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Recently, there has been a growth in using post-treatment dosimetry after the
first treatment cycle to plan the prescription for subsequent administrations to
achieve an acceptable safe dose to kidneys and therapeutic dose to tumour. This
level of personalisation recognises inter-patient variability in the uptake and clear-
ance of 177Lu-DOTATATE by the kidneys and tumours. Increasingly, studies are
showing additional variation in pharmacokinetics between cycles in an individual
patient which may be particularly relevant in NETs cases in paediatric cases like
NBL. The central goals for this work were to characterise variability in the spatial
and temporal patterns of renal and tumour biokinetics and dose during a four cycle
course of 177Lu-DOTATATE and investigate relationships between these variabili-
ties and patient response.

To accomplish this, an open-source software platform was written to facilitate
calculation of per cycle pharmacokinetics of organs at risk and lesions using pub-
lished clinical protocols. Subsequently, we applied these protocols on a single pre-
therapy Ga68-DOTATATE PET/CT and intra-therapy longitudinal SPECT/CT
image sets acquired in six children with NBL after each cycle to understand the
temporal change in physical dose and effective half life over a course of treatment
in two anatomical and one functional region. The kinetics of radiobiological dose in
the tumour was explored using parameters derived from in-vitro experiments.

The effective half life of 177Lu-DOTATATE in the tumour showed the greatest
variation between cycles. Overall, the temporal and spatial variability in renal and
tumour pharmacokinetics and dose showed no clear relationship with response in
this small cohort. This thesis is a significant step towards further understanding
intra-cycle variability during a course of treatment which may impact dosimetry-

based treatment planning aimed at delivering a set dose per cycle.
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Chapter 1

Introduction

1.1 Establishing a context

The European directive 2013/59/Euratom is concerned with basic safety standards
in European nuclear medicine centers for protection against the dangers arising from
exposure to ionising radiation[4]. For Neuroblastoma (NBL) patients treated with
177Lu-DOTATATE this means individually planning patient prescriptions to reduce
inter-patient variability in renal and tumour uptake, retention and clearance, and
subsequent radiation dose.

While inter-patient variability in pharmacokinetics is widely accepted for 177Lu-
DOTATATE, the best strategy to individualise prescription to reduce the variability
and subsequent unexpected results in patient response remains controversial [5]

Fixed dosages or dosages adapted to clinical parameters may result in lack of tu-
mour control through low dose to the tumour and is not in line with the EURATOM
Directive. Dosimetric estimates of the absorbed tumour and normal organ dose al-
low optimisation among patients by delivering a set dose.The rationale for absorbed
dose planning is the treatment outcome (for any given patient) depends on how
much radiation is delivered to which tissue and less dependent on how much drug is
administered. This effort enables each patient to receive the maximum cumulative
activity based on the individual rates of their tumour and normal organs. There

is an opportunity in the field to enable a more even distribution of radiation dose
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Chapter 1 17

throughout the course of treatment. The advantages of dosimetry-based approach
are the optimisation of radionuclide therapy, the estimation of the cost-benefit ratio
of treatment in single patients, minimisation of risks of toxicity and individualisation
according to clinical needs.

The first stage of personalisation was to no longer assume invariable or similar
biokinetics among a cohort of patients. Instead, for the most part, investigators
have assumed minimal variability in renal and lesion biokinetics, as measured by
serial SPECT /CT, across cycles within the same patient. This assumption has lead
to clinically feasible protocols and simplified methods to reduce sampling points and
make planning multi-cycle 177Lu-DOTATATE treatment simpler and cost-effective
6, 7, [].

However, it ignores the possibility of tumour responses at earlier points in the
therapy leading to clinically relevant changes in the patient biokinetics, in terms of
effective half lives, at later cycles of the treatment.

For some time, changes to the intra-cycle pharmacokinetics were inconclusive
with authors reporting significant changes for Lul77-based therapies in kidneys and
no significant change with caveats. The recent increase in post-therapy dosimetry
studies due to feasible protocols have shown a reduction in the radiation dose to the
tumour per injected activity as the number of treatments increase [9, [10] [IT]. These
reports have been confirmed by studies claiming a change in the pharmacokinetics
of the patient as a function of tumour load [12, 13|, 14 [15, 16, 17, I8]. There has
been increasing evidence indicating the temporal change in pharmacokinetics should
be considered. Especially in TRT, where the organ doses may change dramatically
because of altered organ function, tumor burden and altered hormone release from
the tumor, individualized patient dosimetry is indispensable. These findings indicate
that patients with cardio-vascular risk factors, borderline kidney dysfunction, and
those with dramatic decrease of tumor burden may warrant more caution

The interpretation of these results is hampered by the lack of standardized

dosimetry protocols across clinical centers with differences in the major steps in-
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cluding the pharmacokinetic modeling (to obtain total number of disintegrations -
the cumulated activity - within a given region of interest) precludes a direct com-
parison of results and strategies among centers.

While inter-subject(cycle) variation makes a strong argument for the application
of dose individualisation, the potential for dose individualization is undermined when
there is a large degree of intra-patient variation in pharmacokinetics and a lack of
studies on the per-cycle changes in tumour and renal effective half life and dose.
Changes in the spatial and temporal pattern of uptake and biological clearance of
the radiopharmaceutical between earlier and later cycles kinetics may also lead to

underdosing at later cycles within a patient for a constant per cycle activity.

1.2 Aim and Scope of the study

In this study we hypothesized that variables capable of reflecting various longitudinal
changes in quantitative image features extracted from serial imaging over the course
of treatment would be capable of superior prognosis prediction in NBL patients

receiving 177Lu-DOTATATE.

1.2.1 Specific Aim 1

Design and build a freely available, cross-platform tool to perform multiple various
published pharmacokinetic and radiobiological calculations at the voxel level
Working Hypothesis 1

It is possible to contribute to comparisons of clinical results generated with var-
ied nuclear medicine dosimetry protocols by providing a freely available tool for

pharmacokinetic and radiobiological modelling.

o Study 1.1 Demonstrate use case of XINDA using longitudinal 177Lu-DOTATATE

SPECT/CT in NBL patients to compare multiple fitting methods

18



Chapter 1 19

e Study 1.2 Demonstrate use case of XINDA using longitudinal 131I-mIBG
gamma counter measurements to model pharmacokinetics in NBL mouse mod-

els.

1.2.2 Specific Aim 2

Determine the relationship between treatment response and changes in the temporal
pattern of renal and tumour biokinetics and radiation dose during a four-cycle course

of 177Lu-DOTATATE.

Working Hypothesis 2

Changes in the biokinetics and absorbed dose so called delta parameters of the
tumour and kidneys during treatment can be detected and may have predictive

value

e Study 2.1: Characterisation of changes in kidney and tumour biokinetics and
radiation dose during treatment using the mean effective half life and absorbed

dose metrics derived from per-cycle longitudinal SPECT

e Study 2.2: Investigation of the relationship between delta parameters on tu-

mour response and optimal number of treatment administrations and cycles

1.2.3 Specific Aim 3

Determine the relationship between 177Lu-DOTATATE therapy response and changes
in the spatial distribution of pre-treatment 68Ga-DOTATATE PET/CT and intra-
treatment 177Lu-DOTATATE SPECT

Working Hypothesis 3

Investigation of the change in the pattern of the dose and effective halflife before and
during four cycles of 177Lu-DOTATATE can be used to understand NBL patients

that are more likely to respond

19
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o Study 3.1: Provide the first demonstration of quantifying temporal change
in spatial distribution of the absorbed dose and effective half life before and

during treatment in functionally defined subvolume of the tumour

o Study 3.2: Investigation of the relationship between pre-treatment PET and
SPECT based per-cycle physical dose and effective halflife images heterogene-

ity and tumour response

1.2.4 Specific Aim 4

To explore delta radiobiology parameters in predicting patient response.

Working Hypothesis 4

Changes in radiobiological dose to the tumour may correlate with response.

e Study 4.1 Determine radiobiological parameters experimentally to apply to

clinical calculations

o Study 4.2: Investigation of the relationship between delta EUBED for tumour

and delta BED for kidneys over a course of treatment.

1.3 Significance

One intended outcome of this study, on a theoretical level, is to extend what is known
about the variability and predictive value of intra-patient variability in normal organ
at risk and tumour kinetics and dose in 177Lu-DOTATATE therapy in NBL patients.
On a practical level, a second intended outcome is to provide a freely available
platform for applying the various clinical protocols in a step to justify the effort of
dosimetry and towards harmonisation of dosimetry and intercomparison of clinical

trials from different centers.
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1.4 Overview of the study

The thesis consists of three main parts within five further chapters.

In PART I (Chap. 2 & 3) the current study is situated in related literature
and established research methodology. In Chap 2. I provide a critical review of
the historical context, current practice and the place of dose optimisation in clinical
practice of peptide radionuclide therapy. Chap 2 argues for the need to investigate
longitudinal kinetics in a course of repeated Lul77-based treatments. Based on that,
the most pressing gaps in the literature are identified and research questions are
posed accordingly. Given the detailed method development, Chap 3 deals with the
methodological issues and research design providing a theoretical and procedural
description as well as a critical examination of the issues of the dosimetry and
radiobiology methodology used in this study to collect, present and analyse data.

In PART II (Chap. 4,5 & 6), I present the features of the protocol-agnostic open
source platform to implement different pharmacokinetic models using protocols pub-
lished from multiple centers within Europe. This platform forms the basis for results
of data analysis of the potential per-cycle variation of absorbed dose and effective
half life in the organs and kidneys. I also present an investigation of a phenomena
where there is an identifiable measurable change in the temporal variation of the
tumour radiobiological dose and the spatial variation of the dose in the tumour in
both the SPECT/CT and PET of a phenomena where there is an identifiable mea-
surable change in the organ and tumour biokinetics over treatment. The analysis
of a radiobiological cell survival culture for the generation of alpha beta values was
also done. Each chapter ends with a discussion of the key findings expanded to
appropriate concepts within the field.

Part III (Chap. 7) contains the discussion, recommendations, and conclusions of
the thesis. In Chap 7, the findings of the individual chapters are summarised and
fit into the overall theme of the thesis with a reflective evaluation of the study and

suggestions for further research agendas.
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Chapter 2

Background

2.1 Targeted Radionuclide Therapy: 177Lu-DOTATATE

Targeted radionuclide therapy (TRT) involves the use of a radio-labelled biologic
or other vehicle to target and deliver a cytotoxic amount of radiation to inop-
erable or disseminated disease by emitting Auger, S- or a-particles. In the past
five years, three radiopharmaceuticals have been approved by the FDA for clinical
use of TRT: Radium-223-based Xofigo for the treatment of metastatic castration-
resistant prostate cancer (mCRPC patients) with symptomatic bone metastases
without visceral metastases, Iodine-131-based Azedra for the treatment of patients
with metastatic pheochromocytoma or paraganglioma and Lutetium-177 (177Lu)-
DOTATATE (Lutathera) for the treatment of somatostatin receptor-positive (SSTR)
gastroenteropancreatic neuroendocrine tumours (NETS).

Management of NETs has proved problematic since the disease is often diag-
nosed when metastatic and therapeutic options are limited. A recent phase III,
randomized, controlled trial of midgut NETSs, progressive on standard-dose oc-
treotide (NETTER-1), demonstrated Lutetium-177 (177Lu)-DOTA-TATE (177Lu-
DOTATATE) to be more effective than high-dose octreotide for progression free
survival (PFS) with improvement in quality of life and symptom control [19].The
NETTER trial showed efficacy when using a basic prescription based on 4 repeat

administrations or cycles of 7.4 GBq with no consideration for BSA and Dosimetry
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Table 2.1: Historical fixed dose strategies in nuclear medicine

Radiophaceutical Tumour Type Prescribed Activity Ref
x No of cycles
90Y-SIR-Spheres Liver Metastases 3 GBq x 1-10 120
131I-mIBG Paediatric Neuroendocrine 444 MBq/kg x 2 [21
90Y-DOTATATE  Adult Neuroendocrine 3.7 GBq/m? x variable [22
177Lu-DOTATATE  Adult Neuroendocrine 7.4 GBq x 4 [19
177Lu-PSMA Metastatic castration-resistant 4-9 GBq x 1-5 23], 24]
prostate cancer
223Ra-dichloride Bone Metastases 55 kBq/kg x6 [25]

and as such the historical standard prescription of 177Lu-DOTATATE for NETs
is based on fixed-level empirical dosing consisting of up to four cycles with a time
interval between 6 - 10 weeks. These simplified fixed dosing regimens are common-
place in nuclear medicine treatment as shown in Table and although beneficial

for ease of use may be flawed.

2.2 Variability in Pharmacokinetics of Patients

2.2.1 Inter-Patient variability

The pattern of accumulation and excretion of 177Lu-DOTATATE is governed by the
same principles as most anti-cancer drugs. Briefly, after intravenous administration,
177Lu-DOTATATE circulates in the bloodstream and enters the capillaries where
it is extravasated into the interstitium mainly driven by convection and diffusion.
There it attaches to cells via the SSTR antigens Figure By that, it accumulates
in sites of NETSs cells. Upon radioactive decay, the J— particles released by the
unstable Lul77 nuclei deposits its kinetic energy within the range of millimeters of
tumour tissue to damage and ultimately kill the cancer cells. The main routes of
excretion are through the kidneys making the kidneys the major normal organ at
risk. Quantification of the accumulation, clearance and radioactive decay process is
termed Internal Dosimetry.

The amount and rates of 177Lu-DOTATATE uptake and excretion in the tumour
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Figure 2.1: Steps in pharmacokinetic process from administration to metabolism
for 177Lu-DOTATATE in NETs cells. reprinted from © 2015 Advanced Accelera-
tor Applications and used under a Creative Commons Attribution-Noncommercial
license: http://creativecommons.org/licenses/by-nc/3.0/.”

and normal organs at risk like the kidneys are governed by passive physiological
mechanisms, as well as active mechanisms, such as receptors and happens at differing
rates amongst individuals. It should be noted that in addition to receptors, P-
glycoprotein (P-gp) is another active mechanism and a key player in the multidrug-
resistant phenotype in cancer. P-gp is a drug efflux plasma membrane protein
which acts as a localised drug transport mechanism, actively exporting drugs from
the cell membrane and cytoplasm and reducing sensitivity to anticancer drugs. As
a consequence, the pharmacokinetic parameters of (exposure, i.e., area under the
dose-time curve [AUC], and rate of clearance, i.e., dose divided by exposure) may
vary substantially among NETs patients for a set radioactivity 177Lu-DOTATATE
activity of 7.4 GBq, which is expressed by the term interindividual variation.

This phenomena has been observed in clinical studies. Ilan and colleagues showed
in 24 patients receiving a radioactivity dose of 7.4 GBq, that the most frequent
radiation dose to tumour was approximately 20 + 10 Gy during the first therapy
cycle, with a median of approximately 50 Gy (range, 10-170 Gy) [10]. In a bigger
study, Larsson et al showed a large individual variation, with absorbed dose per
unit administered activity of 0.33 to 2.4 Gy/GBq per treatment cycle for kidneys
(mean value 0.80 Gy/GBq; SEM= 0.02, SD= 0.30).

This interindividual variation leads to an unpredictable variety in clinical re-

sponse and adverse effects. It is therefore acknowledged that rational prescribing
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of 177Lu-DOTATATE requires not only an understanding of how much drug is ad-
ministered, but also careful consideration of the factors known to affect how much
radiation is delivered and retained in a particular NETs patient. This individuali-
sation can be done on empirical adaptation of the level of activity administered or
the number of administrations to patient specific clinical and laboratory parameters
like tumour burden, patient weight and renal function, radiosensitivities or patient

pharmacokinetics.

2.2.2 Intra-Patient variability

The recent increase in the use of image-based intra-cycle dosimetry to verify ra-
diation exposure of the normal organs and NETs post repeated cycles of 177Lu-
DOTATATE has highlighted variability in pharmacokinetics between cycles in the
same patient. A summary of these clinical studies and findings on per-cycle changes
in the kidneys and tumour can be found in Table [2.2]

For the normal organs, Sandstrom and colleagues [27] noticed 177Lu-DOTATATE
changed the organ and tumor uptake as well as the elimination of the administered
activity in consecutive cycles, for some patients in a dramatic way. The ratio be-
tween the absorbed doses to the bone marrow at later therapy cycles divided by that
of the first cycle had a median ratio was 0.82 (interquartile range, 0.64-0.98), and
the reduction in absorbed dose was significant for the bone marrow and kidneys (P
< 0.001). For the tumour, [9] showed the contribution to the accumulative absorbed
dose to the tumor after each therapy cycle was gradually reduced. [12] In individ-
ual patients, significant changes in activity elimination during therapy indicating
a tendency towards increased activity elimination during therapy were found for
all organs, often when a large tumor burden reduction occurred during treatment.
Del Prete was the first author to personalise every cycle of a 177Lu-DOTATATE
treatment by assuming unchanged pharmacokinetics from the previous cycle. It was
noted that the renal absorbed dose per IA received at a given cycle was predicted

by that received at the previous cycle with an accuracy of 4.9 + 26.7% (range, -48.8

25



Chapter 2 26

— +89.1%; n = 83) [2§]

Per-cycle variability in the pattern of v~-H2AX kinetics [29] and progressive reduc-
tion of uptake in tumours at interim 177Lu-DOTATATE scans or 68Ga-DOTATATE
performed after the first 177Lu-DOTATATE cycle have been found to correlate with
predicted time to progression and correlated with an improvement in clinical symp-
toms response in NETs patients [30], B1].

In much the same way, the variability in dose between patients was an indication
for personalisation, it stands that the variability between cycles may be a case for

further personalisation.

2.3 Neuroblastoma - The Paediatric Neuroendocrine
Tumour

The patient groups that are particularly vulnerable to intra-cycle pharmacokinetic
variability are paediatric cases with growing organs, where age-related changes in
body composition and tissue boundaries affecting drug distribution and effects on
radionuclide drug clearance are not well documented. Further, the “elimination”
organs, for example, kidneys, are growing and developing at different rates.
Neuroblastoma (NBL) is a neuroendocrine cancer predominantly in infants and
young children and arises in the developing sympathetic nervous system (from any
neural crest element), which results in tumours in the adrenal glands and/or sym-
pathetic ganglia[35]. It is a tumour of early childhood and is the most common
malignancy diagnosed in the first year of life, with 90% of tumours arise in children
who are <10 years of age, and have a median age at diagnosis of 18 months.
Recently, it was demonstrated that 68Ga-DOTATATE PET could be used to
image children with relapsed or primary refractory high-risk NB,[36] and patients
with NBL including relapsed or progressive disease showed SSTR2 expression at
diagnosis[37] suggesting they could be candidates for TRT therapy with 177Lu-

DOTATATE. In a pilot clinical study, Gains and colleagues demonstrated high up-
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Table 2.2: Summary data of clinical studies reporting per cycle changes

Reference

No of cycles (patients)

Conclusions on intra-patient variability

32]

[26]

2]

1(n=15), 2(n=9)

3(n=>5), 4(n=>5)

1(n=3), 2
4(n=12),

—~

n="7), 3(n = 10),
(n=1)

ot

1(n=2), 2(n=4)

3(n=6), 4(n=9)

Per-cycle kidney: significant positive correla-
tion with per cycle BM (Spearman r = 0.31,
P < 0.0001)

Per-cycle tumour: significant correlation
with per-cycle kidney (Spearman r =0.16,
P=0.04; n =170).

Per cycle kidney: mean deviation of all sub-
sequent kidney doses from the first treatment
cycle was 1% (range -31% to +47%) for the
right kidney and 5% (range -26% to +93%)
for the left kidney

Per cycle kidney: The different cycles con-
tributed on average equally to the absorbed
dose (within 10%)

Per-cycle tumour: the first 2 cycles make the
major contribution to the absorbed dose to
the tumor.

Per-cycle kidney: Effective half-life in the
kidneys decreased in most of the patients
during the therapy

Per cycle tumour: Patients with a substan-
tial decrease of tumor burden showed de-
crease in Teff and increase in 24h uptake
value

Per cycle kidney: AD/cycle vary between cy-
cles in the same patient

Per cycle kidney: no significant between-
cycle difference was observed (p=0.0809) Per
cycle tumour: differences of absorbed dose
between cycle 1 and 2 were observed, espe-
cially for organs very close to, or including
tumor cells or metastases.

Per cycle tumour: The mean ratio between
the effective half-lives during cycles 3 (or 5,
where applicable) to cycle 1 was 0.98 6 0.12,
and the median was 0.98 (range, 0.7-1.3)
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take of 68Ga-DOTATATE in 6 out of 8 children[38]. Patients received 2 or 3 cycles
of 177Lu-DOTATATE (0.3 GBq/kg; 8.1mCi/kg per dose) at a median interval of 9
weeks and a median administered activity of 7.3 GBq. Five of these patients had
stable disease as assessed using the Response Evaluation Criteria in Solid Tumors
(RECIST). This study, while limited in the number of patients studied, provided
proof-of-principle that children with NBL can be imaged and treated with somato-

statin receptor-targeted agents.

2.4 Image-based Adaptation of Dose in 177Lu-

DOTATATE Treatment

2.4.1 68Ga-DOTATATE PET/CT Imaging

TRT is known for its relatively narrow therapeutic window. This means that “low”
doses may prove ineffective or suboptimal, while “high” doses may cause acute or
chronic renal toxicity. Therefore, the optimal dose should be somewhere in between,
thereby leading to the best possible treatment, which means yielding maximal ther-
apeutic effect given tolerable and manageable toxicities. Adaptation of injected
radioactivity to patient characteristics rather than using dosing from cohort studies
relies on the idea that treatment efficacy is partly based on how much gets to the
tumour rather than how much is administered. This relationship between uptake
and response was observed by Kwekkeboom et al when elevated uptake with the
Krenning scale correlated with remission[30] The idea in short is elevated uptake
corresponds with higher radiation concentration with high tumour dose and high
likelihood of response.

There have been a collection of 68Ga-DOTATATE PET tracer studies highlight-
ing a 'protective’ aspect of radiopharmaceuticals that is dependent on the tumour
load. The idea is that extensive tumour uptake leads to tumour sequestration of the

radiotracer and decreased bioavailability for uptake in critical organs like the kid-

28



Chapter 2 29

neys. This reduces the accumulation and absorbed radiation dose to critical organs
like the kidneys, implying the retention of 68 Ga-DOTATATE, and perhaps by ex-
tension 177Lu-DOTATATE, in the kidneys is inversely related to the SSTR-positive
tumour burden (as indicated by the intensity and extent of uptake in individual
lesions). This suggests that patients with a high tumour burden are likely to be
undertreated with empirically-based 177Lu-DOTATATE administrations and can
safely manage higher activities than the standard prescription. The influence of
tumour load on renal and tumour pharmacokinetics is known as the "tumour sink
effect". Beauregard et al showed physiological uptake (i.e. renal, splenic and back-
ground uptake) tended to decrease with increasing tumour sequestration. [I3] This
suggest that patients with a high burden of SSTR-positive NET are likely to be un-
dertreated with fixed-dose PRRT. With this is mind, clinics like Peter MacCallum
Cancer Centre have developed adaptations to dose prescriptions based on tumour
burden measured on 68Ga-octreotate PET/CT. The dose prescription was deter-
mined by an empiric formula with 3 dose ranges: 5—6 GBq for patients with a small
tumor burden and impaired renal function, 7-8 GBq for small tumor burden and
normal renal function or high tumor burden and impaired renal function, and 9-10

GBq for large tumor burden and normal renal function [29].

2.4.2 177Lu-DOTATATE SPECT /CT Imaging

Recently, there has been an emergence of on-going prospective clinical trials that
base treatment planning for multi-cycle 177Lu-DOTATATE treatment on delivering
a prescribed Maximum Tolerable Absorbed Dose (MTAD) to non target organs at
risk to ensure each patient receives the Maximum Tolerable Activity (MTA).
There the idea is to give a set radioactivity for the first cycle based on a stan-
dardised prescription then measure the absorbed dose to the critical organ at risk,
in most cases the kidney, using post-treatment 177Lu-DOTATATE SPECT/CT im-
ages. Using the renal dosimetry measurements from this initial cycle, a patient

specific factor (F) is defined estimating mean renal absorbed dose per unit of In-

29



Chapter 2 30

jected Activity. This factor is used to either adjust the activity per cycle for a set
number of cycles [32] 28] or the number of cycles for a set activity per cycle [11, 33]
in order to reach the same prescribed renal dose level in each patient. Taken from
external beam radiation [39], the threshold to the dose limiting kidneys is a cumu-
lative renal absorbed dose cut off of 23Gy or cumulative renal Biological Effective
Dose of 27Gy.

The Uppsala and Lund groups have demonstrated the feasibility and advantage
of varying the number of cycles with a fixed injected activity of 7.4GBq to deliver
an absorbed dose of 23 Gy or BED of 27 &+ 2 Gy to the kidney. From the Illuminet
clinical trial at Lund and Gothenburg, Sundlov et al showed promising interim
results of a Phase II trial in personalising the number of cycles for 51 patients to reach
the prescribed cumulative renal biological effective dose of 27 + 2 Gy in patients
with risk factors for renal toxicity and 40 £ 2 in patients with no risk factors[33].
They found that 20% of patients are overdosed and more than 50% underdosed from
the widely used 7.4GBq x 4 protocol and the number of fixed-IA cycles of 7.4GBq
that could be tolerated ranged between two and ten (50% of patients being able
to tolerate more than four cycles) based on their renal dose. Similar results were
demonstrated by Garske et al. with 43.8% of patients safely receiving five to seven
cycles of 7.4 GBq, more than the widely-accepted four cycles[11].

In a different approach, Del Prete et al. investigated adapting the activity in each
patient’s cycle to deliver a set renal dose of 23Gy. [28]. He found the personalised
protocol resulted in an average 1.48-fold increase in cumulative maximum tumour
absorbed dose compared to empiric 7.4Gy x 4 protocol. The optimum injected
activity per therapy cycle ranged from 4.1 GBq to 26.2 GBq, with a median of 9.2
GBq.

These studies observed that image-based dosimetry adaptation of IA is feasible
and allowed for safe administration of much higher additional cycles (up to 10) or
higher administered activities (up to 9.6GBq) which may improve patient outcome.

In a study of 200 NETs patients, Garske-Romaén et al. highlighted the importance of
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Figure 2.2: Representative image showing heterogeneity and change in uptake per
cycle using a personalised dosimetry protocol. Reprinted from Personalized 177 Lu-
octreotate peptide receptor radionuclide therapy of neuroendocrine tumours : initial
results from the P-PRRT trial, Vol 46, Del Prete, Michela and Buteau, Francois-
Alexandre and Arsenault, Frédéric and Saighi, Nassim and Bouchard, Louis-Olivier
and Beaulieu, Alexis and Beauregard, Jean-Mathieu, 728-742, Copyright (2019),
with permission from Springer Nature

individualised kidney dosimetry in observing patients in whom the absorbed dose to
the kidneys reached 23 Gy had a longer Overall Survival (OS) than those in whom
it did not[I1].

These authors have shown the feasibility of individualised dosimetry and been

able to reduce the high-patient variability in renal dose with the aim to give as much

activity per set number of cycle or as many cycles per set activity as possible.

2.5 Variability in Distribution of Pharmacokinet-
ics

The mean residence time, clearance rate and absorbed dose are the most common
parameters for prediction of response to therapy using 177Lu-DOTATATE. However,
the correlation between these parameters and NETSs response for 177Lu-DOTATATE

has been inconclusive. Ilan et al study is the only one at the time of writing to
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show a significant correlation between the absorbed dose until best response and
tumor response in a subset of 24 pancreatic NETs tumors[I0] treated with 177Lu-
DOTATATE. However, he also noted some lesions received a rather high absorbed
dose but showed only minor reduction in size and vice versa. Del Prete notes in 36
measurable NETs lesions in 15 patients, no significant correlation was found between
the radiological response and the cumulative lesion absorbed dose three months after
the induction course (RECIST, Pearson r =0.19, P=0.27, Fig. 3; SWOG, r =0.08, P
= 0.62). Over the follow-up period, no significant correlation was observed between
variation of other parameters (e.g., creatinine, eGFR, blood panels) and the renal
or BM absorbed dose. [2§]. In most studies with post-dosimetry results, none of the
absorbed dose parameters (mean, minimum, maximum, uniformity) were found to
have a significant correlation with NETs response.

Among other factors like tumor-specific radiosensitivity, interstitial pressure and
necrosis, tumor shrinkage is likely to be related to factors potentially influence the
heterogeneity in binding affinity and receptor density. Heterogeneity is a major fea-
ture of TRT treatment and this heterogeneity is due to the spatial arrangement of
receptor expression within a tumour. Theoretical studies have confirmed heteroge-
neous dose and uptake distributions are less therapeutic than uniform distributions
of the same mean dose[40]. Heterogeneous uptake can create situations in which
a fraction of cells is under irradiated, while another fraction of cells is “overkilled”.
These theoretical findings have been confirmed clinically when Sgourus noted a trend
towards increased response with increasing uniformity (r = 0.37; P = 0.06). [41]

Recently, tumor heterogeneity was suggested to correspond to SSTR2 expres-
sion in NBL SPECT/CT and PET/CT studies. Zhang et al revealed histological
colocalisation of SSTR2 and 68Ga-DOTATATE uptake in NBL CHLA-15 tumour
xenografts[36]. Werner et al determined baseline intratumoural SSTR heterogeneity
as assessed by SSTR-PET (68Ga-DOTATOC) and concluded that the four hetero-
geneity parameters of Entropy, Correlation, Short Zone Emphasis and Homogeneity

outperform conventional PET parameters, such as mean and maximum standard-
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ized uptake value SUV mean/max in distinguishing between responders from non-
responders in a retrospective cohort of 142 patients[42] . Werner et al. further
showed that an intratumoural textural feature (TF) analysis of a baseline SSTR-
PET can differentiate high-risk from low-risk groups of patients with pancreatic
NET tumours (pNET) scheduled for 177Lu-DOTATATE therapy. [43]. Aside from
68Ga-PET, SPECT scans provide an alternative imaging option. Wetz et al. showed
that an 111In-DTPAO octreotide SPECT scan of the spatial SSRT distribution in
NET metastases as quantified by asphericity was predictive of response to 177Lu-
DOTATATE [44].

With these recent studies, imaging parameters which quantify the spatial ar-
rangement of the uptake may be clinically useful and contribute to more accurate
characterization of patent pharmacokinetics for individualized treatment schedules.
In a surprise observation, Hatt and colleagues [45] demonstrated that the predictive
value of textural parameters is not affected by partial volume effect and is relatively

independent of the method used to delineate the tumor volumes to be analyzed for

PET.
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Current practices and technologies

in dosimetry

3.1 Quantitative SPECT for 177Lu-DOTATATE

With 177Lu-DOTATATE treatment, it is possible to visualise the distribution and
pharmacokinetics over time in 3-dimensions (3D) in different body compartments
with the use of SPECT/CT and dedicated software. This process can be summa-
rized as dosimetry. Lutetium-177 (177Lu) decays with low-energy charged particles
(8-, Auger and conversion electrons) with a mean energy of approximately 134 keV
per decay and a maximum kinetic energy of 177Lu of 498.3 keV [46] and a  fraction
with energies of 113 keV and 208keV emitted in 6.4% and 11.0% of decays, respec-
tively. This v radiation can be visualised at a set time point with a a SPECT/CT
scintigraphic camera positioned outside of the body. Since the physical half-life
(~6.7 days) and biological half life of 177Lu are in the order of days, this image
acquisition process has to be done repeatedly in order to follow the process.
Although planar 2D imaging might render sufficient information for an estimate
of the absorbed dose for 177Lu-DOTATATE patients, it is known to have inherent
limitations regarding the accuracy of activity quantification namely challenges in

estimating variations to the thickness or volume of an organ and the uptake in organs
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that contain tumour tissue or overlap with tumours due to spill-out of counts from
large tumour to nearby organs. SPECT with low-dose CT can circumvent these
problems [27].

For the SPECT images to be quantitatively useful, accurate compensation for the
interaction of a v photon with the camera and patient have to be applied. Dead time
and Attenuation corrections account for counts which would not have otherwise been
imaged and Scatter corrections compensate for counts which would have otherwise
been included. The Medical Internal Radiation Dosimetry Committee (MIRD) no 26
pamphlet presents a set of guidelines outlining data acquisition protocols and image
reconstruction techniques that are recommended for quantitative 177Lu SPECT
imaging[47]. SPECT images are also affected by the reconstruction parameters.
Cheng et al found the optimal parameters for kidneys, an organ at risk during 177Lu-
DOTATATE, are more iterations and less smoothing up to imaging 24hours post
177Lu-DOTATATE treatment but more smoothing and fewer iterations afterwards
[48].

Quantitative estimates of activity using counts in a SPECT image are also ham-
pered by the limited spatial resolution resulting in Partial Volume Effects (PVE)
which in most cases can be corrected in clinical practice using experimentally de-
termined recovery coefficients. For a patient, the activity A, within a voxel at

coordinate ijk can be determined from the counts per second C'PS;;; by Equation

Bk

where SF' (cps/MBq) is the sensitivity factor for the SPECT/CT image system

3.2 MIRD Dosimetry Chain for Heterogeneity

Voxel-based dosimetry provides a more detailed description of the characteristically

heterogeneous pharmacokinetics and absorbed dose to normal organs and tumours
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in 177Lu-DOTATATE therapy.

A voxel is an arbitrary division of volume associated with 3D images - the equiva-
lent of pixels for 2D images - and it is associated with tomographic image acquisitions
like SPECT, PET and CT. With the advent of the latest PET/CT and SPECT/CT
technologies, quantification of activity distributions can be performed with resolu-
tions adequate for voxel dosimetry, typically of 5 mm or even less. The distribution
of therapeutic radiopharmaceuticals in volumes smaller than those that can be fully
resolved by the imaging system is usually assumed to be homogeneous which is a
limitation as voxels can be the mix of two organs or different parts of an one organ
(eg. the medulla and cortex for kidneys).

The MIRD scheme for voxel-based dosimetry is an extension of the one for organ-
based dosimetry found in MIRD Pamphlet 21 [49] with the source and target being
considered are voxels as shown in Equation

N
D(voxeligrget) = Z A(voxeltamet) - S(voxeligrger < voTelsource) (3.2)

In many publications, voxel based dosimetry is based on the MIRD formalism
which is described in their Pamphlet no 17 [50]. Similar to organ based dosime-
try, voxel dosimetry calculations assume a homogeneous tissue composition and a
uniform radionuclide distribution within individual voxels, although authors have
indicated heterogeneity exists at sub-voxel dimensions in the kidneys for example
[51]. The methodology is summarised in Figure

When acquiring sequential images over several days, it is impossible to achieve
exactly the same patient position at each time of measurement. The registration
process ensures one voxel with the same coordinates in every image corresponds to
the same anatomical region at different time points. In this process, a CT image
is chosen as reference because of the high bony contrast and other CT images are
aligned to that image. The corresponding deformation matrix found for a specific
CT is applied its contemporaneous SPECT image. This is based on the reason-

able assumption that SPECT and the CT acquired together at each time point are
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Figure 3.1: Workflow of voxel based dosimetry

already registered.

Patient positioning alone is not sufficient to yield registered images in most cases.
Both respiratory motion during a scan and the lack of reproducible patient position-
ing between scans make it difficult to track the uptake within a particular voxel over
time. Unlike External Beam Radiation Therapy (EBRT), TRT patients receiving
post treatment longitudinal SPECT/CT are not typically set up in a reproducible
manner using immobilisation devices and lasers. Moreover, organs may move in
relation to one another in a non-reproducible manner.

There are two main types of registration: rigid and non-rigid, with the latter
seen as a more accurate approach as it allows for more degrees of freedom. For voxel
dosimetry, CT-based registration of serial SPECT images is preferred to SPECT-
SPECT image registration because it avoids problems associated with the coarse
SPECT spatial resolution and noise, lack of anatomical information, as well as,
temporal changes in the activity distribution. He and colleagues showed that mis-
registration of volumes of interest (VOI) have a larger impact for small organs (such
as the kidneys) and low uptake organs close to high uptake ones (such as lungs).
The misregistration produced errors in organ activities that were proportional to

VOI shifts ranging from —1 to 1 voxel in three directions.[52]

37



Chapter 3 38

Investigating rigid and non-rigid registration of 6 or 7 SPECT/CT images ac-
quired over a week, Katarina et al found that the values of the residence time and
absorbed dose determined from serial SPECT/CT were within 5% except in the
head-neck-shoulder region where non-rigid registration gave improved values [53].
The small difference in the mean and median values of residence time and absorbed
dose obtained by rigid and non-rigid registration could be explained by the use of a
single numeric such as mean or median to represent the population of voxels within
a VOIL.

The practice of radiomics involves extraction of quantitative data from images
in an effort to perform either diagnosis or planning during treatment and follow up.
This technique lends itself to the study of heterogeneity. Traditionally, radiomics
studies have been used with CT image datasets with great efficacy. Increasingly,
radiomics on functional imagining such as PET has been shown by authors to have
value. Recently, radiomics has been done on SPECT imaging due to the improve-
ments in acquisition and it’s increasingly quantitative nature.

The bio-kinetics of 177Lu-DOTATATE uptake and clearance in SPECT/CT is
heterogeneous and has been traditionally explored through the use of intensity based
characterisations which have yet to relate to the response seen in patients. The
spatial information contained in these images may be indicative of clinically relevant
changes in the tumour and the advanced techniques of analysis traditionally reserved
for SPECT/CT studies may prove valuable when applied to calculated image maps
of the patient’s dose and biokinetics.

The steps and limitations to calculating the pharmacokinetics and absorbed dose

in each voxel of an image are discussed in the next sections.
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3.3 Clinically feasible Absorbed Dose-Rate Im-
ages

The conversion of SPECT images to absorbed dose images can be done through four
main methods in increasing complexity: Local Energy Deposition (LED), voxel S
values, dose point kernel convolution and the gold standard full Monte Carlo (MC)
radiation transport.

The simplest approach for voxel-level dosimetry is to assume that the emitted
energy from 177Lu-DOTATATE in a voxel is completely absorbed in that voxel, that
is, locally deposited. This approach is essentially a rescaling of the voxel activity
value and is thus fast. Such an assumption is valid only for radioactive particles
whose maximum range in tissue is equal to or less than the voxel dimensions (typ-
ically 4 mm for SPECT) which is the case for 177Lu. Indeed, Ljungberg et al
showed almost no difference in the dose-rate volume histograms for 177Lu between
the assumption of local energy deposition and the more accurate yet computational
intensive Monte Carlo approach[54].

The voxel S value method is convolution-based and uses Voxel Dose Kernels
(VDK) to estimate the distribution of energy depositions in nearby voxels from a
decay in a single voxel. The VDK was first described in MIRD Pamphlet 17[50]
which describes especially the calculation of these VDK which depends on both
the radionuclide and voxel size. This pamphlet provides a database VDK for the
following 5 radionuclides: Phosphorus32, Strontium89, Yttrium90, Technetium99,
Iodinel31 and 2 different voxel sizes. Since its publication in 1999, Lanconelli et
al [55] has provided a freely available and validated database of VDK that includes
177Lu and 13 different voxel sizes. Due to the voxel size, most of the energy orig-
inating from a 177Lu-DOTATATE voxel will be deposited within it and the VDK
will consider energy contributions around the source voxel due to the photons. Next
step is to convolve the SPECT with an appropriate VDK based on the radionuclide

and SPECT resolution to acquire the absorbed dose image at a voxel level. There
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are many ways to convolve the VDK with voxels in the SPECT image. While for
small regions the VDK can be directly applied, fast fourier transform can be used
for larger images to speed up the calculations. In a comparison of voxelised doses
for the kidneys calculated by Monte Carlo and the voxel S value technique, Grimes
et al showed that the 3D dose distributions produced by the respective methods are
nearly identical agreeing within -2.3% + 2.4%[56].

As for the difference between calculation methods, Pacilio et al showed the major
concern for voxel dosimetry on clinical SPECT images is more strongly represented
by image blurring than by differences between LED and VDK with both methods

yielding similar dosimetric results[57].

3.4 Incorporation of Radiobiology in Dosimetry

Recently there has been a push to account for the biological impact of different
dose rates, the radiosensitivity of tumours and the heterogeneity of uptake and dose
distribution into the absorbed dose calculations, arguing that it is more reflective
of the response than physical dose [58] . Indeed, the biological relation between
the absorbed dose and clinical effect is also dependent on other, partly unknown,
factors such as the dose rate, the intracellular distribution of the radionuclide, and
the tumour’s radiosensitivity [58, 9] 60]

The Linear-Quadratic (LQ) radiobiological model is used to convert the absorbed
physical dose to Biological Effective Dose (BED). The BED was coined by Fowler
[61] and relates absorbed dose and dose-rate with radiosensitivity and repair of
radiation damage to take into account TRT dose rates and NBL radiosensitivity.
The radiosensitivity is encapsulated in « (the radiosensitivity per unit dose) and /3
(radiosensitivity per unit dose squared) parameters which aim to provide a numerical
figure that correlates to single and double strand breaks - the two main mechanisms
of damage to cells from radiation. The finally parameter is p for the repair rate
assuming an exponential repair process. BED has shown to correlate with renal

toxicity with a similar beta-emitter Y90-DOTATOC. These parameters are obtained
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either from literature or clonogenic assays quantifying cell survival.

In NETs patient, BED, instead of absorbed dose, has been considered for possible
correlation with renal damage [58, [60]. BED values for the kidneys used in these
calculations according to the LQ model were § = 2.5 Gy and p (repair half-life) of
2.8 h.

In addition to the BED, Equivalent Uniform Biological Effective Dose (EUBED)
of the distribution data allows for accounting for the impact on treatment
outcome of the heterogeneous nature of uptake and subsequent dose deposition of
the radiopharmaceutical - inherently difficult to capture with summary metrics like

mearl.

1 N 1 e—aBEDi]'k
EUBED = —1 = 3.3
I 33
where BED,j;, is the BED of voxel at coordinates (ijk) and N is the total number

of voxels

3.5 Clinically feasible Pharmacokinetic Modelling

Zhao also looked at the connection between the fitting and the absorbed dose and
found even if the deviation in effective half-life estimation is similar to that calculated
using M3, the deviation in absorbed dose calculated by M2 can go up to 50% for
monoexponentials. He showed trap-monoexponential hybrid gave the same results
as biexponential[62] .

Once the images are registered, the amount and rates of 177Lu-DOTATATE
uptake and excretion need to be determined.

In order to extrapolate the renal and tumour doserate-time curve for a voxel or
region, several experimental data points are collected as SPECT images acquired
during the first week after 177Lu-DOTATATE therapy. The pattern of accumulation
and excretion of radiopharmaceuticals is governed by passive and active physiologi-

cal mechanisms, such as receptors. These biological processes are generally assumed
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to be characterised by a single- or two-step phase, the first with an early peak last-
ing about 24 hours after injection related to an initial fast phase of extravasation
and excretion of 177Lu-DOTATATE, followed by a slower phase of renal uptake and
washout [63] [64]. The bi-phasic process can be described as either a sum of expo-
nentials with different rates where the number of exponentials summed (typically
two) is limited by the number of images available[65] or a hybrid definition with a
linear function for the initial phase and a single exponential for the renal uptake and
washout. Simpler analyses have focused on characterising only the slower second
phase with a monoexponential as 70%-75% of the AUC occurs after approximately
24 h meaning the uncertainty in the curve-fitting contribution will to a large extent
be governed by the estimation of pharmacokinetics in this phase [66], 67].

The most commonly reported pharmacokinetic parameter in dosimetry is area
under the dose rate curve AUC which is a measure of the cumulative exposure or
dose to the voxel or region from time of injection to infinity. While a physiologically
based pharmacokinetic (PBPK) model has been developed for 177Lu-DOTATATE
treatments which takes into consideration multiple organs at once [68], the majority
of studies determine AUC through integrating the doserate-time curve either ana-
lytically, numerically or a hybrid of the two. Choice of integration method depends
on how the doserate-time curve was constructed. For a hybrid model, numerical
integration using trapezoids is done up to the last image time point and integra-
tion beyond the last data point is generally performed by analytically integrating
a monoexponential function. If the decay-corrected exponential rate is positive or
zero, indicating uptake of activity over time in a particular voxel, then the physical
decay rate of 177Lu-DOTATATE is used in the analytic expression. For a curve
only constructed of exponentials, analytical integration is performed.

Guerriero et al found that a careful choice of the method (excluding trapezoidal
methods) results in negligible importance (differences smaller than 10%) when data
reach two radionuclide effective half-lives [66] and Zhao et al showed the simpler trap-

monoexponential hybrid gave similar results to more elaborate biexponential[62].
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Recently, more advanced analyses have shown it is feasible to do a systematic test-
ing of different curve shapes and determining which model fits the data best using
a statistically-based criterion, such as the Akaike or F-test [69, [70]. Due to a po-
tentially high level of noise in 177Lu-DOTATATE images, voxel-by-voxel fitting and
integration introduces additional challenges due to image noise and noise propaga-
tion. In general, if the number of imaging time points is < 5, a numeric integration
may prove more accurate than elaborate fits with exponentials.

The European Association of Nuclear Medicine (EANM) guidelines suggest a
minimum of three measurements per kinetic phase are required to enable error es-
timation [71] which will lead to a minimum of six acquisitions per patient for the
uptake and clearance phase of the kidneys. This mathematically optimal sampling
represents a barrier to having the necessary information in routine clinical care
about pharmacokinetics in 177Lu-DOTATATE patients owing to practical difficul-
ties such as non-clinically feasible sampling points (eg. after hours), labor intensive
for the therapeutic team of technologists, physicists and physicians, somewhat un-
comfortable for the patients involved and resource demanding on nuclear medicine
departments.

To avoid repeated SPECT /CT acquistions at every treatment cycle, efforts have
been investigated in the last three years to reduce SPECT/CT acquisitions across
multiple cycles within the same patient without substantially affecting the estimated
AUC. These approaches are based on the idea that AUC depends mainly on the area
under after 1 to 1.5 times the effective half life which is ~ 42h for 177Lu-DOTATATE.

Zhao et al showed a monoeponential fit with a single SPECT/CT performed
at around 48-72h post injection coupled with a population mean half-life of 45h
resulted in renal absorbed dose deviations within 10% of a three time point cal-
culation, provided the organs or tumours biokinetics can be approximated by a
monoexponential [62]. This approximation may introduce errors in the AUC, espe-
cially when the effective half-life of a particular patient is very different from the

population mean. Using a late data point minimizes the impact of deviations in
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effective half-life. Sundlov et al suggested one SPECT/CT at 96h after each cycle
gives sufficiently reliable dosimetric results to base individualize planning on [§]. If
these single measurements are to be made then they should be done at later times
which is consistent with a paper published by Haenschieid and colleagues where
they made a theoretical motivation that one single measurement after four days is
adequate to calculate the AUC[6]. The total absorbed dose D(r,) to a tissue under

consideration r, after time t; is Equation [3.4

2 Xt
In2

D(rs) = D(rs, ty) X (3.4)

where D(ry, 1) is the doserate from a single measurement at ¢;

While this single time point approach after each cycle is appealing, Del Prete et
al found a hybrid method of imaging at two time points in the first cycle and a single
time on day three in the non-initial cycles slightly improved accuracy for the kidneys
and max dose in the tumour[7]. Of important note, both Del Prete and Sundlov did
not recommend extrapolating pharmacokinetics from the first cycle to subsequent
cycles. Del Prete noted this method having a relative error of 16% and -7.1% for the
tumour and kidneys respectively compared to a trapezoidal-monoexponential fit to
data acquired in each cycle [7]. Sundlov also noted a constant underestimation of
the actual dose delivered to the kidneys in non-initial cycles when estimated from
pharmacokinetics in the first cycle whether that estimation is done using SPECT
alone (errors of -2 + 39%) or hybrid of planar and SPECT/CT (errors -3 + 36%)
[8]. A summary of the fitting methods discussed can be found in Table [3.1]

In a pragmatic effort to increase clinical implementation of dosimetry, there is
an assumption of stable (or sufficiently similar) patient pharmacokinetics between
cycles. The idea is to completely characterise the doserate-time curve in the initial
cycle with multiple image acquisitions and characterise subsequent cycles using a
single acquisition. The rate of clearance and uptake in a subsequent cycle is consid-
ered invariable from the first cycle and the amplitude for the AUC is adjusted for the

single measurement using Equation |3.5, This method is seen as a compromise when
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Table 3.1: Description of most common fitting methods used in clinics

Initial Cycle

Non-initial
cycles

Description

Difficulty in
Clinical
Implementation

Bi- exponential

Linear + Mono-exponential

Mono-exponential

2TP Monoexponential

1TP

Bi-exponential

Linear + Mono-
exponential

Mono-
exponential

1TP
based on
day 3 data

method
the

1TP

Bi-exponential
from time of
administration
to infinity

Trapezoidal

function  from
the injection
time until the
24-h time point
followed by a
monoexponen-
tial  biological
decay function

Mono-
exponential
biological decay
from time of
administration
to infinity, ex-
cept in cases
of biological
accumulation
of activity, only
physical decay

From day 1
to day 3, mo-
noexponential
biological decay
except in cases
of biological
accumulation
of activity, only
physical  decay
scans.  Single-
time point
method

Single-time
point method

High

Average

Average

Low

Low
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it is not possible to perform multiple SPECT /CT studies due to time constraints.
Garske et al was the first to propose it is a valid approximation to assume unchanged
effective half-life [12] with the caveat that patients at risk for kidney dysfunction or
with large change of tumor volume need to be monitored in more detail.

D, (r5) = Dy(rs) X (3.5)

where D; and D(t,); are the dose and doserate measured in the initial cycle,
D(ts), is the dose rate measured in a non-initial cycle, D, is the dose in the non-
initial cycle, t, is the time of spect acquisition and r, is the tissue under considera-
tion.

For delineating VOI for pharmacokinetics, Sandstrom and colleagues showed
good agreement (less than 5% difference) between contouring the entire kidney on
the CT and simpler methods of scaling the calculations using activity contained in
a small VOI of 4 ml on the SPECT or thresholding the SPECT at either 42%, 50%,
60% or 70% of the maximum activity[72]. These measures reduced calculation times

from 3 to 5 hour for the left and right kidney to between 15 and 45 minutes.
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Software for simplified modelling

methods

4.1 Introduction

There is growing evidence of variable per-cycle tumour and renal pharmacokinetics
in a patient. However, the range of available clinical methods for modelling normal
organ and tumour pharmacokinetics makes comparison of single center inter-cycle
pharmacokinetic results challenging. Given the relatively small patient cases for
177Lu-based treatments, harmonisation of tools and software would be an important
step forward to enable comparison of single-center results and facilitate multi-center
randomised controlled trials. The landscape of methods used for modelling intra-
cycle pharmacokinetics and dose of NETs patients in the clinic is very fragmented.
The variety of fitting methods published by groups in nuclear medicine centers over
the last 8 years is summarised in Figure 4.1}

There is no option among the currently available methods that is open source
and capable of incorporating the range of available fittings. Additionally, there has
not been a study comparing results using the range of currently available options in
Table B.11

In an effort to boost the harmonisation of multiple single-center reports by inves-
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Figure 4.1: Most common fitting strategies used by nuclear medicine centers around
the world

tigators characterising normal organ and tumour kinetics, this chapter presents the
main characteristics of a multi-platform software package dedicated to performing
conventional and simplified fitting methods for sequential dose rate images derived
from SPECT/CT at the voxel level. Additionally, two use cases are presented at

the end of the chapter.

4.2 Overall Features

XINDA is a free open-source platform I wrote in the Python 3.6 open source pro-
gramming language for pharmacokinetic modelling and dosimetry calculations based
on longitudinal SPECT/CT image. It can exist within the framework of a clinical
nuclear medicine dosimetry workflow as shown in Figure [4.2| and does not rely on
any commercial library and is implemented for Windows, Linux, and Mac operat-
ing systems. It uses the SimplelTK open-source, cross-platform library system that
provides developers with an extensive suite of software tools for image analysis dis-
tributed under the Apache 2.0 license. Its installation is straightforward from the
hosted repository.

I designed the platform so each patient is given a subdirectory within the main
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project directory where the data is locally transferred. For each cycle, the series
of longitudinal SPECT DICOM data and corresponding contoured structure RT-
Structure Set (RT-STRUCT) file of a cycle is subsequently read and stored as a
4-dimensional numpy array with the available patient metadata such as time of
administration and activity in a plain text file (.txt file). The contour coordinates
of the RT-STRUCT file in the xyz dimensions are transformed into the image space
through matrix calculations. It was assumed that the analyzed SPECT images were
calibrated, that is, voxel values were expressed in becquerel (Bq). The images were
considered as registered, in such a way that they form a 3D+t sequence of activity
image A(x,t),

The RT-STRUCT data is converted to a binary mask for each VOI with the
same dimensions as the primary SPECT image set. After each entry in the project
setup workspace has been imported and converted to the desired format, dosimetric
and image feature analysis can proceed. The workflow for the calculation of different
fits are shown in Figure 4.2

I coded the elementary modules of XINDA to perform the following functional-
ities:

o Support for the RT-STRUCT objects. This makes it possible to read VOI that

have been created and stored using commercial nuclear medicine treatment

planning platforms. This RT-STRUCT file can include multiple VOI.

o The measurement of overlap of VOI contours on sequential SPECT /CT images

using the Sorenson-Dice coefficient (DICE)
» Storage of VDK for voxel sizes ranging from 4 to 13 mm for 177Lu

o Conversion of doserate-images into radiobiological maps at the voxel level.
BED values for the kidneys used in these calculations according to the LQ

model were done with § = 2.5 Gy and p (repair half-life) of 2.8 h [58, [60].

o This software uses the MIRD formalism for doserate calculation and employs

convolution VDK of each voxel of the SPECT with the VDKs for177Lu freely
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Figure 4.2: Workflow of the dosimetry process in which XINDA can be involved

available online at http://www.medphys.it/down_ svoxel.htm for the calcula-

tion of absorbed dose rate.

o Registration of images at the voxel level to ensure a voxel has the same x,y,z

location to enable quantification of the retention and clearance within a voxel.

4.3 Registration Module

For post registration analysis, I developed a custom module using the Python 3.6
programming language (Python Software Foundation) and based on the open source
image analysis SimpleITK framework [73]. With this custom module, I was able
to evaluate the accuracy of the registration of the longitudinal SPECT/CT scans
using a quantitative metric rather than only through visual inspection using imaging
tools like checkerboards. I contoured the kidneys, spine and tumour volumes on the
reference scan (2h time point) and redefined these volumes on each of the serial
scans to be registered to the first scan. The percentage of spatial overlap between
the pre- and post- registration volumes was determined quantitatively using the
Sorensen Dice similarity coefficient (DSC), that is a number between 0 and 1 [74].
Figure [4.3] shows the increase in the spatial overlap after registration of the kidney
and spine volumes defined on the non initial scans (4, 24, 48h) to the reference (2h)
as measured by the DSC.

I developed a Python 3.6 module based on the Simplel TK registration framework

which supports several types of optimisers, similarity metrics and interpolators. By
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Figure 4.3: Improvement in DSC score before and after deformable registration

building a custom registration module instead of using clinically available commer-
cial software, I was able to take advantage of the large number of settings available
in the command-line interface of the SimpleITK framework. I designed the module
to focus registration in the contoured regions rather than on the whole body (as
is typical of commercial software) to improve the accuracy of the registration and
reduce the calculation time. Using this module, CT-CT rigid registration was per-
formed choosing the data set from the first time point to be the reference image.
The CT images from each time was registered to the reference image using 3D rigid
transformation. Select parameters for the 3D rigid registration are shown in Table
The resulting transformation matrix was applied to the corresponding SPECT
images.

Table 4.1: Select parameters used in the python module for the 3D rigid registration

Parameter Value

Similarity Metric Mattes Mutual Information
Number of histogram bins 50

Interpolator Nearest Neighbour
Optimiser Gradient Descent

Number of Iterations 100

Learning Rate 1

Sampling Strategy Random

Sampling Percentage 1%
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4.4 Pharmacokinetic Modelling Module

4.4.1 Fitting and Model Selection

I coded a class that uses the NumPy v1.17 open source Python library for large
multi-dimensional arrays to store and manipulate the dose values within the kidneys
and tumours for each patient. The date and time from each SPECT scan was read
directly from the DICOM header using the Datetime v2.3 module found in the
standard Python Library and the Pydicom Python package. Using the date-time
stamp read from each SPECT scan, the time post injection was calculated by reading
in the time of administration from a text file. This program design allows the time
post injection to be calculated automatically from the DICOM data without the user
having to input the values manually. Values for a particular voxel at different time
points were stored in a 4D numpy matrix with the same dimensions as the SPECT
image (128x128x128) and a fourth dimension equal to the number of imaging time
points. Finally, the values were fitted using various integration functions defined
within the SciPy v1.2.3 scientific computing and technical computing open-source
Python library. The three types of doserate-time fittings performed in the code
(M1, M2 and M3) are defined in Table . The respective equations that guided
the coding are defined in Table [4.3]

4.5 Use Cases

4.5.1 NBL patients receiving 177Lu-DOTATATE

Here, I describe the procedure for applying multiple pharmacological modelling
methods to SPECT/CT imaging after the first cycle of 177Lu-DOTATATE admin-
istered to children with NBL using the XINDA tools. The imaging data shown in
Figure was obtained as part of a collaboration with University College London
Hospital (UCLH) where there was a recently completed clinical trial described in

more detail in the next Chapter. In brief, these children were administered activities
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Table 4.2: Doserate-Time modelling methods. The non-linear least-squares method
was used in monoexponential curve fitting

Name of Initial Cycle Non-initial Type Description

fitting cycles

method

M1 Linear + Mono- Linear + Mono- Conventional Trapezoidal function from
exponential exponential the injection time until the

time point on day 1 followed
by a monoexponential bio-
logical decay function. This
method is applied after each

treatment.
M2 4TP Mono- 4TP Mono- Conventional Mono-exponential biologi-
exponential exponential cal decay function using

all SPECT/CT time points.
Physical decay is assumed
in cases of biological accu-
mulation of activity. This
method is applied after each
treatment cycle.

M3 2TP Mono- 1TP method Simplified Mono-exponential biologi-
exponential based on the cal decay function using
day 3 data SPECT/CT time point on

day 1 and day 3 is applied
after the initial cycle. The
single-time point method is
applied in non-initial cycle.

M4" 1TP method 1TP method Simplified Dose  determined  from
SPECT/CT measured on
day 3

TP = time point
Method was excluded from doserate-curve fitting as it uses only a single time point

based on a weight adjusted protocol of 75MBq/kg for the first cycle and 100MBq/kg
for the subsequent cycles if the whole body dose of the initial cycle was less than
0.5Gy [75]. Images were acquired at the nominal times of 4, 24, 48 or 72h post
administration. I manually defined the VOIs of both kidneys and the tumour by
delineation from the CT and SPECT respectively. This delineation was checked and
adjusted where necessary by a nuclear medicine radiologist. The absorbed-dose rate
images are calculated from the quantitative SPECT image using a 4.42x4.42x4.42
voxel S-value kernel. After conversion, the mean absorbed doses within the VOIs
are calculated by using three published curve fitting methods outlined in Table

The deviations in absorbed dose (AD) calculation (AAD)were calculated using
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Fitting Method Mathematical Representation

Name Reference

art for 0 <t <t
M1 [9; 327 28, 8] al(ti) —+ CLQ(t — tz) for tz S t < t24
Aexp(_A(SC,y,Z) - Aphyg) t) fOI t > t24h

M2,M3  [12, 34, 26, 10, TT] A exp(—Aqy.2) — Aphys) t

M4 [6] D(r,) = D(rs,t;) x 20

In2

Table 4.3: Most common fitting methods used in published clinical studies

the formula 4.1k
dosenz,ms va — dosenn

AAD = (4.1)

dosenm

where doseyz vs v is the dose calculated using clinical protocols M2, M3 or M4.

The use case shows large differences in the calculated absorbed dose to the kid-
neys between method M1 and M3. The results thus stress the importance of nuclear
medicine centers describing the method to calculate the absorbed dose and a tool
for inter-method comparison of results from single-center clinical studies. The com-
parison of deviations in absorbed dose estimations between the clinical methods M1,
M2, M3 and M4 were analysed using the Bland-Altman method to identify any sys-
tematic difference between the measurements or outliers[76]. In brief, 95% Limits of
Agreement (LOA) for each comparison tells us how far apart measurements between
2 methods are likely to be. If a measurement falls out of this limit then it could
indicate a possible outlier or systematic difference.

Methods M1 and M2 created doserate-time curves fitting all four data points
while method M3 employed a simpler approach with only two points as shown in
Figure 4.4, The dose rate-time was plotted instead of activity-time as this is the
recommended workflow for converting SPECT images to absorbed dose images as
outlined in MIRD Pamphlet 23 [77]. Additionally, there is anecdoctal evidence that
changes in dose rate may be more clinically relevant than change in activity.

Next, the per-cycle renal absorbed doses calculated using M2, M3 and M4 were
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(a) Serial SPECT/CT scans of representative patient after receiving the first cycle
of 177Lu-DOTATATE
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Figure 4.4: Longitudinal SPECT /CT scans of a patient . [lustration of the three
modelling methods for the doserate-time curves of the kidney and tumour
used by XINDA for the patient case. Both M1 (gold standard) and M2 use all points
while the simplified M3 uses the data on day 1 and day 3
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Figure 4.5: Box plots comparing the deviations of kidney absorbed doses per unit
injected activity estimated by methods M2, M3 and M4 relative to M1. DBoxes
represent the interquartile range, and whiskers the interdecile range

compared to those calculated with the gold standard (M1). The corresponding
relative deviations are presented in Figure 4.50 The simplified single time point
method (M4) was found to be the most accurate when compared to M1 on a per-
cycle basis. The interdecile ranges of relative error were largest for M3 (-7% to 25%)
followed by M2 (0.9% to 28%) while M4 had the smallest deviation (-4% to 18%).
The results of the Bland-Altman (Difference plot) analysis of the per-cycle renal
absorbed dose for M2, M3, M4 relative to M1 is shown in Figure 1.6, The Bland-
Altman compares two measurements of the same metric, in this case per-cycle dose,
to understand how repeatable are the measurements. From the Bland-Altman plot
analysis, none of the methods resulted in marked systematic differences in the mean
per cycle renal dose indicating differences in the per-cycle renal dose measured by
M1, M2, M3 and M4 are within the limits of agreement. An average absorbed dose
difference of 4% was found between the methods. Method M4 yields the smallest

mean difference of 0.08 followed by M3 then M2.
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Figure 4.6: Pairwise quantification of the difference in absorbed dose estimates
relative to M1 (hybrid of linear and Monoexponential) using Bland-Altman analysis.
Method M2 uses 4 time points, Method M3 uses 2 time point and simplified Method
M4 uses a single time point. The red region and red dotted line represent 95% Limits
of Agreement for each comparison. The blide dotted line and shaded region represent
the mean of the difference between the methods
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4.5.2 NBL xenografts receiving 131I-mIBG

The second use case is the fitting of a time-activity curve generated for an in-vivo
study exploring the impact of External Beam Radiation Therapy (EBRT) on the
uptake of Iodine-131 meta-iodobenzylguanidine (131I-mIBG) in a BALB/c mouse
NBL model. My program was used as part of a bigger study to observe changes
in the uptake of 131I-mIBG in a NBL tumour due to pre-radiation with External
Beam Radiation Therapy. The hypothesis was there would be enhanced accumula-
tion of 131I-mIBG if EBRT was given prior to TRT as a result of increased vessel
permeability following EBRT. In this application the tumour uptake of 131I-mIBG
in NBL xenografts case is sampled by gamma counter radioactivity measurements
at 2, 4, 24, 48 and 72h post injection and fitted using a modified version of M1
with trapezoidal integration to the final time point and assuming physical decay
thereafter in Figure [4.7h. The percentage of injected 131I-mIBG dose per gram of
tumour tissue (%ID/g) was slightly but not statistically significantly increased at the
2 and 4 h p.i. in the EBRT + 131I-mIBG group (where 131I-mIBG administration
was preceded by EBRT 24 h earlier) in comparison to the 131I-mIBG only group.
131I-mIBG uptake was significantly greater in the EBRT + 131I-mIBG group at
24 h (p< 0.01), 48 h (p< 0.001) and 72 h (p< 0.05) compared to the 131I-mIBG
only group. Autoradiography was performed on two tumours that were excised 24 h
after administration of 131I-mIBG, one each from the EBRT + 131I-mIBG and 1311-
mIBG groups. Figure verifies the increased uptake of 131[-mIBG at 24 hour
as seen in the fitting done by XINDA. The autoradiography showed a marked in-
crease in tumour-associated 131I-mIBG uptake when EBRT was administered prior
to 131I-mIBG compared to 131I-mIBG alone. Overall, the combined treatment led
to a more than two fold increase in 131I-mIBG uptake and radiation absorbed dose
than that attributable to 131I-mIBG only (8.03 and 3.61 Gy with or without EBRT
beforehand)[1].
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Figure 4.7: Use case showing (a) 131I-mIBG uptake with or without EBRT pretreat-
ment at 2 h, 4 h, 24 h; 48 h and 72 h after 131-mIBG injection(b) Autoradiography
showing differential 131I-mIBG uptake in tumour 24 h after EBRT treatment com-
pared to without.

4.6 Summary

We were able to successful code and implement an open source solution for analysis of
per-cycle changes in pharmacokinetics that can incorporate protocols across multiple
centers.

In order to validate XINDA, the 3D dose and effective half-life of the initial cycle
of patient 001 from the cohort of patients analysed from the LuDO trial were calcu-
lated using method M1. The results were compared to results calculated using MIM
SurePlan MRT (MIM Software Inc, Cleveland Ohio). A specialised workflow was
designed in collaboration with engineer David Mirando from MIM Software for the
3D comparison of the renal and tumour kinetics and dose. The kidneys and tumour
were defined within MIM on the first time point and these contours were applied to
the later images in the time series. The MIM RTSTRUCT files for the image series
were imported to XINDA from MIM. The RTSTRUCT files were converted into re-
nal and tumour binary masks within XINDA and the doses within these masks were
calculated using voxel-kernel convolution. The relative difference between XINDA
and MIM calculated doses was calculated using the following formula:

XINDAgose = MIMgose

Relative difference = MM (4.2)

where XINDA 4os is the dose calculated from XINDA and MIMgy. is the dose cal-
culated from MIM SurePlan MRT
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The mean renal dose calculated by XINDA was higher than the MIM dose, but
the difference between the two was small at +6.2%. For the tumour dose, the
relative difference between MIM and XINDA was always less than 7.3% except for
a few voxels at the boundary of the tumour where the statistical uncertainty seems
higher.

Given the computational resource needed for voxel-level dosimetry with the num-
ber of voxels in the 10°, optimisations were included such as matrix calculations for
the calculations of image coordinates within the contours of VOI. This solution
provides vendor neutral quantification by reading in DICOM-RTSTRUCT files.

The flexibility of the software represents a step forward in harmonisation but is
restricted by the specialised knowledge needed to run the script. We are currently
exploring implementing or porting the code to Amazon Web Services for a cloud
based solution. Unlike in the more traditional approach, the dose will be calculated
using an integration of dose-rate images as opposed to an integration of activity
images to allow for the analysis of changes in the dose rate immediately after treat-
ment and a reduction in noise. This method assumes that the rate of change in
activity is close to the rate of change of doserate which can be seen as a reasonable
assumption.

Although various commercial and research software programs that enable the
fitting of doserate-time curves have been developed (examples in Table , multi-
platform software that can easily interface with the RT-STRUCT and perform ra-
diobiology calculations is not yet widely available.

To strengthen validation and encourage reproducible research practices the Python
source code will be publicly provided at https://github.com /javianmalcolm for down-
load. This code can be used in its current state or extended to incorporate new func-
tionality as dosimetry research progresses. Currently, the script can only be used
by someone with knowledge of running Python scripts. To increase accessibility of
the scripts, it is hoped to develop a Graphical User Interface (GUI) that would not

require any specialised knowledge to use. Currently, there are multiple single-centre
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trials being conducted to investigate TRT treatments, however, there is a paucity
of large Randomised Controlled Trials (RCT) because of the few patients that are
being treated. It is hoped that individual centers would be able to use XINDA to
perform centralised dosimetry using their centre specific protocols and dosimetry

results can be converted and compared across centres.
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Per-cycle changes in

pharmacokinetics

5.1 Introduction

Paediatric cases represent a vulnerable population for pharmacokinetic changes be-
tween repeated cycles of 177Lu-DOTATATE. This chapter aims to identify quan-
titative changes in tumour and kidney biokinetics measured as mean effective half
life and dose measured as absorbed dose and BED (A parameters) during a four-
cycle course of 177Lu-DOTATATE treatment. A secondary aim is to investigate the
potential to predict patient response from these changes.

Here, using data on six children with neuroblastoma who were imaged with
68Ga-DOTATATE PET/CT and subsequently received intra-cycle SPECT/CT af-
ter 177Lu-DOTATATE, it is possible to explore the per-cycle variability and re-
lationships in the parameters of effective half life and absorbed dose of NETs in

response to a course of 177Lu-DOTATATE treatment.
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5.2 Methods

5.2.1 Patients and Therapy

The 177Lu-DOTATATE (LuDO) trial is a phase Ila, single centre, two-stage clin-
ical trial registered in the European Clinical Trials Database (EudraCT number
2012-000510-10) and in the International Standard Randomized Controlled Tri-
als Number Registry (ISRCTN98918118) to evaluate the safety and activity of
177Lu-DOTATATE in metastatic high-risk relapsed or refractory Neuroblastoma
(NBL)[75]. Of the 21 patients registered for the trial, 20 received treatment with
177Lu-DOTATATE. Only 8 of these 20 patients were given four cycles of treatment
with the remaining 12 receiving either one (n = 10) or two (n=2) cycles. Therefore,
the analysis of per-cycle changes was restricted to the 8 patients who received four
cycles; however we were only able to collect clinical and imaging data for 6 of the
8 patients due to logistical issues. We retrospectively identified six children (mean
age of b years, range 2 to 5 years) treated with 177Lu-DOTATATE between Febru-
ary 2014 and May 2016 as part of this trial. Each child received a mean per-cycle
activity of 2.9GBq (range 1.45GBq to 4.71GBq). These cycles were given at 8 to 10
week intervals. All children were imaged with 68Ga-DOTATATE PET/CT accord-
ing to the local protocol[82] on a Discovery STE PET/CT system (GE Healthcare).
A detailed description of the patient characteristics and actual delivered activities
are shown in Table 5.1} The parents or guardian, as well as comforters and care-
givers, of each patient gave written informed consent for treatment and the work
was undertaken at UCLH.

At the time of writing, the baseline tumour volumes for the 6 patients analysed
were not available or reported in the main trial results. However, prior to commenc-
ing trial treatment, all patients had a baseline tracer uptake in their tumour deposit
at least as high as in their livers as measured by SUV ., on 68Ga-DOTATATE.
Baseline disease assessments included 123I-mIBG SPECT/CT scans which were

scored according to SIOPEN criteria|83]. Patients undergoing treatment with any
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Table 5.1: Summary of patient characteristics and actual delivered activities dur-
ingl77Lu-DOTATATE therapy for the 6 analysed patients

Patient Age Sex Primary site Metastases GFR Weight Actual Per Cycle
(years) at baseline (mL/min) (kg) Activity (GBq)

1 7 f  adrenal bone 144 372 2.86/ 3.67/ 4.68/ 4.25
2 4 f adrenal bone 7 214 1.45/ 2.16/ 2.57/ 2.86
3 6 m  adrenal bone 115 214 1.54 /2.00 /2.07 /2.15
4 10 f adrenal bone 122 33.2 2.55/ 3.61/ 3.54/ 3.60
5 8 m  adrenal brain 83 19.4 1.55/ 2.08/ 2.04/ 2.39
6 5 m  adrenal bone 122 34.5 3.05/ 4.11/ 3.70/ 4.71

anti-tumour agents or who had prior treatment with radiolabelled somatostatin ana-
logues were excluded from the trial.

The administered activity was planned on a weight-adjusted clinical protocol of
either 75MBq/kg or 100MBq/kg with a per cycle whole body dose limit of 0.5Gy

as follows:

MB
Personalised TA (GBq) = 75/100 - a

x Weight (kg) (5.1)

To reduce the radiation dose to the kidneys, an intravenous infusion of amino
acids (2.5% L-lysine HCI and 2.5% L-arginine in water for injection) at the rate of
1 L over 4 h was commenced 30 min before the administration of the radiopharma-
ceutical. The 177Lu-DOTATATE was then administered intravenously via a second
pump over 30 min. After administration of 177Lu-DOTATATE, SPECT/CTs were
acquired at nominal times of 4, 24, 48 and 72h over the upper abdomen including
the entire organs at risk (kidneys, liver and spleen) to map the pharmacokinetic
uptake and clearance. The acquisition parameters are summarized in Table [5.2]
Imaging was performed on a GE BrightSpeed (GE Healthcare, Waukesha, USA)
dual-headed gamma camera equipped with 3/8" thick Nal(Tl)-crystals with medium
energy general purpose collimators. The SPECT data acquired was reconstructed
iteratively using Ordered Subsets Expectation Maximization (OSEM)(20subsets)
with CT-based correction for attenuation using the low- dose CT (20 mA, 120 kV,
1.25 mm slice thickness). Imaging data were evaluated using a dedicated work-

station (Xeleris-Workstation, GE Healthcare, Waukesha, USA) at standard clinical
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Table 5.2: Summary of the key specifications of the SPECT/CT regarding the
image acquisition. Medium-energy general purpose collimators were employed and
an energy window centered over the 208-keV photo peak.

Acquisition Parameters Value
SPECT Matrix size(pixels) 128 x 128
Pizel size(mm) 4.46 x 4.46
Acquisition time 60 projections x 30s
Energy window centered at 208keV 20.00%
System sensitivity in 208 keV window (cps/MBq) 13
Crystal thickness (inches) 8/8
Slice Thickness (mm) 4.46
KVp 120
Tube current(mA) 20
Focal Spot Size (cm) 0.70
Filter Type BODY FILTER
Convolution Kernel STANDARD
Patient Position FFS
settings.

5.2.2 Per cycle deviations in dose and effective half life

XINDA, the module of python scripts developed in the previous chapter, was used
to convert each SPECT image to an absorbed dose rate image using the kernel
convolution method. The per cycle effective life was determined from fitting a curve
to the longitudinal dose rate images using method M1 (see Table and calculating
the area under this curve for dose. XINDA was designed to import reconstructed
DICOM images from the GE Xeleris workstation with VOI contours stored in RT-
STRUCT files.

We defined A(Ciater, Ceartier) @s the deviation between values measured at earlier

and subsequent cycles were defined as: [5.2

pvaluelater - pvalueearlier

Aparameter = (5.2)

pvalueearlier

where p value is either the value of the dose or effective halflife at a later or
earlier cycle.

The following four pairs of deviation were examined: Overall: A(c4,cl), Early:
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A(e2,cl), Middle: A(e3,¢2) and Late:A(c4, ¢3)

5.2.3 Dose Effect Relationship

In individual tumour lesions, radiological response was evaluated by the variation
in lesion size on CT one month after the fourth cycle according to the International
Neuroblastoma Response Criteria (INRC). The various correlations between the
per-cycle changes in renal and tumour effective half life and dose and response were

evaluated.

5.2.4 Statistics

Univariable analysis was performed for dose and effective half life from the total
kidney and tumour volume in the four deviation categories. A Wilcoxon-Mann-
Whitney signed rank test was utilized to determine whether there was a significant
difference in parameter value from a later cycle relative to the immediately pre-
vious cycle or initial cycle value. Additionally, univariable logistic regression was
performed with the absolute difference in each feature relative to baseline and the
considered endpoint (tumour response) to assess the association between feature
change and outcome. All p-values were adjusted using Benjamin & Hochberg false
discovery rate to account for multiple comparisons. All statistical analyses were

performed using Excel and p values p<0.05 considered statistically significant

5.3 Results

The following sections summarizes the renal and tumour Adose and Ahalflife anal-

ysis for 24 cycles using SPECT image data (Figure

5.3.1 Per-cycle kinetics

From these images, the per cycle mean (+£SD) effective half life in six representative

lesions was 97 + 3 h, 98 + 29 h, 78 4+ 21 h and 66 + 34 h for cycles 1, 2, 3 and 4
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Figure 5.1: Longitudinal SPECT/CT at 24h after each cycle of 177Lu-DOTATATE
showing reduction in max uptake of lesion for patient 001. Patient 001 showed

Stable Disease. She had a stable response during the treatment course as seen on
a) coronal and b) axis SPECT slices

respectively. The per cycle mean (£SD) absorbed dose was 7.5 + 1.4 Gy/GBq, 5.4
+ 1.4 Gy/GBq, 3.1 + 2.5 Gy/GBq and 1.2 + 34 Gy/GBq for cycles 1, 2, 3 and 4
respectively. The medians and standard deviations of these changes in mean dose,
effective half life and BED for the kidneys and tumours are presented in Table [5.3|

The per-cycle measurements for each patient’s renal and tumour absorbed dose
and effective half life are presented in Figure [5.2] and Figure respectively.

All six patients showed a decreasing trend in renal effective half life with patient
1 and 3 having the greatest deviation of -52.57% and -73.32% relative to the first
cycle. A variable per cycle tumour absorbed dose and effective half life was also
noted across patients as treatment continued; although there was no clear trend.

The maximum observed absorbed dose in tumours was 9.32 Gy/GBq in the
first cycle. The contribution from the different therapy cycles to the accumulated
absorbed dose to the tumour is shown in Figure In all six patients, the first 2
therapy cycles contributed more than 50% (range 54.67 - 78.72) to the accumulated
tumour dose. The third cycle contributed less than the previous two cycles in 4/6
patients. In patients 5 and 6, more than 75% of the accumulated dose to the

tumour was achieved during the first two cycles (75.1% and 78.2% respectively). In
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Figure 5.2: Absolute per cycle change in the renal and tumour absorbed dose for
each of the six patients
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Figure 5.3: Absolute per cycle change in the renal and tumour effective half life for
each of the six patients
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Figure 5.4: The contribution to the cumulative absorbed dose to the tumour from
each cycle of therapy for each patient

patients 1, 2, 3 and 4 the contribution to the total dose from the first two cycles
was 55.2%, 68.1%, 62.5% and 64.1% respectively. The third and fourth cycles of
all patients contributed a mean of 19.1% (range 5% - 37%) and 14.7% (range 1% -

28%) respectively to the total tumour dose.

5.3.2 Dose-Dose and Kinetic-Kinetic correlation

Table [5.3| shows the p-value results from the Wilkinson test quantifying the sig-
nificance of changes in per-cycle dose and effective half life within the same organ
in the four categories of "Overall", "Early", "Middle" and "Late". The difference in
renal effective half life in the 'Overall’, 'Middle’ and 'Late’ stages of the course of
treatment were considered significant using a p<0.001 criteria.

While it is important to characterise changes in the renal and tumour per-cycle
biokinetics and dose as treatment continues, it is equally important to be able to
predict when these changes might occur. One way of doing this is to perform
linear regression on pairs of cycles to see if the biokinetics and dose of a cycle

can be predicted by the biokinetics and dose of the previous cycle. Figure [5.5
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Table 5.4: Results of two-tailed t-test regarding differences between cycles. p<0.001
is considered significant

Early Overall Middle Final
A(C2,C1) A(C4,C1) A(C3,02) A(C4,C3)

Kidney Half life p=0.0015 p<0.001 p<0.001 p<0.001
Dose p=0.254 p=0.252 p=0.571 p=0.43

Tumour Half life p=0.675 p=0.081 p=0.071 p=0.912
Dose p=0.034 p=0.0155  p=0.329 p=0.386

highlights linear regression analysis on dose relationships in the Early , Middle
and Late sections of a course of 177TLu-DOTATATE treatment. The
correlation between per-cycle dose across all organs was highest in the middle section
of treatment with p = 0.58 and weakest in the early section of treatment with
p = 0.14.

Figure highlights linear regression analysis on effective half life relationships
in the Early, Middle and Late sections of a course of 177Lu-DOTATATE treatment.
The correlation between cycles was positive across all sections with an increase in
correlation with cycle pairs later in the cycle than earlier. The effective half life
ratio between the initial and last cycle for all organs compared resulted in a mean
ratio slightly lower than one. It should be noted in the 'Late’ section of treatment
that the tumours effective half life showed a negative correlation while the kidneys
displayed a positive correlation.

Interestingly, a moderate, negative correlation was found between the per-cycle
renal and tumour doses using all therapy cycle data (Figure . However within-
cycle fits (Figure showed no clear relationship visually with some cycle having
positive, negative and relatively little change. The trend between the per cycle
tumour dose and per cycle renal dose shifts from a negative correlation in the earlier
cycles to positive in the later cycles.

A moderate negative correlation was also found when comparing the per-cycle
renal and tumour effective half lives (h) using all therapy cycle data (Figure
and this relationship was maintained when the correlation was broken down into

individual cycles (Figure [5.8b))
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5.3.3 Dose-Response Relationship

Stable disease was observed in 3 of 6 patients (50%) and Progressive disease was
observed in the remaining three. No objective response was seen in these patients.
Tumor response according to INRC criteria and the calculated per cycle changes in

the tumour pharmacokinetics and dose are presented in Table [5.5]

Table 5.5: Objective responses according to INRC measured 1 month after the fourth
cycle and changes between the first and subsequent cycles in tumour effective half
life and dose (n=6)

ATumour Effective Half life(h) ATumour dose (Gy/GBq)

relative to C1 relative to C1

Patient RECIST C2 C3 C4 c2 C3 C4

1 SD -16.60 -48.83 -45.03 1.55 -58.08 -5.56
2 PD -6.81 -36.21 -32.94 0.25 -43.21 -26.12
3 PD -39.01 -42.58 -22.62 483 -8.31 -75.03
4 SD 107.03 117.89 45.28 557 -0.36  -69.58
5 PD 44.88  3.56 -70.65 0.81 -28.65 -73.32
6 SD 42.57 -49.29 -1.88 0.21 -19.02 -52.47

SD, stable disease; PD, progressive disease

The deviations from all cycle pairings in both the kidney and tumour of these
six patients was not able to differentiate patients with stable disease and progressive
disease (Figure 5.9).

At the time of writing, the symptom response, tumour volume changes and tu-
mour marker changes of the patients analysed in this chapter were not available.
Table is a summary of the response, safety and toxicity reported in the main
trial results. Haematological toxicity was assessed according to Common Termi-
nology Criteria for Adverse Events (CTCAE) version 4.0. It is worth noting that
the response and toxicity of the six patients analysed in this chapter are likely not
representative of the broader patient population in the LuDO trial. This is particu-
larly because the six analysed patients managed four courses of treatment while the
majority of patients enrolled in the trial tolerated either one (n = 10) or two (n=2)
courses. This suggests the analysed patients were healthier at the start of the trial

and/or had a better overall response.
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Table 5.6: INRC response criteria and CTCAE v4.0 toxicities reported in the main
LuDO trial

Response

Death before primary outcome assessment at 1 month — 6/20
Alive at primary outcome assessment 14/20
Progressed 8/14
Non-responder 6/14

Safety and Toxicity

Number of treated patients 20
Number of adverse Events 151
Grade 1 events 5/20
Grade 3 events 12/20
Grade 4 events 2/20

In view of the responses observed in the first stage, the trial was closed and did

not move on to the second stage.

5.4 Discussion

To optimise repeated 177Lu-DOTATATE cycles in NBL patients, an understanding
of the intra-cycle variability of the renal and tumour pharmacokinetics is needed.
In this small cohort, the effective half life of the tumour changed from the baseline
value at the first cycle while the effective half life of the kidneys remained rela-
tively constant over treatment. The range of deviations was greater in the tumour
compared to the deviations in the kidney.

Reports of per-cycle changes for tumour mean absorbed doses have been reported
previously for NETs receiving 177Lu-DOTATATE therapy by numerous authors. in
Table [12, 27, 29, B4]. In contrast, evidence for the variability in per-cycle ab-
sorbed dose to the kidneys has been inconclusive with groups at the Lund University
[9], Montpellier Cancer Institute [34] and Sahlgrenska Cancer Center [26] observ-
ing no intra-cycle differences and Garske and colleagues reporting a tendency that
the effective half life in the kidney decreased during therapy in the largest patient
cohort (n=30) at Uppsala University Hospital [I12]. In agreement with Garske, a

moderate decrease in per-cycle renal dose was observed in this study as a function
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of the treatment cycles, however it was not statistically significant. This analysis
should be repeated in a larger sample size to power the statistics to pick up subtle
effects. One explanation for the difference in observations between this study and
the observations from the Lund, Montpellier and Sahlgrenska groups could be the
number of cycle investigated. These three groups only investigated the first two
cycles of treatment which only showed no significant deviation in our study. The
mean renal effective half life in this study was 50.97 + 9.01 which compares well
to the effective half lives of 45h [85, 86] and 52h [12] reported by other authors for
NETs patient receiving Lutetium-177 (177Lu)-DOTA-TATE (177Lu-DOTATATE).

With our sample, we noticed a moderate negative correlation between per-cycle
renal and tumour dose (p = —0.53, n =24). This relationship is in contrast to
the positive correlation reported by Del Prete and colleagues (p = 0.16, n = 170)
in the interim results of a phase II clinical trial of 177Lu-DOTATATE in adult
NETs patients[32]. This difference between the results from our study and Del
Prete highlights a recognition that our sample might be undersized which limits
the robustness of the observations to other datasets and warrants repeat in a larger
sample. Not withstanding, our study expands on the knowledge provided by Del
Prete by highlighting a variability in the relationship between per-cycle renal and
tumour dose as treatment continues with the relationship shifting from a negative
correlation at the initial cycle to a positive on at the final cycle. Looking at the
confidence interval between our negative correlation, there is a small overlay with
the positive correlation of per-cycle renal and tumour dose reported by Del Prete.
If the negative correlation in this study is true then one hypothesis is this could
indicate an abundance of unbounded tracer in the blood stream. This could be
tested by using a compartmental model over the course of treatment and seeing
what parameters change.

Interestingly, we did not observe a variability in tumour uptake as a function of
treatment cycle and tumour burden as expected based on clinical reports for adult

NETs from several single center studies. These studies are summarised in Table [2.2]
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This lack of variability could be a direct result of the lack of objective response in
these six patients implying no variability in tumour burden. We hypothesise this
could also be a factor in the observation of no differentiation between per cycle
deviations in the children who showed progressive disease versus stable disease.

This study had limitations. Aside from the small sample size, these SPECT-
derived voxelised effective half life and dose maps contain noise that is inherent in
the acquisition process that could be transferred in the entire process. Specific as-
pects of uncertainty within the dosimetry chain can be reduced through phantom
studies and uncertainty propagation schema[87].

Another implication of this study is a decrease in the per-cycle contribution to
the total dose of the tumour with the major contributions occurring in the first
two cycles. The decrease in tumour uptake and dose may have a clinical impact on
patient response. Because NBL is considered to generally be radioresistant, these
results indicate it may be appropriate to base therapy on an increased administered
activity in the first two cycles for some patients rather than an evenly distributed
administered activity across four cycles. If the uptake and dose per administered
activity of the tumour gradually decreases after each cycle then cancer cells surviving
at later cycles are in effect receiving smaller therapeutic doses. These surviving
cancer cells may in fact need greater radiation doses for cell death. In a fixed
per-cycle activity regimen, the final two cycles of a four cycle treatment may be less
effective due to the reduced tumour uptake per injected activity. If the administered
activity in the first two cycles were increased relative to the final two cycles then one
may capitalise on the higher dose per injected activity of the earlier cycles. These
higher per-cycle administrations during the initial two cycles may compensate for
the decreasing tumour uptake during the later sections of treatment. Additionally,
a higher dose per injected activity in the earlier cycles could mean less cumulated
activity is needed to reach a set dose level in the tumour.

By using a more aggressive therapy approach during the earlier stage of the

177Lu-DOTATATE treatment, it may take advantage of the therapeutic window
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when uptake and retention by the tumour is at its highest. We, therefore, raise the
question of whether the standard planning strategy of equal per-cycle absorbed dose
contributions to the kidney within a limit of 23Gy should always be used.

During treatment planning based on kidney limits, it is assumed that the kidney
pharmacokinetics is invariable between treatment. This assumption allows for a
reduction in the number of treatment cycles that need to be verified with resource
intensive post-treatment SPECT /CT. These results hint that this assumption of
invariable kinetic effective half life might not be valid in all patient groups treated
with 177Lu-DOTATATE especially children.

Early response assessment during a course of treatment could potentially allow
response-adapted therapy (i.e., biologically adaptive radiation therapy), which may
improve clinical outcomes. For example, the radiation dose could be escalated to
nonresponding tumors without increasing the dose to normal tissues through adapt-

ing the treatment plan to changing pharmacokinetics.

5.5 Conclusion

In this study, we demonstrated a decrease in the kidney effective half life during
treatment as well as a changing relationship between the per-cycle renal and tumour
effective half life as treatment cycle increased. A decreasing per cycle contribution
to the cumulative tumour dose as treatment cycle continues was also demonstrated.
This could be of interest in making a case for the reduction of the number of cycles
from the standard of four and an increase in the per-cycle activity of the first two
cycles. This decreasing contribution could mean that tumours are receiving less
dose as the course of treatment increases despite the per-cycle kidney dose being
fairly constant. Alternatively, the portion of tumour remaining at later stages in
the treatment may be more radioresistant and need more radiation and not less.
Finally, we were not able to find a correlation between deviations in the "Early’,

"Middle’ or ’Late’ sections of a course of treatment and patient response.
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per cycle tumour dose
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(a) There was a moderate correlation between the per cycle renal and tumour
absorbed dose across all cycles (p = -0.53, p<0.05, n = 24).The shaded region is
a 95% confidence interval.

per cycle tumour dose

T T
0.00 0.25 0.50 0.75 1.00 1.25 1.50
per cycle renal dose

(b) Individual trends in the tumour and renal absorbed dose as a function of treat-
ment cycle. Visual inspection shows a changing relationship with cycle number.
The sample size (n=6) was too small for a meaningful statistical test

Figure 5.7: Correlation between the tumour and renal absorbed dose (Gy/GBq)
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(a) There was a moderate correlation between the per cycle renal and tumour
effective half lives using data from all cycles (p = 0.46, p<0.05, n = 24).The
shaded region is a 95% confidence interval.
200 -
150 ~

100

50

—50 -

Tumour Effective Half-life (h)

—100 -

—150

T T T T
20 30 40 50 60

Renal Effective Half-life (h)

(b) Individual trends in the per cycle renal and tumour effective half lives for
each cycle. Sample size (n=6) was too small for statistical test between cycle but
visual inspection shows a cycle dependent variation in the correlation

Figure 5.8: Correlation between the tumour and renal effective half life (h)
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Figure 5.9: Comparison of deviation in dose and half life in relation to response
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Temporal changes in the
heterogeneity of the

pharmacokinetics

6.1 Introduction

In the context of image analysis, a histogram is a graphical representation of the
voxel values. In the previous chapter, the changes in kidney and tumour uptake,
dose and radiobiology was characterised using the conventional parameters of mean
dose, mean effective half-life and mean BED. The heterogeneous nature of 177Lu-
DOTATATE uptake may be of clinical significance, however, the spatial arrangement
of voxel values is not reflected by histogram-derived indices. Characterising the
different heterogeneous uptake patterns in addition to the conventional dosimetry
metrics of mean and median may prove clinically relevant.

This chapter aims to determine whether the magnitude of the changes in the
heterogeneity of the pharmacokinetics, physical and radiobiological dose of NETs
(AParameters)is significant over the course of 177Lu-DOTATATE treatment and
to investigate the relationship between response and the longitudinal differences

in heterogeneity parameters. As a secondary analysis, the radiobiological impact
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of temporal changes in the uptake heterogeneity during treatment was explored
through the radiobiological metric: EUBED.

Recently, two groups have shown the utility of the heterogeneity parameters
Entropy, Correlation, Homogeneity and Asphericity derived from pre-treatment so-
matostatin receptor Ga68-DOTATATE PET/CT [42] and intra-treatment 177Lu-
DOTATATE SPECT [44] of the tumour in predicting Progression Free Survival
(PFS), Overall Survival (OS) and response for NETs patients treated with 177Lu-
DOTATATE. These parameters derived from the Ga68-DOTATATE PET/CT re-

flect the spatial arrangement of the tumour uptake.

6.2 Method

6.2.1 Patient Characteristics and Imaging Acquisitions

Details of the patient characteristics and SPECT /CT acquisition methods have been
previously described in Chapter 5. Briefly, six children with relapsed or primary
refractory neuroblastoma who were enrolled in a single center Phase II clinical trial
at University College London Hospital were retrospectively analysed.

All children were imaged with 68Ga-DOTATATE PET /CT according to the local
protocol [82] on a Discovery STE PET/CT system (GE Healthcare). Patients were
injected intravenously with at least 100 MBq for adequate image quality. Imaging
took place at least 45 min but no longer than 1 h after injection. A low-dose scout
projection (120 kVp; 10 mA; pitch, 1.75) was used to localize the region of head to
thigh for transmission and emission imaging. CT was performed at 140 kVp and 40
mA for paediatrics. PET was performed in 3-dimensional mode with 4 min per bed
position. Iterative reconstruction with 21 subsets (2 iterations) was performed with
attenuation correction. If disease sites showed avid uptake of 68Ga-DOTATATE
that was greater than uptake in the liver, then the child was considered eligible for

therapy.
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6.2.2 Radiobiological Experiments and Calculations
Clongenic Assay

Due to the non-standard clinical combination of 177Lu-DOTATATE with NBL, the
radiobiological sensitivity of this particular tumour treatment-disease combination
was explored with a colony formation assay rather than using o and [ values from
literature as was done for calculating the kidney BED in the previous chapter.
Two cell lines were chosen to reproduce the range of levels of the 177Lu-DOTATATE

target, SSTR, in NETs. The neuroblastoma cell line CHLA-15 was obtained from the
Childrens Oncology Group and maintained in Iscove Modified Dulbecco’s medium
supplemented with 2 mM L-glutamine, 1% (v/v) insulin, 1% (v/v) transferrin, 1%
(v/v) selenium and 20% (v/v) foetal bovine serum (FBS, Autogen Bioclear, UK)
at 37° C in a 5% CO, atmosphere. The neuroblastoma cell lines SK-N-BE(2)C was
obtained from the American Tissue Culture Collection. SK-N-BE(2)C cells were
maintained in Dulbecco Modified Eagle medium (DMEM) supplemented with 15%
(v/v) FBS, 2 mM L-glutamine and 1% (v/v) non-essential amino acids at 37 ° C in
a 5% CO, atmosphere. Cells were seeded for 24 hours in medium and then treated
the following day with increasing concentrations of 0, 1.0, 1.5, 2.0, 2.5, 3.0 MBq for

4 hours. Cells were thenwashed and left to grow colonies over 12 days.

Internalisation Assay

To generate the radiobiology parameters, alpha («) and beta (/3), the cell absorbed
dose during irradiation and the 12 day incubation period of the colony formation as-
say should be expressed as a function of absorbed dose in Gy instead of administered
activity in the medium in MBq. To do this, the percentage of cell uptake or the
amount of radioligand bound to the receptors at the cell membrane and internalised
into the cell from the medium at 4 hr was determined using an internalisation as-
say. Additionally, for the conversion of activity in MBq to Gy, an S factor of 0.67
(mGy/MBq.s) was used for converting cumulated activity of 177Lu-DOTATATE to
dose in a NBL cell[88]. Cells were incubated for 4 hours with 0.5MBq of 177Lu-
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DOTATATE. The final macroscopic mean absorbed dose D,y to the cells over a
period of 12 days was calculated using the following integration after the 4h incu-

bation using Equation

D;ell - Sfactor X / Acell eXp(_)\physt) (6 ]')
To=4

where Deo is the mean dose to the cell during the 12d incubation, A is the
internalised activity in the cell at 4h and A,y is the physical half life and the Stactor
was 0.67 mGy/MBq.s

Using the mean of the experimentally determined o and S values for cells with
high and low SSTR receptor density, the radiobiological impact of the heterogeneity
within the per-cycle absorbed dose images was determined using the EUBED with

the following equation:

1 Zl\il e—aBEDijk
EUBED = —1 = 6.2
L (ERC] (62
where BED,j;, is the BED of voxel at coordinates (ijk) and N is the total number

of voxels

6.2.3 Heterogeneity Quantification

Additional non-standard quantification of the heterogeneity was extracted from the
dosimetric and biokinetic 3D maps of the tumour VOIs using the freely available
LIFEx 5.10 for Linux operating system [89]. Using this platform, the features of
heterogeneity and their definitions in Table were considered for each intra-cycle
SPECT and pre-treatment Ga68-DOTATATE PET/CT scan. Further description
of the calculated features and their formulae as proposed by the Image Biomarker
Standardization Initiative is provided in the Appendices.

Inspired by the Uppsala group, 42 percent of the maximum in the tumour on the
per-cycle physical dose and effective half life images was used to define the tumour

sub-volume for heterogeneity extraction. The 42% threshold was previously shown
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38

to most closely resemble the true functional volume [72] .

Table 6.1: Full description of the selected features across the 42% threshold tumour
subvolumes. No image processing method was applied

Parameter Description Derived from Parameter Feature Abbre-
Image viations
Entropy Measures randomness of The gray-level co- Dose, Kinetic, DOSEentropy,
distribution e.g. a homoge- occurrence matrix reflects PET/CT KINentropy,
nous matrix demonstrates the probability of observing PETentropy
low Entropy a pair of values in voxels at
a given distance in a given
direction
Homogeneity A measure for continuous The gray-level co- Dose, Kinetics, DOSEhomogeneity,
areas of same or similar occurrence matrix reflects PET/CT KINhomogene-
voxel values in an image or the probability of observing ity, PEThomo-
voxel of interest (VOI). a pair of values in voxels at geneity
a given distance in a given
direction
Correlation A measure of intensity The gray-level co- Dose, Kinetics, DOSEcorrelation,
linear-dependencies. occurrence matrix reflects PET/CT KINcorrelation,
the probability of observing PETcorrelation
a pair of values in voxels at
a given distance in a given
direction
EUBED A measure accounting for Radiobiology  parameters Dose DOSEeubed
the biology of non-uniform applied to the physical dose
tumour absorbed dose dis- image
tributions on tumour con-
trol
Asphericity ~ Asphericity is a quantitative Surface and volume of the Dose, Kinetics, DOSEasphericity,
measure of shape irregular- tumour PET/CT KINasphericity,
ity. for example, aspheric- PETasphericity

ity of 0.5 means that the
surface of the lesion is 50%
larger than the surface of a
sphere with the same vol-
ume.

6.2.4 Delta Parameters

The typical approach to quantify the significance of per-cycle changes compared to
a difference of 0 would involve univariate analysis performed using a single-sample
Wilkinson T-test. However, in this study, the limited number of samples (n =
6 patients) due to the rarity of the disease relative to the number of heterogeneity
parameters (n = 13) limits the usefulness of p-value statistics test. Alternatively, the
Concordance Correlation Coefficient (CCC) was used to determine the agreement
between parameters of each cycle. This coefficient accounts for the fact that per-

cycle measurements are obtained from the same patient. CCC as a measure of
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agreement describes the correlation between two measurements that fall on a 45deg

line passing through the origin and is defined as:

2p0 0y

cCC =
72+ (e = 1)

(6.3)

where pig,p,, 05, 0, are the mean and variance of two measurements x and y
respectively, and p is the Pearson’s Correlation Coefficient between x and y [90].
CCC is scaled between +£1 where a value of one indicates perfect measurement
agreement.

The net change in heterogeneity parameters relative to their baseline values was

determined using Equation

Parametersubsequent cycle — Pararneterinitial cycle

Achange = (6.4)

Parameterinitial cycle

Here, Parametersypsequent cycle Was the value at the end of a non-initial cycle and
Parameteripitial cycle Was the value after the first cycle for each patient.
Additionally, changes between the heterogeneity in the pre-treatment 68Ga-

DOTATATE PET/CT and SPECT/CT of the first cycle were defined in the form

equation [6.5]

Parameteripitial cycle — Parameterpgr

Achange = (6.5)

Parameterpgr

Here, Parameterprr was the value measured on the pre-treatment 68 Ga-DOTATATE

PET/CT and Parameter;pitial cycle Was the value after the first cycle for each patient.

6.2.5 Delta Parameter Response Relationship

In individual tumour lesions, radiological response was evaluated by the variation
in lesion size on CT one month after the fourth cycle according to the International
Neuroblastoma Response Criteria (INRC). The various correlations between intra-
cycle changes in the pharmacokinetic and dose heterogeneity in the tumour and

tumour response were explored.
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6.3 Results

Figure is a representative image of the pre-treatment PET/CT and the post-

treatment SPECT /CT used in this analysis.

Aug 2014 Sept 2014

(a) Intense uptake (SUVmax 13.8) can be detected in the left adrenal
gland (at the center cursor) on both the PET/CT and SPECT/CT

images.

(b) Illustration of heterogeneity within 42% functional volume of
tumour in 3 dimensions

Figure 6.1: llustration of heterogeneity in the tumour region of patient 1 on both
the pre-treatment 68Ga-DOTATATE PET/CT acquired on August 2014 and the
177Lu-DOTATATE SPECT image acquired on September 2014

A comparison of SPECT/CT voxel values within the 42% tumour subvolume at
the same post injection time points for different cycle highlights a wide variation in

values.

6.3.1 Radiobiology

The uptake in both cell lines was found to be relatively low with 0.65% of the radioac-
tivity internalised in the SK-N-BE(2)C cell line compared to 0.31% for CHLA-15.
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The survival of SK-N-BE(2)C and CHLA-15 cells after exposure to escalating ab-
sorbed radiation doses from 177Lu-DOTATATE is shown in Figure [6.3] as well as
photos of the surviving colonies after 12 days for the CHLA-15 cells Figure
and SK-N-BE(2)C cells Figure . The CHLA-15 cells showed to be more radio
resistant than SK-N-BE(2)C with both showing increased cytotoxic effect with an
increasing dose. Curves according to the LQ model were fitted with high correla-

tion coefficients (R? = 0.92 and 0.97, respectively). The o and 3 values obtained

from the LQ model are shown in Table @ The 5 ratio was found to be 0.09 for

SK-N-BE(2)C and 1.41 for CHLA-15.

B be(2)c
0.6 ~ mmm chla-15

Membrane Internalised
Compartment

% of radioactivity added
© © © ©
N w B wu

e
=

0.0

Figure 6.2: SSTR-mediated uptake of 177Lu-DOTATATE by SK-N-BE(2)C and
CHLA-15 cells. The uptake was measured 4 h after incubation with 0.5MBq of
177Lu-DOTATATE

Table 6.2: Comparison of alpha beta values for cells SK-BE(2)C and CHLA-15
derived from colony formation assays

Cell line Receptor density Alpha, a(Gy™') Beta, S(Gy—2)
SK-N-BE(2)C high 0.041 + 0.266 0.429 + 0.209
CHLA-15 low 0.551 £ 0.139 0.391 £0.09
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Figure 6.3: Survival curves of neuroblastoma cell lines SK-N-BE(2)C (n=3) and
CHLA-15 (n=1) obtained after exposure at different doses of 177Lu-DOTATATE.
The x-axis is expressed in dose (Gy) and the y axis in survival fraction. The curves
were fitted with the L(Q model

6.3.2 Delta parameters

Figure demonstrate the relative change in DOSEcorrelation, DOSEeubed, KI-
Nasphericity and KINentropy in each patient as a function of cycle number. The
relative change in features at subsequent cycles (C2-C4) relative to the first cycle
(C1) varied substantially from as little as a mean of 0.25 4+ 9% for all six patients for
the radiobiological metric EUBED to a maximum difference of -525% between C1
and C4 for DOSEcorrelation in patient 6. The results show some features appear to
have a cycle dependent change like DOSEcorrelation and KINasphericiy while other
heterogeneity parameters like DOSEeubed and KINentropy were invariable across
all parameters. Individual patient plots in Figure highlight differences in feature
values between cycles with the tumour, however with no clear trend with some pa-
tients having a considerable increase in KINasphericity at the final cycle compared
to the initial cycle like patient 6 while some showing relatively little variability for

the same parameter like patient 3.
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(b) Photo of SK-N-BE2 colonies

Figure 6.4: Photos of stained SK-N-BE(2)C and CHLA-15 colonies after increasing
activities of 177Lu-DOTATATE

Change in heterogeneity parameters over time

Figure summarises the pair-wise correlations between heterogeneity parameters
measured from the pre-treatment PET and the effective half-life image map cal-
culated from longitudinal SPECT images acquired after the first cycle. The mean
| CCC | across the same heterogeneity parameters was 0.25 £ 0.37 (Figure [6.6)).
However, the CCC for homogeneity calculated in both the pre-treatment PET and
intra-cycle SPECT exceeded 0.80. It is worth noting that a strong correlation (CCC
> 80) was observed between KINCorrelation and PEThomogeneity. All other pairs

of heterogeneity parameters had a | CCC | < 0.70.
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Figure 6.5: Percent change in value (relative to the initial cycle) as a function of
treatment cycle for four different features

In addition to comparing the heterogeneity in the pre-treatment PET and ef-

fective half life image of the first cycle, a cluster analysis on the correlation be-

tween the heterogeneity parameters calculated from the pre-treatment PET and

the SPECT /CT-based absorbed dose image of the first cycle was generated (Figure

. This clustered heat map enabled exploration of which heterogeneity param-

eters from the pre-treatment PET/CT could predict heterogeneity parameters in

the absorbed dose of the initial cycle. The PET and DOSE heterogeneity param-

eters are normalised and compared for all six patients. Each row shows the eight
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Figure 6.6: Correlation matrix of the 4 heterogeneity parameters derived from both
the pre-treatment Ga68-DOTATATE PET/CT and the SPECT/CT-based effective

halflife map of the initial cycle

normalised heterogeneity parameters for a particular patient. The rows are clus-
tered according to patient ID using a Euclidean distance metric and the columns
are clustered according to the CCC. The heterogeneity parameters are joined based
on the strength of their correlation and the height of the clustered heatmap indi-
cates the order in which the clusters were joined. The cluster analysis shows the
strongest correlations between the pairs of DOSEentropy and DOSEcorrelation and
PETentropy and PEThomogeneity. These pair-wise correlations were strong | CCC
| >0.80 in patient 1 and patient 3 respectively. The strongest correlation between
the heterogeneity parameters of the DOSE and PET images was the homogeneity

of the DOSE image and the asphericity of the PET image.
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Figure 6.7: Clustered heatmap depicting the results of cluster analysis based
on correlation between pre-treatment Ga68-DOTATATE PET/CT and Lul77-
DOTATATE-based dose image of the initial cycle. The rows are clustered according
to patient ID using a Euclidean distance metric and the columns are clustered ac-

cording to the CCC

6.3.3 Correlation of heterogeneity parameters with patient
response

Stable disease was observed in 3 of 6 patients (50%) and Progressive disease was

observed in the remaining three. Due to the small sample size relative to the parame-
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ters, regression models would have limited usefulness. Qualitatively, the relationship
between changes in heterogeneity features categorised by dose-based and kinetics-
based was visually explored (Figure . There was no clear relationship between
RECIST response and intra-cycle changes (A) in Homogeneity, Asphericity, Corre-
lation and Entropy derived from either the absorbed dose or effective halflife images.
It is worth noting though that there was a differential response between dose-derived
and kinetic-derived Correlation in the Stable Disease patients with KINcorrelation

generally increaseing and DOSEcorrelation generally decreasing.

6.4 Discussion

This study aimed for characterisation of the variation of heterogeneity in phar-
macokinetics and radiobiology with response in PET and SPECT based parame-
ters extracted from a sub-volume of the tumour of children treated with 177Lu-
DOTATATE. To our knowledge, this study is the first of its kind to investigate
intra-cycle changes in heterogeneity of the tumour.

Homogeneity demonstrated superior correlation between the pre-treatment PET
and first cycle SPECT time points. Additionally, dose-derived and kinetic-derived
heterogeneity parameters Correlation showed a general increase and decrease trend
respectively in patients who showed SD at one month. Despite the small sample, this
observation is in line with the finding of Werner and colleagues who also demon-
strated the ability of correlation measured at a single time point to differentiate
between responders and non-responders[42].

Though we anticipated changes in regional (as opposed to total) tumour features
may better demonstrate prediction of response compared to clinical parameters, this
was not observed. In an study with NBL xenograft models, Zhang et al demonstrated
that SSTR expression levels are associated with 68Ga-DOTATATE PET/CT uptake
and antitumour efficacy of 177Lu-DOTATATE[36]. With this finding, it could be
hypothesized that changes in SSTR spatial expression during treatment due to cell

kill in previous cycles or receptor overexpression might be a predictor of response.
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Figure 6.8: Plot of change in heterogeneity of somastatin receptor SPECT param-
eters (n=18) and patient response groups . Visual inspection appears to show no
significant difference in changes in heterogeneity in the patients reaching stable dis-
ease (SD) or progressive disease (PD)

However, this was not observed in this cohort.

It has been suggested that radiobiological dose has a stronger correlation to
response than physical dose. In a landmark clinical study, Sundlov showed the
utility of radiobiology in the clinic for absorbed dose individualisation based on
renal BED limits of 32 Gy to limit nephrotoxicity. By tracking the radiobiological
dose in each patient per cycle, they were able to increase the number of cycles from

4 to a median of 7 cycles (range 5-8).The higher uptake of 177Lu-DOTATATE in
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SK-N-BE(2)c compared to CHLA-15 corroborates with other studies suggesting a
higher SSTR expression in SK-N-BE(2)c compared to CHLA-15[91].

While Entropy and Homogeneity measured on 68Ga-DOTATATE PET/CT did
not correlate with response in this cohort of patients treated with 177Lu-DOTATATE,
Khurshid and colleagues showed Entropy and Homogeneity measured on baseline
Ga68-PSMA PET prior to Lul77-PSMA therapy had a negative (p = —0.327)and
positive (p = 0.315) correlation with pre and post therapy PSMA levels [02]. One
biological hypothesis for the observed differences is in contradistinction to pre-
treatment 68Ga-DOTA-peptide imaging of NETs, where the uptake level in the
tumour correlates with tumour differentiation, the uptake level in prostate cancer
on pre-treatment 68Ga-PSMA PET/CT reflects the expression of prostate specific
membrane antigen (PSMA).

This study has three main limitations. Emission tomographic images, particular
SPECT, is characterised by noise due in part to the physical limitations of the
collimator and the image reconstruction process. This leads to blurring termed as the
Partial Volume Effect. PVE results in inaccuracies in the estimation of voxel values
which in turn may be a source of error for quantification of the spatial heterogeneity
of said voxel values. In addition to the smoothing with a 3-dimensional Butterworth
filter performed during reconstruction of the SPECT images at UCLH, I performed
additional smoothing with a Laplacian of a Gaussian kernel before analysing the
heterogeneity in the 177Lu-DOTATATE scans. This smoothing is sensitive to areas
with rapidly changing intensities, enhancing edges and reducing overall noise in
the images. This additional smoothing also allowed for more realistic data points
for the analytical fitting of the voxel values and reduced unrealistic clearance rates
i.e clearance rates slower than the physical decay. However, Hatt and colleagues
demonstrated that the predictive value of textural parameters is not affected by
partial volume effect and is relatively independent of the method used to delineate
the tumor volumes to be analyzed [45].

The analysis of heterogeneity can also be limited by the size of the lesion. For
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small metastatic bone lesions observed in some of the patients, the analysis of het-
erogeneity may be challenging. In our study, the smallest lesion was 16x20 mm
which is about 100 voxels. A second point that needs further investigation is the
influence of reconstruction parameters on tissue heterogeneity. SPECT/CT recon-
struction algorithms require smoothing of the raw image data which could influence
the assessment of heterogeneity.

Multiple hypotheses were tested to explore correlations between different hetero-
geneity parameters taken from the KINETIC, PET and DOSE images. One impact
of testing multiple hypotheses with an alpha of 0.05 to signify significance is that
there is a chance of observing at least one significant result, even if all of the tests are
actually not significant. Methods for dealing with multiple testing frequently call for
adjusting alpha in some way, so that the probability of observing at least one signifi-
cant result due to chance remains below the desired significance level. Such methods
include using the Bonferroni Correction which tends to be a bit conservative or a
False Discovery Rate.

Standard protocol in studies using features from tomographic imaging to char-
acterise spatial heterogeneity in tumours involves a starting step of exploring the
repeatability of the values of these features on different imaging systems. Given
these images were acquired with the intent for diagnostic assessment of SSTR ex-
pression in the case of PET and physiological uptake in the case of SPECT, it was
not possible to investigate the robustness of these features across various imaging
systems to improve the generalisation of the results. Additionally, these images
were reconstructed using standard protocols in clinical routine at our collaborator
institution at University College London Hospital (UCLH) and were not necessarily
acquired with optimal parameters of differing reconstruction parameters at different

time points [48].
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6.5 Conclusion

In this pilot study, we showed the feasibility of leveraging the intra-cycle SPECT
data conventionally reserved for dosimetry to quantify temporal changes in the het-
erogeneity parameters - Entropy, Homogeneity, Correlation and Asphericity - in
radiobiological dose, physical dose and effective half life of NBL patient receiving
177Lu-DOTATATE. We also showed the feasibility of a workflow to incorporate ra-
diobiological in-vitro experiments into image analysis. Homogeneity demonstrated
superior correlation between the pre-treatment PET and first cycle SPECT time
points. Additionally, dose-derived and kinetic-derived heterogeneity parameters
Correlation showed a general increase and decrease trend respectively in patients
who showed SD at one month. Delta heterogeneity parameters however failed to

identify responders.
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Conclusion and Outlook

To our knowledge, these are the first studies looking at the temporal and spatial
patterns in the dose and biokinetics of lesions and kidneys of NBL patients receiving
177Lu-DOTATATE. This thesis attempts a paradigm shift from looking at a course
of four cycles of 177Lu-DOTATATE as a single treatment made of largely indepen-
dent cycles to a perception of the course of 177Lu-DOTATATE being a series of
individual treatments which are interrelated.

To accomplish the project goals, the first step was to build a framework for mod-
elling and extracting lesion and tumour pharmacokinetics and dosimetric data using
various clinical protocols (Chapter 4). Accordingly, we developed a Python-based
script named XINDA, which has implemented multiple nuclear medicine clinical pro-
tocols for modelling pharmacokinetics and provides physical dosimetric and radiobi-
ological calculations. This was fundamental to subsequent analysis of the temporal
response of the kidneys and tumour of children with NBL during 177Lu-DOTATATE
treatment (Specific Aim 2) and investigation of the spatial variation of the lesion
physical dose, radiobiological dose and pharmacokinetics (Specific Aim 3 and 4).
All aims ultimately, to improve differentiation of responders from non-responders.

This chapter provides a complement to the complete discussions provided at the
end of each chapter. The goal of Specific Aim 2 was to determine if we could utilize
temporal variations in conventional metrics of mean dose and effective half-life in the

kidneys and tumour during treatment to identify NBL patients who would respond
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to 177Lu-DOTATATE treatment. In Chapter 5, we demonstrated the cycle-related
variation in renal effective half life and the changing relationship between per-cycle
renal and tumour effective half-life using longitudinal SPECT/CT image sets.

The reasons for intra-cycle variability were not examined in the study and still
remains unclear in the literature. For variation in per-cycle renal kinetics and dose,
it may be that blood pressure and degree of hydration, and thus renal perfusion,
varied between cycles secondarily affecting the residence time in the kidneys and
therefore the dose. The intra-cycle lesion variability is a complex issue. As discussed
in Chapter 5, the relative radioresistance of NBL means the intra-cycle variability
over a course of treatment is less likely to be explained by a rapid reduction of size
so that saturation or down-regulation of SSTR is a more plausible explanation.

In Chapter 6 we analysed changes in the spatial pattern of effective half life,
physical dose and EUBED during 177Lu-DOTATATE treatment in the same cohort
of patients. An additional heterogeneity investigation was performed on each pa-
tient’s pre-treatment 68Ga-DOTATATE PET/CT scan. The goal was to identify
a time variation of four heterogeneity metrics - Homogeneity, Asphericity, Corre-
lation and Entropy - in pre- and intra- treatment images that might be useful for
response prediction prior to or during treatment. However, using linear regression
analysis, we failed to identify a significant heterogeneity metric with demonstrated
association to treatment response.

Our preliminary findings across all three chapters could be significant to the
field in three ways. There has been a growing adoption of pharmacokinetics-based
strategies to improve the effectiveness of 177Lu-DOTATATE therapy in NETs by
increasing the retention time within the tumour through the use of antagonists like
177Lu-OPS201 (177Lu-DOTA-JR11)[93, 94]. Somatostatin receptor (SSTR) ago-
nists, like 177Lu-DOTATATE, have successfully targeted SSTR-2 for both imaging
and therapy in NET patients for over 20 years. In general, an agonist binds to
a receptor and produces an effect within the cell. SSTR-2 agonists like 177Lu-

DOTATATE are internalised by the cells. A relatively new development in the field
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of SSTR targeting is the use of SSTR antagonists, which seem to confer greater
specificity, more favourable pharmacokinetics and better tumour visualization than
agonists [93]. An antagonist may bind to the same receptor, but does not produce
a response, instead blocking that receptor to a natural agonist. These radiolabelled
antagonists seem to recognise more receptor-binding sites than agonist radioligands.
These agents can improve outcomes through higher tumour uptake and longer tu-
mour residence times (1.7 - 10.6 times higher doses compared to 177Lu-DOTATATE)
and tumour-to-kidney ratios up to 6.2 times higher than for the agonists [94]. Ad-
ditionally, clinical studies with new radiopharmaceuticals like 177Lu-PSMAG617 for
the treatment of prostate cancer have also been reporting reduction in tumour size
and improvement in quality of life as early as the second cycle[95)], 23 [29].

As treatments are becoming increasingly more sophisticated and dependent on
pharmacokinetics, a systematic characterisation could add valuable insight for pa-
tient prescription individualisation.

A next step for personalised dosimetry is to prove its clinically relevant addi-
tional benefits over the currently well-established empirical dosing methods using
fixed-activity concepts in all patients or some with particular risk factors. Ideally,
individualised approaches to dosimetry would be tested in prospective RCTs with
adequate methodology for a direct comparison of outcomes in patient cohorts treated
with a fixed-activity approach compared to a personalised dosimetry approach. Data
from RCTSs of this nature may clearly and unequivocally establish that the benefits
achieved from a personalised dosimetry-approach are directly from optimisation of
the treatment and may avoid underdosing and/or overdosing.

In the LuDO trial, 177Lu-DOTATATE monotherapy was found to not be effec-
tive in NBL patients and the trial was discontinued. Future trials with combination
treatments may potentially improve outcomes. One approach to improve the effec-
tiveness of future clinical trials of 177Lu-DOTATATE in NBL patients is to explore
combination treatments of 177Lu-DOTATATE and 131I-mIBG. 131I-mIBG is rou-

tinely used to treat high-risk NBL patients and is delivered to the cells through
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the norepinephrine transporter as opposed to through receptors as is the case for
177Lu-DOTATATE. The differing transport mechanisms may potentially overcome
the limitations of a single agent of 177Lu-DOTATATE.

The lethality of 177Lu-DOTATATE therapy in possible future trials may also be
increased by the use of radiopharmaceuticals with high linear energy transfer (LET)
like Actinium-225 and Bismuth-213. For example, 213Bi-DOTATOC has been re-
ported to result in a high number of long-lasting antitumour responses, including
one complete remission, in patients who developed resistance against therapies with
beta emitters like 90Y/177Lu-DOTATOC[96]. 225Ac-DOTATOC in NETSs has also
demonstrated promising treatment efficacy with long-lasting responses observed in
several patients.

Combination regimens of 177Lu-DOTATATE with radiosensitisers may also im-
prove the efficacy of treatment and is standard in some centres around the world.
The addition of radiosensitising drugs can influence the ability of tumour cells to re-
spond to radiation and further increase the efficacy of the therapy, e.g., by influencing
DNA damage and repair mechanisms. Two proposed approaches for potentiating the
therapeutic response of 177Lu-DOTATATE through radiosensitisation are combina-
tions with the HSP90 inhibitor Onalespib or chemotherapeutic agent Capecitabine.
In an in-vivo therapy study, Onalespib and 177Lu-DOTATATE demonstrated sig-
nificant effects on tumour growth as monotherapies, delaying tumour doubling time
from 4.8 days in untreated controls to 5.3 and 6.4 days respectively. However, the
most pronounced effects were seen in the combination group, where tumour doubling
time was extended to 8.3 days [97]. Furthermore, there is a non-randomised Phase
/11 trial (NCT04086485), slated to start on April 23, 2020 will specifically look at
the radiosensitisation effects of PARP inhibitor Olaparib with 177Lu-DOTATATE in
adult NET patients. By enhancing the effectiveness of 177Lu-DOTATATE, radiosen-
sitisers can lower the dose of radiation necessary for tumour control and potentially
mitigate the side effects.

Targeted agents like 177Lu-DOTATATE are usually more cytostatic than cyto-
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cidal and tend to induce necrosis and cystic change in solid tumours without neces-
sarily producing tumour shrinkage as measured by anatomical CT/MRI. Therefore,
anatomical imaging alone may have major limitations in predicting response, partic-
ularly in assessing targeted agents like 177Lu-DOTATATE that stabilise the tumour
and provide other important aspects of response such as symptom control or im-
provements in quality of life. In that context, changes in the tumour’s SUV from
serial functional PET images with 68Ga-DOTATATE or 18F-fluorodeoxyglucose
(FDG) may be a better predictor of response.

PET with FDG has been widely adopted as a tool for evaluating metabolic
activity in tumours. FDG can allow the measurement of tumour response even
in the absence of anatomical changes. Recently, the PET Response Criteria in
Solid Tumours (PERCIST) [98] was proposed as a new method for the quantitative
assessment of metabolic changes in solid tumours. While the RECIST method is
used as an evaluation of change in physical volume or size, PERCIST may be more
appropriate for response assessment of NBL/NET given the slow growing nature
of these tumours and could provide clinicians with more accurate information of
therapeutic response at an earlier stage of treatment.

Amino acid infusion was utilised for each patient receiving 177Lu-DOTATATE
in the LuDO trial. Glomerular cells are relatively radiosensitive and not able to
regenerate; therefore all radio-labelled therapies bear a high nephrotoxic potential.
Renal irradiation is not SSTR mediated, but related primarily to the very rapid
clearance of the small radiopeptides that are filtered through the glomeruli and
reabsorbed by the tubular cells with subsequent radiation to the glomeruli, which
leads to the nephrotoxicity. Co-infusion of amino acids inhibit tubular reabsorption
of 177Lu-DOTATATE and reduce off target uptake in the kidneys. The use of amino
acids allows higher activities to be administered to the patient resulting in a higher
tumour dose with a smaller increase in off-target renal dose, reducing the possibility
of acute nephrotoxicity.

The established dose limit of 23 Gy for kidneys for 177Lu-DOTATATE is de-

106



Chapter 7 107

rived from EBRT data for bilateral kidney irradiation indicating a 5% risk of renal
dysfunction at 5 years (TD5/5) at a mean absorbed dose of 18-23 Gy[99]. The ap-
propriateness of directly applying this renal dose limit derived from EBRT to TRT
is worth considering, especially with the limited nephrotoxicity reported in clinical
trials using this 23 Gy threshold. While CT can be used for relatively straightfor-
ward calculation of the absorbed dose in EBRT, in TRT the spatial and temporal
distribution of radiation during the decay time of the isotope is extremely complex,
depending on a highly dynamic interplay of pharmacokinetics (such as perfusion,
metabolism, target expression heterogeneity, transmembrane cellular uptake, intra-
cellular degradation, radionuclide release, and excretion), repair mechanisms, and
radiobiological phenomena (low and continuously decreasing dose rate). The differ-
ing dose rates, differing fractionation schemes and the markedly more heterogeneous
renal absorbed dose distribution of TRT may result in varying toxicity for the same
renal physical dose delivered by both EBRT and TRT.

Typically, the prescription of 177Lu-DOTATATE is focused on achieving the
maximum tolerable dose which means concentrating on the dose to off-target or-
gans at risk like the kidneys. It may be worth concentrating on the dose to the
tumour as the basis for prescription as we ultimately want to treat the tumour.
While this may be an intuitive approach, it does face technical challenges. Since the
tumours typically treated by 177Lu-DOTATATE are small compared to the typical
SPECT voxel dimensions, calculations for tumour dosimetry are particularly sus-
ceptible to partial volume effects. This increases the uncertainty in verifying that
any prescribed tumour dose is achieved. Additionally, unlike EBRT), it is difficult to
determine the amount of activity to administer to achieve a set dose to the tumour
as this is based on a complex interplay of patient-specific pharmacokinetics. The
results from this thesis indicate that understanding this interplay for the initial cycle
does not automatically translate to understanding the interplay for later cycles as
tumour uptake is variable across multi-cycle treatments. The use of tumour dose

prescriptions similar to EBRT would require a more accurate characterisation of the
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relationship between administered activity and tumour dose and the change in that
relationship over time. Concentrating on the dose to the kidney also suffers from
the unknown relationship between administered activity and renal dose, however the
larger volume and relative constancy in shape and volume of the kidney throughout
treatment reduce the uncertainty in calculating the delivered renal dose.

In addition to the specific technical limitations mentioned in the individual dis-
cussions of each chapter, one of the main difficulties encountered in this study was
acquisition of a large enough patient sample to investigate the changes during multi-
cycle 177Lu-DOTATATE. Serial SPECT scans after each cycle of treatment — termed
“full dosimetry” - is generally considered resource intensive in terms of clinical staff
hours and scanner time. As a result, patients typically receive “full dosimetry”
for the initial cycle and simplified dosimetry for subsequent cycles in clinical prac-
tice. Therefore, research relying on “full dosimetry” after each cycle of treatment
to explore spatial and temporal changes is limited by patient numbers. This is
compounded by NBL being a relatively rare cancer accounting for about 6% of all
cancers in children.

Moreover, the specialised knowledge and experience required to perform accurate
dosimetry studies is not available in many clinical centres. Therefore, many clini-
cal studies with 177Lu-DOTATATE have omitted dosimetry, instead using blanket
fixed activities or fixed activities adapted to patient characteristics, limiting the
available data to compare the results of this research. Historically, interpretation
and comparison of dosimetry data and ultimately dose-response relationships have
generated confusion because of the lack of standardisation. Finally, patient cohorts
treated with 177Lu-DOTATATE are typically clinically heterogeneous, heavily pre-
treated and have treatment resistant tumours. This makes it difficult to generalise
findings from this research to a broader population.

Inter-patient per-cycle variability could have an impact on clinical practice.
While not every patient is likely to benefit, patients that are in higher risk groups

with poor renal function as measured by GFR or high disease burden as measured
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by PET may benefit from improved monitoring over the course of their multi-
cycle 177Lu-DOTATATE therapy. Given the technical improvements in simplifying
dosimetry to single time points, it may be possible to perform dosimetry at a sin-
gle intermediary cycle and adjust the activity determined at the initial cycle to
reach a set safety dose threshold. Also, current optimisation of a patient’s pre-
scribed administered activity using a dosimetry approach uses the rate of retention
and clearance measured from the initial cycle to determine the activity needed to
achieve a set per-cycle renal dose in the subsequent cycles. If the dose and effective
half-life per injected activity for non-initial cycles vary significantly from the first
cycle measurements then patients may be exposed to higher per-cycle renal doses
than expected.

One of the achievements of this thesis was the creation of a series of freely
available Python-based packages for SPECT /CT-based per-cycle renal and tumour
kinetics and dose calculations named XINDA. With these packages, nuclear medicine
physicists have access to four published dosimetry methods used across ten nuclear
medicine centres in six countries. In a 2015 survey of European nuclear medicine
centres distributed over 26 countries, 16% of respondents reported “limited access
to dedicated software” as a factor limiting the implementation of patient-specific
dosimetry in their centre[4]. XINDA represents a novel approach for cross-centre
freely available code that is extendable and can potentially allow for centralised
analysis.

Conventionally, a course of multi-cycle 177Lu-DOTATATE is viewed as a single
treatment evenly divided into fractions or cycles. This thesis takes an unconventional
approach of exploring multi-cycle 177Lu-DOTATATE as a series of independent
treatments where earlier cycles may affect later ones. This forms the foundation for
exploration of the impact of per-cycle changes on the cumulative dose and biokinetics
of multi-cycle 177Lu-DOTATATE.

In addition, this thesis leverages existing three-dimensional imaging data in a

novel way to understand spatial changes in the 177Lu-DOTATATE distribution
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within the tumour during treatment. TRT represents one of the few systemic ther-
apies where it is possible to visually track changes in both the spatial and temporal
distribution of the radiolabelled drug in organs of interest. The conventional prac-
tice in dosimetry studies is to collapse the available three-dimensional data and
report mean dose or dose-volume histograms for the tumours and kidneys. The
method of analysis used in this thesis connects in a novel way conventional hetero-
geneity analysis reserved for anatomical images of tumour morphology like CT/MRI
to post-treatment three-dimensional SPECT /CT-based kinetics and dose parameter

maps.
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Formulae for Heterogeneity Paramaters
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Formulae for Modelling Patient Pharmacokinetics
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