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Abstract

Internal radionuclide therapies became a valuable treatment choice for various cancer
types by now. The involvement of patient-individual, 3D image based dosimetry may
offer the potential to improve tumor response and prevent therapy side-effects related to
overdosing of organs at risk. However, a deeper insight into the heterogeneity of patient
therapy responses is impeded by the lack of broadly available and reliable dosimetry
data. So far, no standard for dosimetry nor for the therapy workflow was provided for
the majority of internal radionuclide therapies, though they were introduced years ago.
Further, the implementation of dosimetry into clinical routine and therapy workflow
varies over Europe and Worldwide.

The complex processing, which is required for 3D image based dosimetry, hinder its
routine realization towards personalized therapy. The required processing steps include
1) the quantitative imaging of the radiopharmaceutical distribution over time, 2) the
co-registration of multi-modality image data, the segmentation of volumes of interests
(i.e. tumors and organs at risk), 3) the determination of the total number of decays
per volume of interest or per voxel, and 4) the conversion to absorbed dose estimates.
Depending on the therapy, different challenges arise within these processing steps. Con-
sequently, the aim of this work was to identify accurate 3D image based dosimetry that
is applicable in the clinical therapy workflow of two different internal radionuclide ther-
apies.

The dosimetry of the selective internal radiotherapy (SIRT) of liver tumors and metas-
tases with Y microspheres is hampered by the difficulty of quantitative imaging of °Y.
Phantom experiments were carried out to improve image quantification and quality for
both, Y SPECT/CT and *°Y PET/CT. The latter is affected by the low branching
ratio of only (31.86 & 0.47) - 1079 for internal pair production. However, Y PET/CT
still showed better activity quantification than SPECT/CT imaging of the broad energy
distribution of the 0Y bremsstrahlung spectrum that directly affects image acquisition
and reconstruction. Since Y PET/CT is not yet available in all centers that perform
SIRT, an optimized scaled ™ Tc/?°Y SPECT/CT dosimetry approach was developed.
For this, as an alternative, the use of the pre-therapeutic **"Tc-MAA SPECT/CT im-
age as a surrogate for Y distribution for dosimetry was compared to *°Y SPECT/CT
and Y PET/CT based dosimetry.

This analysis revealed a good comparability of healthy liver absorbed dose estimates inde-
pendent of the underlying activity imaging method. However, °°Y SPECT/CT showed a
non-negligible underestimation of tumor absorbed dose estimates of -50+13 % compared
against Y PET/CT based dosimetry. If no post-therapeutic PET/CT imaging is pos-
sible, the scaled %™ Tc/?Y SPECT/CT based dosimetry serves as an alternative with
only -2+18 % percentage difference in tumor absorbed dose estimates. It enables the
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retrospective analysis of existing ?°Y SIRT data before *°Y PET/CT was introduced.

The majority of presently available dosimetry methods rely on the simplification of as-
suming soft tissue for all absorbed dose estimation. This is questionable in the case of
mCRPC patients receiving '""Lu-PSMA therapy. These patients present with a large
spread of metastases to the skeleton. Therefore dosimetry needs to address very hetero-
geneous tissue and density distributions. Thus, this work compared a broad spectrum
of available dosimetry methods and their applicability in regions with heterogeneous
densities, i.e. bone lesions. The investigation included the use of tumor S values, the
application of voxel S values, both with and without lesion- or voxel-individual density
weighting, and compared their results against a full patient-individual Monte Carlo (MC)
absorbed dose estimation. The latter offers the potential to include patient-individual ra-
diopharmaceutical and density distribution into absorbed dose simulation. The analysis
of accuracy of absorbed dose estimation for bone lesions is essential to address hetero-
geneous therapy response of individual bone lesions for patients receiving ""Lu-PSMA
therapy.

The importance to account for heterogeneous density distribution was demonstrated dur-
ing the evaluation of 289 bone lesions with an average lesion density of 1.25+0.11 g/em?.
The results for bone lesion absorbed dose estimation showed improved comparability
with the reference MC absorbed dose estimation, when a lesion- or voxel-individual den-
sity weighting was used rather than assuming fixed density with less than 10 % difference
compared to MC absorbed dose simulation. Both, the use of tumor S values as well as
the use of voxel S values with individual density weighting demonstrated a fast and accu-
rate absorbed dose estimation for bone lesions in '""Lu-PSMA therapy, with differences
against MC of -84+1 % and -24+1 %, respectively. Due to its computational requirements
and additional processing, the full patient-individual Monte Carlo absorbed dose esti-
mation likely remains a tool for research purposes. However, it supports the derivation
of simplified absorbed dose estimation methods by assessing their capabilities to account
for patient-individual 3D activity and density distributions.

Obtaining a deeper insight into possibilities and limitations of certain dosimetry ap-
proaches is necessary to understand patient-individual therapy response and to improve
the outcome of internal radionuclide therapies. The promising findings of this work sup-
ported derivation of accurate absorbed dose estimation for Y SIRT and '""Lu-PSMA
therapy. In the case of Y SIRT of the liver, the proposed scaled *™Tc/?Y SPECT/CT
dosimetry approach encourages the derivation of dose-response analyses on existing pa-
tient data. The comparison of multiple dosimetry methods for bone lesion absorbed dose
estimation for '""Lu-PSMA therapy of mCRPC supports the comparability of reported
dosimetry estimated from different institutions using different dosimetry methods. To
conclude, the herein investigated approaches for 3D image based dosimetry offer the
potential to be routinely performed in the clinics. And as a consequence, this might
in future enable personalized internal radionuclide therapies with improved therapy re-
sponse.



Zusammenfassung

Interne Radionuklidtherapien haben sich heutzutage zu einer wertvollen Therapieopti-
on fiir verschiedene Krebsarten entwickelt. Hierbei bietet die Beriicksichtigung von 3D
bildbasierter Dosimetrie die Moglichkeit, das Therapieergebnis zu verbessern und Ne-
benwirkungen durch Uberdosierung von Risikoorganen zu vermeiden. Jedoch wird ein
tieferes Verstdndnis der heterogenen Therapieergebnisse der Patienten vor allem da-
durch behindert, dass es nur wenig verléssliche Dosimetriedaten gibt. Fiir den Grofiteil
der internen Radionuklidtherapien wurden keine Standards fiir die therapiebegleitende
Bildgebung und Dosimetrie formuliert, obwohl diese teils seit Jahren durchgefiihrt wer-
den. Des Weiteren variiert die Anwendung von Dosimetrie in der klinischen Routine in
Europa und weltweit.

Die Komplexitidt der Arbeitsschritte, welche fiir 3D bildbasierte Dosimetrie benétigt
werden, erschwert die Anwendung auf die Therapie in der Praxis und hat damit direkt
Einfluss auf personalisierte Therapie. Die benétigten Arbeitsschritte umfassen: 1) die
quantitative Bildgebung der Aktivititsverteilung iiber die Zeit; 2) die Uberlagerung der
verschiedenen Bilddaten und die Segmentierung von Tumoren und Risikoorganen; 3)
die Bestimmung der Gesamtzahl an Zerfillen je Zielregion oder pro Bildvoxel; und 4)
die Abschétzung der absorbierten Dosis. In Abhéngigkeit der Therapieform variiert die
Schwierigkeit der einzelnen Schritte. Das Ziel dieser Arbeit war daher die Untersuchung
der Komplexitdt der 3D bildbasierten Dosimetrie zweier unterschiedlicher Therapiear-
ten.

Die Herausforderungen in der quantitativen Bildgebung von ?°Y erschweren die Dosime-
trie der selektiven internen Radiotherapie (SIRT) von Lebertumoren und -metastasen
mit °Y Mikrosphiiren. Zur Verbesserung von Bildqualitit und Quantifizierung von °Y
SPECT/CT und Y PET/CT wurden Phantomstudien durchgefiihrt. Obwohl das 0Y
PET/CT durch die geringe Anzahl der internen Paarproduktion von nur 31.86 + 0.47
bei einer Million Zerfillen erschwert wird, weist sie bessere Aktivitéitsquantifizierungen
auf als die SPECT/CT Bildgebung des Bremsstrahlungsspektrums von Y. Letztere
ist dahingehend limitiert, dass ein Photo-Peak wahrend der SPECT-Akquisition und
-Rekonstruktion angenommen wird. Da die post-therapeutische Bildgebung mit °Y
PET/CT nicht in allen SIRT-Zentren mdoglich ist, wurde ein Dosiemetrieansatz auf ei-
nem skalierten 9™ Tc/%0Y SPECT/CT weiterentwickelt. Dieser Ansatz verwendet die
Aktivititsverteilung des pri-therapeutischen ™Tc-MAA SPECT/CTs als Ersatz fiir
die therapeutische *°Y Mikrosphérenverteilung und wurde gegen °Y SPECT/CT und
90Y PET/CT basierte Dosimetrie verglichen.

Diese Untersuchung zeigte eine gute Vergleichbarkeit der geschéitzten absorbierten Dosis
im gesunden Lebergewebe unabhiingig von der verwendeten Bildgebungsmethode. Fiir
die Schiitzung der absorbierten Dosis im Tumor zeigte die Y SPECT/CT basierte Do-



xviii Zusammenfassung

simetrie eine nicht zu vernachlissigende Unterschéitzung von -50+13 % gegeniiber der
auf Y PET/CT geschiitzten Dosis. Wenn die post-therapeutische Bildgebung nicht
mittels *°Y PET/CT erfolgen kann, liefert die Dosisschitzung auf einem skalierten
9mTe /0y SPECT/CT eine solide Alternative mit nur -2+18 % Abweichung der Tu-
mordosis gegeniiber der *°Y PET/CT basierten Dosisschiitzung. Dieser Dosimetriean-
satz ermoglicht des Weiteren die retrospektive Auswertung bestehender ?°Y Datensitze
ohne Y PET/CT.

Der Grofiteil der bestehenden Dosimetrieansétze beinhaltet die vereinfachte Annahme
von ausschlieflich Weichteilgewebe bei der Schitzung der absorbierten Dosis. Diese Her-
angehensweise ist fraglich in der Anwendung bei Patienten mit mCRPC, die die !""Lu-
PSMA Therapie erhalten. Diese Patienten weisen bereits eine ausgedehnte Metastasie-
rung im Skelett auf, wodurch der Dosimetrieansatz auch in Regionen mit heterogener
Gewebe- und Dichteverteilung geeignet sein muss. Daher untersuchte diese Arbeit ein
grofles Spektrum von verfligbaren bildbasierten Dosimetrieansétzen und verglich ihre
Anwendung auf Regionen mit heterogener Dichte, d.h. fiir Knochenlésionen. Das bein-
haltete die Anwendung von Tumor-S-Werten, die Verwendung von Voxel-S-Werten -
jeweils mit und ohne Dichtegewichtung auf Lasions- bzw. Voxelebene - und verglich alle
Ansétze mit Patienten-individueller Monte Carlo (MC) Dosimetriesimulation. Letztere
bietet die Moglichkeit sowohl die Patienten-individuelle Verteilung der zeit-integrierten
Aktivitdt als auch die Dichte bei der absorbierten Dosis zu beriicksichtigen. Die genaue
Analyse der Dosisabschatzung fiir Knochenlésionen ist essentiell, um die heterogene und
teils Lisions-individuelle Therapieantwort der Patienten bei der '""Lu-PSMA Therapie
zu verstehen.

Die Analyse von 289 Knochenlisionen mit einer mittleren Dichte von 1.2540.11g/cm?
unterstrich die Bedeutung, die heterogene Dichteverteilung bei der Dosimetrie zu bertick-
sichtigen. Die Ergebnisse zeigten eine verbesserte Vergleichbarkeit der verschiedenen Do-
simetrieanséitze, wenn eine Dichtegewichtung auf Lésions- bzw. Voxelebene anstatt mit
einer konstanten Dichte verwendet wurde, mit weniger als 10 % Abweichung zur MC
Dosimetriesimulation. Die Verwendung von Tumor-S-Werten als auch Voxel-S-Werten
mit Dichtegewichtung représentieren eine schnelle und prézise Dosisschitzung fiir Kno-
chenlisionen bei der !""Lu-PSMA Therapie mit Abweichungen von -8+1 % bzw -241 %
gegeniiber MC. Durch die aufwendigen Anforderungen und zusétzlichen Verarbeitungs-
schritte fiir die Berechnung, bleibt die Anwendung von MC Dosimetriesimulationen
voraussichtlich auf die Forschung beschrinkt. Jedoch unterstiitzt sie die Entwicklung
vereinfachter Dosimetriemethoden hinsichtlich ihrer Beriicksichtigung von Patienten-
individueller 3D Aktivitédts- und Dichte-/Gewebeverteilungen.

Ein fundiertes Verstdndnis der Limitationen und Moglichkeiten einzelner Dosimetrie-
anséitze ist unverzichtbar, um die Patienten-individuelle Therapieantwort besser zu ver-
stehen und damit die Ergebnisse von interner Radionuklidtherapie zu verbessern. Die
vielversprechenden Ergebnisse dieser Arbeit unterstiitzen das Definieren von akkurater
Dosimetrie der Y SIRT sowie der '""Lu-PSMA Therapie. Der skalierte 9™Tc/%0Y
SPECT/CT Dosimetrieansatz erméglicht Dosis-Wirkungs-Analysen von bestehenden
90y SIRT Datensétzen. Der umfangreiche Vergleich verschiedener Dosimetrieansitze fiir
Knochenlisionen bei der '""Lu-PSMA Therapie von mCRPC unterstiitzt die Einordnung
von publizierten Dosiswerten verschiedener Institutionen mit unterschiedlichen Dosime-
triemethoden. Zusammenfassend kénnen die in dieser Arbeit untersuchten 3D bildba-
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sierten Dosimetrieansétze in der klinischen Routine Anwendung finden. Das begiinstigt
zukiinftige personalisierte Radionuklidtherapien mit einem verbessertem Therapiean-
sprechen.
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Chapter 1

Introduction

Cancer related deaths are amongst the most frequent deaths in Germany with increasing
numbers of newly diagnosed cases per year. A report of the Robert-Koch-Institute, which
is published every 5 years, estimates that there were almost 500.000 new cancer cases in
Germany in 2016 [1]. When distinguishing between cancer types, there were 57.370 new
diagnosed prostate carcinomas in Germany in 2014 with around 13.900 related deaths
in 2015 [2]. The prognosis of new prostate carcinomas in 2020 is 66.800, when assuming
a constant rate of new diseases between 2013 and today [1]. When regarding at other
cancer types, e.g. hepatocellular carcinomas (HCC), the number of newly diagnosed
cases in Germany in 2014 is smaller with 5730 cases but with 4416 HCC related deaths
in 2015 [3]. Moreover, the five-year survival rates determined between 2012 and 2014
varied significantly between these two cancer types, being 16 % for HCC [3] while being
91 % for prostate cancer [2].

The available strategies for disease treatment depend on the cancer type, the cancer
classification and grading, and on the patient’s constitution. Resection of the tumor,
chemotherapy, external beam radiation therapy, and nuclear medicine radionuclide ther-
apy are among the applied techniques. As a matter of fact, in many cases the sole
application of a single technique did not provide sufficiently strong therapeutic effects,
and consequently the treatment strategies involve appropriate combinations thereof. The
individual therapy decision is made by experienced physicians based on guidelines and
is adapted to the patient’s wishes [1].

Regarding at nuclear medicine therapies, there is a long history of using radioisotopes for
therapy of malignancies. Beginning in the 1940s, Iodine-131 (13'1) is used for therapy of
thyroid cancer based on the uptake of iodine in the physiology of the thyroid gland [4].
Internal radionuclide therapy relies on the principle of absorbed radiation based damage
to the DNA of cells. The concept exploits the accumulation of a radiopharmaceutical
at tumor sites, and with that local irradiation of tumors. Physiological processes and
direct binding to cancer cell receptors are assessed during radio-pharmaceutical design.
The use of 8~ or « emitters allows for high absorbed radiation doses in proximity of
the radionuclide accumulation in the tumor cells. Nowadays, various different internal
radionuclide therapies for different diseases exist and a total of 37476 therapies was
performed in Germany in 2015 [5]. A detailed survey on radionuclide therapies was
conducted in Europe in 2016 with 12 responding centres from Germany [6]. It revealed
that there were 708 therapies with Lutetium-177 (17"Lu) targeting the prostate specific



2 1. Introduction

membrane antigen (PSMA) for prostate cancer patients in Germany in 2015 [@] 177 -
PSMA is a therapy that was first introduced in 2013 and is performed in the late
stage of the disease in individual patient cases. Another example is the selective internal
radiation therapy (SIRT) with Yttrium-90 (°°Y) labelled microspheres for liver tumors
such as HCC or liver metastases with 1605 therapies in Germany in 2015 . As an
example, the total treatment numbers of 2Y SIRT and !""Lu-PSMA in our institution
in 2015 compared to 2020 are given in figure (p. .
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Figure 1.1: Therapy numbers of Y SIRT and '""Lu-PSMA for 2015 compared against
2020 in the university hospital of LMU Munich.

The great interest of research and clinics in nuclear medicine therapies such as SIRT, pep-
tide receptor radionuclide therapy or radioligand therapy is motivated by the promising
results of therapy response and minimal therapy side effects compared to other therapy
forms @] . Figure (p. |3)) illustrates the response to '""Lu-PSMA and °°Y SIRT
therapy of two exemplary patients on their pre- and post-therapeutic combined positron
emission tomography (PET) and computed tomography (CT) images, both showing a
decrease in radiopharmaceutical uptake. However, there remains a risk of damaging
healthy cells and organs besides the tumor cells during internal radionuclide therapy.
Depending on the severity of the damage, this could cause severe side effects influencing
the overall survival and affecting the patient’s quality of life. Therefore, it is indispens-
able to determine the amount of radioactivity that can be delivered to the patient during
therapy with minimalized risk of healthy tissue damage. Therapy optimization would
hence imply to maximize absorbed dose to tumors whilst minimizing absorbed dose to
organs at risk (OAR). As such, the optimization is emphasized in article 56 of the Eu-
ropean council directive 2013/59/Euratom with the goal to optimise, plan and verify
absorbed dose to target and non-target regions during radionuclide therapies .



(a) Maximum intensity projection highlighting the
decrease in activity uptake and size of the metastases
of a prostate cancer patient pre- and after 4 cycles
of ""Lu-PSMA therapy.
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(b) Coronal slice showing the total decrease in ac-
tivity uptake of the liver lesion after receiving °°Y
SIRT.

Figure 1.2: Exemplary patient therapy response on pre- and post-therapeutic PET/CT
images.

To achieve the goal of therapy optimization, patient-individual absorbed dose estima-
tion for tumors and OARs is required - pre- and post-therapeutically. The derivation of
dose-response relationships will then allow for therapy activity planning towards person-
alized internal radionuclide therapies. For this, the absorbed dose calculation needs to
account for patient-individual anatomy and radionuclide accumulation during therapy.
Currently, very little absorbed dose calculation is implemented in clinical routine. Ex-
isting absorbed dose estimation often suffers from simplifications and is not yet patient-
individual. However, to facilitate the implementation of dosimetry into clinical routine,
the workflow needs to remain simple and fast at an acceptable level of accuracy. This
trade-off is crucial when addressing patient’s safety.

The aim of this work is to improve the target and OAR dose estimation with respect
to patient-individual anatomy, radionuclide distribution and kinetics during internal ra-
dionuclide therapy. For this purpose, two nuclear medicine therapies with completely
different therapy procedure were chosen: Selective Internal Radiotherapy with °Y mi-
crospheres for liver tumors and metastases, and '7"Lu-PSMA radioligand therapy for
metastasized prostate cancer. Each of the examined therapies has its own challenges hin-
dering accurate patient-individual absorbed dose estimation. The motivation of choosing
90y SIRT was the difficulty in acquiring post-therapeutic quantitative activity distribu-
tion images of the patients for absorbed dose calculation. '""Lu-PSMA therapy was cho-
sen since the patients receiving ""Lu-PSMA therapy often present with a large spread of
metastases in the skeleton, which directly influences the target absorbed dose estimation.
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Chapter 2

Background

2.1 General concept of radiation therapy

Radiation therapy - external and internal - makes use of the radiation-induced damage
to tissue caused by the interaction of ionizing radiation with matter. The effects occur
within different stages at different timescales: a physical, a physical-chemical, a chemical
and a biological phase, compare with the approximate orders of magnitude in figure 2.1
(0. B) [ (13-

107195 107"s 10765 1073s seconds years
Physical: Physical- Chemical: Biological:
energy deposition, chemical: reaction of free repair processes,
ionization, formation of radicals, DNA cell death,
excitation free radicals damage mutations

Figure 2.1: Different stages within the effect of ionizing radiation on tissue.

The radiation effect on the cell nucleus can be categorized into (i) direct effects, stemming
from the direct physical interactions with the DNA, and (ii) indirect effects stemming
from the chemical reactions of free radicals with the DNA. Free radicals, which are pro-
duced when a water molecule in the cell is ionized are highly chemically reactive and
can diffuse to the DNA [13]. The possible DNA damages range from a base damage over
single strand breaks (SSB) to double strand breaks (DSB). Amongst these, DSB are
most complex to repair and when repair mechanisms fail, this can lead to cell death [14].
The radiation effect on a cell with 10 um diameter is as follows: 1 Gy (radiation dose
estimated via the absorbed energy per unit of mass) leads to 10° ionizations, producing
over 1000 base damages, over 1000 SSBs, and max. 40 DSBs [12] [15]. However, this
causes cell death in just 30 % of cells due to biological repair processes [12].

Nuclear medicine therapies exploit the spontaneous transition of unstable radioisotopes
into more stable ground states via emission of ionizing radiation. Common therapeutic
radionuclides undergo 4~ decay (e.g. °Y, !""Lu, and Holmium-166 (*Ho) [16]). Along
their path through tissue, the S~ particles experience interactions with the Coulomb
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fields of the atoms of the matter. Interactions with either the Coulomb field of the elec-
tronic shell or the atomic nucleus of the interaction medium atoms are possible. Elastic
or inelastic scattering of the radiation particle and ionization of the interaction atoms
are amongst the results. The ionization energy of water is in the order of 10eV [17],
and with typical initial 3~ energies from keV to MeV, they ionize up to 107 atoms along
their path through tissue. Another kinetic energy loss is bremsstrahlung (BRS), when
the charged particles are decelerated or deflected from their initial path. [18]

While it is desired to cause damage to tumor cells, it should be avoided to cause any
damage to healthy tissue. Radiation therapy takes advantage of the fact that different
tissue and tumor types obey different DNA damage repair capabilities [12]. With the
maximum range in tissue of 4~ particles being only a few millimetres (see P°Y: Egl‘”’
= 2.28 MeV, leading to Rg”_a’” = 11.3mm; ""Lu: Eg@_“‘” = 0.497 MeV, leading to Rg"b_“’”
= 2mm [16]), this causes a concentrated damage in the proximity of the radionuclide
accumulation.

Figure 2.2: Schematic illustration of the concept of ”theranostics”: simultaneous emis-
sion of 87, used for therapy, and -y, used for imaging.

Over the past few years, so-called ”theranostic radioisotopes” have gained increasing
interest [19]. These have a certain probability for v decay in addition to the S~ decay.
The photons of the v decay can interact with tissue via the photo-electric absorption,
compton scattering and pair production [18]. However, the uncharged photons are a
very penetrating radiation and undergo very little interactions along their path through
tissue, hence allowing to be detected outside the patient’s body. This enables direct
imaging of the therapeutic radionuclide distribution in the patient further allowing for
patient-individual, image based dosimetry estimation, exemplarily illustrated in figure
2.2 (p. 6).
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2.2 General aspects of cancer therapies in nuclear medicine

The general workflow for cancer therapies in nuclear medicine includes a pre-therapeutic
part for diagnosis and the therapy part. The first part involves acquisition of all required
images and clinical parameters for diagnosis, and enables a treatment decision. The
actual therapy part includes the therapy planning, therapy administration and direct
post-therapeutic imaging for therapy monitoring and to allow image based dosimetry
estimation.

The details in pre-therapeutic and post-therapeutic parts can differ between nuclear
medicine therapies. Different patient images such as CT or magnetic resonance (MR)
imaging, PET/CT imaging or scintigraphy images as well as combinations thereof can be
required for a therapy decision and to exclude contra-indications. The pre-therapeutic
parts are of great importance to ensure a safe therapy and are usually described in
therapy guidelines [20] [21]. When multiple therapy sessions or cycles are planned, it
is important to repeat all necessary pre-therapeutic steps between therapies to avoid
complications. Post-therapeutic dosimetry can further support the patient-individual
adaption of the following therapy sessions to meet the goal of therapy optimization [11].

Nuclear medicine therapies make use of cancer cell specific receptors or of metabolic
processes to bring the radiopharmaceutical directly to the tumor site. By 87 emitting
radionuclides with a short range in tissue, the radiation-induced damage is concen-
trated locally within the radiopharmaceutical accumulation, compare with section [2.1L
The therapy administration is in such a manner to exploit this unique therapy design.
Therapy forms range from radioactive capsules for 31 therapy of thyroid diseases to
radioactive microspheres which are administered via a catheter into the tumor to cause a
radioembolization effect. Radioligand or radioreceptor therapy compounds on the other
hand are directly injected into the patient’s blood circulation and bind to the tumor cells.
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2.3 Selected cancer therapies

This work evaluates the absorbed dose estimation for two chosen cancer therapies in nu-
clear medicine. Hence, the following sections [2.3.1] and |2.3.2) will describe the details of
the pre- and post-therapeutic parts for the these two very different internal radionuclide
therapies.

2.3.1 Yttrium-90 SIRT of liver malignancies

The selective internal radiotherapy (also termed radioembolization) of liver malignan-
cies was first realized in the 1960s [22]. Ever since many studies investigating the use
of 20Y SIRT for different liver tumors and metastases from other primary cancers were
conducted (see e.g. [22] [23] [24] [25]). Nowadays, it became a valuable therapy option
for patients being ineligible for resection or who do not responding to other therapy
forms [26]. As reported by Hellwig et al. [5], this yielded to more than 1500 therapies
with °Y glass or resin microspheres in Germany in 2015. The potential of °°Y SIRT is
indicated in figure 2.3| (p. |8), where an observable decrease of lesion size on the follow-up
MR image compared to the pre-therapeutic MR image demonstrates noticeable therapy
response.

Figure 2.3: Patient example showing the therapy response 6 months after °°Y SIRT on
the right MR image.

The typical workflow for %0Y SIRT is given in figure 2.4/ (p. |9). Once a patient becomes
eligible for 20Y SIRT, it is mandatory to perform a therapy simulation to ensure a safe
therapy delivery for the individual patient. This becomes necessary due to the possible
risk of a reflux of the ?°Y microspheres to extra-hepatic regions such as the lungs [27].
Technetium-99m (Y”™Tc)-macroaggregated albumin (MAA) is injected into the liver
from the planned therapy catheter position with subsequent planar gamma camera and
single photon emission computed tomography (SPECT)/CT imaging to evaluate this
risk. The final therapy decision is made based on this treatment simulation. During
SIRT, the ?°Y microspheres are administered via a catheter in the hepatic arteries di-
rectly into the liver tumors and metastases under fluoroscopic supervision. The therapy
effect is obtained by two ways: (i) the embolization effect of the microspheres, and (ii)
the irradiation from °Y [28]. The microspheres are fabricated out of resin or glass with
a maximum diameter of 60 um [2§]. By injecting these microspheres into the hepatic
artery, an occlusion of the blood vessels occurs, which is blocking the tumor blood sup-
ply [29]. Further, °Y is a high energy S~ emitter with a maximum 3~ range in tissue
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of 11.3mm [16]. This yields a high local energy deposition causing radiation damage to
the tumor cells. As a rough estimation: one decay of Y causes an absorbed dose of
approximately 1.14 - 10719 Gy (compare with the S-values of OLINDA [30]) in a sphere
of unit density with a volume of 1 ml, and a diameter of 12.4 mm, which is greater than
the maximum [~ range in soft tissue usually obeying a density of 1. With typical aver-
age activity concentrations of 2 MBq/ml of *°Y during SIRT, this would correspond to a
total number of decays of 6.66-10" per millilitre, and thus to 75.8 Gy in the 1 ml sphere.

Time
Start 1-2 weeks later 4-6 weeks later
9mTe MAA SPECT/CT 1. 29Y SIRT + post- 2. Y SIRT + post-
for treatment planning therapeutic imaging therapeutic imaging

Figure 2.4: Time frame for °°Y SIRT.

The actual SIRT is usually performed as a lobar or segmental therapy to spare healthy
liver parenchyma. For bilobar tumor involvement, SIRT is performed separately for the
left and right liver lobe according to the time frame in figure 2.4/ (p. 9). This aims in
allowing the healthy liver tissue to recover and potentially take over the function of the
treated liver sections [28]. Each of the individual ®Y SIRTs is routinely followed by
post-therapeutic imaging within 24 h after microsphere administration to enable visual
therapy administration success evaluation [26].
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2.3.2 Lutetium-177-PSMA therapy for prostate cancer

The '""Lu-PSMA therapy was first introduced for prostate cancer patients in Germany
in 2013 [7]. It could be an option for patients for whom all existing approved therapy
alternatives are exhausted. These patients are in the late stage of their disease and
typically present with a large spread of metastases in lymph nodes and in the whole
skeleton as shown in the patient example in figure 2.5 (p. |10).

However, the great value of ""Lu-PSMA therapy is highlighted by figure [1.2(a) (p.
1.2(a))), showing the staging PET/CT images of a patient suffering from prostate cancer
before and after receiving '""Lu-PSMA therapy.

i g

F S
Figure 2.5: Prostate cancer metastasizes to lymph nodes and into the skeleton as demon-
strated by this PSMA PET image of a patient.

I"TLu-PSMA is a radioligand therapy substance targeting the prostate specific membrane
antigen. This antigen is specific for prostate cancer cells and increasingly expressed on
prostate cancer cells [31]. It is therefore the ideal target for therapy. The overall princi-
ple of radioligand therapies is illustrated by the sketch in figure [2.6| (p. |11). The exact
counterpart to the cancer cell specific antigen or receptor is used to allow for the direct
binding of the radiopharmaceutical to the tumor cell. This counterpart is further labeled
with a photon or positron emitting radionuclide to support diagnostic imaging or a « or
5~ emitter being suitable for internal radionuclide therapy.

The strength of systemic therapy approaches, where the therapeutic substances is in-
jected into the blood system, lies in their inherent capability to deliver the therapeutic se-
lectively to the tumorous tissue throughout the patient’s body. Patients presenting with
a large and diffuse metastatic spread are ineligible for palliative external beam radiation
therapy [32]. For these patients, and especially for patients suffering from metastatic,
castration-resistant prostate cancer (mCRPC), !""Lu-PSMA therapy became a valuable
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option. According to the guidelines for prostate cancer treatment, all options of hor-
monal therapies and chemotherapy must have been exhausted for these patients, and
further an image-proven uptake of PSMA ligands must be given [21].

PSMA
ligand

cancer cell
specific antigen

Figure 2.6: Schematic representation of the principle of radioligand therapies.

The kidneys as well as the bone marrow are amongst the critical OARs for all systemic
therapies that are directly injected into the patient’s blood system. Therefore, a kidney
function test is recommended prior to '""Lu-PSMA therapy, and all clinical parameters
in addition to overall patient condition are precisely monitored. A patient solely becomes
eligible for '""Lu-PSMA therapy when therapy can be safely administered with respect
to the kidney function test and the overall patient condition as deemed by the physician.
The therapy is typically realized in multiple therapy cycles to prevent from exceeding
the absorbed dose thresholds for OARs. This therapeutic scheme schedules the therapy
cycles at six week intervals which enables close monitoring of kidney and bone marrow
function between therapies. Furthermore, the therapy response can be monitored after
each two cycles with PSMA PET/CT imaging. So far, the ""Lu therapy activities are
standardized values, which can be slightly adapted according to the patient’s condition,
kidney function, metastases spread and from therapy cycle to cycle.
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2.4 The concept of image based dosimetry

The first physical quantity towards radiation damage induced by interactions of ionizing
radiation with tissue (compare with section 2.1)), is the absorbed dose, given in Gray
(Gy) [33]. The absorbed dose D is defined in line with report 85 of the International
Commission on Radiation Units and Measurements (ICRU) [34] as the amount of ab-
sorbed energy dFE per unit mass m, D = dE/dm, during interaction of radiation with
tissue and is estimated based on quantitative imaging of the radionuclide distribution
within the patient over time.

The estimation of absorbed dose to healthy tissue and tumors is necessary to improve
patient-individual therapy and to prevent from therapy side effects cased by increased
absorbed dose to healthy tissue.

In brief, the 3D image based estimation of absorbed dose can be categorized into the
following steps in flowchart 2.7| (p. |12). [35]

Image reconstruction
Image quantification

# measurements
Measurement time points

[ 1): Quantitative activity measurement ]—>

Image co-registration
Segmentation

[ 2): Identification of tumors and organs ]—»

Create Time Activity Curve

[ 3): Fit of model function to data points ]—> Total munber of decays

[ 4): Conversion to dose ]—»[ Choose appropriate model

Figure 2.7: Required processing steps within the general dosimetry workflow.

The physical decay of a radionuclide follows the decay law,

_ +/¢Phys
N(t)=Ngy-e m@-/2"  The initial number of unstable nuclei Ny decays over time ¢
according to the radionuclide specific physical half-life t’f%’s. Speaking of radioactivity,

the decay rate is defined as A(t) = —dN/dt(t), as the number of decays per time inter-

‘ e—ln(2)~t/tphys

val. Consequently, the formula for activity transforms to A(t) = Ao 12 | The
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resulting curve is of a mono-exponential shape, as illustrated in figure 2.8/ (p. |13). |1§]

A)=A,- et

Activity A

Time t

Figure 2.8: Example of the mono-exponential decay of activity when considering the
physical half-life.

However, the situation in radionuclide therapies is more complex and the radionuclide,
i.e. activity biodistribution in the patient’s body, can vary over the time. A metab-
olization or biological excretion influences this distribution, hence yielding a biological
half-life tl{i/‘g . The combination of biological half-life and physical half-life leads to a

patient- and tissue-specific effective half-life t'if g [36]. For all dosimetry estimations, it is
necessary to determine this effective half-life on organ-, or voxel-level. The following sec-
tions 2.4.1]to [2.4.4/ will describe the workflow of absorbed dose estimation in more detail.
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2.4.1 1) Quantitative activity measurement

The mandatory pre-requisite for any absorbed dose estimation is to quantitatively mea-
sure the radioactivity distribution within the patient over time. These measurements
can be done with either probes, gamma cameras, or with by SPECT [37] or PET imag-
ing. The aim of these measurements is to obtain the above mentioned patient-individual
effective half-life of the radiopharmaceutical in organs and tumors. Nuclear medicine
imaging therefore enables an assessment of the biokinetic behaviour of the radiophar-
maceutical in the patient. Figure 2.9(a) (p. [14) illustrates the measurement of activity
over time assuming solely mono-exponential decay.

¥
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(a) Plot of activity values over time for (b) Indicated time-activity curve, showing
an exemplarily mono-exponential decay the increase and decrease of activity over
curve. time.

Figure 2.9: Illustrations of exemplarily activity values over time.

Figure[2.9(a) (p. |14)) is showing a mono-exponential decay of the initial amount of activ-
ity over time in a specific region. Remembering the therapy principle of the !""Lu-PSMA
therapy described in section [2.3.2], this neglects the initial increase of radiopharmaceu-
tical accumulation in the region of interest after injection. An exemplary activity curve
showing this increase of activity is given in figure [2.9(b)| (p. [14). However, the pharma-
cokinetic of a radiopharmaceutical can follow complex processes and it can potentially
become very difficult to describe this curve. Consequently, the number and time point
of the activity measurement has an impact on the determination of this curve. Usually,
when a new radiopharmaceutical is introduced, the first patient’s undergo multiple mea-
surements at various time points to determine an appropriate measurement schedule.
This is not only influenced by the pharmacokinetics of the radiopharmaceutical but also
limited by the increased patient discomfort with increased number of measurements.
This was for example investigated for the kidney absorbed dose estimation in '7"Lu-
DOTATATE therapy by our group [38].

Assuming the appropriate time schedule for measurements has been determined for a
certain radionuclide therapy, the measurement as such needs to be quantitative.

The term quantitative imaging in context of nuclear medicine describes the measure-
ment of radioactive decay in units of Becquerel, which is in general not simple. Probes,
gamma cameras, SPECT, and PET devices measure the emitted photons or annihila-



2.4 The concept of image based dosimetry 15

tion radiation from a radionuclide. These photons are subject to scatter and attenuation
when traversing the patients body. The measured counts hence require a correction for
attenuation and scatter. Nowadays, most of these corrections are based on the simulta-
neously acquired CT image of the patient which is converted into an attenuation map
of the patient. The corrected measured counts are converted to units of activity in a
next step. This is done via a calibration factor, which is obtained by measurements of
known amounts of radioactivity. The detected counts of these measurements can thus be
converted into activity values giving the calibration factor. Details of nuclear medicine
imaging and reconstruction are described in the literature, e.g. by Simon Cherry et al.

in [39).

Today’s activity measurements often take advantage of tomographic imaging such as
PET/CT and SPECT/CT (see photos 2.10(a) and [2.10(b)}, p. revealing three dimen-
sional (3D) activity distribution images of the patient on which this work on radionuclide
therapy absorbed dose estimation is based.

(a) State of the art PET/CT. (b) Example of a SPECT/CT.

Figure 2.10: Photos of a PET/CT and a SPECT/CT in the department of nuclear
medicine of the LMU Klinikum.
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2.4.2 2) Identification of organs and tumors

To determine the radioactivity distribution over time in organs and tumors, these need
to be identified by segmentation on the quantitative activity images. Various options
for segmentation and definition of volume of interests (VOI) exist [40]. The complex-
ity varies from manual delineation on anatomical images such as MR or CT images to
semi-automatic segmentation on functional images such as SPECT or PET.

To enable a transfer of the defined VOIs between images from different time points or
modalities but for the same patient, the images need to be co-registered. A common
form of co-registration in nuclear medicine images is the rigid registration to a chosen
reference image [40]. This method for image registration makes use of rotation and
translation to move and align the images to a fixed reference image. This can be applied
inter- and intra-modality-wise.

Once the images from different time points are co-registered to each other, the VOIs can
easily be copied to extract the activity per organ.

The patient example in image [2.11] shows the fused view of a co-registered CT and
SPECT image with whole-body, kidney and tumor VOIs.

Figure 2.11: Patient example of fused CT and SPECT image and defined VOIs for
whole-body, kidneys and tumors.
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2.4.3 3) Fit of model function to data points

After completion of steps number 1) and 2) from figure (p. , the next step aims
in determination of the time-integrated activity per organ or tumor or per voxel. The
time-integrated activity serves as input for all subsequent absorbed dose estimations in
nuclear medicine therapies . Thus, the calculation of total number of decays is es-
sential for subsequent absorbed dose estimation.

The time—integrated activity per VOI or per voxel is calculated with formula A =
fo t)dt. This implies the knowledge of the pharmacokinetic of the radiopharma-
ceutlcal over time. This includes knowledge of the patient-individual effective half-life,
which can be estimated based on the patient activity images. The patient-individual
half-life is assessed by fitting a selected model function to the obtained activity data
points, compare to the curve from figure (p. . Common fitting includes either
a mono- or bi-exponential fit model.

The subsequent time-integration of the model function yields to the time-integrated ac-
tivity A, compare with the gray area in figure |2 . i.e. the total number of decays
per organ or per voxel. The generation of voxel-wise time-integrated activity images
allows for 3D absorbed dose estimation, although being potentially influenced by image
artefacts or noise in individual voxels.

Activity A

Time t

Figure 2.12: Hlustration of the determination of the time-integrated activity A per organ
or per voxel.
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2.4.4 4) Conversion to dose

Step number 3) from figure (p. 12)) reveals the time-integrated activity per organ or
per voxel. This enables absorbed dose estimation incorporating the biodistribution of the
radionuclide and the physics of the radionuclide . Multiple dosimetry methods with
different pre-requisites, processing steps, complexity, and accuracy are available. This
work examines the three dosimetry methods of particular interest in nuclear medicine:
the organ S value approach - described by the committee of Medical Internal Radiation
Dose (MIRD) [43], the voxel S value (VSV) approach from MIRD [44], and the full
patient-individual Monte Carlo (MC) absorbed dose simulation.

An overview of the above mentioned dosimetry methods is given in table (p. .
To summarize, the organ S value approach assumes homogeneous activity distribution
and tissue composition, while the VSV approach is applicable to non-uniform activity
distributions on a voxel-level, while assuming a homogeneous medium. The full patient-
individual MC simulation is capable to account for heterogeneous activity distribution
and heterogeneous patient anatomy during absorbed dose simulation. The choice of
dosimetry method strongly depends on the radionuclide therapy and field of application
or area of interest.

D, = Zivzl A-Se e | D(z,y,2) = (Ax VSV)(z,y,2) 3D MC simulation
— Homogeneous -+ Heterogeneous -+ Heterogeneous
activity distribution | activity distribution activity distribution
— Homogeneous — Homogeneous + Heterogeneous
medium medium medium

Mean organ dose | 3D dose image 3D dose image

Table 2.1: Overview of absorbed dose estimation methods.
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Organ S value approach

The organ based dosimetry approach from MIRD was already introduced in 1975.
It makes use of organ-specific S values, which are calculated for standardized, digital
human phantoms and tabulated for various radionuclides. The S value describes the
absorbed dose per targeted organ per unit of time-integrated activity. The concept is
explained by figure (p. 19): a source organ being homogeneously filled with activity
leads to self irradiation and to cross irradiation of a target organ. The absorbed dose per
target organ is composed by the irradiation of multiple source organs, including possible
self irradiation. Consequently, the average absorbed dose in an organ is calculated with
formula D; = Zivzl A S,y including all possible combinations of source and target
organs. The advantage of this method lies in the availability of pre-calculated source-
target combinations of Ss_,; for multiple radionuclides, e.g. provided by Andersson et
al. . The subsequent calculation of absorbed dose after the above given formula is
naturally simple and fast.

Self irradiation

h

Cross irradiation

Figure 2.13: MIRD organ S value scheme: a source organ with homogeneous activity
distribution yields a self irradiation of the source organ and a cross irradiation of other
target organs.

However, this dosimetry approach is limited in its application for patient anatomies
which differ significantly from those from the reference phantom. A more realistic pa-
tient organ S value can be obtained by multiplication of the organ S value with the
phantom organ mass divided by the actual patient organ mass , compare with equa-
tion (p. . However, this cannot account for differences in organ shape between
the phantom and the patient.

phantom

patient _ qphantom T

e = S e (2.1)
t

The location, size and shape of tumors are highly patient- and disease-individual. Thus,
this dosimetry approach uses the reasonable simplification of a spherical model for tu-
mors. Multiple different sphere sizes of unit density are simulated to obtain tumor S
values. Clearly, this approach can solely address the tumor self-dose component and
cannot account for cross irradiation from other source organs or tumors. Similar adjust-
ments as in equation (p. 19) can be made for the actual tumor mass.
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Voxel S value approach

The use of VSVs for absorbed dose estimation was first proposed by MIRD in 1999 .
VSVs are radionuclide- and tissue-specific and can be applied to 3D time-integrated
activity images. The great advantage is consequently the possibility to account for het-
erogeneous activity distributions. VSVs are obtained from MC simulations and represent
the fraction of absorbed radiation dose per voxel around a source voxel. For this pur-
pose, a source of the radionuclide of interest is placed in the central voxel of a sufficiently
large matrix of a certain tissue type and composition. All interactions and hence energy
depositions are scored on a voxel level, compare with the simplified 2D example in figure

214 (p. 20).

Although this approach is on a macroscopic voxel level scale, it mimics the uniform irra-
diation of tissue around a source of a radionuclide in this specific tissue. The convolution
of VSVs with the voxelized 3D time-integrated activity image gives a 3D absorbed dose
image per patient. The limitation of this approach is the application to heterogeneous
tissue types. While for the abdominal region, the assumption of soft tissue is adequate,
the application to skeletal regions has to be questioned. The appropriate VSVs must
therefore be chosen according to the voxel size, source and target region tissue and ra-
dionuclide.

X

Figure 2.14: Simplified representation of the concept of VSVs: a central source voxel
irradiates a target voxel. The central source voxel of course irradiates itself and all
surrounding voxels.



2.4 The concept of image based dosimetry 21

MC absorbed dose simulation

Patient CT
= geometry

HU /material
conversion

Patient-individual
MC dose simulation

Figure 2.15: Simplified representation of a MC absorbed dose simulation set-up. TTIAM:
time-integrated activity map.

Patient-individual 3D dosimetry with respect to the patient’s anatomy and radionuclide
biodistribution is obtained from MC simulation [47]. The particle interaction proba-
bilities, interaction types and the mean free path length before interaction are tissue
dependent. By incorporating patient-specific activity and anatomy during particle sam-
pling with MC simulations, it is possible to account for situations with heterogeneous
activity distributions and heterogeneous tissue types. MC simulation reproduces the
decay of the radionuclide and precisely models all physical processes such as particle
transport, interactions and associated energy depositions. The particles are tracked un-
til the remaining energy of the particle is too low to require further consideration in
estimation of local energy deposition. The absorbed dose per voxel is consequently esti-
mated by dividing the deposited energy per voxel by the voxel mass. MC absorbed dose
simulations takes into account the highest level of physical processes and can therefore
be considered as a reference method when evaluating simplified absorbed dose estima-
tion methods. The drawback of patient-individual MC absorbed dose simulations are
clearly their complexity and long computation times hindering the implementation into
clinical routine.
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The required input for MC simulation is a description of the aligned source and geometry.
The specification includes the radionuclide, its decay spectrum and spatial distribution.
The geometry definition includes a description of density and elemental composition.
Both, analytical and voxelized input is possible. Patient-individual absorbed dose sim-
ulating is usually based on the 3D time-integrated activity image containing the total
number of decays in a voxel grid and the patient CT image revealing the geometry,
compare with figure 2.15 (p. [21)). The CT image needs to be converted into density
and material composition per voxel. This was first in-depth achieved by Schneider et al.
giving the conversion of Hounsfield units (HU) to materials and density [48].

The total number of decays according to the source input is simulated for the specified ra-
dionuclide in the defined geometry input using random number generators coupled with
probability density functions containing the physics information such as the radionu-
clide decay spectrum, particle interaction cross sections, particle ranges, attenuation
and absorption.

GATE MC code

This work used the open source GATE code for MC simulations which is a dedicated
tool for nuclear medicine imaging [49] and therapy application [50].

The GATE toolkit is based on the GEANT4 MC simulation structures but can be easily
operated using macro language commands.

In general, a GATE absorbed dose simulation requires a certain structure. A material
database contains all atomic data and some pre-defined materials with density and com-
position information. Additional materials or tissue types can be added by the user. The
simulation geometry setup can either be defined mathematically or directly incorporate
voxelized input like for example CT images. A HU to material and density conversion
table can be loaded. Physic processes can be specified by using physics lists and are eas-
ily controlled by macro commands. The source can be defined similar to the geometry
input by directly loading a voxelized input and specifying the radioisotope from an ion
source list containing all decay properties for common nuclear medicine radioisotopes.
The simulation output can be determined with so-called actors for example in a voxelized
output and many possible scoring options exist, e.g. the deposited energy, the absorbed
dose, the number of hits, and the related uncertainties per voxel. [33]



Chapter 3

Studies

3.1 Motivation of this work

This work on absorbed dose estimation focusses on two common nuclear medicine thera-
pies. Although the therapy principle as such is different for *°Y SIRT and ""Lu-PSMA
therapy, the general dosimetry concept, given in the flowchart 2.7 (p. |12), applies for
both. Either therapies have their individual strengths, limitations and challenges for
dosimetry.

The difference between SIRT and radioligand therapy is not restricted to the different
therapy indication, but further addresses the way of therapy administration which has
a direct impact on the dosimetry workflow.

While the challenge for °°Y SIRT lies more in quantitative activity imaging (compare
with step 1) of figure 2.7, p. 12), the crucial part of dosimetry for '""Lu-PSMA is the
choice of dosimetry method for application in regions with heterogeneous tissues, espe-
cially for bone metastases (compare with step 4) of figure 2.7, p. [12).

However, dosimetry is of importance for understanding patient-individual therapy re-
sponse and assessment of treatment optimization towards personalized therapy. This
work has particularly addressed absorbed dose estimation methods for bone metastases,
since mCRPC patients typically present with a large bone metastases load. The hetero-
geneous density and medium of bone lesions in combination with heterogeneous activity
distribution further complicates the absorbed dose estimation. In contrast, for liver
tumors receiving SIRT, the medium can be assumed to be homogeneous with possible
heterogeneous activity distribution.

The aim of this work is to investigate dosimetry estimation of °°Y SIRT and '""Lu-PSMA
therapy. The facilitation of dosimetry within the clinical workflow offers the potential to
retrieve the analysis of absorbed dose and response relationships and to move the field
to personalized medicine.
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3.2 Yttrium-90 SIRT

90y SIRT combines the therapeutic effects of embolization and radiation damage from
B~ decay of °Y. By the intra-arterial administration, it is possible to place the Y
microspheres directly into the liver tumor, compare with section [2.3.1. Pre- and post-
therapeutic absorbed dose estimation is required to assure optimal tumor treatment with
minimized absorbed dose to the healthy liver to obviate affecting the liver function. This
could imply an increase or decrease of the Y therapy activity for the second SIRT or
demonstrate the importance of therapy repetition to reach optimal tumor treatment.

3.2.1 Challenges in SIRT dosimetry

The ?°Y microspheres cause an embolization in the blood supply vessels of the tumor.
Due to this unique way of therapy administration, the °Y microspheres are not sub-
ject to biological excretion or washout and remain stationary in the liver. This has a
direct influence on step 1) of the required steps for dosimetry (see flowchart [2.7} p. [12).
With no biological half-life, the effective half-life is equal to the physical half-life. Post-
therapeutic imaging at one time point is consequently sufficient and the number of data
points in figure 2.9(a) (p. [14) are reduced to a single time point.

The decay spectrum of OY needs to be considered before the detailed description of °Y
imaging. The unstable isotope Yttrium-90 (30Y") decays via 3~ decay and a half-life of
64.053 h [51] to the ground state of Zirconium-90 (39Z7). As a B~ emitter with a max-
imum (B~ energy of 2.3MeV [13] and a maximum [~ range in soft tissue of 11.3 mm,
Y is favourable for the therapy of extended soft tissue lesions and is therefore suit-
able for SIRT of pronounced liver lesions. Y has no discrete photo-peak, but as a
B~ emitter it presents with a continuous bremsstrahlung spectrum which could be used
for SPECT imaging. In addition, °Y has a small probability of internal pair produc-
tion, when it decays to the 0% first excited state of %°Zr [52] [53] with a branching
ratio of (31.86 £0.47) - 1076 [54]. The annihilation radiation of the positron from inter-
nal pair production can be exploited in PET imaging. The Y photon spectrum with
bremsstrahlung spectrum and annihilation peak is shown in figure 3.1 (p. [24).

2000
21000
0 [ ‘\ B e e {, Lo Jl
250 500 750
Energy [keV]

Figure 3.1: Photon spectrum of a °Y sample in a germanium detector.
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SPECT imaging of bremsstrahlung is challenging due to the fact that SPECT imaging
as such was designed to detect ”single photons” of a specific photo-peak, which is as-
sumed during acquisition and reconstruction. This limits the quantification capabilities
of Y BRS SPECT imaging for the use of post-SIRT absorbed dose estimation. On the
other hand, post-therapeutic °Y PET imaging suffers from the small signal of 511 keV
photons of the decay of Y, compare with the small peak in the spectrum (figure

p. 24).

It becomes even more comprehensible that quantitative °°Y imaging is the challenging
part, when regarding at figure (p. , which is showing an exemplary °°Y SIRT pa-
tient who underwent post-therapeutic *°Y BRS SPECT/CT and Y PET/CT imaging.
The differences between imaging modalities and the impact of appropriate reconstruc-
tion parameters for both, SPECT and PET, is nicely illustrated.

Recon 1 Recon 2 Recon 1 Recon 2

g0

e r F
—— a
0 340 kBg 0 340 kBgq 0 34 kBq 0 34 kBg
(a) Y PET/CT images, reconstructed with (b) °°Y BRS SPECT/CT images, reconstructed
different reconstruction parameters. with different reconstruction parameters.

Figure 3.2: °Y SIRT activity images from different imaging modalities and with different
reconstruction parameter choice.

Since the quantitative activity measurement is the crucial part hindering routine ab-
sorbed dose estimation for °Y SIRT, the first investigation of this work was a phantom
imaging study on °Y to improve the quality and quantitative accuracy of ?°Y imaging.

The subsequent steps 2) to 4) of flowchart (p. for 90Y SIRT dosimetry are less
challenging than step 1), but still require various processing efforts. Step 2) is commonly
performed by manual delineation of tumor and liver VOIs on the pre-therapeutic MR
image. To allow for further evaluation of activity images, the MR image needs to be
co-registered to the post-therapeutic SPECT/CT or PET/CT in order to copy the VOIs.
For this purpose, typically a rigid co-registration of the CT and MR is performed and
the translation is subsequently applied to the activity image.

The fitting of step 3) can be obtained assuming only physical decay and using the decay
constant Appys of 2°Y. This further facilitates the time-integrated activity determination
to formula (p. 26). By using the activity A(t) per voxel from SPECT or PET imag-
ing and the imaging time point ¢, this can be calculated per voxel.
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The conversion to absorbed dose within step 4) does not necessarily require a full patient-
individual MC absorbed dose simulation. Although the maximum range of the 5~ of
90Y in soft tissue is 11.3 mm, it is assumed that the volume of interest consists fully of
soft tissue (=liver). However, due to the nature of therapy administration of SIRT, a
heterogeneous activity distribution of ?°Y is very likely. Hence, the method of choice
with respect to table 2.1| (p. |18) is the voxel S value approach.

To summarize, the following figure 3.3 (p. [26) shows the general dosimetry workflow,
modified for Y SIRT.

9mTe MAA SPECT/CT
[ 1): Quantitative activity measurement ]—» 0y BRS SPECT/CT
Ny PET/CT

Rigid co-registration
[ 2): Identification of tumors and organs ]—> Manual VOI delineation on
MRI

A(t) . e>\phys R4

3): Fit of model function to data points |—— A=
)\phys

[ 4): Conversion to dose ]—>[ VSV for 2°Y in soft tissue

Figure 3.3: Required processing steps within the general dosimetry workflow, modified
for %0Y SIRT.
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3.2.2 Preliminary phantom studies for quantitative imaging within the
therapy workflow of °Y SIRT

Background

The quantitative measurement of the Y microsphere distribution in the patient is
necessary for all subsequent absorbed dose estimations. As introduced above, the 0Y
imaging is the crucial part within the °°Y SIRT dosimetry workflow (flowchart p-
. Consequently, this work started with phantom measurements to quantify the image
quality and accuracy. Different reconstruction parameters were investigated to improve
both. For this purpose, the NEMA IEC Body Phantom Set™ was used. This phantom
represents the human abdomen with its large roughly cylindrical shape and further has
six fillable sphere inserts, see photo (p. . The general phantom parameters are
given in table (p. . Measurements were performed for *°Y BRS SPECT and °Y
PET.

Methods

For all phantom experiments, it is crucual to reproduce the clinical setting of patient
imaging in view of activity concentrations and total activity. Typical patient activity
concentrations within the liver were determined for Y microspheres. Different ratios
of activity concentrations in the spheres and the phantom background were measured.
So called sphere-to-background ratios of 8:1, 6:1, 4:1, and 3:1 were measured to mimic
different tumor to healthy liver activity uptake ratios.

Phantom Volume [ml]
¢37 mm sphere 26.52
¢28 mm sphere 11.49
@22 mm sphere 5.58
¢17 mm sphere 2.57
13 mm sphere 1.15
10 mm sphere 0.52
W = Phantom background (BG) ~ 9700

Figure 3.4: NEMA IEC Body Phantom yuple 3.1; NEMA IEC Body Phantom

™
Set ™. Set™ parameters.

Phantom preparation

The phantom background for the Y measurements was filled with one-tenth of the
average patient activity concentration in the whole liver. This decision was made for
two reasons: Firstly, the volume of the phantom background is much larger than typical
patient liver volumes. This would artificially increase the total phantom activity far
beyond the maximum ?°Y SIRT activities. With higher activities being present in the
SPECT or PET field of view (FOV), the detected noise would be raised and not mim-
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icking the patient situation. A second reason for this decision was the personal radiation
protection during phantom preparation and handling.

The corresponding sphere activity was set according to the aimed sphere-to-background
ratio in relation to the phantom background activity concentration. The smaller ratios
were subsequently reached by adding activity to the phantom background. However,
the imaging time points were planned to measure with a constant phantom background
activity concentration for all ratios by taking advantage of the radioactive decay. Thus,
the %0Y background activity concentration was 0.2 MBq/ml. All activity concentrations
in spheres and background were verified with a gamma counter from PACKARD.

Phantom imaging

The image acquisition parameter for all SPECT based phantom measurements were set
to the same settings as exploited in the clinical routine for °°Y SPECT/CT acquisition.
These parameters are listed in table 3.2 (p. [28). This would enable a possible applica-
tion of improved reconstruction parameter settings to the existing patient data if raw
data is available. The only difference between the patient imaging parameters for *0Y
SPECT/CT was the time per step of 400 s which is ten-times the patient step time. This
adjustment was made to obtain similar count statistics per voxel for the patient case
and for the ?°Y phantom, where the activity concentration in the phantom background
was one-tenth of the patient activity concentration. All SPECT measurements were
performed on a Siemens Symbia T2 SPECT/CT.

Energy windows | Collimator | Matrix | # Angular | Time/

steps step
primary:  108keV | MELP 128x128 | 32 400s
(£20%), back-
ground: 360 keV
(£15%)

Table 3.2: °Y BRS SPECT acquisition parameter; medium-energy-low-penetration
(MELP).

The PET measurements were performed with time-of-flight (TOF) on a Siemens Bio-
graph mCT flow PET/CT. The acquisition was made in one bed position with 300 min
scan time per bed, which should mimic a tolerable patient scan time times ten, to reach
similar count statistics per voxel for patient and phantom measurements.

Additional phantom scans in flow mode for °°Y PET/CT and with 40 s time per step for
Y BRS SPECT/CT were acquired for future evaluations in combination with patient
scans.

Image reconstruction
Different sets of reconstruction parameters of an in-house maximum a posteriori (MAP)
reconstruction for SPECT [55] and of the Siemens TrueX TOF reconstruction algorithm
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for PET were used. SPECT images were reconstructed in 128x128 matrix sizes with
(4.7952 mm)3 voxel size. For PET images, different matrix and voxel sizes were tested.
The reconstruction for Y BRS SPECT used CT-based attenuation correction with a
background compensation method as described by Siman et al. [56]. The conventional
scatter correction during MAP reconstruction is replaced by the background compen-
sation. The projection data from the background energy window was added up to the
primary energy window with a weighting to adjust for the different widths of the energy
windows.

Different numbers of iterations, subsets and full-width-half-maximum (FWHM) of post-
reconstruction Gauss filters were tested for the TrueX TOF reconstruction of PET.
The PET images are already given in values of activity concentrations (e.g. kBq/ml)
by using the branching ratio information of the radionuclide and a cross-calibration
with '®F, which is routinely performed for quality control. The SPECT images, on
the other hand, need to be converted into values of activity concentrations. *°Y BRS
SPECT imaging is limited by the assumption of a photo-peak during image acquisition
and reconstruction of the bremsstrahlung spectrum. Therefore, the *°Y BRS SPECT
calibration factor can exhibit an object dependancy and a self-calibration approach was
used herein [57]. This individual calibration factor is determined by dividing the total
activity, which is either the applied therapy activity of °°Y or the known total phantom
0Y activity, by the total counts in the SPECT image. Obviously, the total activity
needs to be decay corrected to the imaging time point.

Image evaluation

Recovery coefficients (RC) and signal-to-noise-ratio (SNR) were used to evaluate dif-
ferences in quantification and image quality between the different imaging modalities,
PET acquisition modes and all tested reconstruction parameters. The RC is defined as
the ratio of the measured image activity concentration in a VOI divided by the known
activity concentration in the belonging phantom region. The SNR is calculated by the
difference of the VOI mean values of the spheres and a VOI mean value in the phan-
tom background which is divided by the standard deviation of the phantom background
VOI [58].

i Iz’nser - Iac TOUN
(A/V)lmage and SNR — VO t VO backg d '

RC = /" Jimage |
(A/V)phantom Obackground

(3.2)

Results

Amongst the herein investigated reconstruction parameter sets, the following were identi-
fied as being suitable for application within the SIRT post-therapeutic imaging workflow:

e Y BRS SPECT: 15 iterations, 16 subsets, 0.01 penalty.

e Y PET: 128x128 matrix, 2 iterations, 21 subsets, 10 mm FWHM Gauss filter.



30 3. Studies

The impact of smaller sphere-to-background ratios is visualized for *°Y BRS SPECT in
figure 3.5/ (p. 30) and for °°Y PET in figure 3.6 (p. 130). With decreasing ratio, the num-
ber of visible spheres and overall image quality decreases. In dependence on the tumor
entity being treated with Y SIRT, the ratio of tumor to healthy liver uptake varies.
However, the above identified reconstruction parameter were suitable for all investigated
phantom sphere-to-background ratios.

8to1l 6to1l 4to1l 3to1l

SHee

Figure 3.5: Transversal slices of the Y BRS SPECT phantom image for different
sphere-to-background ratios.

Figure 3.6: Transversal slices of the °°Y PET phantom image for different sphere-to-
background ratios.

The results of the evaluation of RCs and SNRs for Y PET and Y BRS SPECT are
given in figures [3.7(a) and 3.7(b)| (p. 31) for the previously identified reconstruction
parameters. The related RCs of the phantom background are given in table |3.3| (p. |30).

RC BG [%] 8:1 | 6:1 | 4:1 | 3:1
VY PET 89 |92 |92 |97
90y BRS SPECT | 110 | 100 | 99 | 99

Table 3.3: RCs of the phantom background for Y PET and ?°Y BRS SPECT and all
sphere-to-background ratios.

0Y PET imaging of ?°Y SIRT patients will be performed using flow mode. This ac-
quisition allows for a trade-off between required scan length to cover the entire liver
and overall scan time to assure a scan duration with limited patient movements due to
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discomfort, while acquiring enough true coincidences.
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(b) SNRs of ?°Y PET and °°Y BRS SPECT for the above listed reconstruction parameters.

Figure 3.7: Results of °°Y PET and °°Y phantom measurements with different sphere-
to-background ratios.
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method on absorbed dose estimates for °°Y SIRT of hepatocel-

3.2.3 Investigation of the impact of the underlying activity imaging
lular carcinoma

The following paragraphs cover the work of the first original publication of this thesis.

The overall content is summarized by figure 3.8/ (p. 32).
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Background

The preliminary phantom study (described in section 3.2.2) demonstrated the improved
quantification capabilities of Y PET imaging compared to Y BRS SPECT imaging.
However, °°Y PET post-therapy imaging is not yet routinely implemented into the clin-
ical Y SIRT workflow. Furthermore, there is a large amount of existing *°Y SIRT
patient data in our institution, which were acquired before 2°Y PET imaging was first
introduced. Over 1900 ?°Y SIRTs were performed in our institution between 2003 and
today. A broad retrospective analysis of these existing data in view of tumor and healthy
liver absorbed dose estimates correlated e.g. with overall survival could potentially im-
prove the future °°Y SIRT planning and response.

The goal of this work was consequently to investigate possible Y SIRT dosimetry ap-
proaches for the application in both scenarios, with and without *°Y PET image. Three
different processing approaches for ?°Y SIRT were chosen. The difference between the
approaches is the activity image upon the dosimetry estimation is based. Three different
activity images are available within the therapy workflow of SIRT: the pre-therapeutic
9mPe-MAA SPECT versus the post-therapeutic Y PET or Y BRS SPECT.

Methods

At first, the preliminary phantom study, acquired with the patient image acquisition
parameters, was compared to a ?"Tc SPECT/CT phantom study at a sphere-to-
background ratio of 8:1.

While the post-therapeutic *°Y PET and °Y BRS SPECT can be used directly for ab-
sorbed dose estimation, the 9™ Tc-MAA SPECT requires additional processing to allow
to be used for post-therapeutic dosimetry. In addition, the latter approach is only rea-
sonable under the condition that the pre-therapeutic 9™Tc-MAA and therapeutic 2°Y
microsphere distributions agree. Figure 3.8 (p. [32) provides an overview of the three
dosimetry approaches.

The comparison of the approaches was performed retrospectively on existing anonymized
patient data. Inclusion criteria were available post-therapeutic *°Y PET and Y BRS
SPECT image data limiting the number of patients and/or available *°Y SIRTSs for the
evaluation. This evaluation setup was approved by the local ethics committee of LMU
Munich (19-134 KB).

An initial investigation for a single tumor entity was performed. The first publication
within this cumulative dissertation was focussed on patients suffering from hepatocel-
lular carcinoma. 20Y SIRT is a possible and established treatment form for this tumor
entity in accordance with the German S3 guideline for the therapy of HCC [59].

A small collective of nine patients suffering from HCC and in total ten *°Y SIRTSs could
be analysed in view of absorbed dose of tumor and healthy liver parenchyma in depen-
dence on the underlying activity image for absorbed dose estimation. All existing image
data was reconstructed using the above identified best possible reconstruction param-
eter for the three different imaging modalities. The reference absorbed dose estimate
was obtained from Y PET/CT due to its better activity quantification. Although the
hybrid dosimetry approach using the scaled **™Tc/Y activity image is limited by the
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mandatory comparability of ?*™Tc-MAA and P°Y microsphere pattern, the investigation
is justified by the similar quantification capabilities of "™ Tc SPECT/CT and *°Y PET,
see figure 3.9/ (p. |35)).

Before any further processing, all images were co-registered to each other. The co-
registration of the pre-therapeutic MR, %™ Tc-MAA SPECT/CT, Y PET/CT and °Y
SPECT/CT was performed rigidly and the CT image from *™Tc-MAA SPECT/CT was
used as a reference image. This decision was made since the first in-house medical im-
age within the SIRT therapy workflow is the 9™ Tc-MAA SPECT/CT because the MR
images can possibly come from external institutions and potentially have varying voxel
sizes and acquisition parameters. The pre-therapeutic MR image was used for manual
delineation of tumor and liver VOIs using PMOD (v4.003; PMOD Technologies LLC).

The first dosimetry approach used the pre-therapeutic *™Tc-MAA SPECT/CT data
as a surrogate for the quantitative image of the “0Y activity distribution. The SPECT
data was normalized with the total %™Tc¢ activity in the image. Because of delivering
90y SIRT as a lobar or segmental treatment, it became necessary to adjust or ”crop”
the 9MTc-MAA SPECT activity image to the actual treated therapy volume from 0Y
SIRT. A treated volume VOI was obtained from the °Y BRS SPECT image by ap-
plying a 10% iso-contour. The normalized **®Tc-MAA SPECT was then scaled inside
the treated volume VOI with the administered Y SIRT activity. This created scaled
99mTe /0y SPECT/CT image enabled the use for post-therapeutic dosimetry. It con-
sequently used the distribution information from %°™Tc-MAA in combination with the
actual 2°Y therapy activity. The two other dosimetry approaches were directly based on
0Y activity image data.

The time-integrated activity image was created with formula |3.1| (p. 26) using the phys-
ical half-life Ay, and the time ¢ between therapy activity administration and image
acquisition. The voxel S values for °Y originate from previous MC simulations of our
group [60] using FLUKA and the definition of soft tissue from the International Com-
mission on Radiological Protection (ICRP). A 3D absorbed map per patient was derived
by convolution of the time-integrated activity images with the °°Y VSVs.

Results

The related RCs and the SNRs of the four largest phantom spheres are given in figure
3.9 (p. 135). The RCs of Y PET and ?™T SPECT are comparable, while those of *0Y
BRS SPECT are significantly smaller. On the other hand, the SNR of *™T SPECT out-
performs those of °Y PET and Y BRS SPECT. Regarding the phantom background,
all three imaging modalities revealed comparable RCs with 101 %, 95 % and 96 % for
90y BRS SPECT, %™T SPECT, and Y PET.
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Figure 3.9: RC and SNR of the four largest spheres of the NEMA IEC Body Phantom
Set™ obtained from measurements with the identified patient acquisition and recon-
struction parameters for °°Y BRS SPECT, %™Tc¢ SPECT, and Y PET.

The percentage differences (PD) of healthy liver and tumor absorbed dose estimates
from scaled ¥™Tc/?Y SPECT/CT and °Y BRS SPECT compared to the reference
absorbed dose estimate from ?°Y PET, averaged over all ten investigated SIRTS, are
summarized in table 3.4 (p. [35).

Healthy liver Tumor
scaled 0y BRS | scaled 90y BRS
99mme /90y SPECT 99mme /90y SPECT
SPECT/CT SPECT/CT
Mean PD [%] | - 10 £8 -12 £ 10 -2£18 -50 £ 13
Min PD [%] |- 21 -31 - 37 - 66
Max PD [%] | +5 +6 + 23 - 16

Table 3.4: PD of healthy liver and tumor absorbed dose estimates from scaled ¥ Tc/%Y
SPECT and °Y BRS SPECT compared to Y PET, averaged over all ten evaluated
SIRTs and the minimum and maximum PD per methodology are shown.

The PDs in table 3.4/ (p. 35)) and the boxplots in figure |3.10(a) (p. 136)) showed compa-
rable absorbed dose estimates for all three modalities for the healthy liver. This was in
concordance with the comparable RCs of the phantom background for *™Tc SPECT,
90Y BRS SPECT and ?°Y PET. However, the tumor absorbed dose estimates from “0Y
BRS SPECT showed a large underestimation of on average —50 413 % compared to the
reference absorbed dose estimate from Y PET. Figure 3.10(b)| (p. 36) further illus-
trated the underestimation of tumor absorbed doses from ?°Y BRS SPECT, while the
absorbed doses from scaled ?™Tc/?Y SPECT were comparable to those from Y PET.
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Figure 3.10: Absorbed dose estimates for healthy liver and tumor for all three investi-
gated imaging modalities.
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3.3 Lutetium-177-PSMA therapy

The radioligand therapy with !""Lu-PSMA became a valuable treatment option for pa-
tients for whom all first-line therapy alternatives are exhausted. Due to the therapy
concept and administration of the radiopharmaceutical via the patient’s blood circu-
lation, this is especially of importance for patients with a large metastases spread, as
introduced in section 2.3.2. However, at the same time, multiple healthy organs and tis-
sues have to be prevented from overdosage and hence radiation damage. The OARs for
internal radionuclide therapy with '""Lu-PSMA are amongst others, the kidneys, bone
marrow, salivary glands and lacrimal glands. The most critical and dose limiting organ
is the bone marrow. Absorbed dose estimation is hence essential to minimize radiation
damage to OARs. On the other hand, it is necessary to determine the absorbed dose
to all metastases within the patient to enable combination of dose-response and therapy
outcome analyses with the goal of therapy optimization. The absorbed dose estimation
for OARs and tumors has therefore the potential to adapt subsequent therapy cycles to
improve the therapy response. Dosimetry further allows for a personalized treatment by
patient-individual therapy planning.

Various studies addressing the absorbed dose to OARs for !""Lu-PSMA therapy exist,
e.g. Gosewisch et al. [61], Baum et al. [10] and Hohberg et al. [62]. However, very
few publications estimate absorbed doses of prostate cancer metastases, especially for
bone lesions. Consequently, this work focussed on the comparison of different dosimetry
approaches for accurate bone lesion dosimetry in '""Lu-PSMA therapy.

3.3.1 Challenges in '""Lu-PSMA therapy dosimetry

The quantitative imaging of 1”"Lu has been investigated by different groups and was sum-
marized in joint guidelines of the European Association Of Nuclear Medicine (EANM)
and MIRD [63]. Quantitative imaging of 1""Lu with appropriate attenuation plus scatter
correction and calibration was previously studied in our institution by Delker et al. [55]
and is routinely incorporated into the ""Lu-PSMA therapy imaging workflow.

The time points for the quantitative SPECT/CT acquisitions were chosen such that no
early time point is used which could potentially be influenced by the radioligand uptake
phase (compare with the curve in figure 2.9(b), p. |14). The imaging can be acquired
during the four day in-house hospital stay of the patient. Consequently, quantitative
SPECT imaging is performed 24 h, 48h and 72h post injection (p.i.). This represents
a simplified sampling scheme for the imaging of radionuclide distribution over time.
Clearly, more imaging time-points would be desirable, but a compromise has to be made
between sampling and patient comfort or camera availability.

Referring to the segmentation of tumors and organs for step number 2) of flowchart 2.7
(p. [12)), the situation for '""Lu-PSMA therapy is more complex than for *°Y SIRT.
Quantitative SPECT/CT images from three different time points need to be carefully
aligned to each other. The subsequent segmentation would require too much effort to
be performed manually for VOI definition of tumors and organs. Hence, a reproducible
semi-automatic segmentation has been previously investigated for ""Lu-PSMA therapy
in our group [64]. A robust k-means based cluster segmentation has been identified and
is used during VOI definition for the '""Lu-PSMA therapy dosimetry workflow of this
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work.

While steps 1) and 2) have previously been examined in our group, the creation of a
voxelized 3D time-integrated activity image for step number 3) of flowchart 2.7 (p. |12)
for '""Lu-PSMA therapy remains an open question for this work.

However, the most crucial part is the choice of dosimetry method (compare with step
number 4) of flowchart 2.7, p. [12)). The accurate dosimetry of regions with heteroge-
neous activity distribution and heterogeneous tissues and densities is challenging and
the choice of dosimetry method for absorbed dose estimation is difficult. The variation
between densities in the skeleton in general and bone lesions is illustrated by the density
map in figure 3.11 (p. 38), which is based on a patient’s CT image. The increase in
bone lesion density is induced by an enhanced number of osteoblasts [65].

Figure 3.11: Density map of a mCRPC patient showing the increase in density in the
metastasis in the vertebrae and very comparable densities in the soft tissue regions of
the abdomen.
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3.3.2 Preliminary work for 3D time-integrated activity map creation
Background

Besides the image acquisition and processing within steps 1) and 2) of the dosimetry
workflow (compare with flowchart 2.7, p. [12)), the creation of time-integrated activity
maps within step 3) is required for further absorbed dose estimation in step 4). However,
the choice of fit function and subsequent time-integration on either an organ or tumor
level or on a voxel level is crucial. Image artifacts and quantification errors as well as co-
registration discrepancies can influence the voxel-wise fitting and hence time-integration.

In contrast to the °Y SIRT, where solely physical decay can be assumed, the radioli-
gand therapy with '""Lu-PSMA exhibits a time-dependent biodistribution. Thus, the
creation of a voxelized 3D time-integrated activity map was investigated at first.

Methods

Due to the possible influence of image artifacts and noise in individual voxels onto time-
activity-integration, it was decided to investigate a hybrid VOI/voxel-wise approach.
A mono-exponential pharmacokinetic was assumed in concordance with previous work
from our group [66]. Consequently, the time-integrated activity formula is generally re-

duced to A = 0

eff
to reduce the impact of image artifacts of individual voxels onto the time-integrated

activity map creation. In contrast to that, the Ay was supposed to be derived at the
voxel level using the equation Ay = A(t) - e*esr.vort, This did raise the question which
activity image with A(t) per voxel should be used to obtain A - the QSPECT from
24h, or 48h, or 72h p.i..

. The effective half-life per VOI, A.frvor, was used with the aim

To address this question, a simple comparison for six of the patients being included in
the investigations of section |3.3.3| was conducted. The time-integrated activity per lesion
VOI AVOT was calculated using the fit parameter of Ag and A, rf per VOI obtained from
mono-exponential fitting. This served as a reference per lesion VOI. In addition, three
3D voxel-wise time-integrated activity maps were created based on either the 24 h, 48 h,
and 72h QSPECT, respectively, using formula 3.3| (p. |3.3)).

Aggxﬁlh . @ \VOILt(t=24h)

Avor

~ Avozel voxel AVOI-t(t=48h

Avomel _ =0 _ At:48h ‘€ ( : (3 3)
Avor Avor

Aggﬂ;ezlh . e)\VOI~t(t:72h)

( Avor

In a next step, the lesion VOIs were used to evaluate the generated time-integrated ac-
tivity maps. The average time-integrated activity value of all lesion voxels was compared
against the reference AVO! per lesion VOI from the non-voxelized approach using the fit
parameters. The PD per time-point against the reference lesion time-integrated activity



40 3. Studies

was compared for all lesions of the six patients.

Results
In total 82 bone lesions were evaluated. The results are displayed in figure m p- .
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Figure 3.12: Percentage differences in average time-integrated activity per lesion VOI,
obtained from QSPECT compared against the reference AVO7.

For all 82 evaluated lesion, the 24h QSPECT showed the smallest PDs compared against
the reference AVOT per lesion VOI. Tt was hence decided to use the 24h QSPECT for
the creation of a voxel-wise time-integrated activity map.
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3.3.3 Impact of dosimetry method on absorbed dose estimate for bone
lesions for '""Lu-PSMA therapy of patients with mCRPC

Figure [3.13 (p. 41)) illustrates the key points of the research of the second original pub-

lication of this thesis, which is covered within this section.
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Background

This investigation aimed at comparing different absorbed dose estimation methods using
the dosimetry calculation methods described in section [2.4.4| for the special case of bone
lesions of patients with mCRPC receiving '""Lu-PSMA therapy.

Existing publications that reported tumor absorbed dose estimates for '""Lu-PSMA
therapy predominantly used the S values of the unit density sphere model for tumors
(e.g. the following publications [55], |67], [68], [10], [69], [70]). No separation or possible
adaption of dosimetry method was described between bone lesions and e.g. lymph node
metastases. This motivated the extensive comparison of dosimetry calculations.

Methods

Patients suffering from prostate cancer with pronounced metastatic spread to the skele-
ton were chosen for this investigation. Irreversible anonymized data from 15 patients
was retrospectively analysed. This study protocol was approved by the ethics committee
of LMU Munich (20-520).

Dosimetry estimation was performed for the first cycle of ""Lu-PSMA-I&T therapy.
Quantitative ""Lu SPECT/CT (QSPECT) imaging was performed at 24h, 48h and
72h p.i. according to the routine clinical workflow of '""Lu-PSMA therapy of our insti-
tution.

The alignment of QSPECT and CT images from the different time points was performed
using rigid co-registration to the reference of 24 h QSPECT /CT image with PMOD. Vol-
umes of interest (VOI) included the whole body, kidneys, and bone lesions. The whole
body VOI was obtained by threshold-based VOI definition and the kidney VOIs by man-
ual segmentation on the 24h CT image. The before mentioned k-means based cluster
segmentation was used for bone lesion VOI definition on the 24 h QSPECT image. These
VOIs were transferred to the co-registered 48h and 72h QSPECT images for retrieval
of VOI activities over time. The subsequent VOI-wise fitting was performed using a
mono-exponential fit function to obtain the effective VOI half-lives Acfrvor. A voxel-
wise time-integrated activity map was obtained using the A.rrvor per VOI and the
24h QSPECT image according to formula 3.4 (p. |42)), which was identified as a robust
compromise during preliminary work of this study.

vozxel vozxel A t(t=
Avozel — At:O — At:24h seTvorti=an . (34)
Avor Avor

The flowchart in figure 3.13 (p. 41| gives an overview of the herein included dosimetry
estimation methods for bone lesions. Absorbed dose calculation was performed using the
organ/tumor S value (TSV) approach, VSV approaches for either soft tissue or cortical
bone and combinations thereof, and full patient-individual MC absorbed dose simula-
tions. The latter served as the ground truth for the comparison of all dosimetry methods.
The unit density sphere approach for tumors used the S values from OLINDA /EXM™2.0
from HERMES Medical Solutions. The time-integrated activity in the bone lesion was
retrieved per VOI from the time-integrated activity map to enable a comparison with
the 3D voxel-wise dosimetry methods. The absorbed dose per lesion VOI was calculated
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by multiplying the time-integrated activity in the lesion with the related lesion S value.
The VSV approaches were described in detail in the related publication (given in section
8) and the absorbed dose images are obtained from convolution of the patient-individual
time-integrated activity map with the related VSVs.

Full patient-individual MC absorbed dose simulation used the patient CT image, the con-
version of HU to densities according to Schneider et al. [48] and the patient-individual
time-integrated activity map as input. All MC simulations were performed with GATE
version 8.2, which was build on GEANT4 version 10.5.1. The tabulated Schneider con-
version was included in the GATE MC code and converted the patients CT image voxel-
wise into a material and density geometry for simulation.

The VSV based methods and the full patient-individual MC simulation reveal 3D ab-
sorbed dose images, while the TSV approach reveals mean tumor absorbed doses. A
drawback of the TSV and VSV approach is their limited applicability to heterogeneous
tissue regions, compare with the overview in table 2.1 (p. [18). A CT-based density
weighting was thus included into this investigation to overcome this limitation.

The CT-based density weighting approach incorporated the conversion of HU to den-
sities from Schneider et al. [48] to transform the patient CT into a voxel-wise density
map. The average bone lesion densities were then calculated based on the density map
per lesion VOI.

Using these density maps, the 3D absorbed dose maps obtained from the voxel S value
approaches were weighted voxel-wise using the actual voxel density pyeze; and the den-
sity which was assumed during simulation of VSVs, py gy, compare with formula |3.5( (p.
43) [71].

vozxel _ pyozel PVSV
Dweighted =D : (35)

Puoxel i

The mean tumor absorbed dose estimates from the TSV approach were weighted with
the average lesion density pesion. Consequently, the lesion absorbed dose D" was

1 3
multiplied with the ratio M

Plesi
The average lesion absorbed dose estimates from 3D absorbed dose images of MC simu-

lations were obtained in line with equation 6.3 of ICRU Report 86 [72] to enable a com-
parison to the average lesion absorbed dose estimates obtained from the TSV dosimetry
method. Percentage differences were calculated according to 3.6 (p. 43):

PD = Dme“g;;cDMC : (3.6)

For the 3D dosimetry methods, the PD was calculated voxel-wise for the 3D absorbed
dose maps obtained from the VSV methods against MC.

Results

The investigation included in total 289 bone lesions. The PD for the TSV method
against the full MC reference dose is visualized in plot 3.14| (p. 44).
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Figure 3.14: Percentage difference of average lesion absorbed dose from TSV methods
compared against MC.

The results of the voxel-wise comparison of the 3D dosimetry methods were averaged per
lesion VOI and are given in figure 3.15 (p. 45). The weighted VSV approaches showed
similar absorbed dose estimates with little deviation from full MC absorbed dose simu-
lation.
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Chapter 4

Contributions to the original
publications included in this work

This chapter 4] is included to summarize and explicitly state my own contributions to
the preliminary work and the two original publications upon which this cumulative dis-
sertation is based.

Section 13.2.2:

I planned all SPECT/CT and PET/CT phantom measurements with Y and °™Tc,
which are described in sections [3.2.2] and [3.2.3| respectively. Furthermore, I filled and
prepared the NEMA IEC Body Phantom Set™ for all scans. All SPECT/CT and
PET/CT scans were performed by me. I evaluated different reconstruction parameter
sets for all scans in view of image quality and quantification. The results were included
in publication I in chapter (7] [60].

Section 13.2.3k

Section [3.2.3| summarizes the first original publication given in chapter 7. The study on
the impact of the underlying activity imaging method on the absorbed dose estimate
for HCC patients receiving Y SIRT was designed and planned in collaboration with
all co-authors. PD Dr. Andrei Todica and PD Dr. Harun Ilhan assisted in review-
ing the available patient data for dosimetry evaluation. I developed the adapted scaled
99me /90y SPECT/CT based dosimetry approach and further optimized the Y BRS
SPECT/CT and °Y PET/CT based dosimetry approaches. I carried out all data analy-
ses starting with co-registration of the multi-modality image data and the segmentation
of tumor and healthy liver parenchyma for all patients. Further, I developed a MATLAB
code for the generation of the scaled ™Tc/?Y SPECT/CT image, the time-integration
of all activity images (i.e. “°Y BRS SPECT/CT, ?°Y PET/CT, and scaled *™Tc/?Y
SPECT/CT) as well as the subsequent convolution of all time-integrated activity images
per patient with the ?°Y absorbed dose kernel for ICRP soft tissue. The ?°Y absorbed
dose kernel was derived with FLUKA MC simulations by me with guidance of Dr. Astrid
Gosewisch. The evaluation of average absorbed dose estimates for tumors and healthy
liver was performed by me using PMOD, while for the comparison of 3D absorbed dose
distributions, I developed a MATLAB code to extract the minimum absorbed doses to
25 %, 50 %, and 75 % of the VOI volumes on all three absorbed dose images per patient.
The comparison of results using percentage differences, boxplots, Pearson’s correlation
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coefficient and Bland-Altman plots was scripted into a MATLAB code by me. PD Dr.
Andrei Todica and PD Dr. Harun Ilhan guided me in the interpretation of the Bland-
Altman plots. All obtained results and my interpretations built thereupon were critically
discussed together with PD Dr. Guido Boning and Dr. Astrid Gosewisch.

Section 13.3.2k

All processing and analyses as described in section [3.3.2] were exclusively performed by
me. The obtained results for the creation of 3D time-integrated activity images using the
described hybrid VOI/voxel-wise approach based on the 24h QSPECT/CT were then
included in the methods of publication II in chapter [8.

Section 13.3.3!

All co-authors contributed to the conceptual design of the study on the impact of ab-
sorbed dose estimation method on bone lesion absorbed dose estimates for "’Lu-PSMA
therapy of patients with mCRPC (publication IT is summarized in section 3.3.3, and
given in chapter 8). I decided to investigate dosimetry methods for bone lesions, which
show heterogeneous density values. Hence, I investigated clinical available dosimetry
approaches such as TSV and VSV, and extended them by proper density weighting to
enable comparison against sophisticated MC absorbed dose estimation. The clinical data
was reviewed in collaboration with Dr. Astrid Gosewisch, PD Dr. Andrei Todica, PD
Dr. Harun Ilhan, and PD Dr. Guido Boning. The radiopharmaceutical was produced for
the clinical routine by Dr. Franz Josef Gildehaus. With assistance of Dr. Carlos Uribe, I
implemented and validated the MC absorbed dose simulation using the GATE MC code
based on GEANT4. I simulated all VSVs for 7"Lu in ICRP soft tissue and ICRP corti-
cal bone with GATE. I carried out all patient data processing including co-registration
of the 24h, 48h, and 72h '""Lu QSPECT/CT images, VOI definition, VOI statistics
extraction, fitting, and time-integration according to the results from section |3.3.2l I
exclusively performed all full patient-individual MC absorbed dose simulations. These
MC simulations were split into multiple sub-simulations running on different CPUs to
speed up the overall simulation time. I created MATLAB scripts to split the MC simu-
lation into sub-simulations, to start the GATE simulations and to merge the results for
deposited energy per voxel, absorbed dose per voxel and statistical uncertainty per voxel
from all sub-simulations. Besides, I developed a MATLAB code for convolution of the
VSVs with the patient’s time-integrated activity maps for the unweighted VSV meth-
ods, V.SVt and V SV softtbone regpectively. 1 extended this code to load the patient’s
CT and voxel-wise convert HU values to density values and to export a density map.
In a next step, I used the average densities per bone lesion for T'SVcignted to weight
the average tumor absorbed dose estimates, which I’ve obtained with the TSV method
using the total time-integrated activity per bone lesion and the related TSV. The before-
hand described MATLAB code was further extended by me to include voxel-wise density
weighting of the 3D absorbed dose maps from the V.SV5°ft and V.SV sefttbone methods,
yielding stizi]zhted and VSV;ZZ,;;I;Z”E. Lastly, I calculated percentage differences per
bone lesion for the TSV method against the MC average lesion absorbed dose estimate
and assessed the percentage difference on a voxel level for all 3D dosimetry methods.
Furthermore, I included Bland-Altman plots into the analyses of absorbed dose esti-
mates. My results and my interpretation of these findings were critically reflected with
PD Dr. Guido Boning, Prof. Dr. Sibylle Ziegler, Dr. Anna Celler, Dr. Carlos Uribe
and Dr. Astrid Gosewisch.
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Discussion

The demand for routine clinical dosimetry increases with the steadily increasing num-
ber of nuclear medicine therapies per year. A better understanding of patient- and
lesion-individual therapy response using patient-individual 3D image based dosimetry
would enable adjustments in therapy activity and thus personalized therapy. In addi-
tion, dosimetry offers the potential to gain insight to organ at risk absorbed dose tol-
erance. As a consequence, routine dosimetry would allow to improve therapy outcome
and to move the field towards personalized medicine based on the estimated absorbed
doses [73]. Thus, dosimetry is not only necessary in a retrospective setting but rather
required to actively plan radionuclide therapies and subsequent therapy cycles.

To allow for routine clinical dosimetry, it is essential to investigate all steps within the
general dosimetry workflow (see figure [2.7, p. [12)): from quantitative post-therapeutic
imaging of the radionuclide distribution, processing and generation of time-integrated
activity on an image or volume of interest level and subsequent dosimetry estimation.
Each of these steps is exhibiting uncertainties of a certain degree. Hence, an understand-
ing of the associated difficulties of the dosimetry workflow per radionuclide therapy is
indispensable to meet the noble goal of a certain standardization. This could be obtained
by extensive studies of image quantification, bio-kinetic behaviour and absorbed dose es-
timation with complex absorbed dose estimation techniques. It is clear, that the most
individual dosimetry approach of a full patient MC simulation might currently not be
feasible in clinical routine, moreover this might not necessarily be required [42] |71] [74].
Furthermore, the gain of accuracy which is obtained by using MC absorbed dose sim-
ulation is limited if the underlying activity imaging data present with a large range of
uncertainties. Therefore, the second step is to explore possible simplifications within
the dosimetry workflow per therapy to enable an implementation into clinical routine.
It is emphasized that this second step should furthermore address the comparability of
outcome and effort of the investigated dosimetry workflows.

As briefly mentioned above, the choice of dosimetry method and processing of image data
for 3D image based dosimetry is crucial. The absorbed dose estimates from different nu-
clear medicine therapy centres could potentially vary to a large extent in dependence of
the underlying dosimetry workflow. Consequently, it may be advisable to transparently
report the methods being involved for dose estimation using standard nomenclature
according to MIRD [75]. In addition, instead of reporting a single dose value, which sug-
gests a certain accuracy of the dose estimation procedure, it may be beneficial to report
dose ranges which reflect the uncertainties of dosimetry. This could facilitate the inter-
pretation of reported absorbed dose estimates as well as the derivation of dose-response
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relationships. The presented work investigated the absorbed dose estimate dependence
on the underlying imaging method for °Y SIRT of patients with HCC and on the chosen
dosimetry method for the special case of bone lesion absorbed dose estimates in 17" Lu-
PSMA therapy of patients suffering from mCRPC.

1): Quantitative activity measurement

Although °Y SIRT has been performed for years, no post-therapeutic dosimetry has
been introduced into the clinical therapy workflow yet. The major reason hindering
the dosimetry estimation is the difficulty of quantitative °°Y imaging. The Y phan-
tom measurements in this work thus were necessary to assess the image acquisition
and reconstruction parameters of “°Y BRS SPECT/CT imaging and to establish 0Y
PET/CT imaging in our institution. By investigating different sphere-to-background
activity concentration ratios in the NEMA IEC Body Phantom Set™ and different
acquisition and reconstruction parameters, it was possible to implement a Y PET/CT
acquisition protocol with appropriate reconstruction parameters. This further enabled
an adjustment of the Y BRS SPECT/CT reconstruction to improve both, image qual-
ity (signal-to-noise-ratio) and quantification accuracy (recovery coefficient). An increase
of image noise was observed for increasing number of iterations during reconstruction
though the recovery coefficients increased too. The choice of image updates was therefore
carefully made to find a trade-off between image noise and increase in recovery coeffi-
cient. However, taking into account image [3.9| (p. 135)), it is obvious that *°Y PET/CT
is superior to Y BRS SPECT/CT. Further investigations are required to improve 0Y
BRS SPECT/CT imaging and could possibly include appropriate MC based modelling
of the °Y bremsstrahlung implemented into the SPECT reconstruction as described by
Dewaraja et al. [76].

Quantitative 17"Lu imaging was already implemented into the routine clinical therapy
workflow in our institution, however, there are ongoing attempts worldwide regarding
single time point dosimetry for different '""Lu therapies |77] [78]. This is highly con-
troversial and requires extensive future investigations, since most kinetics of OARs and
tumors as well as the kinetic behaviour over different therapy cycles, e.g. in ""Lu-PSMA
therapy, yet remain unknown.

2): Identification of tumors and organs

Since tumor uptake and size might vary over time as a response to the treatment, it
remains open for subsequent investigations if the herein used k-means based cluster seg-
mentation for lesion VOI definition is applicable over multiple therapy cycles with the
same parameters. For tumor segmentation in °Y SIRT, it depends on the capability of
the MR imaging to allow for proper delineation of the tumor borders.
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3): Fit of model function to data points

The P°Y microspheres are not subject to pharmacokinetics. Therefore, single time point
activity imaging is assumed to be sufficient and the fitting as well as time-integration
of activity is facilitated compared to other internal radionuclide therapies. However, al-
though the formula 3.1 (p. [26) for the generation of a 3D voxel time-integrated activity
map in Y SIRT is in theory simple, its applicability highly depends on the accurate
quantitative imaging of A(t). Since *°Y PET/CT shows improved quantification capa-
bilities compared to *°Y BRS SPECT/CT [79] [80], it is clearly favorable as a basis for
absorbed dose estimation. In concordance with Kafrouni et al. [81], it is possible to
use the distribution information from the pre-therapeutic %™ Tc-MAA SPECT/CT as a
surrogate for the °Y microsphere distribution. The subsequent voxel-wise scaling with
the administered ?°Y therapy activity allows to use this scaled *™Tc/?Y SPECT/CT
approach for dosimetry.

Three quantitative '7"Lu SPECT/CTs (24h, 48h, 72h p.i.) are regularly acquired in
our institution to assess the pharmacokinetic behaviour of ""Lu-PSMA. Different fit
functions and combinations thereof are available. In this work, a mono-exponential
fit function was used as described by Gosewisch et al. [66]. In contrast, for example
Jackson et al. [82] use multiphase models for description of the time-activity curve of
I"TLu-PSMA. However, the creation of a 3D voxel time-integrated activity map is in
general more challenging for '""Lu-PSMA therapy than for the permanently implanted
9Y microspheres. Since voxel-wise fitting and subsequent time-integration is highly
dependent on accurate co-registration and possibly impacted by image artifacts in indi-
vidual voxels, we herein investigated a hybrid VOI-/voxel-wise approach for fitting and
time-integration. Making use of formula 3.4 (p. 42)), we assume to be more robust to
possibly misaligned voxels.

4): Conversion to dose

A voxel S value convolution approach revealing a 3D dose map with possible subsequent
density weighting has been identified as a dosimetry approach with appropriate accu-
racy and ease to use for clinical routine for both therapies. Though, this could introduce
further blurring of the absorbed dose image for "°Y. The possible reasons are the blur
in 2°Y BRS SPECT caused by the 8~ range before bremsstrahlung production and the
blur in Y PET caused by the positron range before annihilation.

Taking into account the promising results of this work (see section |3.2, and publication
I, [60]) and the patient example in figure 5.1 (p. |52)), this suggests a comprehensive
analysis of existing *°Y SIRT patient data without *°Y PET/CT imaging. The applica-
tion of the scaled ™ Tc/?°Y SPECT/CT dosimetry approach facilitates the derivation
of a healthy liver parenchyma absorbed doses tolerance to prevent from radiation in-
duced liver disease. Furthermore, a tumor absorbed dose-response relationship may be
achieved. The proposed dosimetry approach based on the scaled ™ Tc/?Y SPECT is
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restricted to patients with comparable ??™Tc-MAA and ?°Y microsphere distributions.
Hence, it would be desirable to investigate a quantitative measure to define this com-
parability. An extension of the investigations to tumor entities different from HCC is
clinically requested.

Figure 5.1: Pre-therapeutic MR image of a patient suffering from HCC and transver-
sal slices of the 3D absorbed dose maps for *°Y SIRT. Top right: scaled %™Tc/%Y
SPECT/CT based; bottom left: °Y BRS SPECT/CT based; bottom right: 0Y
PET/CT based.

But how to understand a heterogeneous therapy response of a patient including respond-
ing and non-responding metastases despite receiving multiple cycles of' 7" Lu-PSMA ther-
apy? Would another cycle of '""Lu-PSMA therapy be justified in this situation? In an
attempt to address these questions it is initially required to obtain a better understand-
ing of target absorbed dose-response relationships. Tumor absorbed dose estimation
becomes even more important when OAR absorbed dose thresholds are not yet met
and it might be an option to increase the therapy activity aiming at increased tumor
absorbed doses. However, tumor absorbed dose alone might not be sufficient to answer
the questions above but also radiopharmaceutical accumulation and distribution within
the tumor is of importance.

As a first step towards answering these questions, this work focussed on an improved
absorbed dose estimation for bone lesions in mCRPC patients receiving !"’Lu-PSMA
therapy. So far, the dosimetry methods reported in the literature have limited capabili-
ties to address the heterogeneous density and mass distributions of bone lesions. With
our analyses, we aimed at providing a robust basis for tumor absorbed dose estimation
in '""Lu-PSMA therapy. For this purpose, we compared different dosimetry approaches
with varying complexity against full patient-individual MC absorbed dose simulation.
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The Bland-Altman analysis of the different 3D voxel-wise dosimetry methods compared
for D75 against the reference method of MC absorbed dose simulation is shown in figure
(p. . The smallest differences were found for the voxel S value approaches with
subsequent density weighting. This observation supports its implementation into the
1T u-PSMA therapy workflow.
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Figure 5.2: Bland-Altman plot for the minimum absorbed dose to 75 % of the bone lesion
VOI volume (D75) compared for the 3D voxel-wise dosimetry methods against MC.

Dosimetry on a voxel level is limited by the voxel’s uncertainty related to image artifacts,
noise and co-registration as discussed by Bardieés and Chiesa . However, especially
in the field of °Y SIRT there is added benefit of voxel-wise dosimetry compared against
average lesion absorbed dose estimation. Here, the combination of 3D absorbed dose
maps and dose volume histrograms (DVH) can assist the analysis of therapy response
by providing information of the dose distribution within a lesion. For the herein in-
vestigated 3D dosimetry methods for '""Lu-PSMA therapy, the 3D absorbed dose map
may provide additional information in view of therapy response analysis of individual
lesions. With the additional voxel-wise density weighting a comparable absorbed dose
distribution like the full MC simulation was achieved as highlighted by the patient ex-
ample in figure5.3| (p. [54) and the DVH of an exemplary bone lesion in figure 5.4| (p. 54).
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Figure 5.3: Sagittal slices of 3D absorbed dose maps fused with the CT image (b) of
a mCRPC patient receiving ""Lu-PSMA therapy; (a) shows the result of the full MC
simulation; (c) displays the result of the application of voxel S values for soft tissue,
weighted with voxel-wise density in (d); (e) stands for the use of voxel S values for soft
tissue and cortical bone, and with subsequent voxel-wise density weighting in (f).
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Figure 5.4: DVH of an exemplary bone lesion of a mCRPC patient receiving '""Lu-
PSMA therapy.

To summarize, pre- and post-therapeutic dosimetry is indispensable to actively plan indi-
vidualized internal radionuclide therapies with appropriately tailored therapy activities.
To allow for such personalized internal radionuclide therapies, a profound knowledge of
the dose-response relationship is mandatory. However, the required correlation between
absorbed dose estimates and therapeutic effect may not be observed, if the uncertainties
of all involved processing steps of the dosimetry workflow (figure 2.7, p. 12) can not be
reduced. The herein investigated 3D image based dosimetry approaches for °°Y SIRT
and '""Lu-PSMA offer reduced uncertainties and thus support improved assessment of
therapy response. Consequently, this work might assist ongoing research towards per-
sonalized internal radionuclide therapies.



Chapter 6

Conclusion

This work investigated the full dosimetry workflow for °Y SIRT of the liver and "7 Lu-
PSMA therapy of prostate cancer. Although the therapy concept and related challenges
differ for both therapies, the feasibility of patient-individual, 3D image based post-
therapeutic absorbed dose estimation was demonstrated.

The described scaled ™Tc/?°Y SPECT/CT based dosimetry approach showed good
agreement to %Y PET/CT based absorbed dose estimates for HCC patients. Subse-
quent investigations should include an increased number of patients as well as analyses
of different tumor entities. A combination with therapy outcome data can assist to re-
trieve dose-response relationships for Y SIRT of the liver.

For bone lesion dosimetry of mCRPC patients receiving '""Lu-PSMA therapy, 3D voxel-
wise dosimetry using voxel S values with subsequent voxel-wise density correction com-
pared well with computationally-demanding full MC absorbed dose simulation. Further,
the evidence to account for density differences during absorbed dose estimation for bone
lesions was emphasized.

To conclude, the future of nuclear medicine therapies should feature patient-individual
absorbed dose estimation for all kinds of internal radionuclide therapies and the investi-
gation of therapy outcome prediction based on pre-therapeutic data.
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6. Conclusion
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Keywords: Background: To improve therapy outcome of Yttrium-90 selective internal radiation therapy (°°Y SIRT), patient-
Radioembolization specific post-therapeutic dosimetry is required. For this purpose, various dosimetric approaches based on
SIRT different available imaging data have been reported. The aim of this work was to compare post-therapeutic 3D
Eg;:;?tzlo absorbed dose images using Technetium-99m (°*™Tc) MAA SPECT/CT, Yttrium-90 (°°Y) bremsstrahlung (BRS)

SPECT/CT, and *°Y PET/CT.

Methods: Ten SIRTs of nine patients with unresectable hepatocellular carcinoma (HCC) were investigated. The
99mTe SPECT/CT data, obtained from 99mT e MAA-based treatment simulation prior to 0y SIRT, were scaled with
the administered °°Y therapy activity. 3D absorbed dose images were generated by dose kernel convolution with
scaled *°™Tc/*%y SPECT/CT, %0y BRS SPECT/CT, and 90y PET/CT data of each patient. Absorbed dose estimates
in tumor and healthy liver tissue obtained using the two SPECT/CT methods were compared against °°Y PET/CT.
Results: The percentage deviation of tumor absorbed dose estimates from °°Y PET/CT values was on average —2
+ 18% for scaled **™Tc/?°Y SPECT/CT, whereas estimates from °°Y BRS SPECT/CT differed on average by —50
+ 13%. For healthy liver absorbed dose estimates, all three imaging methods revealed comparable values.
Conclusion: The quantification capabilities of the imaging data influence °°Y SIRT tumor dosimetry, while healthy
liver absorbed dose values were comparable for all investigated imaging data. When no °°Y PET/CT image data
are available, the proposed scaled **™Tc/°°Y SPECT/CT dosimetry method was found to be more appropriate for
HCC tumor dosimetry than °°Y BRS SPECT/CT based dosimetry.

Yttrium-90 PET
Bremsstrahlung SPECT

1. Background

Yttrium-90 selective internal radiation therapy (SIRT) became an
established treatment option for hepatocellular carcinoma (HCC) and
many other liver tumor entities [1]. To ensure safe delivery of the %0y
microspheres with limited shunt to the lung and extra-hepatic regions, a
treatment simulation with Technetium-99m-labeled macroaggregated

albumin (**™Tc-MAA) followed by a planar gamma camera image and a
SPECT/CT scan is performed prior to therapy [2]. Patient-individual
planning of absorbed dose for °°Y SIRT is performed in a majority of
centers [3]. But although the European council directive 2013/59/
Euratom emphasizes the need of patient-individual absorbed dose
verification [4], post-therapeutic °°Y dosimetry is not yet part of the
clinical routine [5].
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For patient individualized therapy with improved therapy outcome
as well as for a safe administration of further treatment cycles, an
individualized dosimetry for tumor and healthy liver parenchyma after
%Y SIRT is advisable [6].

In this regard, °°Y bremsstrahlung (BRS) SPECT/CT imaging has
been the method of choice for visual post-therapeutic treatment verifi-
cation. While °°Y PET/CT imaging gained increasing importance over
the past few years [7], this method is still less established and available
in clinical routine. Although °°Y PET imaging is affected by the low
branching ratio of °°Y for internal pair production of (31.86 + 0.47) x
10° [8], several phantom studies addressing the optimal %y PET im-
aging and reconstruction parameters have shown the feasibility of °°Y
PET [9,10]. Others investigated the optimal 20y BRS imaging parameter
choice and reconstruction methods [11,12], and deduced that %y BRS
SPECT imaging is still less capable of correctly quantifying activity
distributions due to the significantly large electron range, the contin-
uous nature of the bremsstrahlung spectrum and the lack of a discrete
photopeak suitable for imaging. Yue et al. and Elschot et al. further
investigated the quantification accuracies of °°Y BRS SPECT/CT and °*°Y
PET/CT for dosimetry purposes using phantom measurements [13,14]
and concluded that the quantification accuracy of 90y PET is superior to
%%y BRS SPECT. However, up to now no standardized clinical scan
protocol, neither for 90y PET/CT nor °°Y BRS SPECT/CT, has been
defined. Therefore, inter-center comparability of image based °°Y
dosimetry is limited, independent of the various existing dosimetric
calculation methods [15].

Pre-therapeutic absorbed dose estimation in °°Y SIRT is often per-
formed based on **™Tc-MAA SPECT/CT imaging, relying either on the
partition model (PM) or on the tumor and organ S-value based dosimetry
as described by the medical internal radiation dosimetry (MIRD)
formalism [16-21]. A drawback of these methods is the related
assumption of a homogeneously distributed activity within the liver,
which neglects the patient-individual °°Y microsphere distribution.
These approaches consequently show a limited applicability in SIRT
dosimetry, only being suitable for estimating an overall mean absorbed
dose for either tumorous or healthy liver parenchyma. A few studies
have already addressed alternative methods for 3D dosimetry for *°Y
SIRT based on *™Tc-MAA SPECT/CT [22-24]. However, Ulrich et al.,
Wondergem et al., and Knesaurek et al. were critical about the compa-
rability of uptake patterns from pre-therapeutic **®Tc-MAA SPECT/CT
and post-therapeutic °°Y microsphere imaging [25-27]. Additionally,
several groups investigated post-therapeutic 3D dosimetry methods
using °°Y BRS SPECT/CT or °°Y PET/CT [9,28-30].

It can be summarized that each of the different processing strategies
and associated imaging methods for °°Y SIRT dosimetry has its indi-
vidual limitations. Consequently, no standard methodology for °°Y SIRT
related imaging and image processing has been established so far [15].
The aim of this study was therefore to assess the comparability of the
absorbed dose estimates of tumorous and healthy liver tissue and to
quantify differences in dependence of the available imaging method,
namely *™Tc-MAA SPECT/CT and °°Y BRS SPECT/CT in comparison to
%0y PET/CT.

2. Material and methods
2.1. Phantom measurements

To enable a better interpretation of the absorbed dose estimates
obtained from *°™Tc-MAA SPECT/CT, °°Y BRS SPECT/CT and *°Y PET/
CT, the capability to quantify known activity concentrations of each
imaging procedure was determined by phantom measurements. For this
purpose, a NEMA IEC Body Phantom™ with six fillable spheres (inner
diameters: 10 mm, 13 mm, 17 mm, 22 mm, 28 mm, 37 mm) was filled
with a sphere to background activity concentration ratio of 8:1. The total
99mTe phantom activity was 495.6 MBq and was defined such that the
activity concentration in the phantom background corresponds to an
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average activity concentration in the liver of exemplary patients
receiving *™Tc-MAA. The total °°Y phantom activity was 1.88 GBq of
90y chloride with added DTPA to avoid sticking to the phantom walls
and to mimic typical maximum °°Y SIRT activities in our institution. The
99mTe SPECT/CT, °°Y BRS SPECT/CT and °°Y PET/CT acquisition and
reconstruction parameters were in concordance with the corresponding
routine clinical patient protocols, which are described in the following
sections. Spherical volumes of interest (VOIs) with a diameter according
to the phantom specifications were placed on the accompanying CT
image, and a box-shaped VOI with 1700 ml volume was placed in the
phantom background. The recovery coefficients (RC) for spheres and the
phantom background were determined according to equation (1) by
dividing the average activity concentrations of the spheres and back-
ground in the corresponding image by the known activity concentration,

Cimage

RC = 100 (@)

known

with RC being the recovery coefficient, Cimage the activity concen-
tration in Bq/ml obtained from the reconstructed image, and Cypown the
known activity concentration in Bq/ml in the phantom. The signal-to-
noise ratios (SNR) of the images were calculated by dividing the dif-
ference of the activity concentrations in the sphere VOIs and the back-
ground VOI by the standard deviation in the background VOI, as given
by equation (2) [31],

Csphcrc - Cbackgmund

SNR = 2)

Gbackgmund
with SNR being the signal-to-noise ratio, Cyyhere the activity concen-
tration in Bq/ml per sphere VOI, Cyackgrouna the activity concentration in
Bg/ml in the background VOI, and Gpackground the standard deviation of
the background VOI in Bq/ml.

2.2. Patient selection, therapy procedure and image acquisition

2.2.1. Patient selection

This study was conducted retrospectively on anonymized data from
ten SIR-therapies of nine patients suffering from hepatocellular carci-
noma (HCC). The study protocol was approved by the local ethics
committee. Written informed consent was obtained from all patients.
Patients underwent radioembolization with Yttrium-90-labeled resin
microspheres (SIR-Spheres, Sirtex Medical Ltd., Australia) as a lobar or
sequential lobar treatment under fluoroscopic guidance. MR-imaging
with a liver specific contrast agent was performed before therapy and
treatment simulation. All patients received a treatment simulation with
9mTe.MAA followed by planar scintigraphy of the thorax and the
abdomen to quantify the liver to lung shunt fraction (LSF) and a SPECT/
CT of the abdominal area to exclude extra-hepatic tracer accumulation.
The *°Y therapy activity was either determined using the modified body
surface area (mBSA) method or the partition model (PM) with the aim to
deliver at least 120 Gy to the tumor while keeping the absorbed dose to
the healthy liver tissue considerably low between 40 and 60 Gy
depending on the patient’s liver function [2,16]. Patient characteristics
and corresponding therapy activities are summarized in table 1. For
post-therapeutic treatment verification, a °°Y BRS SPECT/CT scan and a
99y PET/CT scan were acquired.

2.2.2. Image acquisition and reconstruction

2.2.2.1. *°™Tc-MAA-SPECT/CT. Within 1.5 h post injection of **™Tc-
MAA into the (right and/or left) hepatic artery according to the planned
catheter position for radioembolization, the patients were examined on
a dual-head Symbia T2 SPECT/CT (Siemens Healthcare, Germany) with
a low-energy-high-resolution collimator. SPECT projections were ac-
quired with an energy window centered at the 99me photopeak of 140
keV (£7.5%) and with an additional scatter window at 115 keV (£10%)
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Table 1

Physica Medica 80 (2020) 317-326

Patient characteristics including the administered *™Tc activity, lung shunt fraction (LSF), SIRT activity calculation method and the °Y activity derived by the activity

in the FOV of the °°Y PET image. One lesion was evaluated per SIR-therapy.

Patient no. Age Sex [m/f] 99mTe activity [MBq] LSF [%] %0y SIRT activity calculation 0y activity [MBq] Treated liver volume [ml] Tumor volume [ml]
1 71 m 99 9.6 mBSA 1266 2135 1162
2 79 m 91 7.7 PM 2431 2093 1760
3 65 m 62 4.1 PM 1110 687 514
4 77 m 88 5.0 mBSA 1224 820 55

5 64 m 94 4.8 mBSA 1046 232 129
6 36 f 74 4.3 PM 1807 922 389
7 48 f 94 2.4 mBSA 718 533 37
8-SIRT 1 65 m 105 5.3 PM 735 692 50

8 - SIRT 2 PM 547 197 16

9 81 f 87 3.8 PM 1295 2135 400

in a 128x128 matrix with 32 angular steps per head with 25 s per step
[2]. Quantitative SPECT reconstruction was performed (5 MAP itera-
tions, 16 subsets, penalty of 0.001, collimator-specific depth-dependent
detector response, voxel size (4.7952 mm)3) [32] using the corre-
sponding low dose CT (voxel size 0.9766 x 0.9766 x 5.0 mm?®) for
attenuation correction and the dual energy window method for scatter
correction. A previously determined nuclide-, collimator- and camera-
specific calibration factor, derived from a cylindrical phantom, was
used for converting the measured counts per second per voxel to Bec-
querel per milliliter.

2.2.2.2. Y BRS SPECT/CT. The °°Y BRS SPECT/CT data were ac-
quired within 24 h post SIR-therapy using the same camera as has been
utilized for the *™Tc-MAA SPECT/CT, equipped with a medium-energy-
low-penetration collimator. As proposed by Siman et al. [33], a primary
energy window was set at 108 keV (+20%) and a background energy
window at 360 keV (+15%). Projections were recorded in a 128x128
matrix with 32 angular steps per head with a duration of 40 s per step.
SPECT reconstruction (15 MAP iterations, 16 subsets, penalty of 0.01,
voxel size (4.7952 mm)?) used the low dose CT (voxel size 0.9766 x
0.9766 x 5.0 mm®) to account for attenuation in the primary energy
window and included the background compensation method proposed
by Siman et al. [33] using the background energy window. This
approach was considered as a good compromise for semi-quantitative
%y BRS imaging, since appropriate modelling of electron transport
and bremsstrahlung production as well as detector and collimator
response for bremsstrahlung radiation in °°Y BRS SPECT/CT image
reconstruction is not yet available. Consequently, we observed a space-
variant and object-dependent relation between reconstructed counts per
second per voxel and true activity. Based on the assumptions that the
majority of the administered activity remained stationary in the liver
and that the entire liver was contained within the field of view (FOV) of
the °°Y BRS SPECT/CT volume, we performed a self-calibration of each
reconstructed *°Y BRS SPECT/CT study. The individual calibration
factor (CF) was obtained by dividing the decay corrected °°Y therapy
activity obtained from °°Y PET FOV by the sum of reconstructed counts
per second in the entire °°Y BRS SPECT/CT FOV volume and by the
related voxel volume to obtain Becquerel per milliliter [34].

2.2.2.3. ®°Y PET/CT. All patients received a 0y time-of-flight (TOF)
PET/CT acquisition (Biograph mCT flow, VG60A, Siemens Healthcare,
Germany) of the liver within 24 h post SIR-therapy in flow mode using a
table scan speed of 0.2 mm/s [35] and a low dose CT (voxel size 1.5234
x 1.5234 x 3.0 mm?). The radioisotope *°Y was selected for acquisition
and Siemens TrueX TOF image reconstruction was performed with 2
iterations and 21 subsets in a 128x128 matrix (voxel size 6.3638 x
6.3638 x 3.0 mm3) with a 10 mm FWHM post-reconstruction Gaussian
filter.

2.2.2.4. Image processing. The °°Y BRS SPECT/CT, °°y PET/CT and
corresponding MR image were all co-registered with a rigid registration
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method and sampled to the CT voxel size of 0.9766 x 0.9766 x 5.0 mm?
of the 9™Tc-MAA SPECT/CT scan with PMOD (v4.003; PMOD Tech-
nologies LLC). The total administered *°™Tc activity was derived by
calculating the sum of activity values over all voxels over the entire
SPECT FOV from the calibrated *™Tc-MAA SPECT/CT. Similarly, the
administered °°Y activity was obtained from the decay corrected sum of
the activity values per voxel over all voxels in the entire PET FOV. We
decided to use this approach to provide a similar basic procedure for all
investigated patients, because for the radioembolization procedure in
our institution it is possible that occasionally not the full amount of
prescribed *°Y-SIR-Spheres is administered for patient safety reasons
and to prevent flow stasis [5,15]. Moreover, with the dose calibrator
response being very sensitive to changes in the volume [36] and ge-
ometry [37] for 90Y, it becomes difficult to accurately measure the 0y
residual activity in the vial and tubes of the application system in the
dose calibrator. In contrast, the reproducibility of the estimated °°Y
therapy activity by the total FOV activity of the PET/CT device has been
shown by Carlier et al. [38] with a proportionality coefficient of 1.04 +
0.02.

2.3. Dosimetry calculation

2.3.1. Generation of absorbed dose images

Based on the assumptions that the *°Y SIR-Spheres are trapped in the
liver tissue and that due to the embolization effect no sphere migration
occurs during SIRT and post-therapeutic imaging [5], a single image at
one time point was considered to be sufficient for dosimetric estimations
in SIRT. In our institution, the treatment simulation with *°™Tc-MAA is
performed in a single procedure with application of *™Tc-MAA ac-
cording to the planned catheter position or positions of the subsequent
SIRTs in a lobar or sequential setting. Thus, the actual treated volume in
each SIRT had to be detected. For each of the sequential SIRTs, this
treated liver volume was determined by applying a 10% iso-contour VOI
on the corresponding post-therapeutic *°Y BRS SPECT volume. This
threshold was determined with the °°Y BRS SPECT/CT phantom image
and provided a reproducible delineation of the treated liver volume at
90y SIRT. It was in good agreement with the treated liver lobe or liver
segment, when displayed with the corresponding CT and MR images as
verified by an experienced nuclear medicine physician. The quantitative
whole liver **™Tc-MAA SPECT/CT was divided by the total adminis-
tered °™Tc activity and then scaled with the total administered *°Y
therapy activity within the treated liver volume VOI using an in-house
developed MATLAB code (R2018b; The MathWorks, Inc. Natick, MA),
similar to the normalization approach by Kafrouni et al. [39]. Outside
the VOI of the treated liver volume, the image contents were set to zero.
The resulting scaled *°*™Tc/°°Y activity image consequently represented
the pre-therapeutic distribution pattern of *™Tc-MAA as well as the
total administered therapeutic *°Y activity and was considered as a
surrogate for the local °°Y distribution. Assuming no redistribution of
activity after administration, the time-integrated activity images were
obtained by dividing each of the three activity images — scaled
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99mTc/9%Y SPECT/CT based, °°Y BRS SPECT/CT based and *°Y PET/CT
based — by the decay constant of °°Y [40]. 3D absorbed dose images were
generated by convolving these time-integrated activity images with a 3D
90y absorbed dose kernel which was derived by Monte Carlo simulations
(FLUKA Monte Carlo code [41]) for ICRP soft tissue.

2.3.2. Tumor and healthy liver mean absorbed doses

The tumor was manually delineated on the pre-therapeutic MR
image using PMOD (v4.003; PMOD Technologies LLC). This tumor VOI
was then copied to the scaled **™Tc/*°Y SPECT/CT based, *°Y BRS
SPECT/CT based, and °°Y PET/CT based absorbed dose images to
determine the corresponding estimates of mean tumor absorbed doses.
To allow the assessment of the absorbed dose estimates to the healthy
liver tissue, a healthy liver VOI was derived by subtracting the tumor
VOI from the treated liver VOI. The mean absorbed dose to the healthy
liver tissue was then determined by applying the healthy liver VOI to the
scaled ?°™Tc/*°Y SPECT/CT based, *°Y BRS SPECT/CT based, and *°Y
PET/CT based absorbed dose images. Additionally, the relative per-
centage deviations with respect to °°Y PET/CT were calculated for the
tumor and liver absorbed dose estimates for the scaled 2°™Tc/*°Y
SPECT/CT and *°Y BRS SPECT/CT. Pearson’s correlation and t-test for
paired samples were conducted with MATLAB and Bland-Altman anal-
ysis [42] was performed to compare the obtained absorbed dose
estimates.

2.3.3. 3D absorbed dose distributions

The 3D absorbed dose images based on scaled **™Tc/*°Y SPECT/CT,
90y BRS SPECT/CT, and °°Y PET/CT were analyzed quantitatively by
assessment of the minimum absorbed doses to 25%, 50% and 75%
(hereafter referred to as D25, D50, D75) of the tumor VOI and healthy
liver tissue VOI. D25, D50, and D75 consequently represent the absor-
bed doses that are at least received in 25%, 50%, and 75% of the VOI
volume.

3. Results
3.1. Phantom measurements

To visualize the difference between the three imaging methods, a
transversal slice of the phantom is displayed in Fig. 1 for °°Y BRS SPECT/
CT, ®°™T¢ SPECT/CT and °°Y PET/CT, each scaled to 80% of its
maximum. The RC and SNR determined by the phantom measurements
are shown in Fig. 2 for the four largest sphere diameters. With the
investigated imaging methods °°Y BRS SPECT/CT, **™Tc SPECT/CT and
90y PET/CT, recovery coefficients of 37%, 75% and 83% were achieved
for the largest sphere (37 mm diameter, 26 ml), while the corresponding
RCs for the background VOI were 101%, 95% and 96%.

3.2. Mean tumor and healthy liver absorbed dose

3.2.1. Mean tumor absorbed dose
The estimated mean tumor absorbed dose for all patients was 81 +
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57 Gy for scaled °°™Tc/°°Y SPECT/CT and 88 + 50 Gy for °°Y PET/CT,
whereas an overall smaller mean tumor absorbed dose estimate of 41 +
19 Gy was obtained from °°Y BRS SPECT/CT. The tumor absorbed dose
estimates per patient are given in table 2. This observation is illustrated
in Fig. 3 a. The mean percentage difference of tumor absorbed dose
estimates compared to 9%y PET/CT was —2 + 18% (min: —37%, max:
+23%) for scaled 2°™Tc/*°Y SPECT/CT and —50 + 13% (min: —66%,
max: —16%) for °Y BRS SPECT/CT. Fig. 3 b shows both SPECT/CT
based tumor absorbed dose estimates plotted against those of the *°Y
PET/CT for each patient. A strong correlation was found between scaled
99mTc /20y SPECT/CT and °°Y PET/CT (r = 0.88, p = 0.29), and between
90y BRS SPECT/CT and °°Y PET/CT based absorbed dose values (r =
0.94, p < 0.01). The Bland-Altman plots of tumor absorbed dose esti-
mates from scaled **™Tc/*°Y SPECT/CT and °°Y BRS SPECT/CT
compared to °°Y PET/CT are given in Fig. 4 a and b. Smaller differences
in tumor absorbed dose estimates were found for scaled 2°™Tc/*°Y
SPECT/CT (95% confidence interval:-32.9 Gy to 47.3 Gy, mean differ-
ence: 7.2 Gy) than for %0y BRS SPECT/CT (95% confidence interval:
—4.6 Gy to 98.8 Gy, mean difference: 47.1 Gy) compared to °°Y PET/CT
based absorbed dose estimates.

3.2.2. Mean healthy liver absorbed dose

The mean absorbed dose to the healthy liver tissue was determined
to 19 + 23 Gy, 18 + 7 Gy and 22 + 16 Gy for scaled *°™Tc/*°Y SPECT/
CT, °°Y BRS SPECT/CT and °°Y PET absorbed dose images, respectively.
Hence, the mean percentage difference of estimated absorbed dose to
healthy liver tissue compared to °°Y PET/CT was —10 =+ 8% (min:
—21%, max: +5%) for scaled *™Tc/*°Y SPECT/CT and —12 + 10%
(min: —31%, max: + 6%) for 90y BRS SPECT/CT. Table 2 shows healthy
liver absorbed dose estimates per patient. In concordance with the
observation made for the tumors in the previous section, a strong cor-
relation was found between °°Y BRS SPECT/CT and °°Y PET/CT based
absorbed dose values (r = 0.94, p < 0.01), and between scaled
99mTc /%0y SPECT/CT and °°Y PET/CT based absorbed dose values (r =
0.98, p <« 0.01). The absorbed dose to healthy liver and the correlation
of the two SPECT/CT based methods compared to °°Y PET/CT are
illustrated in Fig. 5. In Fig. 6, Bland-Altman plots of healthy liver
absorbed dose estimates are shown. The absorbed dose differences for
healthy liver for scaled 99mTc 90y SPECT/CT (95% confidence interval:-
1.2 Gy to 5.5 Gy, mean difference: 2.1 Gy) and for °°Y BRS SPECT/CT
(95% confidence interval: —2.7 Gy to 8.9 Gy, mean difference: 3.1 Gy),
each compared with 90y PET/CT based absorbed dose estimates, showed
similar ranges and mean differences.

3.3. 3D absorbed dose distributions

Fig. 7 documents exemplarily the 3D absorbed dose images of patient
2 for all three imaging methods, superimposed onto the pre-therapeutic
MR image. This Fig. 7 illustrates the overall smaller absorbed dose es-
timates in °°Y BRS SPECT/CT based absorbed dose images compared to
the scaled 2°™Tc/°°Y SPECT/CT and °°Y PET/CT based absorbed dose
images, which both express comparable intensities in the same

Fig. 1. Transversal slices of the phantom, each scaled to 80% of its maximum value for better visual comparability for a °°Y BRS SPECT/CT, b °*™Tc SPECT/CT and ¢

%0y PET/CT.
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Fig. 2. a Recovery coefficients (RC) and b signal-to-noise ratios (SNR) for the four largest spheres for 99mT¢e SPECT/CT and °°Y BRS SPECT/CT and °°Y PET/CT

phantom measurements.

Table 2
Mean tumor and mean healthy liver absorbed dose estimates per patient from
scaled **™Tc/?°Y SPECT/CT, *°Y BRS SPECT/CT and °°Y PET/CT.

Patient Tumor absorbed dose [Gy] Healthy liver absorbed dose [Gy]
no. scaled %0y BRS Oy scaled 90y BRS 0y
99mre/0y SPECT/  PET/  *™Tc/*% SPECT/  PET/
SPECT/CT CT CT SPECT/CT CT CT
1 24 16 19 4 5 4
2 54 29 52 15 15 16
3 63 30 58 29 22 30
4 81 27 80 18 19 22
5 123 67 165 29 30 30
6 71 59 113 27 27 32
7 107 52 122 26 19 27
8 - SIRT 119 49 106 15 16 18
1
8 - SIRT 82 28 69 14 15 17
2
9 85 52 97 17 17 21

structures. The minimum absorbed dose that is at least received by 25%,
50%, and 75% of the tumor and healthy liver VOI volume is given by
D25, D50, and D75 in Gy for scaled °*™Tc¢/?°Y SPECT/CT, °°Y BRS
SPECT/CT, and *°Y PET/CT in Fig. 6 a and b for tumor and liver
respectively, averaged over the 10 investigated patient data sets.

4. Discussion

The availability of post-therapeutic °°Y SIRT dosimetry and the un-
derstanding of its strengths and limitations is advantageous to optimize
treatment success by maximizing the absorbed dose delivered to the
tumor while sparing healthy liver parenchyma. In combination with the
retrospective analysis of existing patient data, post-therapeutic °°Y SIRT
dosimetry could become a valuable and substantial tool to further
improve individual therapy outcome, especially if multiple therapy cy-
cles are scheduled for the same patient. However, image based post-
therapeutic °°Y SIRT dosimetry is rarely implemented into clinical
routine workflows, not least due to the differences in available imaging
modalities in each center and a lack of consensus on standardized °°Y
SIRT dosimetry workflows. In the present work, we compared absorbed
dose estimates for ten SIR-therapies in nine patients in dependence of
the imaging modalities being involved, to mimic different technical
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equipment being available in SIRT-performing centers. We namely
investigated post-therapeutic dose estimation by making use of the post-
therapeutic °°Y BRS SPECT/CT, of a combination of pre-therapeutic
99mTc.MAA SPECT/CT and post-therapeutic °°y BRS SPECT/CT, and
of the post-therapeutic °°Y PET/CT. The differences in absorbed doses in
tumor and healthy liver based on the two SPECT/CT based methods
were compared against those being derived from °°Y PET/CT. Phantom
measurements were included into this work in order to relate the
observed absorbed dose estimation in patients to the quantification ca-
pabilities and limitations of the three imaging methods based on the
patient imaging settings and reconstruction parameters used in this
study.

When comparing the mean absorbed doses to healthy liver tissue, the
90y BRS SPECT/CT and the scaled **™Tc/°°Y SPECT/CT based dosimetry
showed only small deviations from °°Y PET/CT dosimetry. A noticeable
large overlap of absorbed doses estimated by the three methods was
found, as documented in Fig. 5. This is underlined by similar mean
differences and ranges in both Bland-Altman plots in Fig. 6. This finding
is further confirmed by the observed high quantitative recovery of the
large phantom background, which was 101% for °°y BRS SPECT/CT,
95% for *™Tc SPECT/CT, and 96% for °°Y PET/CT. However, regarding
the minimal absorbed dose to 25%, 50%, 75% of the respective VOI
volume (given by D25, D50, D75, Fig. 8 b), variations were found be-
tween the three methods. With respect to the discriminative recovery
coefficients and noise characteristics, as assessed by the phantom mea-
surements (see Fig. 2), these variations were likely caused by the dif-
ferences in spatial resolution and quantification capability of the
imaging methods.

Regarding the estimated absorbed doses to the tumors, a close
agreement of —2 + 18% averaged over all patients was observed be-
tween scaled **™Tc/?°Y SPECT/CT and °°Y PET/CT. Likewise, the D25,
D50, and D75 for tumor absorbed doses in Fig. 8 a show a small devi-
ation between scaled °°™Tc/°°Y SPECT/CT and *°Y PET/CT. These
findings have already been indicated by others, see Gnesin et al. [43]
and Jadoul et al. [44] using a local deposition dosimetric approach, and
Kafrouni et al. [35] and Richetta et al. [45] using a dose kernel
approach, who all found a good comparability of *™Tc-MAA SPECT/CT
based and °°Y PET/CT based dosimetry in HCC. In addition to their
approaches, we further included °°Y BRS SPECT/CT based dosimetry to
the comparison and observed a notable large underestimation of the
tumor absorbed dose estimates of —50 + 13% by °°Y BRS SPECT/CT,
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Fig. 3. a Boxplot of mean tumor absorbed doses obtained by scaled **™Tc/°°Y SPECT/CT, °°Y BRS SPECT/CT and °°Y PET/CT, and b correlation plot of mean tumor

absorbed doses of the two SPECT/CT based methods compared to °°Y PET/CT.
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Fig. 4. Bland-Altman plots for tumor absorbed dose for a scaled *™Tc/°°Y SPECT/CT compared to °°Y PET/CT, and b °°Y BRS SPECT/CT compared to °°Y PET/CT.

when compared to °°Y PET/CT. This observation is further documented
by the significantly reduced values for D25, D50 and D75 in Fig. 8 a,
confirming the tendency found with the percentage deviations. The
Bland-Altman analysis, shown in Fig. 4, revealed larger mean differ-
ences and a larger range of differences for the °°Y BRS SPECT/CT
dosimetry method compared to °°Y PET/CT based dosimetry than for
the scaled *°™Tc/°°Y SPECT/CT dosimetry approach compared to *°Y
PET/CT.

The exemplary patient absorbed dose images provided in Fig. 7
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illustrate the good comparability of scaled **™Tc/*°Y SPECT/CT (Fig. 7
b) and °°Y PET/CT (Fig. 7 c), while the °°Y BRS SPECT/CT (Fig. 7 a)
based absorbed dose image expresses overall lower absorbed dose esti-
mates. This observation can be explained by the highly limited capa-
bility of accurate activity quantification of °°Y bremsstrahlung SPECT,
as documented by the overall lower recovery coefficients in the spheres
in Fig. 2 a. 99mTe SPECT/CT and °°Y PET/CT, in contrast, presented
comparable quantification capabilities in our phantom measurements. It
has to be considered, that the quantification capabilities (RCs and SNRs,
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Fig. 5. a Boxplot of mean absorbed doses to the healthy liver volume obtained by scaled **™Tc/*°Y SPECT/CT, *°Y BRS SPECT/CT and °°Y PET/CT, and b correlation
plot of mean absorbed doses to the healthy liver tissue of the two SPECT/CT based methods compared to °°Y PET/CT.

see Fig. 2) of the three SIRT-related imaging methods presented in this
study were derived from image data which were generated using the
standard clinical routine imaging protocols and reconstruction param-
eters of our institution, without optimization for technical performance
evaluations. Previously published studies analyzed °°Y BRS SPECT/CT
imaging protocols as well as °°Y BRS SPECT/CT reconstruction
[12,33,46-49] and provided recommendations for improved imaging
and reconstruction parameters, which could have an impact on the
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results presented here. However, the quantification capability of *°Y
BRS SPECT/CT is highly object-dependent and still below that of *°Y
PET/CT. Evidently, this is confirmed by the underestimation of all
presented °°Y BRS SPECT/CT based recovery coefficients and tumor
absorbed dose estimates. Since °°Y BRS SPECT/CT quantification ca-
pabilities are highly dependent on the image acquisition and recon-
struction protocol and therefore may vary between individual treatment
centers, this further complicates the comparability of absorbed dose
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Fig. 6. Bland-Altman plots for healthy liver absorbed dose for a scaled **™Tc/°°Y SPECT/CT compared to °°Y PET/CT, and b °°Y BRS SPECT/CT compared to *°Y

PET/CT.
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Fig. 7. Absorbed dose images of a °°Y BRS SPECT/CT, b scaled *°™Tc/°°Y SPECT/CT, ¢ °°Y PET/CT for patient 2.

estimates obtained from °°Y BRS SPECT/CT. On the other hand, the
feasibility of °°Y PET/CT based dosimetry, despite the inherent problem
of a low count rate when imaging °°Y with PET, has been proven by
several studies [9,50,51]. Concordantly, we deduce that %y SIRT
dosimetry based on post-therapeutic °°Y PET/CT is preferable, as indi-
cated by Gates et al. [52] and Kao et al. [53], due to its superior quan-
tification capabilities. In cases, where °°Y PET/CT is clinically
unavailable, and under the assumption that the pre- and post-
therapeutic uptake patterns have a high degree of similarity, the use
of the scaled **™Tc¢/?°Y SPECT/CT could be a possible alternative for
post-therapeutic absorbed dose estimation.

99MTc.MAA SPECT/CT based dosimetry is clearly restricted by the
assumption that the distributions of pre-therapeutic 99mTc MAA and
therapeutic °°Y microspheres are similar. However, there are differences
in particle sizes, the amount of injected particles and the flow charac-
teristics between “™Tc-MAA and °°Y microspheres. Furthermore, the
uptake of °*™Tc-MAA depends on the tumor entity [54] and tumor
vascularization. In this context, it is important to note that HCC, on
which this study is focused, is a hypervascularized tumor. Thus, the
results and conclusions do not necessarily apply to hypovascularized
tumor entities. The use of “*™Tc-MAA SPECT/CT for dosimetry for
different tumor entities is a highly controversial topic with publications
demonstrating or disproving a comparability of *™Tc-MAA and *°y
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microsphere distribution for either glass [55-58], or resin microspheres
[25-27]. Consequently, post-therapeutic dosimetry should be per-
formed cautiously when being based on a pre-therapeutic **®Tc-MAA
SPECT/CT. Yet, for the small number of evaluated patient cases included
in our study, we observed a good concordance of pre- and post-
therapeutic uptake patterns.

Recently, commercially available software including dose kernel
dosimetry approaches similar to the one used in our investigations have
been tested by Kafrouni et al. [35] and validated by Maughan et al. [59]
for °°Y SIRT with °°Y PET/CT. This enables a broader application in
clinical routine. However, the large deviations in absorbed dose values
observed in our investigation suggest that not only the selected dosi-
metric concept [28], but also the choice of imaging method needs to be
considered to facilitate reliable and comparable dosimetry.

Due to the fact, that this work is a retrospective patient study, the
number of available patient data is limited. The acquisition of two post-
therapeutic images (°°Y BRS SPECT/CT and °°Y PET/CT) is outside of
clinical routine. This procedure leads to significantly increased patient
discomfort and was therefore only performed if deemed valuable by the
treating physician. Nonetheless, this investigation aimed in comparing
post-therapeutic 3D absorbed dose images and absorbed dose estimates
for tumors and healthy liver tissue using **™Tc-MAA SPECT/CT and *°Y
BRS SPECT/CT in comparison to 99y PET/CT. For this purpose, patients
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Fig. 8. Minimum absorbed doses to 25%, 50%, and 75% (given by D25, D50, D75) of a the tumor volume and b the healthy liver volume for scaled **™Tc/*°Y
SPECT/CT, °°Y BRS SPECT/CT and °°Y PET/CT, averaged over all 10 patient data sets. D25, D50, and D75 represent the absorbed doses that are at least received in

25%, 50%, and 75% of the related VOI volume.

324



J. Brosch et al.

suffering from HCC receiving SIRT were retrospectively analyzed with
the inclusion criteria of having both, post-therapeutic *°Y BRS SPECT/
CT and °°Y PET/CT. Consequently, the comparison of absorbed dose
estimates as shown in the present work necessitate additional investi-
gation in a larger cohort. However, this work was able to provide an
initial analysis of absorbed dose estimates for a homogeneous set of HCC
patients and is unique in combining post-therapeutic absorbed dose
estimation based on scaled **™Tc/°°Y SPECT/CT, °°Y BRS SPECT/CT
and °°Y PET/CT in the same patient. The accompanying phantom
studies further support our results, and enable comprehensible conclu-
sions. Nevertheless, it is highly desirable to pursue this investigation
with larger patient cohorts and to possibly further include other liver
tumors than HCC.

5. Conclusion

For the post-therapeutic assessment of °°Y SIRT dose estimates, the
proposed scaled *™Tc/°°Y SPECT/CT dosimetric approach showed the
potential to reliably provide tumor absorbed dose estimates when
compared to absorbed dose estimates obtained from °°Y PET/CT, for
given equivalence of tumor uptake pattern of *™Tc-MAA and °°Y mi-
crospheres on SPECT/CT images. If this requirement is fulfilled, scaled
99mTc /%0y SPECT/CT SIRT dosimetry could be of particular benefit for
retrospective analysis of therapy outcome based on absorbed dose esti-
mates. This may help to further correlate absorbed dose estimates with
overall survival and tumor response for °°Y SIRT of existing patient data
with no °°Y PET/CT. Tumor absorbed dose estimates from °°Y BRS
SPECT/CT exhibited large dose underestimations when compared to *°Y
PET/CT. For healthy liver tissue, all three imaging methods provided
comparable absorbed dose estimates. This initial comparison of post-
therapeutic absorbed dose estimates in dependence of the imaging
method based on ten SIRTs of patients suffering from HCC together with
phantom measurements may support subsequent investigations with
larger patient cohorts and multiple centers.
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individualized dosimetry enables improvement of therapy success with the aim of
minimizing absorbed dose to organs at risk while maximizing absorbed dose to
tumors. Different dosimetric approaches with varying complexity and accuracy exist for
this purpose. The Medical Internal Radiation Dose (MIRD) formalism applied to tumors
assumes a homogeneous activity distribution in a sphere with unit density for
derivation of tumor S values (TSV). Voxel S value (VSV) approaches can account for
heterogeneous activities but are simulated for a specific tissue. Full patient-individual
Monte Carlo (MC) absorbed dose simulation addresses both, heterogeneous activity
and density distributions. Subsequent CT-based density weighting has the potential to
overcome the assumption of homogeneous density in the MIRD formalism with TSV
and VSV methods, which could be a major limitation for the application in bone
metastases with heterogeneous density. The aim of this investigation is a comparison
of these methods for bone lesion dosimetry in mCRPC patients receiving Lu-177-PSMA
therapy.

Abstract

Results: In total, 289 bone lesions in 15 mCRPC patients were analyzed. Percentage
difference (PD) of average absorbed dose per lesion compared to MC, averaged over all
lesions, was + 14 + 10% (min: — 21%; max: + 56%) for TSVs. With lesion-individual
density weighting using Hounsfield Unit (HU)-to-density conversion on the patient’s CT
image, PD was reduced to — 8 = 1% (min: — 10%; max: — 3%). PD on a voxel level for
three-dimensional (3D) voxel-wise dosimetry methods, averaged per lesion, revealed
large PDs of + 18 + 11% (min: — 27%; max: + 58%) for a soft tissue VSV approach
compared to MG; after voxel-wise density correction, this was reduced to — 5 + 1%
(min: — 12%; max: — 2%).
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Conclusion: Patient-individual MC absorbed dose simulation is capable to account for
heterogeneous densities in bone lesions. Since the computational effort prevents its
routine clinical application, TSV or VSV dosimetry approaches are used. This study
showed the necessity of lesion-individual density weighting for TSV or VSV in Lu-177-
PSMA therapy bone lesion dosimetry.

Keywords: Radioligand therapy, mCRPC, PSMA, Lutetium-177, 3D dosimetry, Tumor
dosimetry, OLINDA/EXM®, Voxel S value, Monte Carlo simulation

Background

The incidence of prostate cancer has been steadily increasing over the past decades in
western populations [1, 2]. Patients with castration-resistant prostate cancer (mCRPC)
typically present a large metastatic tumor burden in the bones [3]. Radioligand therap-
ies (RLT) targeting the prostate-specific membrane antigen (PSMA) such as Lutetium-
177-PSMA (Lu-177-PSMA) and Actinium-225-PSMA have shown promising results in
patients ineligible for other therapies or have shown progress after receiving other sys-
temic treatment options [4]. The clinical value of personalized dosimetry in RLT lies in
a possible increase of the therapeutic window by limiting absorbed dose to organs at
risk while maximizing absorbed dose to tumors. Thus, personalized dosimetry is indis-
pensable for correlation with therapy response and patient outcome, enabling adjust-
ments for subsequent therapy cycles. The first Lu-177-DKFZ-PSMA-617 absorbed dose
estimates were published in 2015 [5]. Nonetheless, up to now, there are still few publi-
cations addressing the absorbed doses delivered to tumors after Lu-177-PSMA therapy
[5—11]. While there is a clear definition of absorbed dose D as “the quotient of d& by
dm, where dg is the mean energy imparted by ionizing radiation to matter of mass dm”
in Report 85 of the International Commission on Radiation Units and Measurements
(ICRU) [12], there are, however, different approaches for estimation of absorbed dose
for internal radionuclide therapies, each with varying complexity and accuracy.

The use of pre-calculated organ-specific S values according to the Medical Internal
Radiation Dose (MIRD) Committee formalism [13] has become more prevalent using
the OLINDA/EXM"® 2.0 software (HERMES Medical Solutions, Sweden) [14]. However,
for the particular situation of tumor absorbed dose estimation, this approach relies on
the unit density sphere model for calculation of tumor S values (TSV) that assumes
homogeneous activity distribution within the spherical tumor and a tumor density of 1
g/cm® (i.e., soft tissue). Thus, this fast and simple approach has limited applicability to
bone lesions with higher densities and non-uniform activity distributions. Mass scaling
of TSVs has been applied to include patient-specific density variations [15, 16], though
the lesion-individual density in mCRPC patients may still limit the value of mass scal-
ing of TSV. A three-dimensional (3D) voxel-wise dosimetry approach includes
radionuclide-specific absorbed dose kernels or voxel S values (VSVs), which are pre-
simulated for a specific tissue type and voxel size [17]. The use of VSVs accounts for
heterogeneous activity distributions under the assumption of a homogeneous material
and density [17]. Monte Carlo (MC) absorbed dose simulations based on SPECT/CT
data include patient-individual, heterogeneous density, and activity distributions, yield-
ing 3D voxel-wise absorbed dose estimations.
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The aim of this work is to investigate various dosimetry techniques for accurate bone
lesion absorbed dose estimation in Lu-177-PSMA therapy of mCRPC. The unit density
sphere model for TSVs for volume of interest (VOI)-based dosimetry, and VSVs for dif-
ferent tissue types for 3D voxel-based dosimetry, without and with a tissue-specific
density weighting were compared to patient-individual dosimetry by Monte Carlo
simulations.

Methods

Patients

The study was conducted retrospectively on anonymized data and was approved by the
local ethics committee of our institution. Fifteen patients with metastatic, castration-
resistant prostate cancer (mCRPC) and pronounced metastases in the skeleton were in-
cluded in this study. Table 1 presents the detailed patient characteristics. Patients re-
ceived a first cycle of radioligand therapy using Lu-177-PSMA-I&T with activities of
7.4 GBq (10 patients) and 9.0 GBq (5 patients). The higher initial therapy activities were
used in case of severe burden of bone metastases and/or presence of visceral

metastases.

Image acquisition and reconstruction

Following the standard clinical routine imaging protocol of our institution, patients
underwent quantitative Lu-177 SPECT/CT imaging (Symbia Intevo ™ T16 SPECT/CT,
3/8" crystal, medium-energy low-penetration collimator, Siemens Healthcare, Germany)
at 24 h, 48 h, and 72 h post injection (p.i.). At least two SPECT bed positions were

Table 1 Summary of patients being included. Previous treatment (1: yes; 0: no): OP surgery, RTx
radiotherapy, AHT anti-hormonal therapy (including second line AHT with bicalutamide,
enzalutamide, abiraterone acetate), CTx chemotherapy (docetaxel, cabazitaxel), Ra-223 radium-223

dichloride
Patient Age Activity PSA Gleason Previous treatment
(GBq) (ng/ml)  score OP RTx AHT  CTx  Ra-223
prior to
therapy

1 61 744 259 9 0 1 1 1 0
2 75 746 384 9 1 0 1 1 0
3 75 744 1070 8 1 1 1 1 1
4 78 9.04 570 9 0 0 1 1 0
5 62 747 848 - 0 1 1 0 0
6 59 747 538 7b 0 1 1 1 0
7 74 9.19 1696 - 1 1 1 0 0
8 63 746 149 8 0 1 1 1 0
9 82 744 20.2 9 1 1 1 0 0
10 70 742 127 9 1 1 1 1 1
11 75 9.05 436 9 0 1 1 1 0
12 49 9.00 121 9 1 1 1 1 1
13 64 747 1268 8 0 1 1 1 0
14 79 746 72.7 7b 0 0 1 0 0
15 73 9.04 19.6 9 1 0 1 1 0
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acquired in auto-contour mode followed by a low-dose CT. Image acquisition parame-
ters included a 128 x 128 matrix with 64 angular steps and a duration of 5 s per step.
These parameters were chosen as a compromise between covering the extended axial
field of view (FOV) and patient comfort. The imaging energy window was centered at
the energy of the upper photo peak of Lu-177 at 208 keV (width 15%). Quantitative
SPECT reconstruction was performed with the clinically established Hermes Hybrid
Recon v.2.1.1 reconstruction, which represents an ordered-subset ordinary-Poisson
maximum a priori expectation maximization (OS-MAP-EM) reconstruction algorithm
with a one-step late weighted quadratic penalty function and collimator-specific depth-
dependent detector response modelling (16 MAP iterations, 8 subsets, Bayesian weight
0.01, HERMES Medical Solutions, Sweden) [18, 19]. CT-based attenuation correction
and model-based scatter estimation as described by Sohlberg et al. [18] were used. The
SPECT images were calibrated with a system-specific calibration factor, which was ob-
tained using the same SPECT image acquisition and reconstruction parameters for a
cylinder phantom (20 cm diameter), homogeneously filled with a known Lu-177 activity
concentration [5, 20, 21].

Image processing

All images were processed with PMOD (v4.005; PMOD Technologies LLC). Rigid co-
registration of all CT and SPECT volumes was performed onto the SPECT/CT image
data at 24 h p.i., which served as reference. An individual bone map and a whole-body
VOI were derived from the reference CT by threshold-based segmentation (Hounsfield
Unit (HU) threshold of 200 for bone map [3], HU threshold - 200 to - 100 for the
whole body), and kidney VOIs were defined by manual delineation. To further segment
individual bone lesions within the skeletal bone map, the semi-automatic k-means clus-
ter segmentation of PMOD 3D tool was used on the 24-h SPECT [3]. All VOIs were
copied to the co-registered SPECT data sets. Since image artifacts and noise impact
voxel-wise fitting, time-activity curves were fitted in pre-defined VOIs to determine
VOI-wise effective half-lives. VOI activities for the kidneys, tumor lesions, and remain-
der of the body (whole-body minus the kidneys and tumor lesions) were fitted using a
mono-exponential fit model. A hybrid VOI/voxel-wise approach was used for gener-
ation of time-integrated activity images to partially maintain the voxel-wise activity dis-
tribution information. The time-integrated activity images per patient were generated
with MATLAB (R2019b, The MathWorks, Inc. Natick, MA) based on the reference
SPECT at 24 h p.i. and the individual VOI map:

~ voxel N A:i%el

A

(1)

Avor

~ voxel . . .. . .. .
where 4" denotes the time-integrated activity per voxel, A}’i’f)el is the activity at time

point zero in a voxel, and Ay, = In2 / ; uses the effective half-life obtained from
1/2

mono-exponential fitting in the related VOIL. A'*** was computed as:

A;i%el :Aroxel.e/lvopt (2)
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with the time ¢ being the exact time point of the individual 24 h p.i. SPECT
acquisition.

Dosimetry calculations
We investigated 7 different dosimetry approaches by utilizing the aforementioned time-
integrated activity images and the reference CT of each patient.

MC method: Patient-specific Monte Carlo (MC) absorbed dose simulation

Patient-specific MC absorbed dose simulation accounts for the patient’s anatomy by
using the geometry and density information from the patient’s CT image [22]. The
radioactive decay, the interactions of the ionizing radiation with matter, and conse-
quently the absorbed dose are simulated based on the patient-individual time-
integrated activity distribution. Hence, MC absorbed dose simulations contain the high-
est level of complexity for modelling of radiation transport and interactions of ionizing
radiation with matter with associated energy deposition among all other applied
methods in this study. In concordance with inter alia Dieudonné et al. [23] and Grimes
et al. [24], we considered MC dosimetry as the reference method assessing the other
methods for bone lesion dosimetry. MC simulations in this study were performed using
the GATE MC code version 8.2, based on GEANT4 version 10.5.1. This code has previ-
ously been validated for use in nuclear medicine therapies [25-27]. The radionuclide
data were based on the Nuclear Data Sheets of Kondev et al. [28] and are the same as
in OLINDA/EXM® [29]. A CT scan of a Gammex tissue characterization phantom
(Gammex 467; Gammex Inc., Middleton, WI) using the same imaging parameters from
the patient scans was performed, which confirmed the HU-to-density relationship of
our CT device with that implemented in GATE. GATE converts HU-to-density values
with internal tables based on Schneider et al. [22]. The time-integrated activity image
of each patient was normalized with its total number of decays and used as the input
for the simulations. The total number of 10° primary decays per patient simulation was
divided into 20 sub-simulations for parallel execution on separate CPUs to increase
simulation speed (dual CPU system with 2 INTEL XEON 4114 CPUs, 10 cores each,
2.2 GHz, 192 GB RAM, running on Linux). The relative statistical uncertainty in the
absorbed dose per voxel was calculated as described by Chetty et al. [30]. The voxel size
of the simulation was (4.7952 mm)? corresponding to the voxel sizes of the SPECT acqui-
sitions. All particle range thresholds were set to 0.1 mm.

TSV method: Tumor S values (TSV) according to the unit density sphere model

The tumor S values from the uniform and unit density sphere model of OLINDA/
EXM® 2.0 (HERMES Medical Solutions, Sweden) were used. This method represents
the model with the lowest level of complexity and can be considered as the most simple
and applicable method, yet clinically available. Since the total time-integrated activity
per lesion and the lesion volume were known from the processing steps described
above, the average lesion absorbed dose was calculated following the MIRD formalism
[13] by multiplication of the tumor S value for the selected tumor volume with the
tumor time-integrated activity. This approach is assuming that the lesion mass is com-
parable to the lesion volume at a tissue density of 1 g/cm® TSVs are available for a
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limited number of sphere volumes/masses. Hence, the TSV per lesion was obtained by
fitting the available TSVs within OLINDA/EXM?®, and subsequent calculation of the
TSV for the lesion mass m with the fit parameters (TSV(m) = 2.19-107° - m~*%°). This
method includes solely the tumor self-dose [31] and is further based on the assumption
that lesions were all of spherical shape with unit density and uniform activity distribu-
tion [32].

TSVeightea method: TSV according to the unit density sphere model with additional lesion-
individual density weighting

A simple method aiming to improve this absorbed dose estimate and to account for
the tissue-specific tumor density is to convert the patient CT-image voxel-wise to dens-
ities using the HU-to-density conversion table, followed by the extraction of average
lesion-individual density using the lesion VOI. The absorbed dose estimate is subse-
quently adjusted by weighting the lesion absorbed dose value D" with the ratio of
unit density and the average lesion-individual density p,,,,, being equivalent to the
mass scaling of S values [16]. This method takes into account the actual average lesion

density p,,;,, rather than assuming a fixed density for all lesions.

, 18/ 4
Dlesmn Dleszon' /CWI . (3)

weighted — =
Plesion

VSV*° method: Absorbed dose convolution model using voxel S values (VSVs) based on
International Commission On Radiological Protection (ICRP) soft tissue

To account for the non-uniform activity distribution in 3D voxel-wise dosimetry, the
use of VSVs for dosimetry has gained increasing interest [17]. For this purpose, GATE
MC code was used for the simulation of Lu-177 VSVs using the voxel size of the time-
integrated activity images, namely (4.7952 mm)>. The simulation used the soft tissue
composition according to the ICRP [33, 34]. The central voxel of the ICRP soft tissue
medium in a 51 x 51 x 51 matrix was set as Lu-177 source voxel, and 10® primaries
were simulated. The VSVs represent the absorbed dose distribution per decay such that
when convolved with the time-integrated activity image this results in a patient-specific
3D voxel-wise absorbed dose map.

VSV;/Oefitgmed method: Absorbed dose convolution model using VSVs based on ICRP soft tissue
with additional density weighting

A limitation of the VSV**™ method was that the VSVs were simulated exclusively for
soft tissue, and hence, the applicability for bone lesion dosimetry is hindered. Similar to
the density weighting presented in the TSV, eightea method, it is possible to adjust for
the different densities of the patient-individual anatomy and the density of the simu-
lated VSVs. For this, the HUs of the patients’ CT were voxel-wise converted into dens-
ity values. Consequently, the 3D voxel-wise absorbed dose map from the VSV
method is voxel-wise weighted with the ratio of the VSV density of ICRP soft tissue

picrp to the actual voxel density pyoxes [23]:
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Dvoxel Dvoxel . Picrp ) ( 4)

weighted —
¢ Proxel

vsyeofttbone method: Absorbed dose convolution model using VSVs based on ICRP soft tissue
and VSVs based on ICRP cortical bone

We extended the VSV**" method by simulation of cortical bone VSVs using a standard
ICRP cortical bone composition [33, 34] with the same simulation setup as for the
ICRP soft tissue VSVs in the VSV*° method. Similar to Lee et al. [35] who used mul-
tiple VSVs for regions with different tissues and densities, the combination of vsyeoft
and VSV was tested. For this, the patient’s bone map was used to distinguish be-
tween regions containing bone or soft tissue. The corresponding tissue-specific VSVs
were applied in their respective regions. Subsequently, to obtain a total 3D voxel-wise
absorbed dose map, the soft tissue 3D voxel-wise absorbed dose map (in soft tissue re-
gions) and the cortical bone 3D voxel-wise absorbed dose map (in bone regions) are
combined into a single image.

vsv;;’:,.‘gt,‘;gge method: Absorbed dose convolution model using VSVs based on ICRP soft
tissue and VSVs based on ICRP cortical bone with additional density weighting

The skeleton itself is not merely composed of the cortical bone and shows a heteroge-
neous composition of tissues with varying densities. Therefore, to further account for
the variations in bone composition, beyond the above-mentioned standard cortical
model, a similar voxel-wise density weighting as in Eq. (4) is applied to the combined

Vsoft+bone

3D voxel-wise absorbed dose map obtained from the VS method in order to

correct for differences in density per voxel.

Comparisons

The TSV and TSVeigntea Yield average lesion absorbed doses in agreement with the
definition of average absorbed dose D” in a chosen region of a specific tissue with total
mass m; as defined by Eq. 6.3 in the ICRU Report 86 [36]. To enable a comparison of
this average absorbed dose per lesion D* for the TSV approaches with the 3D MC
voxel-wise absorbed dose maps, the average was formed accordingly, yielding Djj-. The
percentage difference PD?" was calculated:

D% _ D

PD% — methodav MC .100 (7)
DMC

To evaluate the 3D voxel-wise absorbed dose maps obtained from MC, VSV,

VSVionied vsveoftrbone and VSVifefitgft’é’ge, the minimum absorbed dose within 25%,

50%, and 75% of the VOI volume per lesion was calculated, giving D25, D50, and D75.
For the assessment of the agreement of the different investigated 3D voxel-wise
absorbed dose estimation methods, PD"* was calculated on a voxel level for VSV*°t,

VSViohieas ysyseftibone 5 VSijggft’;’ge compared with MC:

vox VOoX

PD"* — metl'}o)zf/o; MC'IOO (9)
MC
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Bland-Altman plots [37, 38] were used to compare the absorbed dose estimation
methods.

Results

In total, 289 bone lesions in the 15 mCRPC patients were evaluated. The segmented le-
sion volumes were on average 19.1 ml (range: 1.1 to 453.2 ml). The bone lesions were
distributed within the whole skeleton. The majority of lesions were situated in the ver-
tebrae (106), followed by the ribs (68), the extremities (64), and the pelvis (51). The
average lesion density was 1.25 + 0.11 g/cm® (min: 0.80 g/cm® max: 1.66 g/cm?), aver-
aged over all 289 bone lesions. The density variation within each bone lesion is dis-
played for all lesions in Fig. 1.

MC simulations

The overall simulation time per patient for the MC method was less than 4.5 h. The
maximum relative statistical uncertainty in absorbed dose simulations was below 2.4 %
for all voxels in all lesions and below 0.9 % on average over all lesion voxels. The max-
imum statistical uncertainty in the absorbed dose for the target region of ICRP soft tis-

sue and ICRP cortical bone VSVs of the VSV, VSVf;’effghted , VSyeofttbone g

VSVf:efit;'igge methods was below 3.2%. This was for the most distant voxel from the

source voxel. The average over all target voxels was below 2.0%.

Comparison of dosimetry methods

The percentage difference PD* of average lesion absorbed dose estimates for the un-
altered TSV was + 14 + 10% (min: — 21%; max: + 56%) compared to MC, averaged over
all lesions. The lesion-individual density weighting reduced the PD*" of TSV eighted t0
- 8 £ 1% (min: — 10 %; max: — 3%). Figure 2a illustrates the decrease in range of PD*"
for TSV yeightea compared to TSV, further supported by the Bland-Altman plot in Fig.
2b, showing the mean value of both methods compared to their relative difference.

Bone lesions [n=289]
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Fig. 1 Density variation per lesion, given for all 289 bone lesions
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PD of average absorbed dose per lesion compared to MC MC vs. TSV
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Fig. 2 a Boxplot of PD? per bone lesion of TSV and TSVy,eighted cOMpared to MC. b Bland-Altman plot

The percentage difference (PD) of D25, D50, and D75 of VSV*°, VSVfA?gghted ,

vsyeoftrbone and VSVi;’effg;}t’:;‘e methods compared to MC are given in Table 2, averaged

over all lesions. The density weighting of VSV reduced the PD compared to the un-
weighted methods. The smallest PD of - 2% for D25, D50, and D75 was found for

VSVifg;'i;’é‘e. The evaluation on a voxel level revealed PD"* of + 18 + 11% (min: — 27%;

max: + 58%) for VSV”&, averaged per VOI and over all lesions. This was reduced to —

5 % 1% (min: - 12 %; max: — 2%) after voxel-wise density weighting for VSVi?jfghted.

vsyeettrbone o wed PDY* of — 34 + 6% (min: — 60%; max: + 5%). VSVfgf;'g;’ge showed

the smallest PD" of — 2 + 1% (min: — 9%; max: 0%). These observations are summa-
rized in Fig. 3. The additional density weighting of VSV*° and VSVoittbone od to

weighted” weighted ’
an overall smaller range of percentage differences than the associated method without
weighting.
Figure 4 shows low bias for D50 compared to MC for the bone lesion absorbed dose

estimates achieved with the density weighted VSVfA?efitghted (Fig. 4c) and VSViﬁ’:it;E:c'l‘e

(Fig. 4d). Furthermore, their corresponding limits of agreement and mean relative
difference were the smallest with fewest outliers of all investigated 3D voxel-wise
dosimetry methods. The Bland-Altman plots in Fig. 4a and b demonstrate the larger
variations in lesion absorbed doses of the unweighted dosimetry methods compared to
MC dosimetry.

Figure 5 visualizes a patient example showing the same transversal slice of 3D voxel
absorbed dose maps from the 3D voxel-wise dosimetry methods fused with the corre-
sponding slice of the patient's CT (Fig. 5a). The 3D absorbed dose maps for the dis-

played bone lesion obtained from MC (Fig. 5b), VSVif:fghted (Fig. 5d), and VSVj;’efit;L'igge

(Fig. 5f) are comparable. The 3D absorbed dose map of VSV**™ (Fig. 5¢) generally over-
estimates and VSV®oft+bone (Fig. 5e) underestimates the 3D absorbed dose map obtained
from MC (Fig. 5b).
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Table 2 PD in minimum absorbed doses to 25%, 50%, and 75% (D25, D50, D75) of the lesion VOI
volume compared against MC. The PD was formed per lesion and then averaged over all lesion

giving the presented value

Method vsy=oft VSVER e ysysoft+bone VSVsoftibone

Mean + SD Mean + SD Mean + SD Mean + SD
PD of D25 [%] 15+ 14 -4+2 -36+8 -2+2
PD of D50 [%] 17+ 11 -4+2 -35+6 -2+2
PD of D75 [%] 18+ 10 -5+1 -34+6 -2+1

Discussion

Patients with advanced mCRPC present with a considerably high tumor burden in the
bone. Furthermore, osteosclerotic bone metastases can develop an increased number of
osteoblasts leading to an elevated bone mass and increased density in the bone lesions
[39]. Consequently, bone lesion absorbed dose estimates in Lu-177-PSMA therapy are
affected by regional variations in bone tissue density, as observed in our investigations
(Fig. 1). The absorbed dose estimates may depend on the strategy to account for these

60 PD per voxel compared to MC, averaged per lesion
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Fig. 3 Boxplot of PD"** of the 3D voxel-wise dosimetry methods compared against MC. PD"* was averaged
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local changes. In this study, different techniques for VOI-wise and 3D voxel-wise dos-
imetry with varying complexity were compared. Simplified methods were tested against
absorbed dose estimation by full Monte Carlo simulation. For this purpose, dosimetry
results of 289 bone lesions of 15 mCRPC patients receiving their first cycle of Lu-177-
PSMA-I&T therapy were assessed. To our knowledge, this study is the first to analyze
and compare different dosimetric approaches for absorbed dose estimation in a high
number of bone lesions in Lu-177-PSMA therapy.

The first method was based on the application of OLINDA/EXM?®, which is widely
clinically available and has been commonly used for dosimetry estimations in Lu-177-
PSMA therapies [5-7, 9-11]. The percentage difference PD™ of average lesion

Fig. 5 Patient example showing the transversal slice of 3D voxel-wise absorbed dose maps, fused with the
patient’s CT image in a. Maps in units of Gy/GBq were achieved with methods: b MC, ¢ VSv*°T, d vsvsoft

weighted”
e VSyoftrbone gng fVS\/ij’g;ﬁgQE. Average density of the displayed lesion was 1.20 g/cm®
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absorbed doses compared to the MC average absorbed dose Dj/- ranged from an
underestimation of — 21% to an overestimation by + 56%, yielding an averaged overesti-
mation of + 14 + 10% in all lesions. The broad spread of relative differences can partly
be explained by the different assumptions made within this approach, ie., spherical
shape, uniform activity distribution, and unit density of the tumor. The latter may have
the greatest impact for bone lesions with increased density. Using the VOI-based
method TSV eignted» We hence attempted to correct for the different density of bone le-
sions compared to the unit density sphere model of TSVs by using the average lesion-
individual density obtained from the patient’s CT scan. The mass scaling of the TSV
with the lesion-individual average density addresses this assumption, yielding a reduced
PD" compared to MC as highlighted in Fig. 2. The spread of the PD? of average lesion
absorbed dose estimates was reduced to — 10 to — 3% with an average absorbed dose
underestimation of — 8 + 1%. This remaining difference may be associated to the as-
sumptions that the tumor has only contributions of self-dose and is having a spherical
shape in the TSV methods. Previous studies assessed the accuracy of absorbed dose es-
timation in soft tissue lesion against MC. Howard et al. [40] compared lesion absorbed
dose estimates from the unit density sphere model of OLINDA/EXM® against MC
simulation for Iodine-131 (I-131) radioimmunotherapy of lymphoma patients and con-
cluded that the lesion shape has a minor impact when comparing the self-dose compo-
nent. Their investigations revealed an absorbed dose underestimation compared to MC
absorbed dose with a range of — 2 to — 31% PD, with average — 15 + 8%. Grimes et al.
[24] found good agreement of neuroendocrine tumor absorbed doses for Lu-177 from
the unit density sphere model of OLINDA/EXM® and MC simulations with average
percentage differences of — 3.8% + 5.2%. Similar results with differences of — 5% were
found by Divoli et al. [41], comparing absorbed doses of OLINDA/EXM® and MC for
artificial spherical tumors in liver and lung. Our work assessed bone lesion absorbed
dose estimation and the mass scaling of TSV ejghtea With lesion-individual average
density as described herein revealed PD? compared to MC in the range of those re-
ported in the literature [24, 40—42]. Pacilio et al. [43] investigated absorbed dose esti-
mates for bone metastases of patients receiving Radium-223 (Ra-223) dichloride
therapy. This publication used a fixed density of 1.4 g/cm? for density weighting of the
unit density sphere model of OLINDA/EXM". If no lesion-individual density can be ob-
tained using the patient CT image, this approach may result in more realistic values.
However, the average lesion density for all 289 bone lesions investigated in this study
was 1.25 + 0.11 g/cm®, being lower than the proposed density of the skeleton of 1.4 g/
cm?® [44]. The inter-lesion density variation displayed in Fig. 1 further supports the use
of lesion-individual densities for mass scaling of TSV.

So far, 3D voxel-wise dosimetry calculations using VSVs were mainly applied in settings
with heterogeneous activity distributions in homogeneous density distributions. For these
implementations, a high agreement for tumor absorbed doses obtained from VSVs for soft tis-
sue and MC simulation for soft tissue lesions was reported. Grimes et al. [24] reported only —
1.5 % * 4.6% difference for Lu-177, and Dieudonné et al. [45] stated — 0.33% difference for
Yttrium-90 (Y-90) and — 0.15% difference for I-131 for a hepatic tumor phantom. In general,
VSV dosimetry calculations can account for heterogeneous activity distributions but not for
density differences since they were simulated for a single homogeneous medium. For the
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majority of organs and lesions in the abdomen, only small density variations are assumed and
a VSV* approach can therefore be safely used in the clinical setting. However, the assump-
tion mentioned above has to be questioned in situations with large local tissue density
changes. Thus, an adapted absorbed dose estimation approach becomes necessary for bone le-
sions in mCRPC patients. Based on our results for 3D voxel-wise absorbed dose calculations,
we observed that both approaches, the utilization of single soft tissue VSVs (VSV**™ and of

ysoftrbone) ©eveal limitations in estimation of

separate VSVs for soft tissue and bone (VS
absorbed dose in bone lesions. Investigating the PD"** revealed on average a strong overesti-
mation by + 18 + 11% (min: — 27 %; max: + 58%) for VSV=, VSV*rbor¢ o the other hand
still showed limited capability of adequately estimating the absorbed dose per bone lesion; it
exhibited a large underestimation of absorbed dose by — 34 + 6% (min: — 60%; max: + 5%).
These observations may be explained by the underestimated tissue density, which is an inher-
ent characteristic of the soft tissue voxel absorbed dose kernel VSVS"&, compared to the actual
bone lesion density. Therefore, this underestimation of voxel density results in an underesti-
mation of the voxel’s mass and consequently in an overestimation of the absorbed dose per
voxel. On the other hand, VSV****P°"® relies on the assumption that bone lesions consist
merely out of the cortical bone, although a bone lesion can have different components and
densities [46]. In this case, a larger mass than the actual lesion mass is assumed, and conse-
quently, the observed absorbed dose is artificially smaller.

The VSV dosimetry methods with subsequent density weighting, as investigated
in our study, seem to better address voxel-wise density changes and may therefore
yield improved comparability with MC simulation. The proposed methods

VSVifgfghted and VSijeffgjﬁgge led to significantly reduced PD"* compared to Monte

Carlo simulation, with an underestimation of on average — 5 + 1% (min: — 12%;
max: — 2%) and - 2 + 1% (min: - 9%; max: 0%), respectively. These findings are
supported by the Bland-Altman plots for D50 in Fig. 4c and d, obeying the smal-
lest spread of data points and smallest mean relative difference compared to the
MC method. Further, the majority of data points is within the 95% limits of agree-
ment, given by the red lines. This observation is in concordance with Dieudonné
et al. [23], who reported improved absorbed dose agreement for a density corrected
VSV approach compared to full MC 3D voxel-wise dosimetry for three clinical
cases with focus on soft tissue. Dieudonné et al. observed a lesion absorbed dose
difference for a I-131-Tositumomab case of — 3.1%, an organ absorbed dose differ-
ence of maximum - 1.1% for a Lu-177-peptide case, and an organ absorbed dose
difference of maximum + 0.8 % for a Y-90-microspheres case. Besides, Lee et al.
[36] noted an overall improvement of whole-body absorbed dose estimates when
introducing multiple tissue-specific VSVs, when compared to the utilization of a
single tissue VSV. However, our results for bone lesion dosimetry indicate that the

effect of additional density weighting onto a single VSV (VSijeffghted compared to

VSV outperformed the effect of adding multiple VSVs for various tissues with-
out density weighting (VSV*°*P°"¢ compared to VSV*°M). In this work, VSVs were
derived for a homogenous tissue. Hence, the application of absorbed dose kernel
convolution approaches has limitations if neighboring voxels consist of different
tissues. Due to the small maximum range of the - particles of Lu-177 in soft tis-
sue of 2 mm [15], and given the voxel size of (4.7952 mm)® in this investigation,
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we expected this effect to be small when compared to the other effects investigated
herein. In our study, we attempted to compensate for tissue differences with the
proposed voxel-wise density weighting. Nevertheless, the magnitude of absorbed
dose variations related to particle transport across tissue borders with respect to
VSV methods requires further investigation.

3D voxel-wise dosimetry offers the visualization of regional variations in lesion
absorbed dose estimates on a voxel level. The drawback of 3D voxel-wise dosimetry
methods is that individual voxels can be influenced by image artifacts and noise. Fur-
ther, the limited resolution of SPECT imaging leads to a spill-over of reconstructed ac-
tivity between structures. Thus, the reconstructed 3D activity distribution does not
fully represent a purely physiological activity distribution pattern and has to be inter-
preted with care. The development and potential amelioration to handle intra-skeletal
partial-volume and spill-over compensation techniques should therefore be subject for
future investigations. Within this work, we aimed at reducing the impact of the afore-
mentioned effects by using quantitative SPECT reconstruction including distant-
dependent point spread function of the detector and a hybrid VOI/voxel-wise approach
to reduce the impact of noise and image artifacts on the determination of the time-
integrated activity images which serve as an input for the 3D voxel-wise dosimetry
methods. The applicability of density weighting is further limited to the CT resolution,
and is thus not capable to account for heterogeneities on the sub-millimeter scale. In
addition, co-registration of the 24 h, 48 h, and 72 h SPECT and CT images could po-
tentially influence the absorbed dose estimates. This becomes relevant with regard to
the outliers with small average lesion densities in Fig. 1, which represent lesions located
in the ribs, with challenging co-registration due to breathing, patient’s motion, and less
reproducible patient positioning between the image acquisitions from day to day. The
different steps required for dosimetry include quantitative patient imaging, co-
registration, segmentation, fitting, and time-integrated activity assessment, before any
absorbed dose estimation can be made [47]. This work concentrated solely on this last
step of absorbed dose estimation. The pre-processing was the same for all herein pre-
sented dosimetry methods, and thus, possible mistakes in the pre-processing would im-
pact all methods equally.

Conclusions

In our study of 289 bone lesions in mCRPC patients receiving Lu-177-PSMA-I&T ther-
apy, the proposed voxel S value dosimetry approach with subsequent voxel-wise density
weighting was associated with comparable absorbed dose estimates for bone lesions as
obtained with full patient-individual Monte Carlo absorbed dose simulation. It there-
fore has the potential to enable routine patient-individual 3D voxel-wise dosimetry
evaluations. Further, TSV approaches using lesion-individual average density for mass
scaling provide fast and accurate average bone lesion absorbed dose estimates.
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