.

Keywords radioembolization, selective internal radiation therapy (SIRT), trans ar-
terial radioembolization (TARE), dose estimation, dosimetry, liver perfusion territory
segmentation, CBCT, dose validation, dose comparison

4.2 Introduction

Selective internal radiation therapy (SIRT) is an increasingly applied palliative treatment
option for unresectable primary and secondary hepatic malignancies. This treatment
modality consists of infusing microspheres labeled with either yttrium-90 or holmium-
166 within a selected branch of the hepatic artery. Choosing a proper branch of the
hepatic artery is usually performed in the course of an angiography session, which aims
at finding the tumor-feeding vessel(s) [227]. By infusing hundred-thousands/millions of
microspheres through the tumor-feeding microvessels, they will get trapped within the
liver, and the concentration of the lodged beads will be superior within the tumor com-
pared to the non-tumoral liver parenchyma. The high energy and low tissue penetration
of the used S-emitter (yttrium-90 or holmium-166) lead to higher energy deposited within
the tumor compared to the non-tumoral hepatic tissue [228].

Recent studies showed a relation between tumor absorbed dose and tumor control
probability, as well as non-tumoral liver absorbed dose and normal tissue complication
probability. These insights serve as the basis of precision SIRT, where the prescribed
injected activity is determined based on accurate knowledge of the biodistribution of
the microspheres. The role of predictive dosimetry is becoming important in SIRT, and
many recent studies have indicated to use a multi-compartment or voxel-level predic-
tive dosimetry for this treatment. Ideally, dosimetric assessment should be performed
in two steps: (1) absorbed dose prediction before treatment for each liver perfusion ter-
ritory (LPT) which can be applied in an individual treatment planning to prescribe a
tailored injected activity using patient-specific dosimetric criteria for liver perfusion ter-
ritory (LPT), tumor volume (TV), and/or non-tumor volume (NTV); (2) absorbed dose
evaluation after treatment for each LPT to determine the actual doses that have been
given.

By definition, the absorbed dose is the amount of energy per mass (in Gy or kig)
delivered to a defined VOI, e.g. total liver, LPTs, NTVs, and TVs. To estimate the ab-
sorbed dose before treatment, a simulation is performed using [*°™Tc]Tc-MAA particles
that mimic the intra- and extrahepatic biodistribution of the therapeutic microspheres,
which are usually derived from a SPECT/CT image performed shortly after administra-
tion. Besides, after administrating the °*Y-microspheres, a BECT/CT and/or PET/CT
or PET/MR image is performed which represents the actual activity distribution within
the liver which again can be translated to an absorbed dose in each defined volume [73,98].

Several studies showed a good correlation between pre-treatment dose estimation (us-
ing SPECT images from a [**™Tc]Tc-MAA study) and post-treatment dose calculation
(using °°Y-PET images after treatment). On the other hand, some authors suggest that
in certain circumstances, [gngc]Tc—MAA based dosimetry poorly predicts the actual ab-
sorbed dose. Cremonesi et al. provide some useful insight into the variations of existing
SIRT dosimetry [71]. Several factors can describe this discrepancy: (a) the fundamental
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difference between [*°™Tc]Te-MAA and microspheres characteristics (e.g. size, morphol-
ogy, density), (b) the difference between administration during the workup and treatment
session (e.g. catheter tip position, arterial vasospasm, and physiologic variances in hepatic
blood flow), and (c) different VOI definition for predictive and post-therapy measured
dosimetry.

One of the main contributors to over- or underestimation of the predicted and mea-
sured doses, is the method used for VOI definition. In many studies, fixed or tumor-
specific [?°™Tc]Tc-MAA thresholding is used for TV definition [243,289]. By threshold-
ing the activity map, one considers that tumors correspond to high uptake regions, while
the low-activity areas correspond to the non-tumoral liver compartment, which can be
questionable if some fraction of the tumor has low uptake (which results in an overesti-
mation of the tumor dose) or if some part of the non-tumoral tissue has a high activity
accumulation (underestimation of non-tumoral liver dose) in pre- and/or post-treatment
session. Also, this approach might reinforce the correlation between predicted and mea-
sured doses. Besides, the LPT definition plays an essential role in the VOI definition
for extracting relevant dose reports, especially T/N ratio, tumor to non-tumoral volume
ratio within the LPT, and accurate NTV definition for reporting doses. Typically, LPTs
are segmented on anatomical images (CT or MR) using anatomical landmarks, which do
not necessarily represent the volume that is irrigated by the branch of the hepatic artery
tree that will be injected. Our previous study identified this discrepancy as a significant
source of uncertainty while reporting the mean predicted dose for each LPT [49].

This study aims to evaluate the use of specific VOI definition (based on catheterization
during pre-treatment angiographic workup) for comparing predictive dosimetry and post-
treatment dose measurement. In this study, contrast-enhanced CBCT images, which are
obtained with the catheter in different positions of the hepatic arterial tree, are used
to define LPTs and tumors. After aligning these VOIs to the [**"Tc]Te-MAA-SPECT
and °Y-PET space, the predicted and measured dose distribution within the tumor and
non-tumoral liver parenchyma are reported. To our knowledge, this is the first study
applying the CBCT-based VOI segmentation (most importantly for LPT segmentation)
to validate [*°™Tc]Tc-MAA based dose estimation. Evaluating the correlation between
predicted and measured dose is an important step towards precision SIRT and optimizing
the likelihood of tumor response while minimizing the risk of normal liver complications.

4.3 Materials and methods

4.3.1 Patients

This retrospective study analyzed 31 patients out of a total of 49 treated patients with
99Y_labelled resin microspheres (SIR-Spheres, SIRTEX Medical Ltd, Sydney, Australia),
between November 2017 and April 2019. This time frame was chosen because post-
therapy imaging was performed with °°Y-PET since November 2017 in our center. Ex-
clusion criteria were missing data (e.g. missing images), insufficient information (e.g.
contrast enhancement in CBCT images), and patients without a tumor larger than 5 ml.
This study was approved by the local University Hospital Ethics Committee (UZ/KU
Leuven).

4.3.2 Treatment workflow

All procedures were performed according to the European Association of Nuclear Medicine
(EANM) guideline [245] and the recommendations of the American Association of Physics
in Medicine (AAPM) [153].

In short, before treatment, all patients underwent a simulation workup. During this
session, an angiography was performed to identify the hepatic arterial anatomy, followed
by a pair of contrast-enhanced CBCT focusing on each LPT in the early and late arte-
rial phase. These interventional X-ray images were obtained using XtraVision (Philips
Healthcare, Amsterdam, Netherlands). The CBCTs were performed by acquiring 60
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frames per second while rotating the C-arm around the patient in around 5 to 8 sec-
onds, using 120 kV tube voltage, 188 mA tube current, and tube current and voltage
modulation. For early arterial phase scan, a delay of 6 seconds after initiation of the
contrast medium injection was used. Then, the late arterial phase scan performed with
an 8 second delay after the end of the early arterial scan. The 2D projection images
were reconstructed using standard vendor software with 0.66 mm isotropic resolution
and matrix size of 384x384x297 pixels. Thereafter, [*™Tc|Tc-MAA particles were ad-
ministered as slow as possible while taking care to place the catheter at the exact same
position as where it will be placed for treatment. During work-up, fluoroscopy techniques
were used to assess the catheter tip position. As soon as possible after the administra-
tion, a planar gamma camera imaging and a SPECT/CT on a Symbia T16 dual-head
gamma camera (Siemens Healthineers, Erlangen, Germany) were acquired to evaluate
the possible LSF [148] and activity distribution within the liver. SPECT images were
acquired with low-energy, high-resolution collimators with rotation over 180°, 60 views
per detector, and 21 seconds per view at an energy window of 140 keV with a 15% energy
window. These projections were reconstructed on a 128128 matrix in an isotropic voxel
size of 4.8 mm using ordered subset expectation maximization algorithm accounting for
attenuation, position-dependent collimator blurring, a scatter contribution, which was
estimated using a dual-energy scatter window, and a Gaussian post-reconstruction filter
of 7.5 mm in full width at half maximum.

Before the treatment, baseline contrast-enhanced CT and/or MR imaging was per-
formed for volumetric assessment (NTV and TV in each perfusion territory). By using
this volumetric information together with the activity uptake information extracted from
the [?°™Tc]Te-MAA study, an injected activity was prescribed for each LPT by applying
either the MIRD method (non-compartmental partition model) or compartmental parti-
tion model using a conversion factor of 49.87 chi];flg aiming at patient-specific absorbed

dose criteria for whole LPT (MIRD approach) or tumor compartment and non-tumoral
liver parenchyma compartment. The dose to the lungs was kept below 30Gy, using the
calculated LSF on planar images at face value.

On the day of treatment, for each LPT, the catheter tip was in the same position
as during the pre-treatment workup. Exactly identical catheter positioning between
diagnostic and therapeutic angiography was confirmed with fluoroscopy techniques by
comparing with the previous data set from the MAA work-up A day after administering
the prescribed activity, the actual distribution of the microspheres was controlled by a
TOF-PET examination on either a PET/MR system (Signa, GE Healthcare, Waukesha,
MI, USA) or a PET/CT system (Discovery MI, GE Healthcare, Waukesha, MI, USA).
The emission data were corrected for randoms, scatter, attenuation, TOF offset, and
dead-time, and reconstructed using maximum-likelihood expectation-maximization algo-
rithm using two iterations and 28 subsets. For PET/MR imaging, the standard vendor
attenuation correction was used: the attenuation map is estimated from the Dixon MR
images (the Dixon sequence is called LAVA-FLEX) and CT image for the Signa and Dis-
covery systems, respectively. For PET/CT system, a Gaussian post-reconstruction filter
of 5 mm full-width at half-maximum in the z- and y-direction and a smoothing filter with
coeflicients [1,2,1] was applied in the z-direction. The reconstruction voxels have a dimen-
sion of 2.73x2.73x2.79 mm®. For PET/MR system, voxels with 3.13x3.13x2.78 mm?®
dimensions were smoothed with a Gaussian filter with 7 mm full-width at half-maximum
in the 2- and y-direction and a [1,2,1] filter in the z-direction. More information about
OY_PET imaging for both PET/MR, and PET/CT cameras is described in table 4.1.

Representative images of [*?"Tc]Tc-MAA-SPECT/CT, CBCTs, and post-treatment
images are available in figure 4.1. One more case is provided in the supplementary
material.

4.3.3 Image processing

All described images in the previous section were imported into the MIM software 6.8.4
(MIM software Inc, Cleveland, Ohio) for further processing and extracted as DICOM
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parameter I PET/MR PET/CT
coincidence time resolution (ps) 400 400
[transaxial , axial] FOV (mm) [600, 250] [700,198]
number of bed positions 1 1
total acquisition time (sec) 1800 900
random correction method smgle—based.random smgle—based.random
correction correction

Table 4.1: Details of % Y-PET imaging for PET/MR and PET/CT camera

images to be processed in IDL 8.4 (Harris Geospatial Solution, Boulder, CO, USA).
All manual VOI correction/delineation has been done with MIM software, and image
processing was performed using in-house software written in IDL.

4.3.3.1 Image registration

A multi-resolution, non-rigid registration is applied to register CBCT images to the CT
from the [**"Tc]Te-MAA study as well as the CT or MR from the **Y-PET images. This
algorithm is described in detail in our previous publication [49]. In short, this algorithm
represents the deformation with a displacement vector in every voxel, assuming non-linear
springs connect neighboring voxel pairs. Voxels are assigned to tissue classes (i.e. air,
liver, non-liver tissue, and bone), and the features of the springs (i.e. stiffness, maximum
deformation) can have different values for different classes. A lower rigidity is applied to
the non-liver voxels compared to a high rigidity to the liver, in order to favor realistic
deformations, and discourage excessive deformations in (almost) uniform regions that
have hardly any features to guide the registration.

4.3.3.2 Liver segmentation

First, a convolutional neural network model is used to segment the entire liver on the
CT image from the [*™Tc]Tc-MAA study. The convolutional neural network model is a
modified version of the dual pathway, 11-layer deep, three-dimensional structure (named
DeepMedic) designed for the task of brain lesion segmentation [210]. The modified model
contains three pathways. Every pathway has 10 layers connected via 3x3x 3 convolutional
kernels followed by two common pathways based on 1 X 1 x 1 convolutional kernels. It
was trained with 139 datasets from three liver segmentation challenges (SLIVER07 [288],
LiTS17 [290], and Medical Segmentation Decathlon [291]) and 12 SIRT patient datasets
from UZ Leuven [211]. Then, the output of the convolutional neural network (whole liver
volume) was reviewed/corrected using MIM.

To segment the liver within post-treatment °°Y-PET space, the deformation de-
rived from the registration algorithm is used to transform the liver segmentation on
the [P Tc]Tc-MAA to the post-treatment space. Then, contours were exported as DI-
COM RTstruct sets and imported to the MIM software. A slight manual adaptation was
performed using MIM software tools to compensate for imperfections as a result of the
registration process and volumetric variations between post-treatment MR or CT and
CT images from [*°"Tc]Tc-MAA study.

4.3.3.3 LPT and tumor segmentation

CBCT images were analyzed by an experienced nuclear medicine physician (CMD) using
MIM; each LPT was delineated semi-automatically using the corresponding contrast-
enhanced CBCT set. To separate different LPTs, an expert drew a few lines in different
transverse slices based on the contrast-enhancement in the early or late arterial phase
of the CBCT, then a surface was fitted to these lines. Besides, tumors bigger than 5
ml were delineated manually on each CBCT by delineating the contrast-enhancing part
of the tumor. Contours were exported as RTstruct sets and imported to the in-house



136 CHAPTER 4. COMPARING PREDICTIVE AND MEASURED DOSIMETRY

Dose volume histogram of the left LPT

100

|| ===TV-L (predicted)
|| =TV -L(measured)
| === NTV -L(predicted) |
|| =—NTV -L(measured) | |
% === LPT -L(predicted)
‘ ——LPT -L(measured)

80

60 -

40 ‘-

Volume percentage (%)

20

10 20 30 40 50 60 70 80 90 100110120130140150160170180190
Absorbed dose (Gy)

0]

Dose volume histogram of the right LPT

100 . TV-R (predicted)
; TV -R(measured)
T s NTV -R(predicted)
b i NTV -R(measured)
EP : LPT -R(predicted)
c 60 = LPT -R(measured)
o i i i i
9] : : o
Q 40 [
@ |
€ '
E !
S 20 -
= |
0 L —
10 20 30 40 50 60 70 80 90 100110120130140150160170180190
Absorbed dose (Gy)
H Dose volume histogram of the entire liver
100 S T Tt SN U U S
TV-W (predicted)
5 TV -W(measured)
8 80 .
> NTV -W(predicted)
o NTV -W(measured)
= 60 ! | liver (predicted)
g {| ==Iliver (measured)
e 40 ; JE N B
[}
£
>
o 20
>

10 20 30 40 50 60 70 80 90 100110120130140150160170180190
Absorbed dose (Gy)

Figure 4.1: Single transaxial slice of a pre- and post-treatment study and dosimetry results
(patient ID 42): [A and BJ late arterial phase CBCTs focusing on the left and right lobe,
the contrast-enhancement is used to segment the right and left LPT (green and blue area)
and to segment the tumors (red and pink contours). [C and D] a fusion-view of [*9™ Tc|Tc-
MAA-SPECT/CT and °° Y-PET/MR images. The contours represent registered VOIs which are
delineated on CBC'Ts masked by the total liver; [E] Baseline MR image, with red and pink arrow
pointing to the tumors which have been delineated on CBCTs (figures A and B) [F and GJ
dose-volume histograms of the tumor, non-tumoral liver parenchyma, and total LPT for left and
right LPT from predictive(left lobe: tumor, non-tumoral tissue, and total LPT mean dose of 73,
26 and 28 Gy; right lobe: tumor, non-tumoral tissue, and total LPT mean dose of 160, 35 and 39
Gy) and post-treatment (left lobe: tumor, non-tumoral tissue, and total LPT mean dose of 106,
22 and 27 Gy; right lobe: tumor, non-tumoral tissue, and total LPT mean dose of 119, 35 and
38 Gy) dosimetry. [H] dose-volume histogram of the tumor, non-tumoral liver parenchyma, and
total liver when combining both LPTs from predictive dosimetry (tumor, non-tumoral tissue,
and total LPT mean dose of 128, 32 and 36 Gy) and post-treatment dose measurement (tumor,
non-tumoral tissue, and total liver mean dose of 115, 32 and 35 Gy).
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software written in IDL. All VOIs (LPTs and tumors) from CBCTs were transferred
non-rigidly to the pre- and post-treatment images based on the information provided by
the non-rigid registration mentioned above.

For each tumor, additional steps were designed to avoid (1) a volumetric discrepancy
between the original CBCT tumor segmentation and registered tumors on [ngTc]Tc-
MAA-SPECT and ?°Y-PET space, (2) small shifts between activity map and tumor due
to inaccuracies of the non-rigid registration:

— step 1, initial alignment: using the displacement of the tumor mass centers
provided by the non-rigid registration, the tumor volume was rigidly propagated
on the SPECT and PET from pre- and post-treatment images.

— step 2, location verification: the nuclear medicine expert corrected the center
of each registered segmented tumor by specifying a different point with a mouse
click, if that was necessary.

— step 3, location optimization: an algorithm was designed to optimize the tumor
location by maximizing the tumor uptake while minimizing the distance from the
location obtained in “step 2”. For that purpose, the rigid alignment of the tumor was
optimized with Powell’s algorithm. The cost function penalized large translations
and prevented translation that would put the center of shifted VOI outside the
boundary of the original VOI. After finding the optimum of the cost function, the
final VOI was obtained by thresholding the fuzzy VOI produced by the optimization
procedure.

5%
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Here, Thew and Tinit denote the new and initial tumor VOI, A denotes the activity
map ([*°"Tc]Te-MAA-SPECT or °Y-PET), Cpew and Ciyi indicate the new center point
location, and the one obtained in “step 2”, and d denotes the diagonal of the voxel in
mm (i.e. in [*™"Tc]Te-MAA-SPECT or *°Y-PET voxel size).

4.3.4 Absorbed dose calculation

To perform dosimetry, we assumed: (1) there was no biological clearance, (2) the activity
was exclusively injected into the planned LPTs, and (3) the energy of the activity within
each voxel was fully deposited in the same voxel (local energy deposition model). To
recover the total administered activity for post-treatment dose assessment, the relative
post-treatment °Y-PET uptake value was used by assuming that all the administered
yttrium-90 activity has ended up in the liver (i.e. an LSF of 0% was used). Measuring
the residual activity in treatment session is not implemented in our clinical routine. We
assume that all the prepared activity is delivered to the patient, unless the interventional
radiologist suspects a possible problem with the activity administration. We measured
the residual activity in the vial for 10 previous administrations and these only showed a
negligible amount.

In the pre-treatment assessment, to calculate the voxel-level fractional uptake, the
SPECT image was normalized to the prescribed activity for each LPT to recover the
LPT administered activity. This approach was taken because the portion of the admin-
istered [*°™Tc]Te-MAA within each branch prior to the pre-treatment workup does not
necessarily mimic the administered °°Y-microspheres in the treatment session.

Afterward, a map of absorbed dose in Gy was determined using the local deposition
model by employing a conversion factor of:
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Ty 2[sec] Eave[J]
In2 plkg/m?] X voxyer[m3]

Sselffirradiation [Gy/Bq] - (42)

where Tj /5 is the physical half-life of yttrium-90 (64.1 x 60> sec), Fave is the average
energy released per decay of yttrium-90 (1.498 x 1073 J), p is the liver tissue density
(1.04 x 103kg/m3), and voxyor is the volume of the activity voxels in m® which results
in a conversion factor of 0.4336 x 102 [Gy/Bq] for [*™Tc]Tc-MAA-SPECT voxels, and
2.3061 x 1072 and 1.7607 x 1072 for **Y-PET voxels form post-treatment PET/CT and
PET/MR studies, respectively [292].

4.3.5 Pre- and post-treatment dosimetry comparison

Dose-volume histograms (DVHs) for all VOIs were obtained, and also the mean dose
to each VOI was computed. For each liver compartment, a series of clinically relevant
dosimetry parameters were compared for predicted and post-treatment measured dose
maps:

— VOI mean dose

— Dn: n’th percentile dose,i.e. n% of the volume received a dose of Dn or more (D50
and D70 for TV and D30 and D50 for NTV and total LPT compartments),

— Vd: volume percentage that receives at least d Gy (V40 and V50 for NTV and
total liver/LPT and V70 and V100 for TV compartments)

4.3.6 Comparing predicted and measured doses for fixed-dose criteria

In clinical routine, the desired absorbed dose to the tumor is derived from a tumor
control probability curve. Using this curve, a minimum threshold of 70 to 100 Gy is
widely accepted as a dose with high tumor response probability [71,73,293]. So, if the
[*Tc]Te-MAA simulation underestimates the tumor dose, but yet the tumor dose is
more than these dose thresholds, this underestimation could be less critical than the
opposite situation where the pre-treatment simulation suggests a mean dose of more
than tumor control threshold, while the post-treatment measured dose is less than the
threshold. Using this idea, a scatter plot of predicted and measured tumor dose was
partitioned into four areas using 70 Gy as a dose with intermediate tumor response
probability. An absorbed dose of 100 Gy is also used to illustrate a high tumor control
probability:

1. The derived tumor mean dose for both predictive and post-treatment
dose assessments was above 70 Gy: predictive dosimetry suggested a good
tumor coverage, which was verified after treatment.

2. Both predicted and post-treatment measured tumor mean dose were
below 70 Gy: predictive tumor dosimetry correctly gave an under-treatment
warning.

3. Predicted tumor dose was less than 70 Gy, while the measured tumor
mean dose reached the 70 Gy criterion: the result of the treatment was better
than suggested by the dose prediction.

4. Predicted tumor dose was above 70 Gy while measured tumor mean
dose did not reach 70 Gy: [**™Tc|Tc-MAA dosimetry falsely predicted a good
tumor coverage which did not materialize after treatment.

The same approach was applied for non-tumoral tissue mean dose using normal tissue
complication probability curves. A dose of 50 Gy is considered as a safety threshold. An
absorbed dose of 40 Gy is the maximal recommended dose in case of cirrhotic non-tumoral
liver tissue or patient heavily treated with chemotherapy [71,73]:
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1. The derived NTV mean dose for both predictive dosimetry and dose
measurement was below 50 Gy: predictive dosimetry could predict the safety
of the treatment for non-tumoral liver parenchyma.

2. Both predicted and post-treatment measured NTV mean dose was above
50 Gy: predictive NTV dosimetry correctly identified a dose range with a non-zero
risk for liver complications.

3. predicted NTV dose was above 50 Gy, while post-treatment measured
mean dose to this VOI did not reach 50 Gy: predictive dosimetry falsely
suggested a potential risk for liver toxicity.

4. Pre-treatment NTV dose was less than 50 Gy, while measured mean
dose of NTV exceeded the 50 Gy limit: pre-treatment dose prediction did
underestimate the risk for liver toxicity.

4.3.7 Comparing predicted and measured doses to the planned dose

For patients whose activity planning was done by employing the partition method, the
therapy team agreed on a delivered dose to the non-tumoral liver and tumor compart-
ment, which are called “planned dose criteria” in this document. To calculate the injected
activity, the total liver and liver perfusion territories have been drawn on baseline images
and tumors have been delineated by thresholding the [**”Tc]Te-MAA uptake.

The planned dose to the NTV and TV was compared to the doses obtained from
predictive dosimetry and post-treatment dose measurement using the relative difference
between calculated dose and planned dose in percentage. For predictive dosimetry, devi-
ation from zero indicates the effects of the different VOI definition method used in this
study (perfusion based LPT and tumor segmentation on CBCTs) compared to activity
planning VOI definition (using anatomical landmarks on CT or MR for LPT segmenta-
tion and thresholding [**™Tc]Tc-MAA uptake for tumor definition). Considering post-
treatment dose measurement, the difference between planned dose and determined mean
dose could be caused by a difference in VOI definition or variation between [*°™Tc]Tc-
MAA and therapeutic microspheres distribution. The differences are calculated in a way
that negative values show doses below and above the planned dose for NTV and TV
compartments, respectively.

4.3.8 Statistical analysis

R software version 3.6.1 (R Foundation for statistical computing, Vienna, Austria) was
used for all statistical analysis. A Passing—Bablok regression scatter plot was used to
compare dose parameters from predictive and post-treatment dose assessment by dis-
playing the regression line and confidence intervals. This method is commonly used to
compare two measurement methods by plotting them in z- and y-axis. Also, Pearson
correlation was used to evaluate the agreements; r-values greater than 0.3, 0.5, and 0.7
were considered as a weak, moderate, and strong positive linear relationship. In Passing-
Bablok graphs, the identity line is displayed using a dashed line, and the solid line and
shaded area represent the regression line and 95% confidence interval.

A Bland-Altman plot was also used to calculate the agreement between predicted
and post-treatment measured dose parameters. In the Bland-Altman plots, the middle
dashed line represents the mean difference, and the purple area is the confidence interval;
the green and pink area and their dashed lines also showed the difference 4+ standard
deviation and their confidence intervals to give a visual impression of the precision of
these parameters.

Dose parameters for predictive dose and post-treatment dose measurement were also
compared using paired Wilcoxon rank-sum test. A p-value of less than 0.05 was set as a
significance threshold.
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4.4 Results

4.4.1 Patient and treatment characteristics

Of 49 consecutive patients identified, 31 patients were included, and 18 patients were
excluded (see figure 4.2): in 4 patients, the post-treatment PET image was not acquired,
only BECT images were available; in 5 patients, the quality of CBCT information was
not suitable for tumor and/or LPT delineation; in 3 patients, CBCT images were not
available; in 2 patients, the treatment team decided to change the therapy strategy
and put the catheter in a different position for the therapeutical procedure compared
to the [P Tc]Te-MAA workup; in 3 patients, all tumors were smaller than 5 ml and
were not considered for dose assessment as partial volume effects are too pronounced.
Finally, in the last excluded patient, some voxels within the liver received blood from
both administrations within different catheter tip positions in pre-treatment workup.
So, it was not possible to extract fractional uptake for each administration from the
[*°Tc] Te-MAA-SPECT image.

Of those 31 patients included, 67 tumors (with a volume bigger than 5 ml) in 47 LPTs
(from a total of 65 defined LPTs) were included in this retrospective study. The baseline
characteristics for the patients and treatment sessions (LPTs) are described in table 4.2.

Excluded (n=18):

a) No 90Y-PET imaging (n=4)

b) CBCT s were not suitable (n=5)
Screened procedures (n=49) | c¢) CBCTs were not available (n=3)
d) Dif erence in catheterization (n=2)
e) No tumor larger than 5 mL (n=3)
f) Other (n=1)

Excluded LPTs(n=18):
— a) no treatment/tumor (n=10)
b) No tumor larger than 5 mL (n=8)

Analayzed procedures (n=31)
Number of LPTs: 65

Analyzed LPTs (n=47)
67 segmented tumors

|

MIRD method (n=27)

Partition model (n=20)

a) TV dose and NTV dose in the entire liver (n=14)
b) TV dose and NTV dose in the treated LPT (n=3)
c) Radio-segmentectomy (n=3)

Figure 4.2: Flowchart of patient selection (consort diagram in black blocks), and activity planning
in the selected LPTs (red blocks)

Table 4.2: Patient characteristics

patient characteristics

sex (female/male) 12/19
age in years, median [range] 67 [25-83]
height in meter, median [range] 1.70 [1.52-1.83]
weight in kg, median [range] 74 [48-116]
tumor type, n (%)

HCC 19 (61.3%)

No cirrhosis 5

Proven cirrhosis 14

NASH 7

ASH 4
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HBV 1

HCV 1

Unknown etiology 4
CRC 6 (19.4%)
NET 3 (9.7%)
pancreas 1 (3.2%)
breast 1 (3.2%)
stomach 1 (3.2%)

portal vein embolism, n

patients with PVE 2

prior treatment, n (median months between last cycle and SIRT [min,max])

Systemic treatment
anti-angiogenicx
anti-angiogenic (directly before SIRT)
anti-angiogenic (not directly before SIRT)
non anti-angiogenicxx
RFA/MWA
TACE
resection

13 (1.0 [0.3, 15.2])
6(97[05 16.6])
3(0.9[0.5, 15.2])
3 (14.1 [5.3, 16.6))
7 (0.7 [0.3, 13.4])
6 (13.8 [3.5, 31.0])
4 (8.3 [4.1, 48.3])
3 (14.4 [1.3, 41.9))

volumes from prescription sheet (ml), median [range]

total liver
non-tumoral liver

1741 [789-4122)
1538 [682-2942]

tumor 134 [0-2785]
tumor burden
median [range], % 8.8 [0.0-67.6]
<5% ,n (%) 10 (32%)
5-10% ,n (%) 8 (26%)
10-25% n (%) 8 (26%)
25-50% n (%) 3 (10%)
>50% ,n (%) 2 (6%)
MAA workup information
lung shunt fraction (%) 8.0 [0.0-13.9]
time from treatment in days, median [range] 18 [9-46]
prescription method
MIRD method, n (%) 6 (52%)
compartmental Partition model, n (%) 14 (45%)
mixture of methods, n (%) 1 (3%)
treatment strategy
whole liver, n (%) 2 (6%)
bi-lobar, n (%) 15 (48%)
mono-lobar, n (%) 10 (32%)
selective (3 segments), n (%) 3 (10%)
selective (4 segments), n (%) 1 (3%)

prescribed activity
total administered activity (GBq) [range]

1.527 [0.383-3.700]

number of analyzed tumors (bigger than 5 ml)+

patients with 1 tumor ,n (%)
patients with 2-3 tumors ,n (%)
patients with more than 3 tumors ,n (%)

16 (52%)
1 (35%)
4 (13%)

analyzed LPTs information from prescription sheet+

total LPT (cc), median [range]
non-tumoral liver (cc), median [range]
tumor (cc), median [range]
LPT to total liver ratio (%), median [range]
tumor burden

median [range], %

<5% n (%)

1001 [57-3172)
849 [0-2268]
67 [0, 2785]
54 [3-100]

9.4 [0.0-100.0]
6 (34%)
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5-10% n (%) 9
10-25% n (%) 1
25-50% ,n (%) 8 (17%)
>50% n (%) 3

post-treatment image modality
PET/MR - PET/CT, n(%) 28 (90%) - 3 (10%)

* Aflibercept, Regorafenib, Bevacuzimab, or Sorafenib
** Octreotide LAR, FOLFOX, FOLFIRI, Cetuximab, De Gramont, TAS102, Avelumab, Paclitaxel
epirubicin + cisplatin + fluorouracil, Exemestane, Gemcitabine + abraxane, Everolimus, Letrozole,

Trastuzumab, Pertuzumab, Panitumumab, Lanreotide

4.4.2 Activity planning

As detailed in figure 4.2, of those 47 LPTs, the non-compartmental partition model
(MIRD method) was used for 15, 11, and one LPT(s) aiming at 40, 50, and 60 Gy,
respectively. For the rest, a compartmental partition model was used with a personalized
tumor dose criterion and/or a tissue sparing criterion. In this method a personalized
tumor dose criterion (95 Gy, n=1 ; 120 Gy, n=4; 125 Gy, n=1; 135 Gy, n=1; 150 Gy,
n=>5; 160 Gy, n=1; 240 Gy, n=2; 250 Gy, n=2; 300 Gy, n=3) was used. This method
also aimed at sparing liver tissue parenchyma from a certain absorbed dose (non-tumoral
liver parenchyma of the entire liver dose of 15 Gy, n=2; 20 Gy, n=1; 25 Gy, n=7, and 30
Gy, n=4, or non-tumoral liver parenchyma of the LPT dose of 20 Gy, 30 Gy, and 40 Gy
each for one LPT, and radio-segmentectomy for 3 LPTs).

More details are provided in table 4.2.

4.4.3 VOI segmentation

Considering the 31 patients, there was a high correlation between total liver volumes
(Pearson r=0.990) determined on post- and pre-treatment studies; the ratio of the vol-
umes had a median of 1.01 with a first and third interquartile range of 0.99 and 1.04.
These volume differences represented either the volume change during the registration or
a real biological change.

For 47 analyzed LPTs, the ratio between the volumes defined on post- and pre-
treatment images had a median of 1.03 with a first and third interquartile range of
0.98 and 1.07. Again, rather than possible volume change associated with the non-rigid
registration, this difference could be explained by a possible biological change.

The LPT to whole-liver volume ratio is a commonly used parameter in SIRT dosimetry.
In some prescription methods (e.g. BSA and MIRD method), this parameter is used to
divide the total prescribed vial to be administrated in different branches of the hepatic
artery. When comparing this parameter for LPTs defined on CBCTs with the numbers
reported on the prescription sheet, the ratio had a median of 0.99 with a wide interquartile
range (first and third interquartile range: 0.90 and 1.09 respectively) which can directly
affect the dosimetric analysis.

Two more examples are provided in the supplementary material: (1) figure 4.11 an
example of lobar treatment (with bilobar workup) which shows that CBCT-based LPT
segmentation nicely followed the activity distribution of the yttrium-90, and (2) figure
4.12, an LPT segmentation example on CBCTs, which could be considered superior to a
classical liver lobe/segment delineation because of a specific catheterization.
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4.4.4 Predicted and measured doses

Absorbed dose distribution parameters of each LPT derived from pre-treatment [*°™Tc| Te-
MAA-SPECT and post-treatment °°Y-PET images were compared for total liver NT'V,

total LPT, and tumors. Table 4.3 and figure 4.3 summarize the main dosimetric compar-

ison between predictive and post-treatment dosimetry without considering the outliers.

The following sections provide more details about this comparison.

Two examples of TV, NTV, and total LPT dosimetry are shown in figures 4.10 and
4.1 (supplementary material).

predicted post-treatment | Wilcoxon | Pearson correlation

VOI | parameter | mean | std | mean | std p-value r | p-value
> | mean dose 304 | 119 295 | 114 0.272 0.937 | <0.001
= 1 D30 31.4 1 15.8 323 1 170 0.344 0.826 ' <0.001
Z 1 D50 186 ' 112 | 17.7 ' 123 0.355 | 0.803 ' <0.001
£ | V40 245 | 111 | 251 | 12.3 0.666 | 0.805 , <0.001
2, V50 176 | 79 | 187 | 98 0.249 | 0.826 | <0.001
g | mean dose 63.5 | 85.6 53.0 I 524 0.135 0.820 ' <0.001
A ' D30 68.4 ' 95.2 56.8 ' 61.0 0.440 0.755 ' <0.001
= | D50 418 | 60.6 | 31.6 | 317 0.076 | 0.756 , <0.001
g 1 V30 48.6 | 19.9 458 | 174 0.286 0.732 , <0.001
+ 1 V50 31.0 1 19.6 29.6 1 16.2 0.641 0.772 1 <0.001
I mean dose | 152.3 I 144.7 | 143.0 I 137.8 0.918 0.623 I <0.001

z | D50 139.2 | 129.8 | 127.8 | 1347 | 0576 | 0597 | <0.001
g 1 D70 102.8 | 95.3 879 | 98.6 0.080 0.604 | <0.001
21 V70 64.9 1 354 60.4 1 30.1 0.275 0.229 1 0.063
' V100 525 | 361 | 474 ' 303 0.354 | 0.381 ' 0.001

Table 4.3: Statistical properties of different dosimetric parameters in different VOIs

4.4.4.1 Total liver non-tumor volume

A summary of the tumor dose comparison between [*"Tc]Tc-MAA and yttrium-90 dis-
tribution has been shown in table 4.3 and figure 4.3. The Wilcoxon test didn’t show
any significant difference in any of the dosimetry parameters from the total liver NTV
compartment. The mean dose to the total non-tumoral tissue was 30 £+ 12 and 30 4+ 11
Gy in predictive dosimetry and post-treatment dose measurement; the ratio of measured
and predicted mean doses have a median of 1.05 (first and third interquartile range of
0.83 and 1.25). Both predicted and measured dosimetry showed that on average, only
around 25% of the non-tumoral tissue parenchyma received more than 40 Gy; the ra-
tio of measured and predicted V40 had a median of 1.00 (first and third interquartile
range of 0.86 and 1.29). These volumes were 18% and 19% for predictive dosimetry and
post-treatment dose measurement for 50 Gy threshold level; the ratio of measured and
predicted V50 had a median of 1.02 (first and third interquartile range of 0.84 and 1.35).
The D30 values showed that only 30% of the liver received more than 31 and 32 Gy using
predicted and measured doses; the ratio of measured and predicted D30 had a median of
0.95 (first and third interquartile range of 0.66 and 1.36).

A Passing-interquartile regression, which has been shown in figure 4.4, estimated
a strong correlation of the mean dose to the non-tumoral liver between predicted and
measured doses (r=0.937). Other reported dose parameters for NTV (D30, D50, V40, and
V50) also showed a moderate correlation between MAA and °Y-PET based dosimetry
(r bigger than 0.750 for all).

Bland-Altman analysis of NTV gave a mean difference of -0.9 Gy (-9.1, 7.2) for mean
dose, 0.9 Gy (-18.2, 19.9) for D30, and -0.6% (-13.9, 15.1) for V40. The difference between
predicted and measured mean dose to the total NTV doses did not exceed 11 Gy.
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A ratio of different parameters for total NTV dosimetry B ratio of different parameters for tumors dosimetry
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Figure 4.3: Box-plot of the ratio of different dosimetry parameters derived from [A] NTV in the
entire liver, [B] total LPT (TV and NTV together), [C] tumors (the outliers were excluded for
visual purposes).

4.4.4.2 LPT volumes

Table 4.3 and figure 4.3 provide some information about the dose to the total LPT
comparison between [*°"Tc]Tc-MAA and yttrium-90 distribution. The mean dose of
the total LPT estimated on [*°™Tc]Te-MAA and post-treatment dose measurement were
63.5 and 53.0 Gy. The V30 for pre-treatment dose prediction and post-treatment dose
calculations were 49 + 20 and 46 + 17 %. For other dosimetric parameters, no significant
difference was observed.

Bland-Altman analysis of LPT (see figure 4.5) gave a mean difference of -10.5 Gy
(-112.7, 91.6) for mean dose, -11.7 Gy (-135.7, 112.4) for D30, and -1.3% (-25.9, 23.2) for
V50. The difference between predicted and measured mean dose to the LPT doses did
not exceed 25 Gy except for two outliers (i.e. radio-segmentectomy strategy).
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Figure 4.4: Passing—Bablok (left figures) and Bland-Altman (right figures) plots for different
dosimetry parameters derived from NTV in the entire liver; mean dose to the non-tumoral liver
in the first row, non-tumoral liver D30 in the middle row, and non-tumoral liver V40 in the last

row.
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Figure 4.5: Passing—Bablok (left figures) and Bland-Altman (right figures) plots for different
dosimetry parameters derived from total LPT (TV and NTV together); mean dose to the total
LPT5s in the first row, total LPT D30 in the middle row, and total LPT V50 in the last row.
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Figure 4.6: Passing—Bablok (left figures) and Bland-Altman (right figures) plots for different
dosimetry parameters derived from tumors; mean dose to the tumors in the first row, total
tumors D50 in the middle row, and tumors V100 in the last row.
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4.4.4.3 Tumor volumes

In table 4.3, a summary of the tumor dose comparison based on the [*°™Tc]Tc-MAA-
SPECT and °°Y-PET distributions is shown. Predicted and measured dosimetry showed
an average of 152 and 143 Gy mean dose to the tumor. As illustrated in figure 4.3, the
median of the ratio between measured and predicted tumor mean dose was 1.01, but a
larger deviation was reported for predictive and measured dose to the tumors compared
to the LPT and NTV. The first and third interquartile range of the ratio of the mean
doses were 0.58 and 1.59, which reflected a considerable discrepancy between measured
and predicted dose to the tumor volumes.

On average, half of the tumors’ volume received an absorbed dose of 139 and 128
Gy or more based on predictive dosimetry and post-treatment dose measurement; the
ratio of measured and pre-treatment predicted D50 has a median of 0.91 (first and third
interquartile range of 0.56 and 1.55). Based on analyzing V70, around 65% and 60%
of the tumor volumes received more than 70 Gy on predictive and measured dosimetry;
these volume portions are reported around 53% and 47% for 100 Gy dose threshold level
for predictive and post-treatment dose assessments. 70% of tumor volumes received at
least 103+95 Gy using predictive dosimetry while post-treatment dose calculation showed
that 70% of the tumor volumes received at least 88 £ 99 Gy; the median, first and third
interquartile range of the ratio between D70 in post-treatment dose measurement and
predictive dosimetry were 1.05, 0.67 and 1.38 respectively.

A Passing-Bablok and Bland-Altman analysis of mean dose to the tumor and D50
and V100 is shown in figure 4.6 that shows remarkable higher variations and relatively
limited agreement between predicted and measured dose compared to NTV and LPT.
Moderate correlations existed between the mean dose of pre-treatment simulation and
post-treatment dose measurement (r=0.623). On the other hand, our data does not
show a significant correlation between other tumor parameters derived from DVH. Bland-
Altman analysis of tumors gave a mean difference of -9.3 Gy (-249.9, 231.3) for the mean
dose.

4.4.5 Comparing predicted and measured doses for fixed dose criteria

In the previous section, pre-treatment dose simulation and post-treatment dose mea-
surement in different VOIs have been compared using mean dose and different DVH
parameters.

Figure 4.7 represents a scatter plot that shows predicted versus measured mean dose
with four colored areas: the green area is the area in which both predicted and measured
doses are either less than 50 Gy or more than 50 Gy (n= 29 and 1 from 31 patients);
the blue area represents the patients whose pre-treatment simulation estimates the NTV
mean dose of more than 50 Gy, while °°Y-microsphere distribution showed a dose of less
than 50 Gy after treatment (n=1); the red area is the risky area where [?*™Tc]Tc-MAA
simulates a safe treatment, whereas the actual dose to a NTV was more than 50 Gy
(n=0). More details are provided in table 4.4.

The same plot is provided in figure 4.7 for TV compartments. For 39 out of all
67 tumors, both predictive and post-treatment dose assessment suggests a tumor mean
dose of more than 70 Gy (upper green area); for seven tumors, measured tumor dose
was less than 70 Gy, and [*?"Tc]Tc-MAA simulation indicated this as well (lower green
area); the blue area is the area where predictive dosimetry failed to estimate a dose of
more than 70 Gy, while the actual treatment reached that dose limit (n=13); for eight
tumors, pre-treatment simulation suggested a sufficient dose (more than 70 Gy) and
post-treatment dose measurement revealed that the microsphere treatment did not meet
this limit; the prediction was too optimistic here. Figure 4.8 shows an example of this
mismatch between predictive dosimetry and post-treatment dose measurement. Table
4.5 provides more details.
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measured TV dose

lIow dose | intermediate dose |  high dose total

[0, 70] Gy [70, 100] Gy i [100, +00] Gy
o high [
2 | _[100, +o0] Gy ! ! | 72 |
> | intermediate dose |
& [70, 100] Gy 1 2 | 1 4
S low dose
5] |
£ [o.70 Gy ! b w ® 20
b
2 total 15 11 | 41 67

Table 4.4: Comparing predicted and measured TV doses and fixed dose criteria; joint- histogram
of tumor absorbed dose using bins of 0, 70, 100 Gy that corresponds to no tumor irradiation,
intermediate and high tumor control probability, respectively

measured NTV dose

low dose ‘ intermediate dose high dose total

[0, 40] Gy , [40, 50] Gy [50, +00] Gy
% high I
< | [50, +o0] Gy 0 ! ! 2
> | intermediate dose ‘
2 [40, 50] Gy 0 j e L 3

|~ " Towdose || o o+ A~ | - |

] !
% [0, 40] Gy 26 | 0 0 26
E total 26 4 1 31
2, .

Table 4.5: Comparing predicted and measured NTV doses and fixed dose criteria; joint- his-
togram of total NTV absorbed dose using bins of 0, 40, and 50 Gy that corresponds to no
non-tumoral irradiation, lowest dose recommended to the non-tumoral compartment and safety
threshold, respectively

4.4.6 Comparing predicted and measured doses to the planned dose

For 13 patients, the injected activity was prescribed by applying a compartmental parti-
tion model by thresholding [*°™Tc]Te-MAA uptake to distinguish between TV and NTV.
Figure 4.9 provides the relative difference between calculated absorbed dose derived from
predictive and post-treatment analysis of NTV and the planned absorbed dose. So, neg-
ative values correspond to a lower dose to the NTV than what has been prescribed,
which has happened in 6 patients for both predictive dosimetry and post-treatment dose
measurement. The median (first, third interquartile) for this relative difference was 6%
(-42, 21% ) and 0% Gy (-41, 16%) for predictive dosimetry and post-treatment dose
measurement.

For these 13 patients for whom the partition method was used for prescription, mea-
sured and predicted absorbed doses of 30 tumors were compared with TV planned dose.
Figure 4.9 represents the relative difference between the planned dose to the TV and
the calculated dose. The negative values correspond to the cases where the calculated
tumor dose is greater than what has been prescribed, which has been reported for 16 and
10 tumors for predictive dosimetry and post-treatment dose measurement, respectively.
The median (first, third interquartile) of relative difference for pre-treatment predictive
and post-treatment analysis was -3% (-38, 25%) and 22%(-30, 62%) respectively.
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Figure 4.7: Scatter plot with clinically relevant dose intervals in [A] NTV and [B] TV VOIs;
lower green area: where tumor/non-tumoral liver dose from both predictive and post-treatment
dosimetry is less than critical dose; upper green area: where tumor/non-tumoral liver dose from
both predictive and post-treatment dose assessment is more than critical dose; blue area: where
tumor/non-tumoral liver dose is bigger than critical dose from measured/predictive treatment
dosimetry but less than defined dose from predicted/measured doses; red area: where tumor/non-
tumoral liver dose is bigger than critical dose from predicted/measured doses but less than defined
dose from measured/predicted doses; three red, pink and yellow star correspond to the tumors
which have been described in the figure 4.8 (patient ID 20). The red dashed lines correspond to
the lowest dose recommended for non-tumor tissue and the high tumor control probability for
figures A and B, respectively.
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Figure 4.8: An example (patient ID 20) of disagreement between tumor dose between predic-
tive and post-treatment dosimetry. [A and B] show pre-treatment image ([°°™ Tc]Tc-MAA-
SPECT/CT) and [C and D] shows post-treatment image (°©Y-PET/MR); the tumor contoured
in pink: predictive and post-treatment dose assessment were comparable (pre-treatment pre-
dicted: mean dose: 84 Gy, D50=83 Gy and V100=39%; post-treatment: mean dose: 95 Gy,
D50=84 Gy and V100=44%); the tumor contoured in yellow: predictive dosimetry underesti-
mated the tumor dose (pre-treatment predicted: mean dose: 33 Gy, D50= 33 Gy and V100=0%;
post-treatment measurement: mean dose: 130 Gy, D50=125 Gy and V100=67%); and the tumor
contoured in red: predictive dosimetry over-estimated the tumor dose (pre-treatment predicted:
mean dose: 165 Gy, D50= 159 Gy and V100=86%; post-treatment: mean dose: 4 Gy, D50=2
Gy and V100=0%). [E] dose-volume histogram of the described VOIs based on predictive and
post-treatment dose assessments.

In this case a different catheter positioning between [°*™ Tc]Tc-MAA workup and treatment re-
sulted in flow variation. A preferential targeting of the tumor in the ventral part of the right
liver lobe (red tumor) was observed in the workup. On the other hand, after °©Y-microsphere
injection, a preferential targeting of the tumor in the dorsal part of the left liver lobe was ob-
tained. This is one example of a potential pitfall in SIRT in general and a cause of discrepancy
between [°°™ Tc]Tc-MAA-SPECT and °°Y-PET in particular.
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Figure 4.9: A comparison between calculated doses, and prescribed doses to the [A] NTV and
[B] TV; the difference between obtained dose and prescribed dose is provided in a way that for
tumor graph negative values correspond to doses above prescribed dose and for non-tumor tissue
graph it is in the opposite way.

4.5 Discussion

This study presents a framework to compare predicted and measured absorbed doses
for SIRT using CBCT-based VOI segmentation. To our knowledge, implementation
of the contrast-enhanced CBCT in voxel-level dose comparison has previously not been
studied. In other studies, either anatomical landmarks on non-catheter based anatomical
imaging modalities (e.g. MR or CT) or activity uptake-based imaging modalities (PET
or SPECT) were used to define LPTs corresponding to different catheter positions. We
demonstrated that activity planning using [gngc]Tc—MAA absorbed dose distribution
is related to post-treatment microsphere dose distribution in the tumor, non-tumoral,
and LPT compartments. The quantitative analysis showed that the correlation between
[ Tc]Te-MAA absorbed dose distribution is higher in the non-tumoral compartment
than in the tumors. The non-tumor mean dose could be used in treatment planning to
predict if the normal liver parenchyma receives a safe absorbed dose (e.g. less than 50 Gy).
In our analysis, we report a correlation between predicted and measured tumor absorbed
dose employing a tumor-by-tumor approach instead of the patient averaged tumor dose.
Analyzing the averaged predictive and measured tumor dose may lead to artefactual good
correlation between pre- and post-therapy imaging. For example, figures 4.1-F and G
show large deviations between predictive and measured dose for the left and right sided
tumors (under- and overestimation respectively) which balance each other and result in
a good correlation when the tumor absorbed doses in the entire liver are averaged (figure
4.1-H). Our results show that for most of the tumors, [*?""Tc]Tc-MAA-based dosimetry
could correctly predict if the dose to the tumor was sufficient or insufficient (e.g. more
than 70 Gy).

Predicted absorbed dose estimation is becoming more and more crucial for individual
SIRT planning [73]. Bastiaannet et al. reviewed the strategies to optimize activity pre-
scription to the current state of radiobiological knowledge regarding SIRT and the current
possibilities of performing predictive dosimetry and post-therapy dose measurement [73].
The BSA method is still the most used method for activity prescription. Nevertheless,
activity planning using BSA method is driven by patient’s body surface area used as a
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surrogate of real patient’s liver volume [167], which can lead to an overestimation (pre-
vious surgery) or underestimation (hepatomegaly caused by the presence of tumor) of
the real liver volume [85]. Partition method or voxel-level dosimetry is the potential
alternative for prescribing the activity, but applying an accurate partition method is
challenging because it relies on VOI segmentation techniques and predictive value of the
[*°"Tc]Te-MAA particles.

A disagreement between predicted and measured absorbed dose parameters can occur
due to several factors [73,294]; it could reflect the actual discrepancy between [**™Tc]Tc-
MAA particles and °°Y-microspheres, as well as the inaccuracy in imaging and/or dose
calculation and reporting techniques. Besides the difference in physical characteristics
of two used radionuclides for dose prediction and measurement, a different catheter po-
sitioning and administration speed, vasospasm during one of the injection session, the
embolic effect of the resin microspheres, and change in tumor vascularization between
pre-treatment simulation and treatment session can lead to a weak predictive power of
[ Tc]Tc-MAA particles. During the SIRT procedure, attempts were made to use the
exact positioning of the catheter during the [**™Tc]Tc-MAA injection and report any
mismatching between the catheter tip position. In this study, clinical reports have been
reviewed carefully for all screened procedures, and in case of a reported difference in
catheterization, the case was excluded from the study.

Calibrated activity in the vial is reported with an error of 20% [186], which can have
a direct effect on dosimetry accuracy. Generally, “°Y-TOF-PET imaging is considered
to be quantitative with a limited margin of error. To avoid any systematic bias between
the total activity (and absorbed dose) in the liver, the activity distribution of the post-
treatment “°Y-PET image is rescaled based on the assumption that the total PET activity
in the liver should equal the total prepared activity, considering no residual activity in
vial nor catheters. On the other hand, the fractional uptake obtained from [*°™Tc]Tc-
MAA-SPECT is rescaled assuming that the total predicted activity in each LPT should
equal the administered activity within the corresponding catheter tip position.

In both predictive and measured dose calculation, the LSF estimation based on planar
imaging was not used at face value in the dose calculation as it overestimates the true lung
shunt measurement [295]. In our center, the patients with a real lung shunt (planar LSF >
30%; macroscopic vascular connections visible on angiography) are excluded from SIRT.
In analyzed patients, the highest LSF was 13.9%. In these circumstances, we believe that
the true lung shunting was close to 0%, with a marginal signal coming from the lungs due
to the smallest particles in the [*™Tc]Tc-MAA solution, in vivo degradation products
moving from the liver to the lungs, and scatter from the liver. This is substantiated by
absence of uptake in the lungs according to *°Y-PET in all our patients.

Lastly, any technical aspects of the VOI definition may alter the correspondence be-
tween predicted and measured dose parameters. To minimize this inaccuracy, addi-
tional control steps have been designed in this study: (a) liver segmentation by CNN
in [*"Tc]Tc-MAA-SPECT space and registered liver VOI in *°Y-PET space have been
verified and modified by an expert. The ratio between liver volumes has a first, second,
and third interquartile range of 0.99, 1.01, and 1.04, respectively. (b) For segmenting the
liver perfusion territory corresponding to each catheter tip position, contrast-enhanced
CBCT imaging is used. In our previous study, it has been shown that by aiming at
delivering 40 Gy to the total liver and prescribing activity based on CT-based liver per-
fusion territories, absorbed dose to the right and left CBCT-based LPT has a median
(range) of 40.8 Gy ([34.1,48.8] Gy) and 38.1 Gy ([19.3, 49.1] Gy) [49]. (c) To optimize
the delineation of the tumors, a multi-step hybrid approach (which combines anatomical
and physiological information) has been used. Segmented tumors on CBCT images have
been projected on activity maps using non-rigid registration. An additional verification
step has been designed to avoid wrongfully-assigning the tumor to a nearby non-tumoral
high or low uptake area or mislabeling two tumors next to each other. By assuming a
high local uptake of the tumor, a cost function was designed to shift the tumor VOI very
locally to capture as much activity as possible.

We found a strong correlation between non-tumoral liver mean dose, D30, and V40.
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Our results for mean tumor dose confirm the moderate correlation between predicted and
measured tumor dose reported by Gnesin et al. [243]. They also found a better agreement
between NTV compartment than tumors. This possibly reflects the fact that a better
overall relation could be achieved in larger volumes (NTVs) than smaller volumes (TVs).
Recently, Jadoul et al. also reported similar results for HCC tumors [296]. In this study,
for LPT segmentation, thresholding the activity uptake by 1% of the maximum activity
was used.

Considering the reliability of [**"Tc]Tc-MAA absorbed dose estimation, Chiesa and
Maccauro discussed the usefulness of extracting the correlation between predictive and
post-therapy dosimetry parameters from a patient population to “optimize treatment on
the average” [297]. Indeed, the interpretation of a moderate correlation between predic-
tive and measured dose in a patient-tailored treatment planning is still debatable without
considering the confidence intervals. For example, a moderate correlation was established
for the tumor dose but figure 4.6 illustrates many tumors with an overestimation or un-
derestimation of the tumor dose using predictive dosimetry. As can be seen in this figure
the confidence interval for tumor mean dose in the Bland-Altman figure is about 250 Gy
while the confidence interval for non-tumoral mean dose is [-9, 7] Gy (see figure 4.4). So,
an accurate tumor dose prediction from the pre-treatment data for a specific patient was
not reached.

We adopted 70 Gy as the requirement for tumor response and 50 Gy as the safety
threshold for non-tumor irradiation. Our results showed that for 97% of the patients, the
[*°Tc] Te-MAA mean dose could predict either a safe activity planning or over-dosing of
the healthy tissue (e.g. radio-segmentectomy). Also, for 69% of the tumors, [*°™Tc]Tec-
MAA based dose estimation could predict if the dose to the tumor was sufficient (more
than 70 Gy).

We also compared predicted and measured absorbed doses to the projected (planned)
absorbed dose. The planned absorbed dose has been calculated before treatment to pre-
scribe activity based on the partition method. In this dosimetry scheme, activity thresh-
olding is used to calculate T/N ratio. So, any inconsistency between planned absorbed
dose and predicted absorbed dose reflects the effect of different applied VOI definition
(activity thresholding and anatomical tumor segmentation) solely. Notably, segmenting
the tumoral lesion into different compartments (viable tumor and necrosis) is dependent
on the imaging modality used. Here, we delineated the contrast-enhancing part of the
tumor on CBCT (hypervascular areas) which could be different from tumor segmentation
on MR or thresholding the [**™Tc]Te-MAA-SPECT or ['®*F]FDG-PET. Taking necrosis
into account is more important for tumors with a high percentage of necrosis, typically
large tumors. Our analysis suggests a median (first and third interquartile range) dif-
ference of 6% ([-42, 21]%) and -3% ([-38, 25]%) between the projected and predicted
mean dose for the non-tumoral and tumor compartments, respectively. It confirms that
thresholding the [*°"Tc]Tc-MAA could result in an overestimation of the tumor dose pre-
diction up to 50%. A more substantial discrepancy has been observed when comparing
the planned dose and measured doses.

To control image noise in *°Y-PET images, these are usually smoothed using Gaussian
filters. The optimized FWHM of this filter is a matter of debate. Some researchers suggest
avoiding over-smoothing of the images to capture the real granularity of the microsphere
distribution [298,299]. On the other hand, some end-users prefer to smooth at a higher
level for visual assessment. In this study, we use the reconstructed post-treatment PET
images by using protocols developed in different departments for PET/CT and PET/MR
camera. Unfortunately, different FWHMSs for PET were used when combined with CT
or MR, which changes the images’ final spatial resolution. In the future, we will modify
the PET/CT protocol to match the PET/MR imaging.

Several limitations could be mentioned for this study. First, the study design is ret-
rospective. Also, the number of analyzed cases was limited; further studies, including
more patients in homogeneous tumor types, are required to determine a better evalua-
tion of the predictive value of [**™Tc|Te-MAA. In addition, detailed lesion analysis (e.g.
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separating necrosis and viable tumor) could be performed in the future to refine tumor
dosimetry.

Most importantly, the impact of tumor type (with different degrees of vascularization
and tumor load) and clinical scenario (e.g. radiation segmentectomy) on the correlation
between predictive and measured dose distribution has not been studied much. So, more
research is definitely needed to assess the predictive power of [**”*Tc]Te-MAA for micro-
spheres distribution in different types of hepatic malignancies (primary and secondary
lesions).

4.6 Conclusion

In this study, we demonstrated that CBCT based dose estimation using a [**™Tc]Te-MAA
study is related to the post-treatment dose measurement. The agreement is stronger for
non-tumoral liver parenchyma, or total LPT than for the tumor compartment. Therefore,
[ Tc]Te-MAA based activity planning using safety threshold could be used for SIRT
planning before treatment to increase the tumor dose while avoiding overdosing of the
normal liver parenchyma.
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Figure 4.10: Single transaxial slice of a pre- and post-treatment study and dosimetry results
(patient ID 26): [A and B] early and late arterial phase CBC'Ts focusing on the right LPT, the
contrast enhancement is used to segment the right LPT (blue line) in the early phase image and to
segment the tumor (red contour) on the late phase. [C and D] a fusion-view of [*°™ Tc]Tc-MAA-
SPECT/CT and °° Y-PET/MR images. The contours are delineated on CBCT, transferred to CT
(non-rigid registration), and masked by the total liver (blue, green, and red contours correspond
to the right, left LPT5s, and tumor). [E] dose-volume histogram of the tumor, non-tumoral liver
parenchyma, and total LPT from predictive dosimetry (tumor, non-tumoral tissue, and total
LPT mean dose of 113, 17 and 34 Gy) and measured doses (tumor, non-tumoral tissue, and total
LPT mean dose of 149, 27 and 47 Gy).
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Figure 4.11: An example of the role of CBCT in VOI segmentation. In this case, CBCT-based
LPT segmentation (left lobe) matched with yttrium-90 activity deposition. This confirms that
our workflow performed well for this case. Single transaxial slice of a pre- and post-treatment
studies (patient ID 16): [A] a late arterial phase of CBCT focusing on the left liver LPT, the
contrast enhancement is used to segment the tumor (red contour). [B] a late arterial phase of
CBCT focusing on the right liver LPT, the contrast enhancement is used to segment the right
and left LPT (blue and green area). [C and D] a fusion-view of [ Tc]Te-MAA-SPECT/CT
and °°Y-PET/MR images. The contours represent registered VOIs delineated on CBCTs masked
by the total liver. During the simulation, [°°™Tc]Tc-MAA were injected in both liver lobes, but
during the therapy session, microspheres were administered within the left lobe only. One can see
the correspondence of CBCT based LPT segmentation and the volume infused with microspheres
on the post-treatment 0 Y-PET images. [E] A baseline MR image, the red arrow point to the
tumor which has been delineated on CBCT (figures A)



158  CHAPTER 4. COMPARING PREDICTIVE AND MEASURED DOSIMETRY

Figure 4.12: An example of the role of CBCT in VOI segmentation for super-selective LPT5:
single transaxial slice of a pre- and post-treatment studies (patient ID 46):[A and B] an early
arterial phase of CBCT focusing on the right and middle LPT and a late arterial phase of CBCT
focusing on the middle LPT, the contrast enhancement is used to segment three compartments.
[C and D] the late arterial phase of CBCT focusing on the right and left LPT, the contrast en-
hancement is used to delineate tumors. [E and F] a fusion-view of [*9™ Tc]Te-MAA-SPECT/CT
and 0 Y-PET/MR images. The contours represent registered VOIs delineated on CBCTs masked
by the total liver.
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4.7

Appendix 1!

This section reports on the predicted absorbed doses obtained from the injected activities
as computed with the following methods:

. empirical method,
. BSA method,
. SIRFLOX: look-up table introduced in the SIRFLOX trial,

MIRD method: 50 Gy to the entire LPT (TV and NTV)?,

. Partition method: this method aims at achieving a TV absorbed dose as close

as possible to 90 Gy, while keeping the NTV absorbed dose below 40 Gy. To obtain
the partition method, two different IA calculations were performed:

— Partition(NTV) method: partition model aiming at 40 Gy to the NTV,
and
— Partition(TV) method: partition model aiming at 90 Gy to the TV.

Then, the minimum of these two IA is selected as TApartition:

IA rtition ,IA rtition <IA rtition
IAPartition _ Partition(TV) Part t on(TV) > Partition(NTV) (43)
IAPartition(NTV) ) otherwise

The results of the mean dose and selected DVH parameters are provided in figures
4.13 to 4.15:

— Asillustrated in these figures, the empirical and BSA methods allowed a more favor-

able tumor mean absorbed dose, V100ry and D507y compared to other methods.
Still, it may induce a wide range of NTV irradiation. Based on our results, by using
the BSA method, NTV absorbed dose can be as high as 110 Gy; the first and third
quartile range of the NTV absorbed dose was around 40 and 75 Gy. Also, for this
method, V40nTyv and D30nTv gave a median [minimum, maximum] of 48 [0, 84]
% and 61 [0, 121] Gy, respectively.

Injected activity in the SIRFLOX trial was adapted from BSA, aiming at reducing
the activity for patients with high tumor burden. Our results also show that this
method was safe for most of the cases. For all cases, the mean dose to the NTV
was less than 50 Gy.

For the MIRD method, the mean absorbed dose was less than 50 Gy for all cases
but V40nTv could be as high as 61% with first and third quartile range of [0, 60]
%.

On the other hand, as intended, the partition method maximized the tumor ab-
sorbed dose while preserving the NTV dose below a certain threshold. For this
method, V40nTv and D30nTv never exceed 45% and 55 Gy, respectively.

1This appendix is not included in the published paper

2This is the absorbed dose criterion mentioned in literature for SIRT with standard setting. In
patients with reduced liver function, a total liver absorbed dose of 40-45 can be set. Also, in case of
more selective SIRT, a higher total liver absorbed dose can be used.
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Figure 4.13: Predicted mean absorbed dose of [A] LPT, [B] NTV, and [C] TV for different IA
calculation methods.
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Figure 4.14: Predicted [A] V50rpr, [B] V40nTVy, and [C] V100ry for different IA calculation
methods.
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Figure 4.15: Predicted [A] D30ppr, [B] D30nTv, and [C] D507y for different IA calculation
methods.
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4.8 Appendix 23

When assessing the TV and NTV absorbed dose, compensating for absorbed dose hetero-
geneity is a challenge for both EBRT and radioembolization. Absorbed dose distribution
is usually evaluated using (1) visual 3D dose maps and (2) DVHs, which downgrades
the distribution to 2D histograms to describe a large amount of data in 3D distributions.
The latter assumes that hepatic tumor and liver parenchyma consists of several identical
functional sub-units.

In this study, DVH parameters (e.g. V40nTv and V1007v) are used to compare dif-
ferent dose maps (e.g. pre-treatment dose estimation and post-treatment), which only
use some of the information of the DVH. An alternative for reducing DVH information
to a single value for parallel organs is the equivalent uniform dose (EUD) [300]. EUD
considers all dose distribution and calculates a biologically weighted average of the voxel
doses within tumor or NTV, which would provide the same radiobiological effect (e.g.
NTCP and TCP for NTV and TV, respectively) as the actual non-uniform absorbed dose
distribution.

EUD is heavily investigated in EBRT [301] and several studies are investigating this
parameter in radioembolization [302,303]. In this section, we present preliminary results
of implementing Jones-Hoban EUD formalism for comparing predictive and measured

dose for NTV [74]:
1 Zl efozDi
EUD = = ln<N> (4.4)

Here, N is the number of voxels, D; is the dose at the voxel i, and o denotes the
radiosensitivity of the cellular population (which depends only on the cell type and the
linear energy transfer of the particles). However, the liver parenchyma radiosensitivity
in radioembolization are still under investigation. In this section, we used reported
a = 0.0065 1/Gy by Dawson for whole liver EBRT. Chiesa et al. reported a lower «
(0.002 1/Gy) by evaluating in vivo cellular survival fraction by using the relative volume
reduction of the perfused parenchyma [302]. In another study, a higher radiosensitivity
(v =0.0104 1/Gy) was derived from TD50=41.6 Gy from results of Jackson et al. [304].

As illustrates in figure 4.16, the pair difference of predicted and measured EUD shows
a larger deviation ([-35, 70] %) than the mean absorbed dose ([-27, 48] %). This suggests
that by employing radiobiological parameters, larger uncertainties might be observed
between NTV dose prediction based on [*°™Tc]Te-MAA-SPECT and measured absorbed
dose based on *°Y-PET.

3This appendix is not included in the published paper
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Figure 4.16: [A] Comparing predicted and measured EUD (left-sided pairs) and predicted and
measured mean dose (right-sided pairs) [B] normalized difference between predicted and mea-
sured EUD compared to difference between mean doses.



Chapter 5

Prospective dosimetry case reports:
examples of future research directions

This chapter was written in a form which could be published in Medical dosimetry (journal
of the American Association of Medical Dosimetrists) as a case report study with a very
limited modification.

Abstract

SIRT is a promising treatment for hepatic malignancies. Several image-based investi-
gations, e.g. volumetric report and absorbed dose assessment, are mandatory for SIRT
treatment planning and treatment verification based on national and international regu-
lations.

General treatment workflows are described in guidelines, recommendations, and the
package inserts of the manufactures. But guidance to tackle particular clinical conditions
can be ill-defined and different centers practice their own workflow to analyze the treat-
ment process. Examples include (i) high lung shunt, (ii) very high tumor to non-tumoral
liver activity concentration ratio, (iii) inconsistency between treatment simulation and
observed treatment result, and (iv) management of patients with a limited future liver
remnant and functionality. No universally accepted standard procedure is defined in the
literature for these settings and more advanced multi-modal image-based analysis may
be beneficial.

Here, we present some clinical case reports to describe our latest research in employing
advanced image processing techniques to enrich our treatment workflow for special clinical
scenarios.

Keywords radioembolization, selective internal radiation therapy (SIRT), dosimetry,
liver perfusion territory, cone-beam CT, lung shunt, tumor segmentation, normal tissue
complication probability, hepatobiliary imaging, [gngc]Tc-mebrofenin

5.1 Introduction

A workflow for the use of resin °°Y-microspheres (SIR Spheres, SIRTEX, Sidney, Aus-
tralia) is described in the package insert of the manufacturer [281]. Several guidelines
provide recommendations on the use of these spheres, such as the European Association
of Nuclear Medicine (EANM) guideline [154], and the recommendations of the American
Association of Physics in Medicine (AAPM) [153]. These procedures are generic and
are useful for a vast majority of the patients. In the preceding chapters, the dosimetry
workflow and some patient population studies were presented. Also, an example of a
standard pre- and post-treatment dosimetry report was covered in section 2.3.

165
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In the day-to-day clinical practice, each patient has unique clinical features and needs,
necessitating a tailored activity planning strategy, based on dosimetry. Here, some ex-
amples of patient-tailored prospective use of an advanced activity planning workflow to
address clinically relevant questions are provided. The cases are presented to illustrate
the gain of the multi-modal image analysis and feature extraction from all available stud-
ies. To give some insights into potential future research topics, these cases are covered
in this report:

— case 1: activity prescription for a case with high estimated lung shunt fraction
(eLSF),

— case 2: a case that illustrates the usefulness of VOI definition based on cone-beam
CT (CBCT) in comparing predicted and measured dose,

— case 3: a case report on the role of tumor and liver perfusion territory (LPT)
segmentation in dosimetry,

— case 4: the first case of utilizing the voxel-level dosimetry as a treatment planning
method in our department. In this case, [*°™Tc]Tc-mebrofenin (BrIDA) imaging
[305] was used to analyze regional liver functionality during the activity prescription
process.

5.2 Case descriptions

5.2.1 Casel: Activity prescription for a workup with substantial lung
shunt fraction

A 69 year old patient with a complicated condition was referred to our department as
a candidate for SIRT. This patient (72 kg, 183 cm) suffered from a large metastatic
neuroendocrine tumor (NET), WHO grade 1, with central necrosis. Primary surgery
was not offered at the time due to high tumor load and to the close vicinity to hepatic
blood vessels. The following two options were reviewed at the MDT:

1. a right-sided SIRT without treating the left lobe, even if there was a tumor in-
volvement in the left liver lobe (segment IV). The intention was to fulfill a right
radiation lobectomy to introduce hypertrophy of the future liver remnant in the
left lobe, which would allow an extended right hemihepatectomy (including segment
IV) subsequently. Segments I, II, and III are free of tumor.

2. a portal vein embolization on the right lobe to induce hypertrophy of the con-
tralateral liver lobe. However, portal vein embolization was considered challenging
because percutaneous approach to the portal vein may be complicated due to lo-
cation (relative to the blood vessels) and size of the tumor.

The patient underwent a pre-treatment workup, consisting of administering [ngTc] Te-
MAA in the left and right HA. Planar and SPECT/CT imaging were performed around 1
and 1.75 hours after administration, respectively. On the SPECT/CT image, a heteroge-
neous activity distribution over both liver lobes was observed. Substantial tumor uptake
was documented at visual evaluation. There was no evidence of extrahepatic activity
deposition (e.g. stomach, duodenum, gallbladder, ...) except for a relatively high lung
shunting. A eLSF of 28.7% was calculated using planar imaging (see figure 5.1-A). The
treatment team decided to consider SIRT on condition that a personalized dosimetry
estimates a favorable tumor dose coverage and safe NTV absorbed dose while keeping
the lung dose less than 30 Gy. So, after the first pre-SIRT workup and before the second
MDT meeting, a dosimetry report was established to predict the TV, lung, and NTV
absorbed dose.

The results, which are presented in the following subsection, were the subject of dis-
cussion in the second MDT. They concluded that the risk of lung toxicity was too high
to perform SIRT in the setting (é.e. catheter position) used in the first simulation. It was
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Figure 5.1: [A] An LSF of 28.7% was calculated based on planar imaging for the first pre-SIRT
workup. [B] The second workup suggested that even a higher amount of lung shunting could be
expected by practicing a different catheter tip positioning.

proposed to repeat the pre-treatment workup with a different catheterization strategy,
injecting only the right hepatic artery. In this second right lobe only workup, an even
higher eLSF (41%) was observed (see figure 5.1-B), demonstrating that the eLSF was
mainly caused by the right lobe, in all likelihood due to intra-tumoral shunting.

Finally, it was decided not to perform SIRT as a too high lung dose would be delivered
with activities needed to obtain a substantial anti-tumoral effect in a large mNET (e.g. to
obtain a tumor dose of 120 Gy, an TA of 1.7 and 11.0 GBq was calculated to be injected
to the left and right perfusion territory, respectively. Using these IAs, an absorbed dose
of 182 Gy was estimated for 1 kg lung).

Then, right-sided portal vein embolization was performed to obtain hypertrophy of
the left liver lobe. Two months later, left liver hypertrophy was observed; the total liver
volume (including large right-sided tumor mass) was 5873 ml, and the future residual
liver volume was 1370 ml (23% of the total liver volume). Despite this left hypertrophy,
surgery still did not seem safe because of limited tumor downstaging. MDT decided to
start chemotherapy (combination of capecitabine and temozolomide) for this patient.

Dosimetry report

Several imaging studies were analyzed to perform predictive dosimetry for this patient
(see figure 5.2):

— a[*¥Ga]Ga-DOTA-TATE-PET/CT was performed a month before the first [*°™Tc] Tc-
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MAA study. By thresholding the [*®*Ga)Ga-DOTA-TATE-PET image, a viable
tumor was located. Thereafter, a necrosis compartment was manually outlined.
These VOIs were transferred to the [**™Tc]Tc-MAA-SPECT image, using the im-
age registration algorithm proposed in our previous study [49].

~ two LPTs were segmented on the CBCT. The VOIs were transferred to the [**Tc] Tc-
MAA-SPECT space.

— the liver was segmented by applying a CNN-based delineation algorithm [211] on
CT from [*"Tc]Tc-MAA study.

Figure 5.2: This figure includes one transverse slice of all the images used in the predictive
dosimetry. The green, blue, red, and yellow contours represent the left lobe, right lobe, viable
tumor, and necrosis. [A] The [?°™ Tc]Tc-MAA-SPECT/CT estimated the microsphere distribu-
tion. This study suggested a higher activity concentration within the viable tumor in the left lobe
than the viable tumor in the right lobe; the CT from this study was used for liver segmentation.
[B] The late arterial phase contrast-enhanced CBCT, which highlighted the left liver perfusion
territory. It was used to separate the left and right liver perfusion territories (green and blue con-
tours). [C and D] These images show the fusion and OT from [68 Ga]Ga-DOTA-TATE-PET/CT
study, respectively. The viable tumor received a high uptake, while the necrotic part had a very
low uptake and was hypodense in the CT. This information was used to separate viable tumor
(red) and necrosis (yellow).

parameter [[ Ieft Tobe | right lobe || entire liver
viable TV (ml) 279 2299 2578
necrotic volume (ml) 0 368 368
NTV (ml) 771 1770 9541
entire VOI volume (ml) 1050 4437 5486
T/N ratio [ 345 ] 236 2.30

Table 5.1: Segmentation and activity report

The local deposition model was applied to convert the fractional activity uptake,
derived from [*°"Tc]Tc-MAA-SPECT, to Gy per unit of TA (in GBq). Then, different
dose parameters were obtained for various IAs (see figure 5.3). In the left lobe, which
involved a small part of the tumor, an IA of around 1.7 GBq was adequate to deliver a
viable tumor dose of 120 Gy with V100rvy of 47%; at the same time, a NTV absorbed
dose of 34 Gy, and V50nTv of 17% was estimated. The lung dose from this IA within
the left HA (using the first [**"Tc]Te-MAA simulation) was 24 Gy.

Conversely, the predictive dosimetry for the right lobe was not as promising as the left
lobe. An IA of around 11.0 GBq was needed to achieve a viable tumor dose of 120 Gy and
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V1007v of 54%. For this considerably high activity, NTV and lung dose (using the first
[*"Tc] Te-MAA simulation) of 51 and 154 Gy were estimated, respectively. These results
implied that to reach a sufficient TV dose, a very high TA was required, which resulted
in a very high lung absorbed dose (a cumulative dose of more than 178 Gy to the lungs).
In addition, because of the distribution of the [**™Tc]Tc-MAA particles within the TV,
even with this high activity, only less than 40% of the TV would receive 80 Gy or more.
These results showed that SIRT with that catheterization strategy was contraindicated.
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Figure 5.3: Lung, TV and NTV absorbed dose analysis for different IAs in the [A] left lobe and
[B] right lobe using the first [*9™ Tc]Tc-MAA simulation. The viable tumor dose coverage was
better for the left lobe (279 ml), while the dose to viable tumor in the right lobe (2299 ml) did
not reach 120 Gy even for a very high IA (e.g. 11.0 GBq, which gave an unacceptable lung dose
of around 155 Gy). The orange dashed lines illustrates the IA which corresponds to 120 Gy to
TV.

Discussion

SIRT is an established treatment option for metastatic neuroendocrine tumor (NET)
NET [38, 44, 218]. These tumors demonstrate hypervascularity for two-third of the
tumors and iso-vascularity for the rest [306]. In case of hypervascular tumors, SIRT
has the advantage of maximizing tumor irradiation while minimizing toxicity to normal
parenchyma. High lung shunt fraction in [**™Tc]Te-MAA workup can occur when a large
number of [**"Tc]Tc-MAA particles pass through tumor arteriovenous shunts and accu-
mulate within the lung parenchyma. Substantial eLSF is considered as a contraindication
for SIRT, as it could indicate a large lung shunting of yttrium-90 containing microspheres
and cause radiation-induced pneumonitis, which can have substantial impact on quality
of life and result in death.

For cases with high LSF, two different approaches are recommended in the guidelines:
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(i) direct activity reduction based on the extent of eLSF, and (ii) recalculating the pre-
scribed activity by estimating the lung absorbed dose and limit the activity based on
estimated lung absorbed dose (e.g. 30 Gy). But none of these approaches mention the
effect of possible activity reduction on TV and NTV absorbed dose. In this case we con-
sider mean dose and DVH parameters for TV and NTV together with mean dose to the
lung during the activity prescription process. In this case, the treatment team decided
not to treat the patient, as the maximum injectable activity based on lung absorbed dose
was not sufficient to reach a satisfactory tumor irradiation.

5.2.2 Case2: Discrepancy between projected and measured dose

A SIRT session was performed for a 78 year old patient with HCC. Based on diagnostic
MR and CT images, a massive central and two satellite tumors, involving segments II
and IV, were diagnosed. After a MDT discussion, TACE was deemed contra-indicated
because of the extensive tumor load. Hence, SIRT was considered as an alternative
aiming at controlling tumor progression.

The treatment was planned based on a pre-SIRT workup. During the workup, a super-
selective catheterization of the HA was performed, and perfusion territories of the left
and right HA were evaluated. Dual-phase CBCTs indicated the bulky tumor in segment
IV and two other smaller tumors. The tumors were irrigated from both the left and
right HA. An accessory branch to segment I did not contribute to the blood flow to
the tumors. Afterwards, a [*°™Tc]Te-MAA-SPECT/CT was performed, which predicted
poor targeting, particularly within the right lobe. In this lobe, almost no difference was
found between the ventrally located tumor and dorsal healthy liver. An eLSF of 4.8%
was calculated.

The treatment was planned a month after [*™Tc]Tc-MAA workup by using the MIRD
method with an entire liver absorbed dose of 50 Gy (equivalent to 1 MBq/ml). The
therapeutic microspheres were administered in a comparable manner to the workup,
except for one difference; an anti-reflux catheter was used during the treatment session.
We hypothesized that the microsphere distribution with the use of an anti-reflux catheter
could be different, in an unpredictable manner, compared to a regular micro-catheter.
Interestingly, on the day of the treatment, preferential tumor targeting was observed. We
performed detailed dosimetry, particularly with respect to predictive versus measured
dose comparison. Detailed dosimetry is provided in the following sub-sections.

Three months after treatment, an arterial and venous phase ceCT, and contrast-
enhanced MR images were performed. The two satellite lesions showed a prominent
response. For the big tumor, no volume increase was observed, and it was evaluated as
stable disease or response due to its prominent central necrosis (see figure 5.4).

Figure 5.4: [A] Latest MR image before SIRT, performed 1.5 month before treatment session,
[B] a follow-up MR performed three months after SIRT session. These images demonstrated the
appearance of prominent central necrosis
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Dosimetry report

By using a projected absorbed dose of 50 Gy (or 1 MBq per ml) to the entire liver (TV
and NTV), 0.522 and 1.027 GBq of resin microspheres were prescribed for the left and
right liver lobe, respectively.

Fractional uptakes were derived from the [**”Tc]Te-MAA-SPECT and *°Y-PET for
the predictive and post-treatment dosimetry, respectively. The dosimetry was performed
based on the local deposition model utilizing these VOIs:

— liver: the liver was delineated by applying the CNN on the CT from the [**™Tc]Tc-
MAA workup with some manual adjustment,

— tumor: tumors were segmented on CBCTs,

— LPTs: two LPTs were segmented on CBCT images.

For post-treatment dosimetry, all the VOIs were aligned to the post-treatment 2°Y-
PET using non-rigid registration. A comparison between segmented volumes used in pre-
and post-treatment dosimetry, together with the manual segmentation (which was used
for prescription) are provided in table 5.2; screenshots of three different transverse slices
of various studies, as well as defined VOIs are shown in figure 5.5.

parameter [ method | left lobe [ right lobe || entire liver
clinical routine - - -
TV (cc) [ _ predictive dosimetry _ | 166 | 202 ] _368_
post-treatment dosimetry 162 200 366
clinical routine - - -
NTV (cc) [ _ predictive dosimetry _ | 318 | _ 822 || 1140 _
post-treatment dosimetry 345 856 1202
entire VOI | _ _ _Clnicalroutine | 520 | 1000 | 1520
vol (cc) | _ predictive dosimetry _ | 484 )| 1024 ]| 1508
post-treatment dosimetry 507 1057 1564
tumor clinical routine - - -
involvement (%) [ = predictive dosimetry ~ |~ 34~ ~ [ ™ 20 || 24
| post-treatment dosimetry | ~ 32~ [ T 19 || 23
. clinical routine 34 - -
left to entire (%) \ ~ = & Fitive dosimetry ~ ]~ 82" | "~ R S
| post-treatment dosimetry | ~ 32~ [ T S T -

Table 5.2: Segmentation analysis; comparing our segmentation results and clinical records.

A comparison between predictive dosimetry and measured dose distribution is pro-
vided in table 5.3. Cumulative dose-volume histogram are also provided in figure 5.6.
The voxel-level dosimetry revealed that:

— TV mean dose in post-treatment is notably higher than pre-treatment evaluation
for the right lobe (72 versus 189 Gy). In the left lobe, the underestimation of the
TV dose by [*™"Tc]Tc-MAA was less notable (82 versus 108 Gy).

— more than 56%, 83%, and 70% of the tumor volume received a dose of 100 Gy or
more in left, right draining regions, and entire liver.

— 85% of the NTV received an absorbed dose of less than 30 Gy (with a mean dose
of only 17 Gy).
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left lobe right lobe entire liver
pre [post = A pre [ post | A pre [post = A
TV activity (MBq/cc) [[1.70[2.25 7 0.55 [1.50 ] 3.94 ~ 2.44 [[1.59[3.14  1.55
NTV activity (MBq/cc) || 0.75]0.46 -0.29[[0.91 [ 0.31 " -0.60 [[ 0.87 [ 0.35 '-0.52

T/N ratio (ratio) 2.26[4.91 2.65[1.65|12.88 11.23[[1.84[9.00 7.16

criterion *

VOI dose(Gy) 52 [ 49 3 [ 49 | 48 -1 [ 50 | 48 -2
Dty (Gy) 36 | 22 -14 || 44 | 15 ' 29 || 42 | 17  -25
Drv (Gy) 82 [ 108 26 || 72 | 189 ' 117 || 76 | 153 ' 77
V30n1v (%) 2223 -19] 7] 11 63 [[ 65 ] 15  -50
V100rv (%) 23 | 56 33 || 14 | 83 ' 69 | I8 | 70 52

Table 5.3: Overview of the predictive and measured dosimetry comparison.

Figure 5.5: Three different slices of the images employed in dosimetry; the green, blue, and red
contours outline the right lobe, left lobe, and tumor.

The first row shows the post-treatment 9° Y-PET/MR; the second row is the [°°™Tc]Tc-MAA-
SPECT/CT; the third and fourth rows are late arterial phase CBCTs for the right and left
perfusion territories.

This figure represents the importance of the CBCT imaging not only in separating different
perfusion territories but also in defining portions of the tumor that receive activity from various
branches of the hepatic artery.

A visual comparison between pre-treatment simulation ([*°™ Tc]Te-MAA-SPECT/CT) and post-
treatment activity measurement (°°©Y-PET), indicates that the simulation underestimated the
tumor uptake.
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Figure 5.6: Cumulative dose-volume histogram showed that for both lobes, predicted dosimetry
underestimated the TV dose and overestimated the NT'V dose significantly.

Discussion

As mentioned above, for this patient more extensive tumor uptake with greater TV
absorbed dose (by a factor of 2.0) was observed. As a result, decreased activity deposition
in areas of NTV was measured compared to the workup. As the catheterization was
similar for this patient, we believe that this large mismatch between [*°™Tc]Tc-MAA
and 2°Y-microsphere activity distribution was due to the use of anti-reflux catheter in
the therapy session. Pasciak et al. also reported a similar effect with the use of an
anti-reflux catheter [307].

5.2.3 Case 3: Role of VOI segmentation methods in dosimetry

A HCC (diameter, 65 mm) in liver segments V and VIII associated with cirrhosis was
diagnosed in a 73 year old patient using MR imaging. TACE and SIRT were discussed
in the MDT. Because of the large size, SIRT was recommended as the first option.

A pre-treatment workup was undertaken one month after MR imaging. Selective
catheterization of the right HA, by means of a micro-catheter, revealed normal vessel
anatomy and large tumor blush. Lung shunting was not a contraindication for SIRT
(eLSF: 2.6%). Visual investigation of the [**"Tc]Tc-MAA-SPECT indicated a good
tumor targeting in segments V and VIII. There was no evidence of activity deposition
within extrahepatic tissues, e.g. stomach, duodenum, or gallbladder.

The prescription was made using the radiation segmentectomy approach for segments
V and VIII. The tumor volume was 143.8 ml and the ablation volume was measured to
be 330 ml (22.5% of the entire liver). The patient was relatively small patient (height,
1.54 cm; weight, 56 kg). The prescribed activity was 1340 MBq to the right lobe using
the partition method (a TV projected dose of 205 Gy, and a NTV projected dose of 120
Gy).

The SIRT session was performed a month after [*°™Tc]Te-MAA workup. Post-treatment
imaging (*°Y-BECT and *°Y-TOF-PET) revealed a high tumor uptake. A post-treatment
visual assessment suggested that the activity distribution broadly agreed with the [QQWTC} Te-
MAA imaging in the workup.

Three, six, and thirteen months after SIRT, MR imaging was performed (see figure
5.7). In all follow-up images, a slight tumor volume reduction with the occurrence of
central necrosis was observed. So, it was described as a pronounced partial response.
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Figure 5.7: [A] latest MR image before SIRT, performed two months before treatment session
(lesion diameter: 55.8 mm), [B] a follow-up MR performed three months after SIRT session
suggested a new central necrosis and some evidence of radiation hepatitis, [C] a follow-up MR
performed six months after SIRT session showed increased central necrosis, [D] a follow-up MR
performed thirteen months after SIRT session showed further increased central necrosis, subto-
tal tumor regression with only very minimal viable component with decrease in size (22.5 mm
compared to 55.8 mm in baseline image [A]), with atrophy surrounding irradiated parenchyma
and minor ascites.

This case is selected to highlight the following points (as potential research directions):

1. How personalized dosimetry (i.e. PM or voxel-level) can be used to project a higher
dose within a small LPT, which is mostly tumoral (radiation segmentectomy).

2. An introductory investigation on the role of tumor segmentation method in the
inconsistency between projected dose (based on prescription) and measured dose,
which was observed in the previous chapter. By definition, the absorbed dose
in each pre-defined VOI depends solely on the deposited energy and mass of the
VOI. So, it is evident that different delineation methods could result in different
absorbed doses. This case investigates the extent of the effect of the tumor and
LPT segmentation on dosimetry as well as calculating an IA by different methods.
Not surprisingly, the absorbed dose disagreement within smaller VOIs (i.e. TV)
was higher than bigger VOIs (i.e. NTV compartment). That is why the [**™Tc]Tc-
MAA-based dose prediction was considered to be more reliable for the NTV than
TV. This result could be investigated among more patients in the future.

The subsequent sub-sections report (a) volume differences in various tumor and LPT
segmentation methods, (b) IAs comparison derived from different methods for these
segmentation methods, (c) the impact of the segmentation method on different dosimetry
parameters (e.g. mean dose to the TV and NTV, V1201v, and V60nTv), and (d) the
impact of tumor segmentation method on the cDVH before and after the treatment.

Volumetric report

In the following sub-sections, predicted and measured absorbed doses are compared when
various strategies were applied for tumor and LPT definition (see figure 5.9):

— clinic: these are the volumes that were used for prescribing the activity in the
clinical routine: (a) the liver was manually delineated on CT, (b) the volume of
the tumor and LPT, together with T/N ratio were estimated from some VOIs on
[*Tc] Te-MAA-SPECT.
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— CBCT: this method was presented in the previous chapter: (a) the liver was
delineated by implementing CNN on CT from [*°"Tc]Tc-MAA study, (b) tumor
and LPT were segmented manually on CBCT.

— thresh 20 and 30: in these methods: (a) tumors were segmented by thresholding
the [*Tc]Te-MAA-SPECT and °°Y-PET images by 20 and 30% of the maximum
activity uptake, (b) the entire liver (TV and NTV) was delineated by employing
CNN, (c) as both [**™Tc]Tc-MAA workup and treatment involved only one ad-
ministration, LPT was also segmented by thresholding the activity images by 3%
of the maximum activity uptake. Here, we assume that the activity was deposited
solely within the treated LPT.
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Figure 5.8: [A] The liver, LPT and TV volumes were defined by the detailed methods: CNN-
based liver volume was very close to the manually segmented liver on CT. The volume of the LPT
segmented on the CBCT was comparable to the thresholding activity by 3% of the maximum
uptake and a little bit higher than the C'T-based segmentation (used for actual treatment). The
TV volume was variable for different approaches; based on the contrast-enhancement on CBCT
and CT images, volumes of 160 and 132 ml were segmented, respectively. On the other hand,
for activity thresholding methods, the volume was inconsistent between two threshold levels; for
example, in the pre-treatment evaluation, thresholding by 20% of the maximum uptake resulted
in a volume of around 50% more than the obtained volume from thresholding by 30% of the
maximum uptake. [B] T/N ratio also depended on the tumor definition. Depending on the
effect of the threshold level on the TV and NTV volume, and total activity uptake, utilizing a
higher threshold could result in a lower or higher T/N ratio. For all tumor definition methods,
T/N ratio measured from the post-treatment imaging was higher than the estimated value based
on the pre-treatment workup.
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Figure 5.9: [A] Pre-treatment [*°™Tc]Tc-MAA-SPECT/CT [B] post-treatment °° Y-PET/CT
[C] late arterial phased CBCT focused on the treated LPT. Several contours are also provided;
yellow: liver; light green: LPT by activity thresholding; orange: LPT on CBCT; red: tumor on
CBCT; green: thresh 20; and blue: thresh 30.

Figure 5.8 illustrates the impact of the VOI definition on the volume of the TV and
LPT, as well as the T/N ratio. Here, it can be observed that the volume of the LPT
was somewhat similar for CBCT- and threshold-based methods, which suggests that the
contrast-enhancement in the CBCT image nicely reflected the perfusion territory of the
selected branch of HA. Not surprisingly, changing the threshold for tumor segmentation
could change the measured volume of the tumor dramatically. Unlike the tumor definition
on ["®F]FDG-PET, in which the threshold level is documented in the literature, the
threshold level for tumor segmentation on [**"Tc]Tc-MAA-SPECT and *°Y-PET images
are not standardized. So, the methodology of thresholding is most of the time selected
individually for each patient by visual inspection. The threshold-level selection is not an
easy task and is user-dependent. For this patient, it has a large impact on the volume of
the tumor and T/N ratio. This discrepancy could be considered as one of the causes of
the deviation between dosimetry results obtained by different groups.

Prescribed activity by different methods

Tumor definition plays a crucial role in most of the activity planning methods (except
the MIRD method). So, an inconsistency in the tumor segmentation could result in a
different calculated activity. But the impact of the tumor segmentation could be different
for various methods (see figure 5.10). In line with the patient-tailored prescription used
in the therapy session, (a) for the MIRD method, a mean dose of 160 Gy to the entire
LPT (TV and NTV) was set, (b) the criteria of 310 and 100 Gy for TV and NTV
compartments within the LPT was projected for the PM.

Figure 5.10 suggests that (by design), the MIRD and PM prescribed more activity
than the other methods. The influence of the tumor segmentation on empirical, BSA,
and MIRD method was more limited compared to other methods. The impact of tumor
segmentation was notable in the PM. For example, “thresh 20” suggested 23.7% more
administration than “thresh 30”.

Impact of VOI definition on the DVH parameters for different injected
activities

Figure 5.11 illustrates the effect of tumor segmentation on the dosimetric parameters for
a range of 0 to 3 GBq of administered activity. Based on this figure, the mean absorbed
dose to the NTV was less dependent on the segmentation method than the mean TV
dose. As shown in figure 5.10, activity prescription based on the MIRD method was
similar for all segmentation methods as it only depends on LPT segmentation method
(CBCT versus activity thresholding method). Based on this graph, the mean TV and
NTYV dose within the treated LPT for CBCT-based, “thresh 20”, and “thresh 30” were
(333, 277, and 343 Gy) and (82, 70, and 90 Gy), respectively.
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A similar situation pertained for VT'120 and VH60. For example, to achieve a VT120
of 80%, TA of 1.00, 1.27, and 0.88 GBq were needed by employing tumor VOI based on
CBCT, “thresh 20”7, and “thresh 30”, respectively.
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Figure 5.10: Calculated IA by employing different prescription methods using different VOI
definitions.

Predicted versus measured dose

As figure 5.8 shows, the post-treatment TV dose measurement was higher than the esti-
mated TV irradiation. Additionally, the cumulative DVH for the measured and predictive
dosimetry using several segmentation methods for the actual administered activity (ac-
tual treatment) is provided in figure 5.12. The tumor cDVH (figure 5.12-A) shows that
the curves were different for different tumor definition methods. The best agreement
between the predictive and measured dosimetry was observed for CBCT-based tumor
segmentation. A better alignment between the predicted and measured absorbed dose
(compared to the TV compartment) was noted in the NTV compartment within the
treated LPT (figure 5.12-B). Due to a small target volume and an abundant untouched
NTV liver parenchyma, both predicted and measured doses in the entire liver NTV (fig-
ure 5.12-C) assert a safe treatment even for such a high administered activity; less than
30% of this compartment received more than 70 Gy.

Mean absorbed doses are also provided in figure 5.13. In line with the results presented
in the previous chapter, a better correspondence between predicted and measured mean
dose was perceived in the NTV compartment compared to the TV. For example, predicted
TV dose was 31, 77, and 85 Gy less than measured mean dose when CBCT, “thresh 20”
and “thresh 30” was applied. This figure also suggests that the mean dose to the different
compartments was linked to the tumor definition.

Discussion

In this case the impact of segmentation method on dose calculation is explored. Un-
fortunately, no standard method for tumor and LPT segmentation is described in the
literature; several authors, prefer activity thresholding method (e.g. on [**™Tc]Te-MAA-
SPECT or °Y-PET). In a study, a considerable difference between morphological and
activity-based tumor segmentation in terms of volume and mean dose were observed [308].
Also, for some patients a high inter-observer variation was reported, when activity-
thresholding is used for tumor segmentation [309].
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In this case, we compared predictive dosimetry and calculated injected activity by dif-
ferent methods, using CBCT and activity thresholding (by two different activity thresh-
olds) for tumor and LPT definition. We found that SIRFLOX and partition model are
highly dependent on delineation method, while empiric, BSA, and MIRD method were
consistent between different segmentation methods.

Also, voxel-level dosimetry shows a high variation for both TV and NTV DVH pa-
rameters when different segmentation methods are applied. Mean absorbed dose to NTV
were more consistent compared to the TV compartment.
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Figure 5.11: Dose parameters (V1201y, V60nTy, and mean dose to the TV and NTV) as a
function of IA for different VOI defining methods. As can be seen, TV dose parameters were
highly dependent on the segmentation method. Calculated IAs based on Emp, BSA, SFX,
MRD, P-T, and P-NT denote empirical, BSA, SIRFLOX, MIRD, and PM for TV and NTV
dose, respectively. For VOI definition methods, CBCT is CBCT-based VOI segmentation, and
T20 and T30 are thresholding the tumor by 20 and 30% of the maximum activity uptake.
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Figure 5.12: Comparing predicted and measured cumulative DVH using different segmentation
methods: [A] TV ¢cDVH, [B] cDVH of NTV compartments within the LPT, and [C] cDVH for

entire liver non-liver tissue.
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absorbed dose in different VOIs for different segmentation methods
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Figure 5.13: Predicted and measured mean absorbed dose to the TV and NTV compartment.

5.2.4 Case 4: Use of voxel-level treatment planning in combination
with [99mTc]Tc-mebrofenin scan

A 49 year old patient with multifocal HCC who was earlier treated with Sorafenib was
referred to University Hospitals Leuven (UZ Leuven). An MR imaging was performed two
months later and showed a stable tumor (diameters: lateral 15.7 c¢m, anterior-posterior
12.3 cm, and craniocaudal 16.2 cm) located in segments VIII, V, and IV. Compared to
a recent CT examination, the largest tumor was comparable in size, but necrotic and
hemorrhagic components had developed within the tumor. The tumor also showed a
peripheral arterial hypercaptation.

Hepatomegaly was observed (craniocaudal dimension, 21 cm) with no sign of cirrhosis.
A reduction in serum a-fetoprotein (AFP) level showed biochemical response. The MDT
discussed the usefulness of SIRT with a main aim of targeting the tumor in the right
lobe.

A pre-SIRT workup was performed two months after MR study. Selective catheteri-
zations of the right and left HA were conducted with diagnostic angiography and CBCT.
Also, [*™Tc]Tc-MAA was administered in the selected branches of the HA (68 MBq
right and 58 MBq left). An eLSF of 5% was determined on the planar image. Based on
[*?"Tc] Te-MAA-SPECT, there was no evidence of activity uptake in the extra-hepatic
sites. No contraindications were retained and the patient was qualified for SIRT.

Two weeks after pre-SIRT workup, a [**™Tc]Tc-mebrofenin (BrIDA) scan was per-
formed to determine liver functionality [310]. In this study, 150 MBq of **™Tec-BrIDA
was injected intravenously, followed by a dynamic acquisition according to [305]. The
SPECT/CT image showed a large photopenic area centrally in the right liver lobe, com-
patible with an afunctional HCC. A higher functionality was captured in the left liver
lobe compared to the non-tumoral right-sided areas. The liver clearance was 12.4% per
minute; 11.7% per minute per 1.73 m? (patient’s body surface area=1.84 m?).

Two days later, an ['"*F]JFDG-PET/CT scan was performed. The ['*F]JFDG-PET
scan showed a mild uptake (mainly right-sided); the ceCT confirmed prominent central
necrosis and several other hypodense liver tumors spread over the liver.

Due to the challenging situation of the patient, we opted for voxel-level dosimetry as
the treatment planning method, for the first time in our center. A volumetric assessment
showed that the (mostly tumoral) right lobe was larger than the left lobe. The [?°™Tc]Tec-
mebrofenin scan showed that the NTV on the right side had lower functionality than the
smaller left lobe. So, the treatment planning was designed in a conservative setting for
the left lobe and a more aggressive setting for the right lobe. In treatment planning, the
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voxel-level correspondence of the predicted absorbed dose and the [*™Tc]Tc-mebrofenin
scan was also considered.

The SIRT treatment was performed one month after pre-SIRT workup with selective
catheterizations of the right and left HA. Visual assessment of the post-treatment *°Y-
PET/CT image showed heterogeneous uptake within the liver with a good alignment
with the distribution of the [*"Tc]Tc-MAA on the pre-treatment scan and with good
tumor targeting (see figure 5.14).

Figure 5.14: A transaxial, sagittal and coronal view of fusion [A] [P®™Tc]Tc-MAA-SPECT/CT,
and [B] post-treatment %° Y-PET/CT.

VOI segmentation method and activity reports

After registering all images to an identical space, some VOIs were segmented to aid in
the activity planning and dose prediction:

— liver: the liver was segmented using the CT from the [*™Tc|]Te-MAA study by
employing the CNN.

— tumors: one big tumor was defined on diagnostic MR (mDixon-arterial), by keep-
ing an eye on the [**™Tc|Te-MAA-SPECT-CT and BrIDA-SPECT/CT.

Three more tumors were located on the MR, but segmented on [*™Tc]Tc-MAA-
SPECT-CT (thresholding by 50% of the maximum uptake).

— necrosis: the necrotic portion of the big tumor was segmented out using the CT
image from the [ISF]FDG study; the necrotic area was photopenic on PET and
hypodense on CT.

— left and right LPT: two LPTs were separated on the late arterial phase CBCTs.

Table 5.4 provides the volume of the necrosis, viable TV, and NTV in the right and
left LPTs. This table indicates that the right LPT represented approximately two-third
of this enlarged liver (3699 ml). Around one-third of the left LPT was defined as a
viable tumor. In contrast, in the right lobe, both viable tumor and necrosis had a more
considerable contribution to the lobe volume (around half and one-third, respectively).
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Figure 5.15: A transverse slice of different studies; red, yellow, orange, and green contours
outline the tumor, necrosis, and left and right lobe. [A] early arterial phase arterial CBCT for
the left HA, [B] mDixon sequence from diagnostic abdomen MR imaging, [C] and [D] CT and
fusion image from [V FJFDG-PET/CT study, [E] BrIDA-SPECT/CT scan, [F] pre-treatment
[P Te]Te-MAA-SPECT/CT.

parameter [ Teft lobe | right Iobe || entire liver
viable TV (ml) 408 1116 1524
necrosis volume (ml) 68 508 577
NTV (ml) 833 760 1599
entire VOI volume (ml) 1314 2385 3699
tumoral involvement (%) | 31 ] 47 [ 41
Lobe to entire liver (%) [ 355 [ 645

Table 5.4: Segmentation report

Treatment simulation using the [**™Tc]Tc-MAA-SPECT (see table 5.5) confirmed
that the estimated activity deposition within the defined necrotic region was negligible.
The T/N ratio in both left and right lobes (1.44 and 1.14, respectively) suggest that
the mean dose to the TV would be slightly higher than the mean dose to the NTV.
So, without considering the heterogeneity of the dose distribution, the treatment may
not be considered promising from the perspective of the mean dose, particularly for the
right lobe. On the other hand, the [*°™Tc]Tc-mebrofenin study (see table 5.6) suggests
that only 31.5% of the total liver functionality was located in the larger LPT (right
lobe), which encouraged us to go for a more aggressive treatment strategy in that lobe.
Conversely, this also validated our conservative approach for the left lobe, as this LPT
is the compartment which hosts the vast majority (68.5%) of the liver functionality.
This table also verified the necrosis delineation; the counts in the necrotic area on the
[*Tc] Te-mebrofenin scan were negligible in both lobes (0.07 and 7% of the NTV counts
for the left and right liver lobe, respectively).
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parameter [ left Tobe [ right lobe || entire liver
viable TV (counts/ml) 658.4 333.3 420.3
necrosis (counts/ml) 74.4 77.8 77.4
NTV (counts/ml) 457.7 292.4 379.1
entire VOI (counts/ml) 500.1 265.8 349.0
T/N ratio [ 144 [ 114 1.11

Table 5.5: [9™ Tc]Te-MAA activity report

parameter [[1eft lobe [right lobe [ entire liver
viable TV (counts/1le+6) 92 184 275
necrosis (counts/le+6) 5 29 33
NTV (counts/le+6) 611 281 892
entire VOI (counts/1le+6) 708 494 1201
normal lobe activity to entire liver normal activity (%) [[ 685 [ 315 |

Table 5.6: BrIDA-SPECT activity report

Dosimetry and normal tissue complication model

Predictive dosimetry was performed by employing the local deposition model, and the
defined VOIs described in the previous sub-section.

For modelling the complication of the normal liver in each lobe and entire liver, the
NTCP curves from studies by Walrand et al. and Strigari et al. [74,75] were utilized. In
these studies, the NTCP was modeled as:

NTCP(t) = o(t) = \/%/ e ds, (5.1)

where, ¢(t) denotes the standard normal cumulative distribution function, and t(D[Gy])
is defined as:

D — TDso
m X TD5()7

where, D is the total liver absorbed dose, m is the slope of NTCP versus absorbed dose
and TDsg is the dose for which 50% complication probability is assumed. here, m=0.28,
and TDso = 52 Gy are used [75].

This model obtains a correlation between the NTV mean dose and complication for
a patient population. So, it could be questioned when using this model for a patient-
tailored treatment optimization. Also, this model correlates the liver complication prob-
ability and the mean dose of the normal liver parenchyma within the entire liver. Thus,
exploring a voxel-level interpretation of this model is not confirmed. Regardless of these
limitations, here, the NTCP curve for the absorbed dose in each voxel of the normal
tissue compartment was applied to have an estimation of the effect of the administered
activity on the normal liver functionality and liver clearance:

t(D[Gy]) = (5.2)

> ientv |Brlda; x (1 — NTCP(t(Dy)))]
ZiGNTV Brlda; 7

where, ¢ denotes the voxels within NTV, Brlda, is the counts of the voxel ¢ in the BrIDA-
SPECT image [311], and D; is the predicted dose of the voxel i.

Then, an estimated clearance (clearancecstimated) is defined using remaining liver function,
and baseline clearance (clearancepaseline):

(5.3)

remaining liver function,, =

clearanceestimated = remaining liver function,,, X clearancepaseline (5.4)
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Activity planning method

Left lobe prescription As discussed, a cautious and conservative strategy was applied
to the left lobe. In this setting, an IA was calculated, which corresponded to a fairly low
estimated NTV irradiation. This approach was used because the [*°™Tc]Tc-mebrofenin
scan suggested a very high functionality in this LPT (around two-third of the total liver),
while the volume of this LPT was around one-third of the liver. As shown in figure 5.16-
A, the TA in the left lobe was calculated from voxel-level dosimetry and projecting the
mean dose to the NTV in this lobe (with considering the TV dose, V40nTv, remaining
liver function, and TV dose). Dosimetric details of this activity planning were:

— left lobe TA = 1.2 GBq;

— mean absorbed dose to the left NTV = 40 Gy;

— V40NTV:30%;

— remaining liver function of the lobe = 80%;

— NTCP of the lobe = 21%;

— mean absorbed dose to the TV in the left lobe = 58 Gy;

- V60rv =33%
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Figure 5.16: Dose parameters (V607y, V40NTy, and mean dose to the TV and NTV) and liver
function parameters (NTCP and remaining liver function) as a function of IA for [A] left lobe
[B] right lobe and entire liver. The thick grey line represents the actual prescribed activity in
the treatment session.
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Right lobe prescription Then, for the right lobe, a more aggressive treatment plan-
ning was used due to its high tumor involvement and lower T/N ratio compared to the
collateral lobe (left lobe). So, the IA of the right lobe was calculated by considering TV
and NTV absorbed dose, NTCP and estimated new liver clearance of the entire liver as
a function of both IA in this lobe and the fixed prescribed IA for the left lobe (1.2 GBq)
which has been calculated in the previous step (see figure 5.16-B). The selected TA and
the estimated dose parameters were:

— right lobe IA = 2.5 GBq;

— NTCP of the right lobe = 60%;

— mean dose to the right lobe NTV= 55 Gy;
— V50nTv of the right lobe = 45%;

— mean dose to the entire liver NTV = 47 Gy;
— NTCP of the entire liver= 38%;

— remaining function of the entire liver = 70%

parameter [[ Ieft Iobe | right lobe [| entire liver

TA (GBq) [ 12 | 25 [ 37

T/N ratio [ 1438 | 1140 [  1.109

TV mean dose (Gy) 58 63 62
NTV mean dose (Gy) 40 55 47
non-necrosis mean dose (Gy) 46 60 54
V30ntv (%) 36 74 54
V40ntv (%) 30 60 44
V50nTv (%) 26 16 35
V60nTv (%) 23 33 28
D25x1v (Gy) 53 68 64
D50NTV (Gy) 14 47 34
D75NTV (Gy) 4 29 10
V501v (%) 38 47 45

V70rv (%) 30 31 31

V90rv (%) 23 22 22

Y1207y (%) 13 2 13

D251y (Cy) 83 81 81

D507y (Gy) 32 a7 21

NTCP (%) 21 | 59 [ 38
baseline LPT functional percentage (%) [ 685 [ 315 ] -
remaining function (%) [ 80 ] 51 [ 71

remaining clearance (% /min) 8.8
remaining clearance (%/min/1.73 m?) 7.3

Table 5.7: Overview of the predictive dosimetry

Dose report for the prescribed activity

Here, cumulative DVHs for the left and right LPT, and the entire liver are presented in
figure 5.17. Also, the dosimetry is detailed in table 5.7. The mean TV dose was around
60 Gy, but approximately one-third of the TV received more than 70 Gy for both lobes;
about 20% of the TV received more than 80 Gy. Hence, the estimated TV dose coverage
was acceptable but not optimal.

For the normal liver parenchyma, the mean dose for the left and right lobe and entire
liver were 40, 55, and 47 Gy, respectively. Only 28% of the NTV in the entire liver
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received more than 60 Gy. Our model suggested that after the treatment, 71% of the
liver function would be preserved (liver clearance, 8.8 % per minute or 8.3 % per minute
per 1.73 mz). So, the treatment was expected to be safe.

cumulative dose volume histogram

100
90
< 80 tumor (entire liver)
% 70 normal liver (entire liver)
oo \
g 60 \ NN T tumor (left lobe)
g . \\\\ ————— normal liver (left lobe)
9 S oNO XL e tumor (right lobe)
o 40 o o
IS ~ O ¥ A RO R normal liver (right lobe)
> 30 Ssao
s T
= 20 ===
10 B papaterer e OO
S O O o

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
Absorbed dose (Gy)

Figure 5.17: Cumulative DVH for the prescribed activity in the TV and NTV in the left and
right lobe and entire liver.

Discussion

In SIRT liver, NTV mean absorbed dose is widely used for activity planning. However, in
cases with small future liver remnant or patients with limited functional liver parenchyma,
NTV (or total liver) absorbed dose may not be the most important factor. For example,
in SIRFLOX trial [33], the prescriptions were made based on BSA method but IA was
reduced for cases with tumor involvement more than 50%.

Recently, BrIDA-SPECT is discussed as an emerging tool in the assessment of hepatic
function. In this case an activity prescription was made using voxel-level dosimetry
when combining absorbed dose distribution and voxelized hepatic function. This is a
preliminary study and more investigations should be done to standardize the role of
hepatobiliary imaging in voxel-level dosimetry based activity planning. In particular, a
voxel-level NTCP model relating dose to function reduction could be developed, which
would allow to correlate injected activity not only to dose, but to residual function after
treatment.

5.3 General conclusion

Today, dosimetry is considered essential in SIRT workflow. Simplified dosimetry using
MIRD or partition model by employing only one study (i.e. [**™Tc]Te-MAA-SPECT/CT
or °Y-PET/MR or PET/CT) for calculating both activity uptake and masses of different
VOIs is the most used method. This approach is beneficial for most of the patients, but
is too simplified for complex situations. In sophisticated circumstances, treatment plan-
ning is not straightforward and needs a careful consideration of a multitude of different
elements.

Here, we present 4 cases for which a multi-modal image processing facilitated the use
of more information from all available images (e.g. CBCT and BrIDA-SPECT) to create
more detailed reports. These details helped the physician to prescribe an activity based
on clinically-relevant information, maximizing both therapy efficacy and safety.



Chapter 6

Discussion, future perspectives, and
general conclusion

A complex problem of image-based dosimetry to evaluate the safety and efficacy of intra-
arterial SIRT for hepatic tumor management has been approached with by a number
of novel designs and image processing procedures. It is not only beneficial for research,
but also for clinical practice to assess tumor and non-tumor irradiation before and after
treatment and to analyze the biodistribution of the radioactive microspheres within the
patient’s body. From this perspective, the usefulness of employing all available imag-
ing modalities (especially CBCT) during the SIRT procedure was highlighted in this
manuscript.

This chapter summarizes the main contributions of this dissertation and presents the
promising directions for future work.

6.1 General summary and discussion

6.1.1 Implementation of dosimetry in SIRT

In SIRT for liver tumors, the estimation of energy deposition (in terms of personalized
dosimetry) is crucial at two moments: (i) after [*"Tc]Tc-MA A-based therapy simulation
and before making the prescription for treatment planning, and (ii) after treatment,
to verify the delivered and absorbed dose. This is actually what happens in routine
radiotherapy (RT), everyday. This approach is somewhat new to nuclear medicine (NM),
but it is the level of “radiotherapy” (actually radionuclide therapy or RNT) we need to
pursue and implement. However, the absorbed dose prediction and calculation depend
upon:

1. activity distribution: which is itself associated with the microspheres’ character-
istics, administration, vessel anatomy, and blood flow. Activity distributions can be
measured using quantitative functional imaging. Unlike in many other radionuclide
treatments, in SIRT, a single activity imaging is adequate to determine the cumu-
lative activity, as the microspheres lodge into the tissue microvasculature (lesions
or normal liver parenchyma) and there is no washout or other pharmacokinetics,
except for physical decay.

2. energy deposition pattern: which is the amount of energy deposited per unit of
mass within a given target organ (or tissue or voxel) for a disintegration occurring in
a given source organ (or tissue or voxel). Because of the features of the radionuclides
used in SIRT, by using reasonable assumptions, this step could be simplified as a
conversion factor. This step could be performed in voxel-level (e.g. by employing
local energy deposition method) or organ-level (so-called MIRD model) [242].

187
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3. VOI definition: which declares the level of dosimetry; liver segmentation is re-
quired for all dosimetry methods. For sub-organ level dosimetry, more specific
volumes are needed. For example, a liver perfusion territory is necessary for the
MIRD model, and tumor segmentation is needed for the partition method and
voxel-level dosimetry. Distinguishing necrosis from viable tumor is also crucial
when the tumor dose needs to be adequately reported.

Following this dosimetry chain, we focus on absorbed dose data production and re-
porting, aiming at methodology standardization, and introducing a flexible and reliable
framework to report the absorbed dose in well-defined VOIs.

In various fields within medical physics, meticulous treatment planning is an intention
to optimize existing treatment workflow and improve outcomes. This requires a broad
knowledge of the processes involved in the treatment, as well as inter-patient differences.
So, chapter 1 provides general information about liver, liver cancer and its management,
the SIRT concept, its current procedure and challenges, and an overview of the medical
imaging techniques used in SIRT. This information is the basis of the other chapters.

6.1.2 Current status of SIRT in UZ Leuven

The first part of chapter 2 reviews the experience with SIRT in UZ Leuven. Since
2004, more than 450 SIRT sessions were performed in UZ Leuven and this treatment is
one of the main radionuclide treatments performed in our hospital. In UZ Leuven, the
tendency is to practice advanced imaging and methodology to enhance treatment efficacy
and safety. Two important reasons for starting this research project were:

— usefulness of multi-modal image processing: UZ Leuven is one of the pioneers
in employing modern imaging techniques in SIRT; SPECT/CT is used since 2009
and CBCT is performed within pre-treatment work-up since 2013. °°Y-TOF-PET
is applied for treatment evaluation since 2017. Also, depending on the tumor type,
MR, ['*F)FDG-PET/CT, [®*Ga]Ga-DOTA-TATE-PET/CT, and ceCT imaging are
performed before and after treatment for tumor and liver assessment. Despite this
excellence practice, in clinical workflow, these images were often analyzed indepen-
dently or visually side-by-side without image registration.

— dosimetry-based activity planning and treatment evaluation: for activity
prescription, the BSA used to be the most frequently employed method; however,
we observed only a very weak correlation between body surface area of the patient
and total liver volume (r?=0.085). We also found that by using the BSA, one-
quarter of the patients would receive a total liver absorbed dose of more than
58 Gy, which could be potentially toxic. After using it several years as a mere
“starting point” for informative use only, this method has been entirely replaced by
the MIRD and PM since 2018. In 2019, the PM was used for around three-quarters
of the treatments. Without considering all (clinical) covariates (which could be
a limitation), we observed a significantly better survival for patients treated with
dosimetry methods in activity planning (e.g. partition model). Our findings are
in line with other studies that showed a better outcome for dosimetric methods
compared to non-dosimetric methods for treating ICC with resin microsphere [29]
(multi-center study including UZ Leuven data), HCC with glass [126] and resin
microsphere [122].

The potential discrepancy between SIRT simulation using [**Tc]Tc-MAA particles
and actual therapeutic microsphere distribution is one of the concerns in this treatment
modality. Several possible reasons for this mismatch have been discussed in the litera-
ture (e.g. catheter tip positioning, number of administered particles, difference in particle
density, flow effect, etc). Generally, the number of microspheres is lower in the [gngc]Tc-
MAA session. We compensated for the residual activity in [*°™Tc]Tc-MAA simulation to
ensure that the administered activity agrees with the recommendations [158]. We found
that the residual activity in the syringes was not negligible, which could result in even
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more imbalance in the number of administered particles. To follow guidelines (adminis-
tering 50, 100, and 150 MBq for the left, right, and entire liver coverage, respectively), an
additional amount of 19, 21, and 25 MBq was added to the standard prescribed activity
to compensate for the residual activity in the syringes.

In the MIRD method, an optimized absorbed dose to the entire liver is the defining
feature. We investigated this in chapter 2, where we found a better survival for patients
who received a total liver dose of between 40 and 50 Gy (11.9 months), compared to the
patients who received less than 40 Gy (6.5 months, p-value=0.001) and more than 50
Gy (9.1, p-value=0.048). In this initial report, we focus on outlining the impact of total
liver absorbed dose on patient outcome but in the current setting, several biases may
also arise from clinical covariants. Clearly, the effect of tumor and NTV absorbed dose
on patients outcome cannot be addressed in the current study and would need further
research to pursue new answers and research directions (by including follow-up images).

Currently, *Y-PET is used in our center to measure the activity distribution. These
images are not used as absolute quantitative images and a patient-specific calibration is
applied. We examined the precision of the °*Y-PET imaging in 49 patients, a vial, and a
phantom study. The ratio between the total recovered activity in the phantom and vial
to the calibrated activity was 0.79 and 1.11 on our PET/MR camera. For the patients
imaged on our PET/CT camera (n=10) and PET/MR (n=39), the ratio between the
total activity in the reconstructed PET and calibrated activity has a median (first and
third interquartile range) of 1.31 ([1.25,1.45]), and 0.95 (]0.86,1.01]), respectively. So,
our PET/CT camera regularly measures a significantly higher activity than what has
been calibrated; obviously, this cannot be explained by any residual activity that was
not injected to the patient. We hypothesize that this discrepancy is due to the difference
in scatter correction; on the PET/CT, the so-called “dirty isotope” scatter correction
is used which can account for uniform background radiation that is not covered by the
scatter and randoms correction. On the other hand, for PET/CT, this feature was not
available in the console software release and later not (yet) selected for *°Y-PET imaging.
A similar variation was reported by Kafrouni et al. [312]. They proposed delay in time
of injection and equipment issues, especially systematic bias, as the possible sources of
the imprecision.

6.1.3 Software configuration and main contributions of this study

The main contribution of this study was to improve and in particular, to personalize
the dosimetry reporting by incorporating relevant imaging information (e.g. anatomical
and functional information about liver, tumor, necrosis, liver perfusion territory or any
other possible details like liver functionality in the future). In this context, a multi-modal
image analysis could potentially improve the decision making and treatment planning.
Because image segmentation and registration are very challenging, the current standard
method in clinical practice is based on approximations, for example:

— patients are described by anthropomorphic models (BSA method), or the tumor
and non-tumor volumes are not taken into account and absorbed dose is reported
as the mean dose to the entire liver/liver perfusion territory (MIRD model), or
sub-tissue heterogeneity of the absorbed dose is neglected (partition model).

— sometimes activity thresholding is utilized to separate tumor and non-tumor com-
partments. So, it is assumed that the [*°™Tc|]Tc-MAA-particles or therapeutic
99Y_microspheres are accumulated with (i) a higher concentration within the tu-
mor than non-tumor hepatic parenchyma, and (ii) an adequate tumor coverage.

The dosimetric tools developed during this thesis are outlined in chapter 2. Our
image registration workflow provided a rigorous and personalized definition of the selected
VOlIs; the dosimetric reports were based on the specific anatomical map created from
different available images. Some new tools listed below have been added to the list of
available tools:
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o image registration: registering all pre- and post-treatment images to an identical
reference space created an excellent opportunity for the treatment group to use
all information from all studies which is not the case in the pre-existing clinical
workflow.

o automated liver segmentation: the entire liver was segmented by a region-
growing method, using both CT and ["*F]JFDG-CT information. The result was
comparable to manual liver segmentation on a single CT by an expert. The process
was done semi-automatic with minimal user-interaction. Later, this method was
replaced by an automatic liver segmentation using CNN and human verification.

e CBCT-based VOI segmentation was implemented: currently, in UZ Leuven,
only about 3% of patients are treated with a single administration in the proper
or common hepatic artery. The vast majority of the patients undergo selective or
super-selective administration within a single, two, or more injection sites, most of-
ten in a single session. In these circumstances, the prescribed activity needs to be
(i) divided proportionally to the volume of the LPTs (e.g. BSA or MIRD method),
or (ii) calculated specifically for each LPT based on the distribution of the activity
within the tumor and non-tumoral compartments (e.g. PM or voxel-level dosime-
try).

There are diverse methods for determining LPT volume like (1) simple anthropo-
morphic models that assume a ratio of 2:1 for the right to left lobe volume, (2)
manual delineation on CT or MR using the patient’s liver vascular map, which is
a complicated task due to the variable vascular anatomy of the liver (for example,
the origin of the middle hepatic artery which contributes to the segment IV blood
flow varies between patients; it can originate from the left or right hepatic artery),
and (3) artery-specific method by using perfusion territories on CBCT.

We developed a flexible workflow that makes use of different imaging modalities
for LPT definition. Including contrast-enhanced CBCT in SIRT routine is not only
valuable in defining the target volume (described in chapter 3), but also to ensure
sufficient tumor targeting in the hypervascular regions of the tumors (described in
chapter 4).

¢ multi-modal tumor segmentation was included: thanks to registration tech-
niques, the user has the freedom to delineate tumor, viable tumor, and necrosis
on one or multiple preferred imaging modalities e.g. MR, ceCT, CBCT, [*®*F]FDG-
PET, [**Ga]Ga-DOTA-TATE-PET, [*"Tc]Te-MAA-SPECT, and/or *°Y-PET.

e tumor VOI alignment: we also investigated a dedicated tool to align the tu-
mor VOIs to the pre- and post-treatment activity maps, when these VOIs were
pre-defined on anatomical images (e.g. CBCT). This additional step is designed to
improve lesion coincide after registration due to imperfection of combined (hybrid)
imaging quality. This automatic and multi-step tool was designed to locally opti-
mize the tumor location in a way that captures as much as possible activity in the
tumor volume.

To accomplish the dosimetry task, we proposed a three-step strategy:

1. preliminary dosimetry report: to provide preliminary pre-treatment dose esti-
mation for different TA scenarios. This report can be used for treatment planning.

2. pre-treatment dosimetry report: when the prescription is made, the pre-
treatment dose estimation report is updated to include the dosimetry report (e.g.
c¢DVHs) for the prescribed activity.

3. post-treatment dosimetry report: by aligning post-treatment °°Y-PET image
to the previously registered pre-treatment images, an absorbed dose calculation is
reported and compared with the pre-treatment dose prediction by various tools (e.g.
comparing cDVHs, so-called dose agreements in different dose bins, and ~-index).

This workflow was introduced in chapter 2. Also, one clinical example was provided
in this chapter including the three steps given above.
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6.1.4 Validation of the developed registration and segmentation
algorithm

In chapter 3, the robustness and restrictions of the proposed image registration and
VOI segmentation were investigated with respect to their effect on the estimated doses
in general and on the CBCT-based LPT segmentations in particular. The pre-treatment
["*F]FDG-PET/CT, [*"Tc]Tc-MAA-SPECT/CT and contrast-enhanced CBCT images
were registered to an identical space using an initial rigid registration, followed by a
non-rigid registration. An expert scored the registration using Likert scores by assessing
the impact of registration errors on dosimetry. After aligning all images together:

1. total liver was segmented semi-automatically by using information from [**F]FDG-
PET/CT and SPECT/CT images;

2. different LPTs were determined on the CBCT images;

3. tumors were defined on ['"*F]FDG-PET using adaptive thresholding, based on the
SUVmax of the tumor and the SUV pean of the surrounding background.

Then, the segmentations of liver and liver lobes were compared to the manual segmen-
tations by an expert on a CT image. This chapter describes the following validation
results:

— registration scoring: the results of image registration produced a satisfying
alignment, the alignment errors were considered small and with limited impact
on dosimetry. The expert Likert score regarding registration results was perfect or
with little misalignment in 94% of the cases.

— registration deformation and volume preservation: because the liver is more
or less homogeneous in the non-contrast-enhanced CT (i.e. from the [**™Tc|Tc-
MAA study), we hypothesized that the deformation inside the liver was more driven
by the liver boundary registration than by correct alignment of inner liver features.
So, in the non-rigid registration process, we maximized the rigidity inside the liver,
to mimic the true liver deformation better. A Jacobian determinant was applied to
compute the local volume change due to the deformable registration. Small volume
change was noted in central liver voxels and more significant volume changes (either
contraction or dilation) were observed near the liver’s border, as intended.

— validation of liver segmentation: our liver segmentation results (using our in-
house multi-modal region growing algorithm) were compared to the manual liver
segmentation by an expert. A dice score of 0.92 was recorded, which was compara-
ble to other published liver segmentation algorithms [251]. The mean ratio of the
segmentation volume to the reference volume was 1.03, proving that our algorithm
is reliable in terms of liver volumetry. Furthermore, an average Hausdorff distance
of 3.04 mm was achieved, which confirmed that liver boundaries between our seg-
mentation and manual segmentation were very close (around three voxels average
distance).

— LPT segmentation: a more substantial discrepancy was observed between CT

and CBCT-based LPT segmentation; an average Hausdorff distance of 14.18 mm
was obtained. These variations were present because the liver perfusion territories
are not well aligned with the anatomical lobes (e.g. tumors in segment IV may
receive their blood from the left or right HA or both).
If a clinically important VOI, such as a tumor or a normal tissue region with high
uptake, is located close to the boundary of the LPT, then the accuracy of the LPT
segmentation may have a large impact on the dosimetry. That is because assigning
such a VOI to the wrong LPT may produce large errors on the dose estimates for
that VOI. This is not true only for voxel-level dosimetry; by employing CBCT- and
CT-based LPT definition in MIRD method, an average dose difference up to 9 and
21 Gy was observed for the left and right liver lobe, respectively.

In general, we concluded that the registration error was moderate compared to other
sources of error in SIRT dosimetry, which motivated us to apply our proposed workflow
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to assess the contribution of personalized dosimetry compared to standard dosimetry.
In regions with a mismatch between ['*F|FDG-PET and [*°"Tc]Tc-MAA-SPECT, we
recommended looking precisely into registration deformation to avoid underestimation
of tumor dose/activity and overestimation of healthy tissue dose/activity.

Additionally, our liver segmentation algorithm was concluded to be accurate enough
to be used in clinical routine. Furthermore, we showed the feasibility of using CBCT for
LPT identification, as advised by several studies to be used instead of CT [280,313]. In
this study, we described that LPT segmentation based on CBCT was relatively different
from CT. In a letter to the editor by Rincon et al. triggered by our work, the contribution
of new molecular and radiological imaging technologies like CBCT for a more accurate
SIRT planning plan was highlighted [314]. They mentioned: “Any health institution that
has these technologies should take advantage of them for the benefit of the patient and the
development of the technique.”

6.1.5 Implementation of multi-modal image processing in predictive
dosimetry and dose verification

In chapter 4, CBCT was examined to assist quantitative assessment of predicted and
measured absorbed doses. Although in most centers post-treatment dosimetry is not
routinely performed, it may be desirable for: (1) prompt safety assessment to predict
the liver toxicity risk, (2) early efficacy evaluation to consider possible additional com-
plementary clinical efforts, e.g. treatment with other modality of under-dosed lesions,
(3) gain insight into the TV and NTV dose-effect for SIRT.

This study included 31 patients (67 tumors) treated with resin microspheres. The
voxel-level predicted and delivered absorbed dose was calculated from [*°™Tc]Tc-MAA-
SPECT and %°Y-TOF-PET images, respectively. Liver perfusion territories and tumors
have been delineated on contrast-enhanced CBCT images. Our proposed registration
algorithm was used to align CBCT to [**"Tc]Te-MAA-SPECT/CT and post-treatment
OY_PET/CT or **Y-PET/MR. Based on that alignment, the LPTs and TVs defined on
the CBCT images were propagated to all pre- and post-treatment images.

Several DVH parameters, together with the mean dose of liver perfusion territories,
non-tumoral and tumoral compartments, were evaluated. In this study, we report:

— consistent liver and LPT volume: for liver and LPT, the ratio of volumes
propagated to the post- and pre-treatment imaging had a median (first and third
interquartile range) of 1.01 ([0.99, 1.04] and 1.03 ([0.84, 1.35]), respectively.

— comparable NTV absorbed dose: a strong correlation between the predicted
and measured mean dose for non-tumoral volume was observed (r=0.937). The
predicted and measured absorbed dose difference was never beyond 11 Gy. Also,
comparable DVH parameters (e.g. V40nTy and D30nTv) were noticed.

— moderate TV dose correlation: the correlation between measured and pre-
dicted mean dose to the tumor was moderate (r=0.623), with a mean difference of
-9.3 Gy. The ratio of measured and predicted tumor mean dose had a median of
1.01, but the first and third interquartile ranges of 0.58 and 1.59 revealed a poorer
agreement between predicted and measured absorbed dose compared to NTV. The
correlation of DVH parameters (e.g. V100Ty and D5007v) in this compartment
was also weaker than for NTV, which showed an inconsistency between TV dose
distribution between simulation and treatment.

— predicted and measured doses associated with a fixed safety and ef-
ficiency thresholds: our results implied that [**™Tc]Tc-MAA-based dosimetry
could predict under- or overdosing of the non-tumoral liver parenchyma for almost
all cases, when applying 50 Gy as the safety threshold. For more than two-thirds of
the tumors, by using 70 Gy as the basis for tumor response, a predictive absorbed
dose correctly indicated either good tumor dose coverage or under-dosing of the
tumor.
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— comparing predicted and projected (planned) dose: for patients with PM-
based activity prescription based on so-called personalized projected or planned
doses, an extra analysis was performed to investigate whether our voxel-level pre-
dictive dosimetry was close to the partition model in clinical routine. Predictive and
planned NTV and TV absorbed doses had a median (first and third interquartile
range) relative difference of 6% ([-42, 21]%) and -3% ([-38, 25]%). As these results
were obtained using the same TA and image ([?*™Tc]Te-MAA-SPECT for predicted
dose and °Y-PET for post-treatment dosimetry), any difference in absorbed doses
to the TV and NTV solely reflects the influence of different practiced VOI defini-
tion technique, i.e. activity thresholding in PM and anatomical (on CBCT) tumor
segmentation in voxel-level dosimetry. So, it shows that VOI segmentation may
dramatically alter both TV and NTV doses.

In this study, we demonstrated the value of CBCT imaging in tumor detection and
LPT segmentation. Recently, O’Connor et al. published the feasibility of adopting
CBCT as a reliable alternative to MR imaging [52]. They affirmed the advantage of
employing this modality in planning as it presents supplementary knowledge about tumor
and tissue perfusion (which are not currently detectable by other imaging modalities) for
dose computations.

Our results showed that the [*°™Tc]Te-MAA-based dose estimate is a good predictor
of the non-tumor tissue irradiation. This is of particular importance if the treatment
aim is to administer the maximum dose that can be tolerated by the non-tumoral liver
parenchyma. In contrast, [gngc] Tc-MAA-SPECT was found to be a poorer predictor of
the tumor irradiation, which perhaps reflects a better overall similarity in larger volumes
than smaller regions. In recent investigations, when comparing [**™Tc|Te-MAA-SPECT
and °Y-PET, similar results were obtained by defining tumors on ceCT for glass mi-
crospheres [294], ceCT or MR for glass microspheres [312], and 3-phase CT for both
glass and resin microspheres [296]. Gnesin et al. noticed more solid tumor dose agree-
ment (particularly for bulky tumors, e.g. bigger than 150 ml), when segmenting tumors
manually or semi-automatically for both glass and resin microsphere [243].

Despite a possible discrepancy, when relating the TV and NTV predicted and mea-
sured absorbed doses to the fixed safety and efficiency dose levels, we concluded that
[P Tc]Te-MAA may be used for PM-based treatment planning in most of the cases. In
addition, we found that for PM, the calculated absorbed doses depend heavily on the
VOI segmentation technique.

6.1.6 Prospective implementation of the proposed software in clinical
workflow and interesting cases

Ultimately, the internal dosimetry workflow investigated in this thesis was utilized prospec-
tively (and was shared with the treatment team) to estimate patient-specific absorbed
dose (30+ sessions) and post-treatment dose measurement (204 sessions). Some pa-
tients required particular consideration in terms of dosimetry which was addressed by
voxel-level dosimetry. Chapter 5 presents some interesting examples of these cases:
(i) considering intrahepatic dose distribution in treatment planning for a patient with
substantial LSF, (ii) a case that confirmed the advantage of CBCT-based VOI defini-
tion in reporting a deviation between projected and measured absorbed dose, (iii) a
case with increasing prescribed activity by practicing predictive dosimetry. Also, we dis-
cussed a preliminary report on the impact of tumor segmentation technique on dosimetry
by comparing CBCT-based tumor delineation and [**"Tc]Te-MAA-SPECT tumor def-
inition using different activity threshold levels, and (iv) introductory inclusion of the
[*Tc] Te-mebrofenin (BrIDA) SPECT scan (to investigate the liver function) in treat-
ment planning. In this case, voxel-level dosimetry was used for the first time in our
department as the primary method for prescribing.

Thus, our personalized dosimetry software has not only demonstrated its value as a
research tool (by taking into account the detailed specific anatomy of the patient), it pro-
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vided results that were of valuable input for the patient treatment planning. Therefore,
in the near future, this imaging platform and dosimetric analysis suite may become a
comprehensive tool capable of carefully executing each step of a personalized dosimetric
approach to SIRT.

6.2 Limitations and opportunities of the developed software

Although the newly developed multi-modal image analysis software offers a great deal
of promise, a few limitations need to be recognized, fully understood, and tackled in the
future.

The software aimed to provide a comprehensive workflow for SIRT dosimetry. As
detailed before, generating an absorbed dose distribution, as deposited energy per unit of
mass, required activity distribution (provided by [*°™Tc]Te-MAA-SPECT and *°Y-PET
for predictive and post-treatment dosimetry, respectively) in the numerator, and defined
volumes (provided by other imaging modalities) in the denominator of the absorbed
dose definition. For that, images representing the activity distribution ([*°™Tc]Tc-MAA-
SPECT and 90Y—PET) need to be quantitative and other images are solely employed to
define clinically relevant VOlIs:

— In our procedure, activity images are assumed to be relatively quantitative. Any
uncertainty in capturing the activity distribution (e.g. partial volume effect) could
directly affect the dosimetry accuracy. This is discussed in the first point in the
future perspective in the following section.

— For VOI segmentation on different modalities and aligning them to the activity
maps, different tools and a non-rigid registration routine were developed. It sup-
ports different image modalities that may be acquired on different cameras, with
different protocols, and suffering from different levels of noises and artifacts. The
variability of the image characteristics obtained from the different modalities could
introduce inaccuracies of the new tools (e.g. misregistration of tumor VOIs, trun-
cation of activity due to spill over, inclusion of extra-hepatic activity in liver VOI).
This could affect the entire process as well as final reports, which is detailed below.

The CT component of the [**™Tc]Te-MAA study is used for liver delineation and as
the reference for registration in the predictive dose assessment. In the clinical workflow,
this image is principally acquired for attenuation correction of the SPECT component.
Therefore, the CT tube current is lower than in a high dose diagnostic CT, and a contrast-
agent is not administered. This might influence our liver segmentation based on either
region-growing technique or CNN. As a result, in some cases, extensive manual corrections
may be required. Besides, in most cases, no intrahepatic component is visible in this CT
(e.g. vessels, malignancies, ...). So, there are virtually no intra-hepatic feature to guide
liver non-rigid registration. This might affect the final alignment of the activity map
and segmented intra-hepatic VOIs (e.g. tumors). This is discussed in more detail in the
second point of the future perspectives.

CBCT images provide useful information about perfused liver volume and hypervas-
cularity of the tumors. These images usually suffer from several types of artifacts (e.g.
metal artifact, unreliable imaging timing regarding contrast administration, so-called ring
artifact, etc) and have a narrow FOV (not even including the entire liver in most cases).
So, both VOI segmentation and image registration for these images are challenging:

— Our experience suggests that CBCT to CT registration performance is poorer than
registration for other modalities. To improve image registration, when necessary
(e.g. visible misalignment), a tool is provided to define fiducial markers on both
reference and floating images to guide the registration.

— LPT segmentation on CBCT is challenging when a low contrast signal or a domi-
nant artifact is observed. We currently separate different LPTs, by defining sepa-
ration lines in a set of selected slices and interpolating them to create a separation
plane. So, accurate curvature of the LPT is not preserved.
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Aligning MR images, either from stand-alone MR systems or from the MR component
of a post-treatment PET/MR study, to CT from [*°"Tc]Tc-MAA study is also challeng-
ing. In chapter 4, our results suggest the feasibility of using our registration technique
for MR to CT alignment. Further improvement (as described in the second point of the
future perspective) would improve the robustness.

Finally, tumor segmentation on an “independent” imaging modality rather than on the
microspheres activity maps is prone to introduce additional error (registration) in tumor
dose assessment. Even a small misregistration between defined tumor (e.g. on ['*F]FDG-
PET, CT, MR or CBCT) and the activity map (a hot spot in [**™Tc|Tc-MAA-SPECT
or 2°Y-PET) could have a devastating effect on tumor DVH. This could be considered
as a factor in observing a more or less weak correlation between predictive and measured
doses for tumors in chapter 4. This could be investigated by improving registration (see
the second point in future perspective), using fiducial markers for tumors in registration,
manually correcting the tumor VOI on activity maps after registration, or providing an
additional tumor rigid registration step as is implemented in our workflow (see section
4.3.3.3).

6.3 Future perspective

Although we have extensively investigated the opportunities of using multi-modal image
analysis for SIRT, which successfully answered several research questions, it must be
admitted that our findings showed certain gaps, and further research is surely needed.
Many interesting research topics can be identified, and a few of those are listed below:

1. Dosimetry error estimation: historically, one of the main barriers to image-
based radionuclide dosimetry was the large error on the estimated absorbed doses.
In this thesis, we have investigated to reduce the dosimetry error by developing a
dedicated multi-model image processing chain. Now, the error contribution of each
workflow step could be investigated and possibly improved: image registration and
VOI segmentation (tumor, liver, and target volume) as specified in points 2 and 3,
the predictive power of the employed surrogate which is discussed in points 4 and 5,
activity measurement (respiratory motion during image acquisition [283], activity
calibration and residual activity in the administration equipment, quantitative pre-
treatment and post-treatment imaging [315] e.g. by addressing partial volume effect
[316]), and converting the activity map to the dose distribution (local deposition
model, dose-point kernels, and MC simulation [107]).

2. Combined liver segmentation and image registration: as declared earlier,
image registration and VOI delineation are critical steps in dose reporting and these
steps may introduce considerable uncertainties into the estimated absorbed doses.
In our group, a new Ph.D. study is running dedicated to advancing image regis-
tration and VOI segmentation in SIRT by applying novel techniques, such as using
CNN to improve liver segmentation on both (contrast-enhanced and non contrast-
enhanced) CT [211] and MR images and joined liver segmentation/registration.
Image segmentation and registration are related problems and therefore it is better
to solve them together. By having an image with multiple complementary val-
ues per voxel (i.e. explicit definition of the liver boundaries for both floating and
reference image), it should be possible to make a better segmentation. Moreover,
defining any other relevant image feature inside the liver (e.g. tumors and other
lesions) in reference and floating imaging modalities could be used to strengthen
the registration algorithm to align voxels within the liver better.

3. Improving tumor segmentation by separating viable and necrotic tissue:
one of the limitations of this thesis is the absence of large-scale study about the role
of tumor segmentation on dosimetry. There is not a gold standard in this step. In
chapter 3, [18F]FDG—PET was used to segment the tumor. In chapter 4, CBCT
was explored for segmenting hypervascular tumors. Also, in chapter 5, one exam-
ple of the effect of [*™Tc]Tc-MAA-SPECT thresholding was discussed. In many
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dosimetry papers, this approach was preferred to segment the tumor. One problem
with thresholding the [**™Tc]Tc-MAA-SPECT (or °Y-PET) is that it assumes
that MAA (or microsphere) uptake accurately identifies viable tumors, which may
not be true. Defining tumor VOIs based on [**"Tc]Tc-MAA (or *°Y) uptake will
hide problems in case of poor targeting.

However, variability in the thresholding methods resulted in potentially a large vol-
ume over- or underestimation, which can be considered as a cause of the wide vari-
ation between reported data for TV and NTV dose-response relationship [71]. In a
study by Mikell et al. a considerable inconsistency between morphologically driven
and semi-automated gradient-based tumor segmentations was observed (even for
large tumors, e.g. larger than 200 ml) in terms of tumor volume, mean dose, and
more pronounced in DVH parameters (e.g. D701y, D90rv) [308]. They highlighted
“the need for standardizing segmentation methods for reporting of lesion dosimetry
on post-therapy °° Y-PET by the SIRT community.” Garin et al. proposed a hybrid
method to detect tumors on anatomical imaging and delineate the viable tumors on
[*"Tc] Te-MAA-SPECT. On the other hand, Tlhan et al. [317] reported a high vari-
ation of uptake within the different tumor entities [180]. A recent study described
a fairly good inter-observer reproducibility of the evaluation of tumor irradiation,
but they mentioned significant variations in some patients [309].

Thanks to our multi-modal image registration framework, comparing different tu-
mor segmentation methods, e.g. anatomical (contrast-enhanced MR or ceCT),CBCT-
based, functional (['*F]FDG- or [**Ga]Ga-DOTA-TATE-PET) and activity-based
([*°™Tc) Te-MAA-SPECT or *°Y-PET thresholding) on a large number of patients
can be used to estimate the role of tumor segmentation in TV (and NTV) dosimetry.
Catheter position: in several studies, the difference in catheter position and
catheterization very close to a major artery bifurcation were quantified as a pri-
mary cause of a mismatch between [*°"Tc]Tc-MAA and **Y-microsphere distribu-
tion [158,312]. Sometimes this is even a deliberate result of the chosen treatment
strategy, where a more restricted volume is treated than the one injected during sim-
ulation. Registration of 3D angiography images to 2D fluoroscopic images [318] and
CT to 2D fluoroscopic images [319] have been proposed to improve catheterization
guidance for intra-arterial treatments. A similar approach could be beneficial for
early prediction of undesired activity deposition. By using this approach, we could
(a) automatically recognize the mismatch between catheter tip position through
the pre-treatment workup and treatment sessions by employing 2D /2D image-based
registration between pre-treatment and treatment fluoroscopic images, and (b) a
2D /3D registration between 2D fluoroscopic images and CBCT (or ceCT) could be
used to project the hepatic vasculature on intra-operative fluoroscopic images.

. Detailed comparison between predicted and measured doses using -

index: we implemented the v-index method that was introduced by Ferreira et
al. [216] to compare dose distributions obtained from [**™Tc]Te-MAA-SPECT and
9OY_PET. In the 4-index, the agreement between two absorbed dose maps is com-
puted using passing rate values by considering a distance agreement level (for small
alignment errors) and a dose difference agreement level (for small dosimetry errors).
The clinical case provided in chapter 2 covers the results of v-index. We believe
that the y-index is a promising metric for comparing predicted and measured ab-
sorbed doses but needs further investigations.

. Hepatobiliary imaging: including hepatobiliary imaging (e.g. BrIDA scan), as

one of the most reliable measures of absolute liver function and its regional dis-
tribution [320] can improve the evaluation of the NTV irradiation in both global
and regional strategies. Willowson et al., recently introduced a sigmoidal rela-
tionship between change in fractional functional involvement and NTV absorbed
dose [310]. One example of registering BrIDA-SPECT/CT to the [**™Tc]Tc-MAA-
SPECT/CT was discussed in chapter 5. In the future, functional liver image-
guided treatment planning and evaluation may be suitable for patients with lim-
ited liver function, such as patients with cirrhosis or previously heavily treated with
chemotherapy [305], and the planning of radiation lobectomy [311]. Also, it can be
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applied after treatment for early identification of potential REILD.

. Patient follow-up and exploring the dose-effect relationship: finally, one

of the major concerns that needs to be investigated in more detail is the relation-
ship between absorbed dose and tumor response/liver toxicity (which are usually
estimated by TCP/NTCP models) and implementing these models into treatment
planning [75]. Although patient follow-up was not covered (and was not the pur-
pose) in this work, this could be investigated in future work, as illustrated in figure
6.1. Follow-up information should support both SIRT radiobiological mechanisms
and important dosimetric parameters (e.g. mean dose or DVH parameters) [76,200].
Once these parameters are known for each tumor type and microsphere type, they
can be incorporated in the pre-treatment dosimetric model for activity planning
and in treatment evaluation, to see if the tumor will be destroyed and healthy tis-
sue spared as intended. Tumor response is hard to measure accurately and many
classical response evaluation methods (based on tumor volume or size) are not
adequate because metabolically non-active lesions (e.g. necrosis) could remain vis-
ible in anatomical images. Our workflow can be employed to extract functional or
metabolic parameters such as contrast-enhancement on CT, diffusion-restriction on
MR or FDG-avidity on PET to improve tumor response assessment.

. Overall survival analysis for different activity planning scenarios: al-

though a linkage between treatment planning methods and OS was identified from
our meta-analysis in section 2.1.3, this finding needs more affirmations and explo-
ration in the future to remove risk of bias due to other confounding factors as much
as possible.

. Supporting different types of microsphere: our current workflow was vali-

dated for resin microspheres. Most of the steps are generic and could be surely
extended to glass microspheres. The most crucial difference between glass and
resin microspheres is the difference in specific activity, which results in a different
dose-response relationship.

On the other hand, supporting the use of QuiremSpheres needs more adjustments
in several perspectives: (a) This new device is labelled with holmium-166, which
has a different decay scheme, energy deposition pattern, and dose rate and dose-
response relationships [321]. (b) A new concept of “scout dose” instead of “sur-
rogate particle” is proposed as an improvement in the QuiremSpheres design. In-
stead of [*™Tc|Tc-MAA, a scout dose consists of a smaller number of the very
same therapeutic microspheres (with lower specific activity) used to simulate the
intrahepatic distribution during treatment and to indicate any extrahepatic activ-
ity deposition [322]. (c¢) The distribution of Quirem-microspheres can be quantified
using a SPECT camera. In addition, because of the highly paramagnetic nature of
holmium-166, MR-based activity measurement and dosimetry is also possible for
this device [323].

Interaction with other software and automation: recently, SIRT dosimetry
has grown as a hot topic in nuclear medicine. During this study, several com-
mercial softwares (e.g. SurePlan™ by MIM software, PLANET Dose by DOSIsoft,
Simplicit?® Y™ by Mirada for glass microspheres, Q-Suite™ for QuiremSpheres,
and STRATOS Dosimetry Solution by Philips) were introduced. Currently, MIM
software is used in our department for both research and in clinical routine. Our
physicians prefer our research software for image registration, CNN-based liver seg-
mentation, and dosimetry reporting. But MIM is favored for manual liver, tumor
and LPT segmentation, and VOI editing. Fortunately, several tools have been de-
veloped in our group to import/export images and contours in DICOM format. This
is practiced to exchange images and contours between our research software and
MIM software. Our group is currently sketching a comprehensive semi-automatic
workflow to merge MIM workflows and our software tools to facilitate the dosimetry
steps based on user choice.

A standard dosimetry workflow for different clinical scenarios: our pro-
posed workflow is generic and can be utilized for different tumor types and different
conditions. However, every patient has unique characteristics and needs, which ne-
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cessitate flexibility of the dosimetry workflow. In a next step, one should consider
a flowchart and step-by-step dosimetry workflow instructions that concern tumor
characteristics (tumor type, vascularity, visibility on different imaging modality,
...), liver status (e.g. cirrhosis), availability of different pre- and post-treatment
image modalities (e.g. contrast-enhanced CT and MR), treatment aim (radiation
segmentectomy or lobectomy, whole liver, lobar, and bi-lobar SIRT), limiting organ
for projected absorbed dose (TV, NTV, and lung), etc.

More research and continuous prospective implementation of our workflow are
needed to reach a consensus “standard operating procedure” for employing our
proposed dosimetry tool. A side effect would be a better insight into the limita-
tions of our software in different clinical scenarios.

6.4 Final conclusion

In this dissertation, we demonstrated the feasibility of using multi-modal image process-
ing in SIRT dosimetry. We mainly focused on improving image processing methods for
quantitative analysis of the images performed before and after SIRT. Such an advanced
image processing pipeline is expected to improve the dosimetry of °°Y-microsphere ther-
apy and, thus, adequately predict the treatment outcome and can guide the requirement
for adjuvant therapy. The proposed framework is generic and can be easily adapted and
extended. Therefore, our workflow can become a fundamental tool for providing new
insights into SIRT dosimetry.

6.5 A final comment

Concerning the validation and integration of the multi-modal image processing for SIRT
dosimetry in the clinical workflow, some technical and conceptual dilemmas are yet to
be solved. However, we are convinced that the number of cases in which this tool can
aid the physician to tailor the therapy planning will continue to grow.

In addition, post-treatment dosimetry and evaluating the predictive value of [gngc] Te-
MAA for each case could be beneficial to address “technical success” and “technique effec-
tiveness”, as proposed by Salem et al. [324]. This could be viewed as a learning curve for
all stakeholders within the treatment/research team. Also, with further implementation
of the dosimetry and follow-up image analysis, a better understanding of dose-response
can be accomplished. To grasp this opportunity, a close collaboration between research
and clinical practice becomes ever more crucial. Additionally, physicians and medical
physicists should assess and process the clinical data side by side. Their different back-
ground and point of view are essential to consider the best approach for each patient to
improve patient outcome. It was a pleasure to have been part of it as well.
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Figure 6.1: An overview of the design of the proposed dosimetry workflow for SIRT. The research
questions are indicated in the boxes with the dashed boarders. This workflow is aligned with
proposed procedure by several experts [293]
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