Downloaded from orbit.dtu.dk on: Dec 17, 2017

Technical University of Denmark

)
q
c

i

Accelerator based Production of Auger-Electron-emitting Isotopes for Radionuclide
Therapy

Thisgaard, Helge

Publication date:
2008

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Thisgaard, H. (2008). Accelerator based Production of Auger-Electron-emitting Isotopes for Radionuclide
Therapy. (Risg-PhD; No. 42(EN)).

DTU Library
Technical Information Center of Denmark

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


http://orbit.dtu.dk/en/publications/accelerator-based-production-of-augerelectronemitting-isotopes-for-radionuclide-therapy(baddd2ae-47c6-4124-bb02-601fe3bf1fbe).html

Risg DTU
National Laboratory
for Sustainable Energy

Accelerator based Production of
Auger-Electron-emitting Isotopes for
Radionuclide Therapy

Helge Thisgaard

Risg-PhD-42(EN)

Risg National Laboratory for Sustainable Energy
Technical University of Denmark

Roskilde, Denmark

August 2008

=
=
=

i

w—

TU

W



Author: Helge Thisgaard

Title: Accelerator based Production of Auger-Electron-
emitting Isotopes for Radionuclide Therapy

Department: Hevesy Laboratory, Radiation Research Department

This thesis is submitted in partial fulfilment of the requirements for
the Ph.D. degree in Physics at the Faculty of life Sciences at
Copenhagen University. The work has been funded and carried out
by Risg (now part of the Technical University of Denmark).
Abstract :

In this research project the focus has been on the
identification and production of new, unconventional Auger-
electron-emitting isotopes for targeted radionuclide therapy of
cancer. Based on 1st principles dosimetry calculations on the
subcellular level, the Augeremitter 119Sh has been identified
as a potent candidate for therapy. The corresponding imaging
analogue 117Sh has been shown from planar scintigraphy and
single-photon emission computed tomography (SPECT) to be
suitable for SPECT-based dosimetry of a future Sb-labeled
radiopharmaceutical.

The production method of these radioisotopes has been
developed using a low-energy cyclotron via the nuclear
reactions 119Sn(p,n)119Sh and 117Sn(p,n)117Sh including
measurements of the excitation function for the former
reaction. Moreover, a new high-yield radiochemical
separation method has been developed to allow the
subsequent separation of the produced 119Sb from the
enriched 119Sn target material with high radionuclidic- and
chemical purity. A method that also allows efficient recovery
of the 119Sn for recycling. To demonstrate the ability of
producing therapeutic quantities of 119Sb and other
radioisotopes for therapy with a low-energy cyclotron, two
new “High Power” cyclotron targets were developed in this
study. The target development was primarily based on
theoretical thermal modeling calculations using finite-
element-analysis software. With these targets, | have shown
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cyclotron commonly found at the larger PET-centers in the
hospitals. Finally, research in a new method to measure the
radiotoxicity of Auger-emitters invitro using cellular
microinjection has been carried out. The purpose of this
method is to be able to experimentally evaluate and compare
the potency of the new and unconventional Auger-emitters
(e.g. 119Sb). However, due to experimental complications,
the development of this method is still ongoing research. Still,
preliminary results of the survival curve for the Auger-emitter
111In injected into the nuclei of HeLa cancer cells have been
obtained.
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Dansk Resume

Brugen af radioaktive isotoper har i de seneste 15 ar veret gennem en massiv vakst
inden for diagnostik og behandling. De overbevisende resultater indenfor
forskningen i radioaktive sporstoffer har vist, at man ved at binde den radioaktive
isotop til det rigtige sporstof kan opna meget specifik binding til et gnsket veev eller
endda til bestemte celletyper. Det har givet fornyet hab til brugen af radioaktive
isotoper til behandlingen af cancer. Ved at binde et nuklid, der udsender ioniserende
straling pa det rigtige sporstof, kan man efter administration af dette radioaktive
leegemiddel opna en “intern” bestraling pa cellulaert niveau. Derfor er forskningen i
brugen af radioaktive isotoper til intern straleterapi af kraeftsygdomme steget kraftigt
de seneste ar, hvilket ogsa har resulteret i en reekke potentielle legemidler, der nu er
pa vej gennem klinisk afpravning.

Typisk anvendes isotoper der udsender hard B-straling til radionuklidterapi,
men i de seneste ar er der opnaet gode resultater med radionuklider, der udsender
kortreekkende, lav-energetiske elektroner, sasom Auger- og konversionselektroner.
Den hgje biologiske toksicitet og det store terapeutiske potentiale af disse lav-energi
elektron-emittere er hovedsageligt forbundet med den meget hgje ionisationstathed,
der skabes i omradet omkring henfaldsstedet i biologisk vaev. Den korte reekkevidde
af stralingen gar denne type nuklider ideelle til behandling af sma metastaser og
disseminerede cancerceller, da der kun vil ske en minimal bestraling af det
omkringliggende, raske vav i modsztning til de mere konventionelle B-emittere, der

i gjeblikket er i klinisk afpragvning.

| dette forskningsprojekt har fokus veeret pa identifikation og produktion af nye,
ukonventionelle Auger-elektron-udsendende isotoper til malsggende
radionuklidterapi af cancer. Baseret pa dosimetriberegninger pa subcelluleer skala,
har jeg identificeret Auger-emitteren **°Sh som en potentiel kandidat til
radionuklidterapi. Den tilhgrende imaging-analog **’Sb er pé grundlag af en udfart
planar-scintigrafi og single-photon-emission computed tomography (SPECT) fundet
egnet til SPECT-baseret dosimetri af et fremtidigt Sb-maerket radioaktivt
leegemiddel.

Ved brug af en lavenergi-cyklotron er produktionsmetoden for disse isotoper
blevet etableret i dette projekt via kernereaktionerne *°Sn(p,n)***sb og
11750 (p,n)**’sb inklusiv maling af excitationsfuktionen for farstnavnte reaktion.
Derudover er der udviklet en ny high-yield radiokemisk separationsmetode, der

tillader efterfalgende separation af det producerede **°Sb fra det berigede *°Sn



target-materiale med hgj radionuklidisk og kemisk renhed. En metode, der ogsa
tillader effektiv opsamling af det berigede *'*Sn til genindvinding.

For at demonstrere at det er muligt at fremstille terapeutiske meangder af
195 og andre radioisotoper til terapi med en lavenergi-cyklotron, er et nyt "High
Power” cyklotrontarget blevet udviklet i dette projekt. Target-udviklingen er primeert
baseret pa teoretiske termiske modelberegninger ved brug af finite-element-analysis
software. Med dette target har jeg vist, at det er muligt at producere mange GBq af
terapeutiske isotoper (f.eks. *°Sb og ®*Cu) ved brug af en GE PETtrace cyklotron —
en cyklotron der findes pa mange af de starre hospitals-PET-centre.

Til sidst er en ny metode til at male radiotoksiciteten af Auger-emittere in-
vitro ved brug af mikroinjektion ved at blive udviklet. Formalet med denne metode
er eksperimentelt at kunne evaluere og sammenligne potentialet af nye og
ukonventionelle Auger-emittere, som f.eks. **°Sh. P& grund af eksperimentelle
komplikationer er udviklingen af denne metode dog stadig igangvaerende forskning.
Ikke desto mindre er de farste preeliminaere malinger af overlevelseskurven for
Auger-emitteren *'In, injiceret ind i cellekernerne p& HeLa cancerceller, blevet
udfart.
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Chapter 1

Introduction

Targeted radionuclide therapy

The use of radioactive isotopes in the fields of diagnostics and therapy has increased
significantly during the last 15 years. This increase has primarily been due to the use of
radioactive tracers in visualizing and diagnosing cancer, neuroreceptor density, receptor
activity and flow measurements. Particularly the use of [!®F]-FDG in diagnosing cancer
has shown its major potential and is today an approved clinical modality [1].

The convincing results obtained in the research and development of radioactive trac-
ers have shown that by coupling the radioisotope to an appropriate biovector it is possible
to obtain a highly specific binding to specific tissue types or even cell types [2]. This has
strengthened the expectation of using radioactive isotopes for cancer therapy. By labeling
the proper transport molecule with a radionuclide that emits ionizing particulate radia-
tion, it is possible to obtain an “internal” irradiation on the cellular level following the
administration of the radiopharmaceutical. This has been the inspiring factor behind the
rapid increase in the research utilizing radioisotopes for internal radiotherapy of cancer
diseases, which have lead to a number of potent radiopharmaceuticals currently undergo-

ing clinical trials *.

1.1 Auger electrons in targeted radionuclide therapy

Conventionally, isotopes emitting long-range S-particles are used for radionuclide therapy
of cancer [3], but in the recent years encouraging results have also been shown with

*Currently more that 50 clinical trials using radionuclides are being performed in the USA (NIH, accord-
ing to http://www.clinicaltrials.gov).
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Figure 1.1: Illustration of the Auger-process. When the initial vacancy is created from the EC-
decay or the IC-process, electronic transitions lead to the emission of characteristic X-rays and/or
Auger-electrons.

radionuclides emitting low-energy electrons e.g. Auger- and conversion electrons [4—10].

Auger electrons (here used as the collective name for Auger, Coster-Kronig and super
Coster-Kronig electrons) are low energy orbital electrons emitted from the atomic shells
of the decaying nuclide. They are created as a result of atomic de-excitation following
the creation of an electron vacancy (hole) in an electron capture (EC) decay or internal
conversion (IC) process. In the de-excitation process, the vacancy is rapidly filled with an
electron from a higher energy state and the remaining energy is then either emitted as a
characteristic X-ray photon or an Auger electron. In the latter case, an additional vacancy
is created (see fig. 1.1). The de-excitation process is then repeated so the vacancies are
moved towards the outermost shell and thus, a cascade of Auger electrons is created. On
average, 5-30 electrons with energies ranging from a few eV to some keV, are emitted
from a nuclide undergoing an EC decay or an IC process [3].

The high biological toxicity and the considerable therapeutic potential of these low-
energy electron-emitters are mainly associated with the very high ionization density cre-
ated in biological tissue (high-LET-like effect) from their decay [3, 6]. This is a conse-
quence of the emission of this electron cascade in each radioactive decay, with all elec-
trons having low energies and thus, resulting short ranges in biological tissue.

Consequently, the decay leads to a highly localized energy deposition in the vicinity
of the decay site (fig. 1.2), corresponding to an extremely high, local radiation dose.
However, due to the electron-ranges that typically are less than one cell diameter, it is
important that the radionuclides are internalized into the cancer cells - and preferably

into the cell nuclei to the radiosensitive DNA, to exploit this extreme biological effect
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Figure 1.2: This figure illustrates the spatial ionization (x) patterns associated with a-, 8- and
Auger decays. In the vicinity of the Auger-decay site, a very high ionization density is created
giving rise to the high-LET effects observed with a-particles.

[3, 4, 6, 8, 9]. That is, if the decaying nuclides are located in the cell nucleus, close
to the DNA, high-LET-like effects are observed. Effects resembling the effects observed
with a-particles, resulting in a survival curve with no shoulder and Relative Biological
Effectiveness (RBE) values of up to approximately 9 [11]. On the other hand, if the decay
happens in the cytoplasm, on the cell surface or extracellularly, the effects resemble those
observed with low-LET radiation e.g. X-rays or S-particles with a pronounced shoulder

on the survival curve [11-14].

Hence, as consequence of the short range, it will be possible to minimize the unde-
sirable radiation dose to the normal tissue and resulting side effects, by ensuring, with
the use of a proper targeting biovector, that the radionuclides are not internalized into the
healthy cells [5, 6, 14, 15]. Thus, it should be possible to administer a large amount of
radioactivity of these isotopes to a patient to increase the therapeutic effect, while keeping
the side effects in the critical organs to a minimum [16]. The short-range radiation po-
tentially makes this type of radionuclides very suited for therapy of small metastases and
disseminated cancer cells, owing to the minimal irradiation of the surrounding, normal
tissue in contrast to the conventional S-particle emitters which currently are undergoing
clinical trials [8, 15, 17].
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1.2 Is there an optimal radionuclide?

Is there a ”magic bullet” in radionuclide therapy of cancer? This is a highly relevant but
also a very difficult question to answer.

By looking at the decay characteristics and radiobiological advantages of Auger emit-
ters as described above with the possibility of having high-LET effects in targeted cancer
cells and low-LET effects with minimal radiotoxicity in normal, non-targeted cells, these
radionuclides initially seem as promising candidates for this title. However, the very short
ranges in biological tissue of the Auger electrons mean that cross-fire effects are very lim-
ited from Auger electrons in contrast to S-particles [15]. Consequently, the Auger emitters
may fail to eradicate larger, heterogeneous tumors with non-uniform radioactivity distri-
butions, where the cross-fire from high energy gS-particles is an advantage [2, 3]. With
B-particles also non-targeted tumor cells can be irradiated. On the other hand, long-range
B-particles (typically several mm range in tissue) — though well suited for larger tumors —
are less efficient in killing small metastases and single cancer cells, because a large part
of the particle energy is deposited in the normal, surrounding cells [2, 13, 18, 19].

a-particle-emitters have roughly the same limitations in treating large, heterogeneous
tumors as Auger-emitters due to their relative short ranges of typically 5-10 cell diameters
(40-100 um) [3, 15]. Moreover, the short half-lives of many of these isotopes (eg. 212g;j
and 213Bi with half-lives of 1 hour or less) and often exotic production routes may limit
their use in systemic radionuclide therapy [20].

Thus, depending on the size of the tumor and its biological characteristics, different
nuclides may be optimal — hence, a single magic bullet” does not exist. It has been
proposed that a cocktail of different radionuclides may be a way to make a treatment
more effective by e.g. minimizing the impact of heterogeneity and by lowering the normal
tissue toxicity [2, 13, 16]. This has indeed been shown to be the case by de Jong et al.
(2005) by using a combination of the two S-emitters *°Y and '"’Lu (the former having a
maximum S-range of 12 mm and the latter a range of 2.1 mm) in rats bearing both a small
and a large somatostatin receptor-expressing tumor [21].

In such a cocktail, Auger emitters will allow for effective irradiation of disseminated
cancer cells and micrometastases following the eradication or reduction of bulky tumors
with the higher-energy S-emitters [13, 15]. Thus, Auger-emitters may be important in-
gredients in the future cancer treatments.

However, the number of available Auger-electron-emitting isotopes for this type of
“tailored” therapy to assist the more conventional therapies (surgery, chemotherapy, ex-
ternal beam radiotherapy etc.) is rather limited and those available, are mainly developed

for imaging purposes [20]. Hence, in our opinion there is a need for increasing the “arse-
ging purp ) p g
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nal” of suitable Auger-emitters developed for radionuclide therapy.

1.3 The thesis work

As mentioned, it is important to increase the arsenal of available isotopes for therapy.
Accordingly, the aim of this work was to identify, produce and test new, unconventional
Auger-electron-emitting isotopes for radionuclide therapy of cancer. The identification
of the new isotopes should be based on cellular and macroscopic dosimetry calculations
and the isotopes should fulfill a given set of predefined criteria regarding their decay

properties and production possibilities.

1.3.1 Ciriteria for selection

The following criteria were set for the isotope selection:

1. Electron capture or internal transition (IT) decay

2. 3 hours < Ty <5 days

3. Low y-abundance

4. Production via the (p,n) nuclear reaction

5. Preferably no other co-existing nuclear states of the isotope

6. Stable or very long half-life of daughter nuclide

Criteria 1 was to ensure the emission of an Auger-electron cascade. The limits in the
half-life (criteria 2) were chosen according to the following considerations. The half-life
should be long enough to allow for slow tumor uptake kinetics. That is, if the half-life is
too short and the tumor uptake slow, the main part of the decays and thus, the absorbed
dose will be given to the normal tissue during circulation of the activity in the blood. On
the other hand, a too long half-life would result in a lower dose-rate in the tumor (for a
given number of binding sites of the radiopharmaceutical on the cancer cells), which will
be less effective in rapidly proliferating tumor cells [2, 22].

Criteria 3 is to lower the normal tissue dose and possible bone marrow toxicity stem-
ming from y radiation emitted from the therapeutic isotope. The importance of this is
given by Kassis and Adelstein in the chapter “Considerations in the Selection of Radionu-
clides for Cancer Therapy” in Handbook of Radiopharmaceuticals [23, chapter 27]:
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Many of the beta-particle-emitting radionuclides used for therapy also re-
lease gamma photons that generally do not add significantly to the dose de-
livered to the target tissue. However, these photons may contribute consider-
ably to the whole-body dose. For example, 100 mCi of iodine-131 distributed
throughout the whole body would deposit about 60 cGy per day. Since the
bone marrow is usually the dose-limiting organ (200-300 c¢GYy), the success

or failure of therapy will depend on not exceeding this MTD. T

Note, the pure S-emitter '3'T decays with the emission of mainly a 364.49 keV y-photon
with I, = 81.7%.

Thus, it is important to chose a therapeutic radionuclide with low y-abundance —
though a low intensity y-photon with an energy of about 100-200 keV may be useful for
single-photon emission computed tomography (SPECT) based dosimetry.

The last three criteria (4-6) were chosen to minimize radionuclidic impurities of the
same element as the therapeutic nuclide and potential radioactive decay products that
could increase the normal tissue radiotoxicity. Moreover, the (p,n) nuclear reaction was
chosen to allow the therapeutic nuclide to be produced locally at the hospitals using small
biomedical cyclotrons (generally E, 0n < 16 MeV) for the initial clinical trials. In
criteria 5, however, if the half-life of the co-existing nuclear state of the isotope of interest
was either very short or very long, the isotope was accepted. The reason for this is, briefly,
if the inevitably co-produced isomer or ground state impurity of the therapeutic isotope of
interest has a very short half-life, it will decay before the therapy starts. On the other hand,
if the half-life of the resulting radionuclidic impurity is very long (e.g. years), only a low
activity will be produced of this contaminant. However, in the latter situation, production
yield will be wasted, because the total nuclear reaction cross section is divided up in two
reaction channels. This is also the case in the former situation, unless the co-produced
nuclear state decays to the therapeutic isotope of interest.

Also considered in the selection, though not specifically stated above, was the chem-
ical nature of the produced isotope. That is, noble gasses were not considered in the

selection step but only elements that can be bound to a targeting biovector.

With these criteria, a list of isotopes were selected for the dosimetric analysis. In ad-
dition, the commonly used isotopes °’Ga, '!In, %I and '>’I were added for comparison
— though they did not pass the criteria in the selection step. However, they were added due
to their wide use in experimental research in radionuclide therapy [S5, 7, 10, 16, 20, 22, 24—

26]. The isotopes chosen for the further analysis in this work can be seen in table 1.1.

MTD: Maximum Tolerated Dose
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Table 1.1: The nuclides selected for the dosimetry calculations.

67Ga IllIn 119Sb 1231 1251 ]65EI. 193mPt 201T1

1.3.2 The structure of the thesis

In this section, an overview of the thesis is given. The thesis consists of 3 article manuscripts
describing the main research carried out in this work. For a better understanding of the
research progress and to minimize the chance of repeating myself, I have chosen a rather
unconventional structure of this thesis by ”weaving” the article manuscripts into the the-
sis. That is, before each article manuscript, a chapter is given, describing the background
and any additional theory allowing for a better understanding of the article material. Also
results not directly publishable but still important for a better understanding of the “’re-

search flow” are given in these chapters.

In chapter 2, the background and theory used in the cellular dosimetry calculations
are given. The results of these calculations are given in the article manuscript in chapter
3 including measured production yields for the therapeutic Auger-emitter ''°Sb and its
SPECT-analog ''’Sb. The SPECT-capability of the latter isotope is also demonstrated in
this article manuscript. This article manuscript has been submitted to Medical Physics.

In chapter 4, the advantages of the different production routes to the ''”Sb isotope
are discussed and the published radiochemical separation methods for the Sb/Sn sepa-
ration are reviewed. Moreover, results from radiochemical separations using the most
applicable published separation method are presented and found incapable of fulfilling
the separation requirements in this work. Thus, a new separation method is presented
in the article manuscript in chapter 5 including measurements of the excitation function
for the ''°Sn(p,n)''”Sb nuclear reaction. This article manuscript has been submitted to
Applied Radiation and Isotopes.

In chapter 6, the need for a new cyclotron target design allowing high current proton
irradiations with a GE PETtrace cyclotron is described. In this chapter, the prototype
of such a new target, developed for production of therapeutic radionuclide, is presented
including theoretical model results of its thermal properties. The 2"¢ generation of this
target is presented in the article manuscript in chapter 7 including production yield mea-
surements using this target. This article manuscript is intended for submission to Applied

Radiation and Isotopes. However, it awaits a measurement of the production yield of the
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radioisotope ®*Cu from a high-current proton irradiation (150 xA) of 3 hours duration.

In chapter 8, the initial results in the ongoing development process of a new method

for in-vitro evaluations of the radiotoxicity of Auger-emitters is described. Finally, a

discussion of the future in the field of radionuclide therapy and the conclusion can be

found in chapter 9.
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Chapter 2

Cellular and macroscopic dosimetry

In nuclear medicine, the absorbed dose - defined as the energy absorbed per unit mass
of tissue, is an important physical quantity primarily used to evaluate risks associated
with the administration of radiopharmaceuticals. Secondary, dosimetry aims to predict
the biological response in individual patients undergoing radionuclide therapy from the
absorbed dose - despite the influence of several “modifying” factors (dose rates, LET,
radiosensitivity of the tissue, cellular radionuclide distributions, treatment history etc.)
[1,2].

Conventionally, the mean absorbed doses received by normal organs and tumors are
calculated using to the schema developed by the Medical Internal Radiation Dose (MIRD)
Committee of Society of Nuclear Medicine [3]. According to this schema, the mean

absorbed dose Dy to an organ r from a source organ 7y, is given by:

B(rk —rp) = Zh S(ry « rp) (2.0.1)

where A, is the cumulated activity in the source organ ry and the S value is the mean dose
to the target organ per unit cumulated activity in the source organ. That is, the absorbed
dose can be split up in two terms - one term related to the biokinetics of the given radio-
pharmaceutical and one term related only to the radiation properties of the radionuclide
for a given source and target organ combination. Thus, this convenient model makes it
possible to tabulate S values for e.g. the standard man for all radionuclides [4].

However, for low-energy electron-emitters e.g. Auger- and conversion-electron-emitters
(CE-emitters), the mean absorbed dose to an organ or a tumor calculated using the con-
ventional MIRD-schema often provides inadequate dose estimates due to inhomogeneities
in the radionuclide distribution within the organ [1]. Generally, if the range in biological

matter of the emitted radiation does not exceed such inhomogeneities significantly, the

11
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absorbed dose received by different regions in the organ (e.g. individual cells) can be
much higher or lower than the average dose calculated for the organ as a whole. This is
particular the case for Auger emitting radionuclides distributed in the cell nuclei, where
the mean dose to the individual cell nuclei in a tumor may be significantly higher than
the mean dose to the tumor calculated by the conventional MIRD-schema [5-7]. Thus, to
avoid such discrepancies, it is necessary to calculate the theoretical mean absorbed doses

at the cellular level, i.e. using the so-called cellular dosimetry.

2.1 Cellular dosimetry

The cellular dosimetry calculations in this work was performed using the formalism de-
scribed in MIRD Cellular S-values with a code I wrote in MatLab 7.0.1 [6]. The formal-
ism uses the MIRD-approach given in equation 2.0.1. However, instead of using organs
as target and source compartments, the compartments consist of the cell membrane, cy-
toplasm and cell nucleus, with an assumed uniform radionuclide activity distribution in
the source volume(s). Moreover, spherical symmetry of the cell is assumed in the model.

The cellular S value given in equation 2.0.1 is defined as [6, 8]:

S(rk<—rh)=zw 2.1.1)

; M

where ¢; is the fraction of energy emitted from the source compartment that is absorbed
in the target compartment and A; is the mean energy emitted per nuclear disintegration
for the i radiation component, respectively. ny is the mass of the target compartment.

In the following only particle emission is included in calculating the cellular S values
and not photon emission, since the photon dose contributions to the S values are negligible
[6]. Thus, the absorbed fraction ¢;(7; <« ry) can be written:

r 1 dE
Gi(ry < rp) = fGr“—rh(r, Ts, Fi,X) — ——= dx (2.1.2)

X E; dR RE)-x
Here G, (1,15, ri, x) is the geometrical reduction factor, which is the fraction of the
spherical shell of radius x illustrated in fig. 2.1 that lies within the source volume (shaded
volume in the figure) [9]. The geometrical reduction factors are tabulated in appendix
A for different source and target geometries. E; is the initial energy of the i” particle
and dE/dR | R(E)—x is the stopping power of this particle evaluated at its residual range
R(E;) — x after it has passed a distance of x through the medium [6].

The stopping powers for electrons have been obtained from an empirical energy-loss
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Figure 2.1: The dose to a given point P at radius r is calculated via the geometrical reduction
factor G(r, rs, 1, x). This factor gives the fraction of the spherical shell centered on P with radius
x and thickness dx that lies within the source volume (shaded volume in the figure).

expression using the continuous-slowing-down-approximation (CSDA). This energy-loss
expression, i.e. the relationship between electron energy (E) and range (R) in unit density
matter was taken as experimentally determined by Cole (1969) for energies higher than
0.4 keV [10]:

E = 5.9(R+0.001)%°% + 0.00413R"* - 0.367 (2.1.3)

with E in keV and R in um. Below 0.4 keV a fit was made in this work to Cole’s exper-
imental data because these are not well described by Cole’s expression. The following

expression was used:

E = -53111R? + 1491.4R* + 11.893R (2.1.4)

again with £ inkeV (0 < E < 0.4 keV) and R in ym.

Using this approach, it is assumed that secondary electrons (delta rays) are absorbed
locally, which previously has been shown to be a valid assumption from comparison with
Monte Carlo transport codes for electron energies below several hundred keV [6, 11].
For higher electron energies the “escape” of delta-rays from the spherical shells (fig.2.1)
means that the absorbed energy in the volume will be lower than predicted by the use
of the energy-loss expressions above and thus, Monte Carlo transport codes are needed.
However, given the typical low energies of Auger- and CE-electrons, the use of the stop-
ping powers obtained by differentiating the energy-range expressions in calculating the S
values is adequate [6].

The radiation spectra used in the calculations were either obtained from the Report
No. 2 of AAPM Nuclear Task Group No. 6 by Howell, if possible, or from the Nuclear
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Decay Data Files for Dose Calculation (DECDC) [12, 13]. The spectra from DECDC
contain data for the K-, L- and M-shell electrons, while the spectra reported by Howell are
more complete by including the very low-energy N- and O-shell electrons. The omission
of these very low-energy-electrons was seen to be insignificant for sphere diameters larger
than 1 um in agreement with the findings reported by Howell [12].

The radioactivity in the cell was assumed uniformly distributed over one of the fol-
lowing cell compartments: the cell surface (CS), cytoplasm (Cy) or cell nucleus (N). As
target region only the cell nucleus was considered in calculating the S-values, because
the nucleus contains the radiosensitive DNA, which is considered as the primary target
(though not necessarily the only target) responsible for radiation induced cell death [14—
21].

Using the method described above, the S-values were calculated. Moreover, it was
possible to calculate the dose per disintegration [Gy/(Bq s)] as a function of radius, for
activity in the three cellular compartments (N, Cy and CS) for the radionuclides in table
1.1 [8, 22]. For illustration purposes such plots are shown in fig. 3.3 — 3.5 in chapter
3 for cells with a radius of 8 ym and a nucleus radius of 6 um — radii taken for being

characteristic values for tumor cells.

2.2 Tumor-to-normal tissue dose ratios

By looking at the S values and the plots given in fig. 3.3 — 3.5 for the different radionu-
clides tested, it is possible to find the nuclide that delivers the highest absorbed dose to
a cancer cell nucleus per disintegration for various source compartments.” However, in
radionuclide therapy it is crucial also to include the dose delivered to the healthy tissue in
the analysis — organs which typically are dose limiting in the treatment.

According to Zanzonico (2002), a general patient-specific treatment-planning paradigm
consists of a sequence of time-activity measurements performed on the patient following
the administration of a (low) tracer activity of the therapeutic radiopharmaceutical [23].
The critical normal organs or the total body, and in some cases, the tumors are monitored
and the kinetic data are integrated to determine the absorbed doses per unit administered
activity. The actual therapeutic activity used for the treatment is then typically the maxi-
mum tolerated activity, i.e. the amount of activity that results in the maximum tolerated

dose to the critical (dose-limiting) organs. Hence, in order to identify the most potent

“Though care should be taken when interpreting the plots due to the higher relative weights of the doses
at larger radii (larger volumes of the shells at larger radii).
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radionuclides in table 1.1, an estimate of the normal tissue dose should somehow be in-
cluded in the analysis. That is, the tumor-to-normal tissue dose ratios (TNDs) should be
evaluated and compared for the nuclides.

However, in order to obtain proper values of such TNDs, knowledge of the biodistri-
bution and kinetics of the given radiopharmaceutical is required. This is only possible for
a few of the nuclides given in table 1.1 and moreover, it will not allow for a comparison
of the nuclides, based on their radiation properties alone. Thus, due to these limitations,
evaluation of the normal-tissue doses was done on a simple per decay basis” merely from
the tabulated organ S-values given by RADAR [4]. For the normal tissue, the whole-body
doses obtained from the S (whole body «— whole body) values were used, i.e. the absorbed
doses to the body resulting from decaying radionuclides uniformly distributed in the body.

This type of analysis, however, does not take into account the differences in half-lives
of the nuclides, which have an influence on the normal-tissue doses (due to the either fast
or slowly decaying activity, circulating in the blood prior to tumor accumulation), nor
does it take into account the resulting differences in specific activities of the nuclides. The
latter, which affects the number of radioactive atoms that can be bound on the cancer cell
membrane and internalized — and thus, the resulting dose-rate in the cell. But, in order to
include these effects, knowledge about the biokinetics (tumor uptake rate, etc.) is needed,
which as above depends on the given radiopharmaceutical. In addition, knowledge about
the tumor proliferation rate is needed to include the biological dose-rate effects stemming
from different half-lives and specific activities [24].

Consequently, the “steady-state” type of analysis based solely on “per decay” used
in this work is a reasonable approach to evaluate the radionuclides from their radiation

properties alone without "interference” from the in-vivo properties of the biovector.

The results of the dosimetric analysis are given the article manuscript in chapter 3.
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Abstract

Auger electron emitting radionuclides in cancer therapy offer the opportunity to deliver a high
radiation dose to the tumor cells with high radiotoxicity while minimizing toxicity to normal
tissue. We have in this study identified the Auger emitter ''°Sb as a potent nuclide for targeted
radionuclide therapy based on theoretical dosimetry calculations at a subcellular scale. From these
calculations we have determined the cellular S-values for this therapeutic isotope.

Moreover, we have demonstrated the possibility of producing this isotope and also the SPECT-
analogue ''7Sb for patient-specific dosimetry, by measuring the proton irradiation yields for both
isotopes using a low-energy cyclotron.

The excellent SPECT imaging properties of the !'7Sb radioisotope have been shown by scanning
a Jaszczak SPECT Phantom.
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Keywords: Auger electrons, Sb-119, S-values, radionuclide therapy, Sb-117, cancer, production
yield, SPECT, planar scintigraphy, Jaszczak Phantom.

3.1 Introduction

In the recent years the use of Auger electron emitting radionuclides for targeted radionu-
clide therapy has shown promising results [1-7]. The low-energetic Auger electrons in-
cluding the even lower energetic Coster-Kronig (CK) electrons are emitted by isotopes
that decay by electron capture (EC) or have internal conversion (IC) in their decay. De-
pending on the isotope many such electrons can be emitted per decay (from a few to
more than 35, [8]) almost instantaneously thus creating an electron cascade. The mul-
tiplicity and the short range in tissue (from a few nm to some um) of these Auger and
CK electrons give rise to a high energy density created in the immediate vicinity of the
decay site and thus a high, very localized absorbed radiation dose to the target region
[9]. Additionally, the short range minimizes irradiation of the neighboring, normal cells,
resulting in low observed unspecific radiotoxicities in cell experiments [3, 10]. The very
short range of the electrons makes the localization of the radionuclides with respect to
the sensitive targets in the cells (DNA) critical in determining effects from the radiation.
If the decaying radionuclides are incorporated directly into the nuclear DNA or in close
proximity to the DNA, extreme radiotoxicity is observed, resembling high-LET radiation
with Relative Biological Effectiveness (RBE) values much higher than 1 [11, 12]. On the
other hand, if the radionuclides are bound outside the cellular nucleus, e.g. on the cellular
membrane, located in the cytoplasm or extracellular, the effects resemble those observed
with low-LET radiation (e.g. X-rays) with low RBE values.

Some of the most commonly used Auger emitters for research in radionuclide therapy
are 121, 1231, 11y 67Ga and 2°'T1, which all are readily obtainable from commercial
sources — the last four isotopes due to their wide use in diagnostics tracers (SPECT) in
Nuclear Medicine [3, 4, 13—15]. But the wide use of these isotopes in research in the field
of radionuclide therapy is probably more a consequence of this accessibility than because
of optimal radiation physics properties for cancer therapy.

In principle, the optimal radionuclide for targeted radiotherapy must be one that, in
addition to a proper half-life (hours — days), is emitting radiation with a range that is long
enough to allow irradiation of the target region, but at the same time, short enough to spare
healthy tissue surrounding this region. And thus, a high proportion of gamma emission

as seen with the four SPECT isotopes mentioned above is an undesirable property. For
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dosimetry calculations, however, the emission of gamma radiation is useful to determine
the time-activity curve for the administered radiopharmaceutical in e.g. the critical organs
but the gamma intensity should be low to minimize unwanted dose to healthy tissues.
Alternatively, the isotope used for therapy could emit no penetrating radiation and the
time-activity curve and pharmacokinetics could then be evaluated before the treatment
starts or simultaneously from a tracer study with a SPECT- or a PET-isotope of the same
element as the one used for the therapy. Examples of such isotope pairs are 80Y/*°Y and
12471311 [16-201.

There could be a need for increasing the scarce selection of available radionuclides
suitable for targeted radionuclide therapy. In this study we have performed a comparison
of several Auger emitters based on theoretical dosimetry calculations at subcellular and
macroscopic levels. From this we conclude that the radioisotope ''?Sb (T, /2 =38.19 h)
is a potent Auger-electron emitter that possibly can be used in therapy of small metastasis
and disseminated cancer cells. The radioisotope 178h (T /2 = 2.8 h) can give SPECT- or
SPECT/CT-based patient-specific 3D dosimetry.

This paper presents the first attempt to our knowledge to evaluate ''°Sb for subcellular
radioactivity distributions with the calculation of the cellular S-values for this isotope. As
these results are very encouraging, we have measured the proton irradiation yields for
1198b and !'7Sb on enriched target materials. Moreover, we have demonstrated that '’ Sb

is very suitable for SPECT imaging by scanning a Jaszczak SPECT Phantom.

3.2 Materials and methods

3.2.1 Dose calculations and cellular S-values

The cellular dosimetry was performed using the formalism described in MIRD Cellular
S-values [21] with a code programmed in MatLab 7.0.1. Using the geometric reduction
factors by Berger [22] (fig. 3.1) and stopping powers obtained from an empirical energy-
loss expression using the continuous-slowing-down-approximation (CSDA), the dose per
cumulated decay to all parts of the tumor cell could be calculated (fig. 3.3-3.5) The
energy-loss expression, i.e. the relationship between electron energy (E) and range (R) in
unit density matter was taken as experimentally determined by Cole for energies higher
than 0.4 keV [23]. Below 0.4 keV, a fit was made to Cole’s experimental data because
these are not well described by Cole’s expression. The following expression was used:
E = —53111R% + 1491.4R? + 11.893R, with E in keV and R in um. Using this approach
it is assumed that secondary electrons (delta rays) are absorbed locally. In calculating the

S-values, this assumption has been shown to be valid from comparison with Monte Carlo
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Figure 3.1: The dose to a given point P at radius r is calculated via the geometrical reduction
factor G(r, ry, 17, x). This factor gives the fraction of the spherical shell centered on P with radius
x and thickness dx that lies within the source volume (shaded volume in the figure).

transport codes for electron energies below several hundred keV [21].

The radioactivity in the cell was assumed uniformly distributed over one of the fol-
lowing spherical symmetric cell compartments: the cell surface (CS), cytoplasm (Cy) or
cell nucleus (N). As target region, only the cell nucleus was considered in calculating the
S-values. The contribution to the cellular absorbed mean dose from gamma radiations
was not taken into account since this is negligible as reported in MIRD Cellular S-values
[21].

The radiation spectra were either obtained from the Report No. 2 of AAPM Nuclear
Task Group No. 6 by Howell [8], if possible, or from the Nuclear Decay Data Files
for Dose Calculation (DECDC) [24]. The spectra from DECDC contain data for the
K-, L- and M-shell electrons, while the spectra reported by Howell are more complete
by including the low-energy N- and O-shell electrons. The omission of these very low-
energy electrons was seen to be insignificant for sphere diameters larger than 1 um in

agreement with the findings reported by Howell [8].

In calculating the tumor-to-normal-tissue dose ratios (TND’s) per disintegration, the
dose to the normal tissue was obtained from the tabulated Dose Factors (DF’s, equivalent
to the MIRD organ S-values) in the RAdiation Dose Assessment Resource (RADAR)
[25]. Only the whole-body to whole-body dose contribution was considered, i.e. the
S(whole-body < whole-body) assuming a uniform activity distribution in this compart-
ment. The TND calculation was done on a simple per decay basis, i.e. differences in
physical and biological half-lives and resulting differences in cumulated decays were not

taken into account at this stage.
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3.2.2 '""Sb and ''"Sb productions

As the above calculations identify ''°Sb as a potent isotope for radionuclide therapy, the

proton irradiation yields of this isotope and its SPECT-analogue !'’Sb were measured.

Target preparation

The production of the ''°Sb and '!7Sb radioisotopes was performed via the nuclear re-
actions: '°Sn(p,n)''?Sb and '7Sn(p,n)'!”Sb, respectively. Before the irradiations, each
enriched tin target (enrichment: 97.4% ''°Sn and 97.6% '!7Sn, respectively, both from
Campro Scientific) was made by either dissolving the tin metal (5-30 mg) directly in hot
2.5M KOH containing H,O; or by dissolving the tin metal in 0.5 ml hot, concentrated
HCI containing H,O, followed by adding 1.0 ml 10M KOH to the solution. The latter
route was used for larger quantities of the tin metal to speed up the etching process. The
resulting solution was then diluted to 0.25M KOH with distilled water and transferred to
an electroplating cell. A coin-like silver plate with a diameter of 29 mm and thickness
of 5.2 mm was used as backing (see fig. 3.2). The electroplating process was carried out
with a bath temperature of approximately 65-70 °C with a plating current density of 4-6
mA/cm? for 6-8 hours. The target thicknesses of the !'’Sn and ''”Sn targets were deter-
mined from the weight and surface area of the electroplated tin to be 7.4 and 5.5 mg/cm?,

respectively.

Figure 3.2: Electroplated tin target (210mm) on a silver backing (229mm, 5.2mm thickness)
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Irradiations and activity measurements

The electroplated targets were mounted in a water cooled irradiation chamber with an
aluminium proton energy degrader in front of the target. The irradiations were done using
the external proton beam from the beamline of the GE PETtrace Cyclotron at the Hevesy
Laboratory at Risoe National Laboratory. The targets were irradiated with a constant
beam current of 15 uA with a collimated beam of 10 mm in diameter for 1 hour. The
integrated beam current was taken as reported by the cyclotron software. The proton
energy was determined from prior irradiations by irradiating a precision Cu monitor foil.
The energy was measured to be 10.1 MeV behind the energy degrader using the monitor
reactions " Cu(p,x)63Zn and " Cu(p,x)622n with the recommended cross sections given
by IAEA [26].

The produced !'7Sb activity was measured using a calibrated Ge detector (Princeton
Gamma-Tech, LGC 5) with the detector software Genie 2000 (version 3.0). The energy
and efficiency calibrations were done using >?Eu and '**Ba point sources (AEA Technol-
ogy). The irradiated target was measured several times with a distance ranging between
20 cm to 300 cm from the detector in the time interval from 1 hour to 4 days after EOB.
The ''7Sb activity was determined primarily from the 158.56 keV y-ray Iy : 86%, [27]).
By measuring the target after the !'7Sb had decayed, it was possible to correct the ''7Sb
activity for any simultaneously produced ''7"Sn (T}, = 13.60 d), which emits a y-ray of
the same energy (158.56 keV).

For determining the produced ''°Sb activity, a Low-Energy Ge detector (Canberra,
GLO055P) was used. This setup made it possible to discriminate the 23.87 keV y-ray
stemming from the !'?Sb decay from the characteristic X-rays simultaneously emitted
from both the ''”Sb and impurities with EC- or IC decay, if present. The energy and effi-
ciency calibrations were done using >*! Am and 2'Pb point sources (AEA Technology).
The ''°Sb activity was calculated from the 23.87 keV y-ray (I, : 16.1%, [27]) using
Genie 2000. The target was measured several times with a distance of 39 cm from the
detector in the time interval from 52 hours to several weeks after EOB. The long delay
between EOB and the first measurement was in order to let the simultaneously produced
197Cd in the silver backing decay. The '!°Sb activity was corrected for any simultane-
ously produced 'Sn (T}, = 293.1 d), which emits a single y-ray of the same energy
(23.87 keV), by measuring the target after the '°Sb had decayed. The effective attenu-
ation of the 23.87 keV y-ray in the “thick” ''°Sn layer was calculated to be 4% and this

correction was included in the activity measurement.
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3.2.3 'Sb SPECT

To demonstrate the imaging capabilities of the !'7Sb isotope, a planar scintigraphy and a
Single Photon Emission Computed Tomography (SPECT) scan was made of a Jaszczak
SPECT Phantom.

1178b production

The enriched '!”Sn target used in the yield measurements was irradiated using the setup
described above with a 15 yA proton beam (14.9 uA mean current) for 90 min. After
the irradiation the target material was dissolved with hot conc. HCI with H,O, added
to oxidize the strong reductant, Sn(Il), to Sn(IV). This speeds up the etching of the Sn
and avoids reduction of the dissolved Sb(III) to Sb(0) on the silver backing. After the
produced ''7Sb was dissolved, the radionuclidic purity of the resulting solution was mea-
sured using the Ge detector (Princeton Gamma-Tech, LGC 5) described above. Because
no radioactive tin impurities were detected in the solution, no attempt was made to sepa-

rate the tin and the produced radioantimony.

Planar scintigraphy and SPECT

The Planar Scintigraphy (PS) and the SPECT scan were both made using the Jaszczak
SPECT Phantom. The PS was made of the phantom with the cold rod insert only. The
phantom was filled with water containing 202 MBq !'7Sb to a height of 8.8 cm, i.e. to just
above the cold rod insert. The phantom was placed on the collimator face of one of the
detectors of a Philips SKYLight dual-head gamma camera with Medium Energy General
Purpose (MEGP) collimators mounted. A total of 10 million counts were acquired.

The SPECT scan was made with the phantom completely filled with water containing
153 MBq of ''7Sb. This time, both the cold rod insert and the 6 solid spheres (cold spots)
were mounted in the phantom. To simulate a hot spot we additionally mounted a small
cylindrical vial (@10 mm, height 25 mm) filled with water containing 15 MBq of ''7Sb
off-center in the volume above the cold rod insert. The phantom was then placed on its
side on the bed and scanned. The acquisition consisted of 32 frames of 30 seconds with
the MEGP collimators mounted on the cameras.

The image reconstruction was performed using filtered backprojection with a Han-
ning filter followed by standard attenuation correction. All images were then transferred

to MatLab 7.0.1 for noise reduction and background subtraction.
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Table 3.1: The calculated S-values for varying cell sizes with ''°Sb activity uniformly distributed
in one of the following cell compartments: N: Nucleus, Cy: Cytoplasm or CS: Cell Surface.

Cell size [um] S-values [Gy/(Bq s)]

Ic Iy SIN«—N) S(N«Cy) SN« CS)

2.44E-01 5.50E-03 2.11E-03
3.72E-02  4.16E-03 2.27E-03
3.72E-02  2.51E-03 1.32E-03
1.28E-02  2.23E-03 1.44E-03
3.72E-02 1.77E-03 9.19E-04
1.28E-02 1.56E-03 9.77E-04
6.16E-03 1.45E-03 1.07E-03
1.28E-02 1.22E-03 7.87E-04
6.16E-03 1.12E-03 7.82E-04
3.60E-03 1.03E-03 7.87E-04
1.28E-02 1.02E-03 6.31E-04
6.16E-03  9.18E-04 5.87E-04
3.60E-03 8.16E-04 5.67E-04
2.34E-03  7.33E-04 5.70E-04
6.16E-03  7.62E-04 4.35E-04
3.60E-03  6.71E-04 4.16E-04
2.34E-03  5.88E-04 4.08E-04
1.62E-03  5.28E-04 4.14E-04
6.16E-03  6.33E-04 3.09E-04
3.60E-03  5.57E-04 3.00E-04
2.34E-03  4.86E-04 2.95E-04
1.62E-03  4.27E-04 2.97E-04

O O O O 00X I I I AN UN DN BB WW

O 00 1 QAN NN PEAE NN, WLWOUREWVWRE WD WD -

9 1.17E-03 3.88E-04 3.07E-04
10 3.60E-03  4.62E-04 2.06E-04
10 2.34E-03  4.04E-04 2.09E-04
10 1.62E-03 3.55E-04 2.13E-04
10 1.17E-03 3.16E-04 2.20E-04
10 8.74E-04  2.92E-04 2.32E-04

3.3 Results and discussion

3.3.1 Cellular S-values and TND

The calculated cellular S-values for ''°Sb activity located on the cell surface, in the cyto-

plasm or in the cell nucleus, respectively for different sizes of cells and cell nuclei can be
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Figure 3.3: The dose to various parts of a cell (nuclear radius: 6 um, cellular radius: 8 um) per
cumulated decay as a function of radius for a uniform activity distribution in the cell nucleus.

seen in table 3.1. Plots showing the dose per disintegration [Gy/(Bq s)] as a function of
radius for activity in the three compartments for several different radionuclides are shown
in fig. 3.3-3.5. These plots are for illustrations calculated for cells with a radius of 8 um
and a nucleus radius of 6 um — radii taken for being characteristic values for tumor cells.
Of course, these values can vary between cell populations and tumor cell types.

For radioactivity bound to the cell membrane or distributed uniformly in the cyto-
plasm, it can be seen that ''?Sb clearly delivers the highest dose to the cell nucleus of the
radionuclides tested. The results for the cell membrane bound activity are in agreement
with those reported by Sastry et al. [28] who calculated that the 20 keV conversion and
K-Auger electrons from ''°Sb are optimal for irradiating the nuclei of cells from radio-
labeled monoclonal antibodies bound to the cell surface. For radioactivity distributed in
the cell nucleus, ''°Sb delivers a high dose compared to most of the radionuclides tested
— it is only exceeded by 2°' Tl and '*3"Pt.

However, in radionuclide therapy, the effect of a given treatment is usually limited
by the absorbed dose to the critical organs, i.e. the dose-limiting organs and thus, it is

necessary to include the normal tissue dose [29, 30]. For very small tumors and mi-



28 Chapter 3. - ''"Sb - a potent Auger emitter for targeted radionuclide therapy

x10°

—— 67Ga
-+ = 193mPt e

- 111In ; N
--= 123] ; e

- 1251 - .
2t — 119sb ! v g
—— 165Er ; |
—— 2017l : '

25

Dose [Gy/(s Bq)]

4
Radius [um]

Figure 3.4: The dose to various parts of a cell (nuclear radius: 6 ym, cellular radius: 8 ym) per
cumulated decay as a function of radius for a uniform activity distribution in the cell cytoplasm.

crometastases with Auger-emitters located in the cell nuclei, the self-dose is dominating
[31] and the cross-dose contribution may then be neglected. Consequently, it was possi-
ble to calculate a tumor-to-normal-tissue dose ratio (TND) per disintegration for decays
in the tumor cell nuclei and decays in the total body as described in section 3.2.1. The
results for different nuclides normalized to the TND value for 1°Sb for cells with a radius

of 8 um and a nucleus radius of 6 um can be seen in fig. 3.6.

From fig. 3.6 it can be seen that despite the high absorbed doses delivered to the tumor
cell nucleus per disintegration from 2°!'Tl and '**"Pt (fig. 3.3), their TND values are low
compared to some of the other isotopes tested. This is due to the abundance of relatively
high energy conversion electrons (above 50-100 keV) emitted in the decays of these iso-
topes with ranges up to more than 0.2 mm in tissue [8] in addition to the abundant photon
emission (y- and especially X-rays) from the 2! Tl decay. Based on a theoretical study of
different isotopes located in varying sizes of spherical tumors in a patient (modelled as an
ellipsoid) Bernhardt et al. concluded that to achieve a high TN D in the treatment of small
tumors (< 1000 cells), the energy of the emitted electrons should be < 40 keV [29]. In
addition, the photon-to- electron energy emission ratio, p/e, should be < 2 (the p/e of 2°! Tl
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Figure 3.5: The dose to various parts of a cell (nuclear radius: 6 um, cellular radius: 8 um) per
cumulated decay as a function of radius for a uniform activity distribution on the cell surface.

is 2.1). These statements are in agreement with our findings. For heterogeneous radioac-
tivity distributions, which is often seen in larger tumors, the cross-irradiation component
resulting from these high energy conversion electrons would result in a more uniform
dose distribution, though, and thus could be an advantage. However, it has been shown
that in therapy of neuroendocrine tumors with the Auger- and conversion electron emitter
"1 as '"'In-DTPA-Octreotide, it is the Auger electrons and not the conversion electrons
(145-245 keV) that are responsible for the observed therapeutic effects [2].

The normalized TND values for activity distributed in the cytoplasm or on the cell
membrane can also be seen in fig. 3.6. These results are only valid for single cells or
very small cell clusters consisting of a low number of cells due to the omission of the
cross-dose contribution, which starts to account for a considerable part of the total tumor
cell dose when the cluster size increases [31]. In order to calculate the TND values for
larger cell clusters, both the cluster size, the cluster and cell geometries and the activity
distributions have to be taken into account. Since the rationale of using Auger electrons
for cancer therapy is to be able to exploit the possible high-LET-like biological effects,

so far only obtained from nuclear localization of the Auger emitter [2, 9, 12, 32], these
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Figure 3.6: Calculated tumor-to-normal-tissue dose ratios (TNDs) per disintegration for decays
in different tumor cell compartments (N: nucleus, Cy: cytoplasm or CS: cell surface) and decays
in the total body (normal tissue). The results are normalized to the corresponding TND values for
H9Sb

calculations have not been done in this study.

From fig. 3.6 it can be seen that ''”Sb has the highest TND values of the isotopes
tested for both nuclear, cytoplasmic and membrane bound activity distributions. For
the nuclear distribution ''°Sb is closely followed by T and '®>Er. However, the long
half-life (T}, = 59.4 d) of '*°T is a drawback in rapid proliferating cells as reported by
ODonoghue and Wheldon [33] in combination with the resulting thyroidal uptake of this

isotope if in-vivo deiodination occurs.

The use of '9Er for targeted radiotherapy has been suggested recently (Beyer et al.,
2004 [34]) but even though it has a p/e ratio of 4.7 caused by the abundant X-ray emission
and the dose delivered to the cell nucleus per '®Er disintegration is quite low compared
to the other radionuclides tested, it has a high TND. For comparison the p/e ratio for !'°Sb
is 0.9 (and not 0.09 as reported by Bernhardt et al. [29]). Thus, ' Er may be another
promising radionuclide for therapy.

Still, of all the radionuclides considered in this study, 1198p seems to be the most
promising radionuclide for targeted radiotherapy of small tumors, micrometastases or
single cancer cells. This is in good agreement with the theoretical study of Bernhardt e¢

al. [29]. Using predefined criteria and, as described above, assuming the tumor to be a
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Table 3.2: Nuclear data for ''7Sb and '?’I. Only y-photons with intensities above 0.3% are shown
[27].

Isotope Half-life Decay mode Major y-lines in keV (abundance)
1178h 2.80h EC, 1.7% B*  158.56 (86%) 511 (3.4%) 861.35 (0.31%)
1231 1327h EC 158.97 (83%) 528.96 (1.39%) 440.02 (0.43%)

538.54 (0.38%) 505.33 (0.32%)

sphere and the body an ellipsoid, both with uniform activity distributions, five isotopes

were found suitable for targeted radiotherapy of small tumors, among them '1°Sb.

3.3.2 ''Sb SPECT

Internal dosimetry constitutes a very important part of radionuclide therapy but because
of the absence of penetrating photon emission from the ''°Sb decay, the time-activity
curves and normal-tissue-uptake will be difficult to determine from this radionuclide —
the same effect as observed with ®°Y [16]. However, by a tracer study with SPECT using
the isotope !'7Sb, it should be possible to partly overcome this. ''”Sb decays mainly by
EC (only 1.7% B*) with the emission of the nearly single y-ray of 158.56 keV suitable
for imaging. In fact, the energies and intensities of the emitted photons in the !'’Sb decay
are very similar to the photons emitted by the widely used SPECT isotope '°I (see table
3.2).

117Sb can be produced and used for labeling a precursor using the same technique
as for '1°Sb. Both isotopes being of the same element also ensures identical properties

in-vivo. In this respect, the isotope pair !'7Sb/'1?Sb resembles the 3¢Y/*°Y pair.

From the planar scintigraphy and the transversal slice (corresponding to 1.9 cm)
through the SPECT tomography of the Jaszczak Phantom (fig.3.7), it can be seen that
1178b is a suitable imaging isotope. It was possible to locate both the hot-spot and the 3
largest spherical cold-spots (238 mm, @31.8 mm and @25.4 mm) in the SPECT scan and
all the cold-rods were visible in the planar scintigraphy. The cold-rods were not visible
in the SPECT scan, though, but this was primarily due to a too low number of counts in

the separate frames.
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3.3.3 '""Sb and !'"Sb production yields

The 2Sb and '!7Sb irradiation yields at the end of bombardment (EOB) were measured
to be 1.85 + 0.12 MBg/uAh and 34.6 + 0.8 MBq/uAh, respectively using the irradiation
conditions and target thicknesses described in section 3.2.2. Based on these measure-
ments and assuming the use of proper water cooling of the enriched tin target, one should
be able to produce approximately 4.4 GBq of !'°Sb at EOB in 8 hours with a low energy
cyclotron. This is with an electroplated target of thickness 50 mg/cm? in a standard 90°
target/beam geometry using a collimated (210mm) 11.0 MeV proton beam and a beam
current of 35 uA. In this extrapolation we have assumed that the nuclear cross sections
for the '1°Sn(p,n)!'?Sb reaction are constant in the energy interval (11.0-9.9 MeV) repre-
sented by the 50 mg/cm? target thickness. On the other hand, by considering the reaction
threshold energy of 11.0 MeV for the ''°Sn(p,2n)!!8Sb reaction [35], one would expect
an increase in the cross sections above the 10.1 MeV proton energy that was used in our
yield measurement for the ''°Sn(p,n)!'?Sb reaction. This means that the extrapolated
production yield may be an underestimate of the real obtainable yield using the larger
amount of enriched target material than what was used in this study.

If even higher activities are needed, this can be achieved by either increasing the
irradiation time or by a further increase in the target thickness. Another approach is to use
an inclined target/beam geometry to allow a high increase in the beam current resulting
in a considerable increase in the obtainable yield. Such high current irradiations (~ 200
uA) on a "Sn target using a dedicated PET cyclotron have recently been performed in
our department (unpublished data) demonstrating the capability of producing of several

tens of GBq’s of therapeutic isotopes locally. Hence, it will be possible to produce the

Figure 3.7: The planar scintigraphy showing the cold rods (left) and a transversal slice through
the SPECT tomography showing the hot spot and the 3 largest cold spheres (right) in the Jaszczak
Phantom using !'7Sb.
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amounts of '°Sb radioactivity that is required for initial patient studies and clinical trials
in radionuclide therapy using a small medical cyclotron.

The shorter half-live of !'7Sb and the need for a much smaller amount of radioac-
tivity for each patient in a diagnostic study than for therapy, makes the !'7Sb production
less demanding than the !'°Sb production. Using the same extrapolation conditions as
above, it will be possible to produce approximately 23 GBq of !'’Sb at EOB in a 4 hour
irradiation, which should be sufficient for several patient scans.

3.4 Conclusion

Based on theoretical dosimetry calculations for different subcellular distributions of sev-
eral Auger-electron emitting isotopes we have identified ''°Sb as being a potent radionu-
clide for targeted radiotherapy of small tumors, micrometastases and single cancer cells.
Using the MIRD-model we have calculated the cellular S-values for this isotope. In ad-
dition we have measured the proton irradiation yields for the production of ''°Sb and
the corresponding imaging isotope '!”Sb using a low-energy cyclotron. From a planar
scintigraphy and a SPECT scan of a Jaszczak Phantom we have shown that the latter
isotope is well suited for SPECT-based patient-specific dosimetry of an !'?Sb-labeled ra-
diopharmaceutical. The production yields show that it will be possible to produce both
isotopes with a standard PET-cyclotron in sufficient quantities for patient imaging and

therapy.
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Chapter 4

Production of 1°Sb

In the previous chapter it was seen that the Auger-emitter ''°Sb is capable of delivering
a very high tumor-to-normal tissue dose ratio for all the considered source compartments
(cell surface, cytoplasm and cell nucleus). However, no attempts to our knowledge have
been made previously to produce ''°Sb for radionuclide therapy.

In this chapter the possible production routes to the ''?Sb isotope will be discussed
and the development of the production procedure for the most suitable route using a low-

energy cyclotron will be described.

4.1 Possible routes to !'°Sb

From fig. 4.2 it can be seen that several routes can be used to produce ''°Sb with conven-
tional cyclotrons with @, deuteron or proton beams. The main routes are listed in table
4.1 together with the reaction threshold energies [1].

Table 4.1: Production routes leading to ''”Sb [1].

Nuclear reaction Reaction threshold energy [MeV]
198n(p,n)!''?Sb 14
1208n(p,2n)!'?Sb 10.6
121Sb(p,3n)'1?Te — '1°Sb 19.5
1188n(d,n)'°Sb 0
178n(a,2n)1°Te — 11°Sb 17.5

39
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Figure 4.1: The level schema of the '°Sn isotope which shows the nuclear transitions following
the ''Sb decay. It can be seen that ''°Sb isotope decays to a very short-lived isomer (T}, =
18 ns) before reaching the ground state of '”Sn. The 23.87 keV y-ray emitted in this transition
is strongly converted (83.9% conversion). That is, in a large part of the ''°Sb decays, both a
conversion electron and two Auger-cascades are emitted per decay.

Figure 4.2: The nuclide region around ''°Sb. Several nuclear reaction routes are possible to form
the '!°Sb-radioisotope.

Of the 5 routes listed in the table, it can be seen that two routes allow for exploiting
the isotope generator principle with an effective longer half-life than the 38.19 h of ''?Sb.
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However, this may not be very important due to the relative long half-life of '°Sb itself.
The short range of a-particles compared to protons will favor the (p,3n) reaction with
respect to the obtainable production yields. On the other hand, the use of Sb as target
material will require an extremely efficient radiochemical separation method with a very
high separation coefficient to avoid excess of stable Sb in the final solution, which will
lower the specific activity of the ''°Sb.

The deuteron route has the same disadvantage as the a-particle route with a low range
compared to protons. Of the two proton routes, the (p,n) is favored by the lack of co-
production of 120m gy, (T1/2 = 5.76 d), which is inevitable in the (p,2n) reaction-route,
and which will lower the radionuclidic purity of the produced ''”Sb. So, despite the
lower natural abundance of ''°Sn compared to '2°Sn, the ''*Sn(p,n)!'?Sb nuclear reaction
appears to be the most suitable route for the production of ''”Sb. To summarize the

strengths of this reaction:

e The most common type of cyclotron can be used.

Low stopping power of the incident particles — high production yields.

Low bombardment energy — less demanding target cooling requirements *.

Reasonable high natural abundance of the target material (low cost).

Radionuclidic impurities can be avoided.

High specific activities can be reached.

Thus, the ''°Sn(p,n)'!”Sb reaction was chosen for the production of !'°Sb in this work.

4.2 Target preparation

For the production of ''°Sb via the ''°Sn(p,n)!'’Sb reaction, different tin compounds can
be used as target material. The tin oxides have the advantage of very high melting points
(> 1000 °C) compared to the metal that has a relative low melting point of 231.93 °C
[2]. However, irradiation of oxides generally requires the material to be pressed to a pill
to increase the heat conduction, but still the thermal conductivities usually are very low,
which limit the applicable beam currents. Moreover, the obtainable yields will be lower

from the tin oxides compared to the “pure” metal due to the co-existence of O-atoms in

*Assuming complete stopping of the bombarding particles in the target material.
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the target material. The tin metal, on the other hand, has a relative high thermal conduc-
tivity of 67 W/(m K) and can be electroplated onto a water cooled backing for proper heat
removal [2]. The disadvantage, though, is the low melting point of the metal as stated
above, which imposes strong requirements on the target design for high beam current ir-
radiations. Despite this disadvantage, I chose to use the metal as target material for the
119Sb production and then to develop a new high current production target (see chapter 6).

For the electroplating process, two types of electroplating baths were tested. At first,
the plating was done with an acidic bath containing SnSO; dissolved in 4% H;SO4. This
bath was chosen due to the advantage that the plating can be carried out at room temper-
ature [3, 4]. The plating was initially performed on a circular graphite backing (@ 29mm
X 5.2mm) with a bath temperature of 20°C. The graphite was chosen to suppress contam-
inations from radionuclides co-produced in the backing during irradiation. However, the
formed tin layer showed poor adhesion to the graphite backing. By changing the backing
material to copper, a proper adhesion was obtained but the plating yield, defined as the
ratio between the mass of the plated target material and the total amount of target material
in the bath never exceeded 16%. This is expected to be due to the oxidation of Sn(II) to
Sn(IV), where only the former state contributes to the plating process [3]. The formation
of white, cloudy precipitates (probably SnQOy) in the old plating solutions supports this

conclusion.

The second type of plating solution tested, was made by dissolving Sn metal powder
(purity 99.9%, max particle size 45 um, Goodfellow) in hot 2.5 M KOH containing H,O,
to ensure the formation of Sn(IV). The obtained solution was diluted to 0.25-0.4 M KOH
with distilled water and the electroplating was then carried out with a bath temperature
of 65-70°C. Initially, the plating process was done with a bath temperature of 20°C but
at this temperature, no tin was formed on the copper backing. However, with the hot
plating bath, the formed tin layer had a very homogenous appearance as seen with a
microscope and a very good adhesion to the target backing. With this method, it was
possible to obtain plating yields above 95% in approximately 8 hours plating time with a
current density of 4-6 mA/cm?. The only disadvantage of this method, was the high bath
temperature needed for efficient plating, with resulting evaporation of the plating solution

requiring frequently additions of water.

By changing the backing material to silver, the same successful plating results as
above could be obtained, but the use of graphite backings gave rough and grainy deposits.

Examples of the targets can be seen in fig. 4.3.
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Figure 4.3: Electroplated tin targets on silver and graphite backings using the alkaline plating
solution. The tin target with the graphite backing had been irradiated with 16 MeV protons before
this picture was taken. Hence, the brown spot on the tin.

4.3 Proton irradiations and ’low-power”’ target design

The electroplated Sn-targets were irradiated in the water cooled irradiation chamber seen
in fig. 4.4 using the 16 MeV proton beam of the GE PETtrace cyclotron at the Hevesy
Laboratory. The chamber is made of aluminum with indirect cooling of the rear of the
target backing. To ensure proper thermal contact between the chamber and the backing,
a thin aluminum metal plate (not shown in the figure) is mounted in front of the target,
pressing the rear of the backing against the cooled chamber wall. At the same time, this
aluminum plate serves as a proton energy degrader and thus, by varying the thickness of

this plate, the entrance energy in the target material can be varied.

In the target design phase I was not able to do any modeling-based optimization of
the target and chamber design as in chapter 6 due to lack of access to such modeling
computer programs at that time. Hence, the irradiation chamber was designed merely on

an empirical basis.

The target can be operated with 16 MeV protons with beam currents up to approx-
imately 30 pA, depending on the beam profile. It can be mounted at the end of the
beamline of the cyclotron or directly on the beam exit ports on the cyclotron vacuum
chamber. Besides having been used for the Sb-productions in this work, the target is now

being used for the routine production of %*Cu in the Hevesy Laboratory.
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Figure 4.4: The water cooled irradiation chamber used for low power proton irradiations. A tin
target with silver backing can be seen below the chamber.

4.4 The excitation functions

To optimize the ''°Sb production, information about the excitation functions for the
1198n(p,n)!1?Sb reaction and the "competing” ''°Sn(p,2n)!18*¢Sb reaction is extremely
valuable. The most important parts of these, from the !'Sb production point of view
were measured using the standard stacked-foil technique. With this technique, the re-
action cross section o at a given proton energy for the isotope with decay constant A
can be found from the produced activity A(¢) from the irradiation of duration ¢ using the

activation formula:

A(ty=R(1 —e™) (4.4.1)
The production rate R is given by:
I
R =0 28 1 Ax (4.4.2)
Zq,

Here li44e; 1s the target current (held constant), Zg, is the the charge of the incoming
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particles, n is the number of target atoms per unit volume and Ax is the thickness of the
“thin” target foil irradiated. Due to the thin foils used in the experiments (Ax = 12.73
and 5.34 mg/cm?, respectively), o-(E) can be assumed constant over the proton energy
interval represented by the foil thickness (AE < 0.3 MeV in this work).

The mean target current /;,4.; Was in each experiment determined by connecting the
electrically isolated Faraday-cup-like target foil holder to ground through a resistance of
99.4 kQ. The potential U(¢) over the resistance was then recorded with a Hewlett Packard
data acquisition/switch unit (HP 34970A) from which I;,,¢.,(#) could be calculated.

Further details on the method and the resulting measured excitation functions for the
1198n(p,n)!1?Sb and '°Sn(p,2n)!'#”Sb reactions are given in the article manuscript in the

next chapter.

4.5 Sb/Sn radiochemical separations

To be able to use the produced ''°Sb for labeling an appropriate biovector following the
irradiation of enriched ''°Sn, a radiochemical separation was required. Several Sb/Sn
separation methods are described in the literature, primarily used in the production of the
radioisotope '2°Sb (T}, = 2.7582 y) from neutron irradiation of "Sn via the reaction
1248n(n,y)!>Sn — 'Sb [5-8]. In these separation methods using "Sn as target ma-
terial, the recovery of the Sn is not important due to its low cost and thus, no recovery
yields are reported.

However, when using expensive, enriched target material as !'°Sn or eg. '>*Sn for
an optimized '2>Sb-production, the recovery is important in minimizing the production
costs. Baluev et al. (2003) developed a separation method that utilized the weakly-basic
anion exchange resin AN-31 for the separation of '>>Sb and '**Sn with high yields of
both isotopes [9]. However, we were not able to purchase the AN-31 exchange resin, so
initially I tried to use the Sb/Sn-separation method developed by Khalid, Mushtaq and
Igbal (1999) utilizing a silica-gel column [5]. According to their work, it is possible to
separate the Sb from the bulk Sn target material by pretreating the silica-gel with 6 M
HCI for 16 hours prior to the separation. The pretreated silica-gel should be washed and
packed on the column and conditioned with 1 M HCI. The dissolved target solution (12
M HCI) should then be diluted to 1 M HCI with deionized water and eluted through the
column, followed by washing the column with 30 ml 1 M HCI to remove any traces of
Sn. Subsequently, the Sb-fraction should be eluted with 20 ml 6 M HCI giving yields of
> 85%.
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Figure 4.5: Measured '>3Sb elution yields for different eluent temperatures and flow rates. The
flow through the columns were paused where the connection lines are broken. At|1|and |2 |the

flow was paused for 20 hours. At| 3 |the flow was paused for 30 min. and at | 4 | it was paused for

20 hours.

The Sb/Sn-separations performed in this work were done almost exactly as described
above - the only difference between the method used in this work and the one published
by Khalid, Mushtaq and Igbal, was the target material composition, where they used Sn

and I used SnO.

That is, initially 211 mg of "*SnO (99+%, Sigma-Aldrich) was sealed in a quartz
ampoule and irradiated for 13 days with a neutron flux of 10'> cm=2 s~! in the nuclear
reactor at Institute for Energy Technology in Norway. After 2 month cooling time to
allow the decay of '2>Sn — 123Sb, the sample — now containing ''*Sn (T, = 115.09 d)

and '2Sb, was dissolved in concentrated HCI and used for the separations. A column
size of @1.0cm X 10 cm was used, packed with silica-gel (60-100 mesh, purity 99+ %,

Sigma-Aldrich).
However, it was not possible to reproduce the results published by Khalid, Mushtaq
and Igbal. Much larger volumes of the 6 M HCI eluent were needed than reported in
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Figure 4.6: Sn and Sb elution curves from the silica-gel column plotted in both linear and loga-
rithmic scales. At| 1 |the HCI flow through the column was paused for 20 hours.

their article to obtain reasonable Sb-yields, which can be seen from fig. 4.5. Due to
the observed slow desorption rate of the Sb, the effect of various elution rates and the
eluent temperatures were tested, as shown in the figure. It can be seen that by changing
the elution rate to 0.4 ml/min. from the initial 1.5-2 ml/min. or by increasing the eluent
temperature from ~ 20°C to ~ 70°C resulted in an increase in the elution yield (steeper
curve). However, the yields were still lower than reported by Khalid, Mushtaq and Igbal,
but it was possible to obtain a further increase in the Sb yield by pausing the elution of
the column for a period of time as indicated by the broken lines and number boxes in the

figure.

Moreover, it was not possible to avoid Sn contaminations in the Sb-fractions (fig. 4.6)
in any of the separations — regardless of the temperature and flow rate variations tested.
The Sn contamination in the Sb-fraction varied between 0.1-0.3 % of the total amount of

Sn in the solution.

The explanation for the observed effects with slow Sb and Sn desorption rates — the
latter resulting in the observed contamination of the Sb-fraction, were at the time when
the experiments were carried out, expected to be due to slow exchange kinetics in the col-
umn. However, several months later during the development of a new separation method,
it was discovered that the age of the Sb/Sn solution had a critical influence on the separa-
tion results. This is due to antimony and tin hydrolysis and the formation of insoluble or
colloidal compounds (Sb-oxychlorides, @- and S-stannic acids and other hydrolysis prod-
ucts) [10, 11]. Especially tin’s ability to form the insoluble S-stannic acid (also called
metastannic acid) by reactions with water is a problem in tin chemistry. As Nervik put it
in the extensive report The Radiochemistry of Tin [11]:
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The disconcerting ease with which tin ions can combine with water to form
hydrolysis products of varying degrees of solubility complicates all phases of
tin chemistry ...... In acid solution it may be assumed, as a general rule,
that stannic tin will hydrolyze unless a complexing agent is present which
will keep it in solution . ..... the general intractable and antisocial behavior
of metastannic acid eminently qualifies it for ostracism from the ranks of

well-behaved chemical compounds.

However, acid solutions of Sn(IV) in sufficient excess of HCI can be quite stable due
to the formation of the complex ion SnClg2 [11]. A HCI concentration of 0.7M is reported
by Nervik to be sufficient to form an apparently stable tin solution.

Hence, a better explanation for the above observed effects may be that hydrolysis
products with different absorption properties than the unhydrolyzed tin and antimony
compounds had been present in the solutions. This may explain the uncomplete desorp-
tion of the tin during the column washing and the increase in the tin concentration in the
first Sb-fraction when the HCI concentration was changed (1M — 6M). According to the
distribution coeflicient (K;) measurements performed by Khalid, Mushtaq and Igbal, the
Ky’s of Sn(Il) for IM and 6M HCI for silica-gel are almost identical — and thus, cannot
explain this increase [5]. Moreover, the low antimony yields that could be increased by
pausing the elution (or by heating) and thus, allowing the soluble hydrolysis products to
dissolve in the 6M HCI, agrees with this explanation. However, the explanation for the
observed effects was not investigated further, because a superior separation methods al-

ready had been developed at the time when this was recognized.

The superior Sb/Sn separation method developed in this work using a weakly-basic
anion exchange column is described in the article manuscript in the next chapter. It
should be noted, though, that despite the use of a weakly-basic anion exchanger in this
work as also done by Baluev et al. (the AN-31 weakly-basic anion exchange resin de-
scribed above), the obtained chromatograms are completely different [9]. In the method
by Baluev et al., the Sn(IV) is eluted first with 0.8M HCI and then the Sb(V) with 1M
HNOs3. In the method in this work, Sb(V) is eluted first and then Sn(IV) — both with 0.8M
HCI. Thus, the resins are not of the same type. The method, chromatogram and yields
are presented in the next chapter.
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Abstract
The use of Auger electrons in radionuclide therapy of cancer is a promising tool for specific
tumor cell killing of micrometastases and small tumors. The radioisotope ''°Sb has recently been
identified as a potent Auger-emitter for therapy.

We here present a method for producing this isotope using a low-energy cyclotron. With this
method, it will be possible to produce clinically relevant amounts of ''°Sb radioactivity with high

chemical and radionuclidic purity for cancer therapy.

Keywords: Auger electrons, Sb-119, radionuclide therapy, cancer, nuclear reaction, excitation
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function, radiochemical separation.

5.1 Introduction

The use of Auger electrons in radionuclide therapy of cancer has been shown in the recent
years to be a useful strategy for specific cancer cell killing [1-7]. Auger-electron-emitting
isotopes are capable of delivering a high and very localized radiation dose to the target
region due to their very short range in biological tissue with a resulting ability to achieve
a high tumor-to-normal-tissue dose ratio. Auger electrons are emitted by isotopes that
decay by electron capture (EC) or have internal conversion (IC) in their decay. In each
decay of these isotopes, a cascade of very low energy electrons is emitted [8, 9]. The
multiplicity and the low energies of these Auger (and Coster-Kronig) electrons with their
resulting short ranges in tissue (from a few nm to some um) give rise to a very high energy
density created in the immediate vicinity of the decay site and thus a highly localized
absorbed radiation dose to the target region.

Moreover, a low level of damage to surrounding, unlabeled cells, e.g. normal tissue
is seen due to the short ranges of the emitted electrons [6, 10]. The biological damage
from such radionuclides is highly dependent on the precise location of decays within
cells. Auger emitters decaying within the cell nucleus, close to the DNA, are extremely
radiotoxic with observed biological effects of high-LET character, but the same type of
decay outside the cell is comparatively non-toxic with effects characteristic for low-LET
radiation [11, 12]. An effect that can not be seen with a- or S-emitting isotopes and thus,
cannot be exploited in radionuclide therapy with these isotopes. Hence, by exploiting the
high-LET part of the emitted radiation from the Auger-emitter in the tumor cells only,
by choosing the proper targeting bio-vector, it will, in theory, be possible to increase the
tumor-to-normal-tissue response ratio significantly.

Based on cellular and macroscopic dosimetry calculations, we have recently sug-
gested the use of the Auger-electron-emitting isotope !'”Sb (T}, = 38.19 h) in can-
cer therapy of micrometastases and small tumors in combination with the isotope !!”Sb
(T1/2 = 2.8 h) for patient-specific SPECT-based 3D dosimetry (chapter 3). In the cur-
rent study we developed a complete production method for these radioisotopes with a
low-energy cyclotron including measurements of the excitation function for the nuclear
reaction ''°Sn(p,n)'1°Sb. With the method presented it is possible to produce clinically
relevant amounts of ''°Sb radioactivity with high chemical and radionuclidic purity for

cancer therapy.
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Table 5.1: Nuclear data used in this work [13].

Isotope Half-life Decay mode Major vy-lines in keV (abundance)

027n 9.186h  EC,B* 548.35(15.3%) 596.56 (26%)

037n 3847m B*,EC 669.62 (8%) 962.06 (6.5%)

1138n 115.09d EC,pB* 255.03 (1.82%)  391.69 (64%)

1omgn 293.1d IT 23.87 (16.1%) 25.27 (14.3%)

178h 2.80h EC, g* 158.56 (86%)

H8mgh  5.00h EC, g+ 253.68 (99%) 1050.65 (97%) 1229.68 (100%)
1198h 38.19h EC 23.87 (16.1%)

120mgh 5,76 d EC 197.3 (87%) 1023.1 (99.4%)  1171.3 (100%)
1228h 2.7238d B ,EC,B* 564.12 (71%) 692.79 (3.85%)

124Sb 60.20d B 602.73 (98.26%) 1690.98 (47.8%) 722.79 (10.81%)
1258b 277582y B~ 427.88 (30%) 600.60 (17.86%) 635.95 (11.31%)

5.2 Materials and methods

5.2.1 '"Sn(p,n) '°Sb excitation function measurements

The excitation function was measured by the standard stacked foil technique using the
activation method. 97.4% enriched !'°Sn metal (Campro Scientific) was rolled to two thin
foils with mean thicknesses of 5.34 and 11.73 mg/cm?, respectively. The thicknesses were
determined from the weight and area of the foils. In the calculations uniformity of the foils
was assumed. Three stacks were irradiated for 20 minutes using the external proton beam
of the GE PETtrace Cyclotron equipped with beamline at the Hevesy Laboratory at Risoe
National Laboratory. A low, constant intensity of 0.5 uA was used for the irradiations
with a primary proton energy of 16 MeV. The beam was collimated to a diameter of
10 mm. The stacks were irradiated in a Faraday-cup-like target holder to determine the
collected charge from the incident particles. The energy of the protons was degraded by
high purity aluminum foils (Goodfellow).

Precision Cu monitor foils (Goodfellow) were used in all stacks to determine the
energy of the beam via the monitor reactions "¥Cu(p,x)®*Zn and "“Cu(p,x)®?Zn. The
recommended cross sections for these reactions given in the IAEA cross section database
for medical radioisotope production were used in the calculations [14]. Any uncertainty
contributions stemming from these cross sections were neglected, as no uncertainties are

available in the IAEA database. The proton energy was calculated as a weighted average



Chapter 5. - Production of the Auger emitter !'°Sb for targeted radionuclide therapy using
54 a small PET-cyclotron

of the two energies obtained from the two reactions in the monitor foil. The measured
mean beam current was also checked from the crossing of the calculated beam current
versus proton energy curves using the monitor foil as seen in fig. 5.1. The beam currents
obtained by this method agreed with those of the Faraday-cup measurements within 2-15
%.

see— na‘CU(p,X)GQZn
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B Measured beam current vs. calculated energy

¥
\
\
|
1
1
1
1

Beam current [A]

1,0x107 ; : . . : T . . - | ——
10 11 12 13 14 15 16

Proton energy [MeV]

Figure 5.1: The calculated beam current in the monitor foil as function of beam energy for both
monitor reactions. The intersection of the curves indicates the actual energy and beam current.
The measured beam current from the Faraday-cup-like target holder is also shown.

The activity measurements of the irradiated foils were done using three different se-
tups. A calibrated Ge detector (Princeton Gamma-Tech, LGC 5) with the detector soft-
ware Genie 2000 (version 3.0) was used for measuring the monitor foils and the enriched
1198 foils for any produced !'¥”Sb and other impurities. The energy and efficiency cali-
brations were done using '>2Eu and '33Ba point sources (AEA Technology). For accurate
determination of the activity each target was measured several times with a distance of ei-
ther 100 cm or 20 cm (depending on the dead-time) from the detector in the time interval
from 20 minutes to 62 hours after end of bombardment (EOB).

For determining the produced 1198 activities either a calibrated Si(Li) detector (Prince-
ton Gamma-Tech, S-80-4-19) or a Low-Energy Ge detector (Canberra, GLOO55P) was
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Figure 5.2: y- and X-ray spectrum of one of the irradiated ''”Sn target foils measured with the
Low-Energy Ge detector (Canberra, GLOO5S5P)

used. This setup made it possible to discriminate the 23.87 keV y-ray stemming from the
119Sb decay from the characteristic X-rays simultaneously emitted from both the ''°Sb
and impurities with EC- or IC-decay if present (see spectrum in fig. 5.2). The energy
and efficiency calibrations were done using >*' Am and 2!°Pb point sources (AEA Tech-
nology). The '1°Sb activity was calculated from the 23.87 keV y-ray using Genie 2000
(table 5.1). Each target was measured several times with a distance of 4.5 cm from the de-
tectors in the time interval from 2 hours to several weeks after EOB. The !'?Sb activities
were corrected for any simultaneously produced 119mgn (T, ;2 =293.1 d), which emits a
single y-ray of the same energy (23.87 keV), by measuring the targets after the ''°Sb had
decayed. The attenuation of the 23.87 keV y-ray in the ''°Sn foils was calculated to be

maximum 8%.

Errors due to counting statistics, peak fitting and background subtractions were taken
as reported by the Genie software. Errors in the measured activities due to recoil effects
were negligible (< 1%) compared to other experimental uncertainties (the aluminum foil

right behind the first ''°Sn foil was checked for pick up of recoiling Sb activity).

The cross sections were calculated using the activation formula. The decay data were
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taken from the WWW Table of Radioactive Isotopes (table 5.1). The total uncertainty of
each cross section (6—7%) was calculated by combining the contributing errors in quadra-
ture: beam current (5%), target foil thickness (3%) and activity measurement (4—6%); the
latter includes detector efficiency (3%) and nuclear data (3—5%).

The particle energy in the middle of each foil in the stack was calculated based on the
stopping powers taken from the software SRIM 2006 by Ziegler [15]. In the total energy
uncertainties, contributions stemming from beam straggling effects and errors in target

thickness measurements have been included.

5.2.2 Irradiations and Sb/Sn-separation

The separation of the produced antimony activity from the bulk target material was per-
formed by chromatography using a column (0.8 X 20 cm) packed with weakly basic anion
exchange resin (Bio-Rad AG4-x4, 100-200 mesh, free base form). For developing the
separation method the tin and antimony activities were obtained in two ways. Initially,
211 mg of "SnO was sealed in a quartz ampoule and irradiated for 13 days with a neu-
tron flux of 10'3 cm™2 s7! in the nuclear reactor at Institute for Energy Technology in
Norway. After 2 month cooling time to allow the decay of '>>Sn to '>Sb, the sample —
now containing 1138n (T12 = 115.09 d) and 1258b (T1/2 = 2.7582 y), was dissolved in
concentrated HCI and used for the separations. H>O, was added prior to the separations
to oxidize Sn(II) to Sn(IV) and Sb(III) to Sb(V).

Later, tin and antimony activities were produced by either by proton or deuteron irra-
diation of solid "Sn metal targets with the GE PETtrace Cyclotron at the Hevesy Lab-
oratory. The use of deuterons for the irradiation was chosen to obtain ''7”"Sn via the
1165n(d,p)!'7Sn process to be able to efficiently follow the tin in the separation and tar-
get material recycling processes. The tin targets were made by either dissolving the tin
metal (10-30 mg) directly in hot 2.5M KOH containing H,O, or by dissolving the tin
metal in 0.5 ml hot, concentrated HCI containing H>O, followed by adding 1.0 ml 10M
KOH to the solution. The latter route was used for larger quantities of the tin metal to
speed up the etching process. The resulting solution was then diluted to 0.25M KOH
with distilled water and transferred to an electroplating cell. A coin-like silver plate with
a diameter of 29 mm and thickness of 5.2 mm was used as backing. The electroplating
process was carried out with a bath temperature of 65-70 °C with a current density of 4-6
mA/cm? for 6-8 hours. The electroplated targets were then mounted in a water cooled
irradiation chamber at the end of the beamline and irradiated with beam currents up to 25
UA with a collimated beam of 10 mm in diameter.

After the irradiations the targets were dissolved with concentrated HCI containing
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H,0, as above. The solution was evaporated to 0.5 ml and diluted to 1.0 ml with distilled
water. The resulting solution was then eluted through the exchange column, which had
been preconditioned with 20 ml of 0.8M HCI prior to the separation. The elution was
done with 0.8M HCI with a constant flow rate of approximately 0.3 ml/min. The relative
activity concentration of each individual element (Sb, In or Sn) in the eluate as a function
of eluant volume, i.e. the chromatogram was determined by measuring the count rate
from the column exit tube with a shielded Nal detector (fig. 5.5). Note, due to differences
in detector efficiencies for the three radioelements in the solution, differences in count
rate between the three peaks do not directly represent the differences in their activity
concentrations.

After the separation the different collected fractions were measured using a calibrated
High Purity Ge detector to evaluate the separation yield and radiochemical purity of the
antimony fraction. The chemical purity of the antimony solution was measured using

Inductively Coupled Plasma Mass Spectrometry (ICP-MS).

5.3 Results and discussion

5.3.1 Excitation functions and thick target yield

The measured excitation functions for the proton induced nuclear reactions ''*Sn(p,n)'°Sb
and '°Sn(p,2n)' 18 Sb are tabulated in table 5.2 and plotted in fig. 5.3 together with the
existing data in the literature for the former reaction (Lovchikova et al., 1980, Johnson e?
al., 1970, Johnson et al., 1977) [16-18]. A fit to all the data points for the '°Sn(p,n)'!”Sb
reaction was made with a 9. degree polynomial. This fit is also shown in the figure.

A theoretical modeling of the '°Sn(p,n)'!”Sb excitation function was performed us-
ing ALICE/91 [19]. These results are also shown in the figure. There is a relatively good
agreement between the experimental data and the prediction of the excitation function
made by ALICE. In the ALICE-calculations nucleon pairing and shell-structure effects
were taken into account by the code when calculating the level densities. The level den-
sity parameter "a” was set to a = A/18 in addition to the default value of @ = A/9 in order
to include effects of being near the closed proton shell in 50Sn [20, 21]. Otherwise, the
default settings were used. The modeled excitation function for the ''°Sn(p,2n)''¥”Sb
reaction is not shown because ALICE can only calculate the total, combined cross sec-
tion for the 1'”Sn(p,2n)!'8¢Sb and !'?Sn(p,2n)' 18" Sb reactions and not the separate cross
sections leading to each of the two nuclear states. However, the opening of the (p,2n) re-
action channel measured in this study to be above 11.1 + 0.15 MeV, is in good agreement
with the tabulated reaction threshold energy of 11.015 MeV [22].
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Figure 5.3: The measured '"”Sn(p,n)''°Sb and ''°Sn(p,2n)!'3”Sb excitation functions. The exist-
ing data for the former reaction is also shown including a polynomial fit to this excitation function.
Moreover, ALICE/91 predictions are also shown for two different values of the level density pa-
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rameter "a’.

A calculation of the thick target !'°Sb yield per uAh based on the fit to the measured

cross sections was made and the resulting plot is shown in fig. 5.4.

5.3.2 Radionuclidic impurities

As seen from the measured excitation functions the radionuclidic purity of the produced
1198b is strongly dependent on the incoming proton energy. If the energy is above 11.015
MeV, '187Sb will be co-produced in the enriched ''°Sn target. However, due to the rela-
tive short half-life of this isotope (T, = 5.00 h) compared to 1198, this contaminant will
constitute a decreasing fraction of the ''°Sb activity with time if a proton energy above
the threshold energy is used.

Due to the other stable Sn isotopes in the 97.4% enriched '!°Sn, other Sb isotopes
are co-produced in the target. However, most of these Sb isotopes have a much shorter
half-life than ''”Sb, and thus, will decay rapidly. Besides, the much shorter half-lives of

these isotopes in combination with expected irradiation times of several hours (e.g. 8-10
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Table 5.2: Measured cross sections for the ''°Sn(p,n)''°Sb and "°Sn(p,2n)''*”Sb nuclear reac-

tions.

Energy (MeV) Cross section (b)
119Sl’l(p,1’l)] 19Sb 119Sn(p’2n)1 18me

10.0 + 0.18 0.73 £ 0.05 ND

11.1 £0.15 1.08 + 0.07 ND

123 +0.14 1.04 £ 0.07 0.0119 £ 0.0008
13.2+0.14 0.79 = 0.05 0.0290 = 0.0018
14.0 £ 0.10 0.45 +£0.03 0.061 = 0.004
15.5+0.10 0.267 £ 0.017 0.107 + 0.007

ND: Not detected.

hours and not 20 min. as used in our experiments) will favor ''”Sb due to decay during
the bombardment, i.e. many of the short lived Sb isotopes will be in or near saturation.
The most critical Sb-impurities that can be co-produced in the target are '2%”'Sb, 122Sb
and '2*Sb, all with longer half-lives than '1°Sb (see table 5.1). However, we were not
able to detect any '2*Sb in our measurements and the measured '>”’Sb and '?2Sb ac-
tivities constituted a maximum fraction of 4.2 x 10~ and 7.3 x 107>, respectively of
the produced ''?Sb activities at EOB ('>2Sb was only detected at the 10.0 MeV proton
energy measurement). By increasing the enrichment even further it will be possible to
reduce these contaminations but given the very small fractions they constituted with the

enrichment used in this study and their half-lives this should not be necessary.

5.3.3 Sb/Sn-separation yield

Using the separation method developed as described in section 5.2.2, pentavalent radioan-
timony was quantitatively separated from the dissolved tin (tetravalent) target material.
As seen in the chromatogram (fig. 5.5), pentavalent antimony is eluted first, then indium
(if present as in the '23Sb/!13Sn separation where the !'3Sn was in equilibrium with the
daughter radionuclide ''3"In) and finally tetravalent tin *. More than 90% of the produced

“When trivalent antimony was present in the sample it was seen to be eluted after the tin fraction, i.e. this
method may also be used to separate tri- and pentavalent antimony.
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Figure 5.4: The calculated thick target yield of ''”Sb per uAh.

radioantimony could be collected in about 5—7 ml of 0.8M HCI.

No tin impurities were detected in the Sb-eluates using y-spectroscopy when '3Sn
or ''"mSn were used as tracers for the tin fraction. Analysis of the antimony fraction
with ICP-MS showed no chemical impurities of concern. All the elements tested for
were in the ppb range except for Al, which was found to be 4.5 ppm. However, the Al
concentration in the HCI used for the elution was found to be 1.0 ppm so by choosing a
purer HCI eluant it should be possible to reduce this contamination. Occasionally it was
observed that a fraction of the cadmium radionuclides ('/Cd and '%°Cd) simultaneous
produced in the silver backing during the irradiation was released during etching of the
tin target material. However, they were absorbed on the exchange column and not eluted

with the antimony fraction.

The tetravalent tin was collected in about 11-13 ml of 0.8M HCl almost quantitatively
— ready for recycling. The recycling was done by evaporating the tin fraction to near
dryness followed by adding 1.0 ml 2.5M KOH to the solution, which then was diluted to
0.25M KOH with distilled water and used for electroplating a new, enriched tin target.

More than 75% of the enriched tin could be recovered by this method. The losses were
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Figure 5.5: The chromatogram from the Sb/Sn-separation using the weakly basic anion exchange
resin (Bio-Rad AG4-x4). The column was eluted with 0.8 M HCI. The indium peak is the daughter
nuclide "'3In from the !'3Sn — '3"In decay.

mainly due to the somewhat volatile SnCly, part of which escaped during the evaporation
of the 0.8M HCI.

It should be noted, however, that the time interval between etching of the tin target
and the following separation was observed to have a critical impact on the success of
the separation. The time interval should preferably be as short as possible — that is, the
separation should be started within a few hours. If the time interval was too long, a
breakthrough of tin was observed, probably due to tin hydrolysis [23]. The longer the
time interval, the higher tin contamination was observed in the antimony fraction. A
similar time-dependent effect on the Sb/Sn-separation factor was observed by Baluev et
al. using the anion exchange resin AN-31, which was ascribed Sn and Sb hydrolysis
[24]. Moreover, during the tin recycling step, the time interval between the preparation
of the electroplating solution (KOH) and the start of the plating process should also be
minimized to avoid tin hydrolysis and the formation of insoluble SnO; precipitate in the

solution.
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5.3.4 '!Sb production

In radionuclide therapy large amounts of radioactivity (several GBq) are generally admin-
istered per patient to obtain the required absorbed doses to the tumor tissue [25-27]. With
the use of an inclined beam/target geometry and proper cooling of the enriched tin target,
one should be able to produce approximately 36 GBq of !'”Sb at EOB in 3 hours with
a low-energy cyclotron calculated from the measured cross sections in this work. This
is with an electroplated '?Sn target of 15 mg/cm? physical thickness in a 6° target/beam
geometry using a @5mm collimated 13 MeV proton beam with a beam current of 150 uA.
Such high current irradiations of tin (at 16 MeV proton energy) using a dedicated PET
cyclotron have recently been performed in our department (unpublished data). Hence, it
will be possible to produce the amounts of '?Sb radioactivity that is required for patient
studies and clinical trials in radionuclide therapy using a small medical cyclotron and the

separation method described above.

5.4 Conclusion

In this study we have measured the excitation function for the 119Sn(p,n)“gsb nuclear
reaction and developed a method for the radiochemical separation of Sb and Sn with high
yield. With the method presented, we have shown that it will be possible to produce clin-
ically relevant amounts of the Auger-emitter ''°Sb with high radionuclidic and chemical
purity for targeted radionuclide therapy of cancer.
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Chapter 6
High Power Targets

The necessary high activities of therapeutic isotopes used for treating patients in radionu-
clide therapy of cancer compared to diagnostic studies, put strong requirements on the
isotope production. High beam current irradiations (> 100uA) are typically necessary
to fulfill this demanding task but generally such irradiations on solid targets have been
performed at dedicated production centers with 30-40 MeV cyclotrons sofar. Often, these
cyclotrons are incapable of extracting protons at low energies (< 16 MeV) where the
(p,n) reaction channel dominates and thus, energy degraders are needed to avoid im-
purities from (p,2n) reactions [1]. Such energy degraders increases the beam size and
consequently, the amount of target material needed to exploit the whole beam.

Thus, to demonstrate that the low-energy cyclotrons commonly found at larger PET-
centers are capable of fulfilling this production task initially, I developed a new High
Power Target in this study *. That is, this target design allows for the production of
therapeutic quantities of new isotopes locally, at PET-centers for the initial evaluations
and clinical trials.

In this chapter, the prototype of the target will be described including design opti-

mizations based on theoretical modelings.

6.1 1% generation target

6.1.1 Target design

The 1°" generation target or prototype was developed using conventional target techniques

with a slanted beam/target geometry and the use of a silver target face for optimal heat

*The term ”High Power” reflects the very high power densities that are deposited on the target face during
the high current irradiations.
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conduction. The cooling channel was designed according to the recommendations in
the IAEA Technical Reports Series No. 432 (2004) on Standardized High Current Solid
Targets for Cyclotron Production of Diagnostic and Therapeutic Radionuclides [2]. At
the time of development, I had no access to theoretical modeling software that could assist
in the design process, so no model based optimization was performed.

The target developed can be seen in fig. 6.1. It consist of a copper base with the
thin silver face of 1 mm thickness hard soldered to the copper. The cooling channel has
a narrow (width: 2 mm) rectangular cross section with an area of 0.3 cm? (no cooling
fins) and the beam/target angle is 15°. The relatively high angle was chosen to avoid
any scatter of the impinging particles and any target material sputtering. However, it was

shown later, that this angle was overestimated (see section 6.2 below).

Figure 6.1: The first generation High Power Target with electroplated "Sn on the silver face.
The diameter of the silver face is 8 cm.

At the time of the experiments, the target was cooled with a high flow rate cooling
water of approximately 21 L/min with a water temperature of 20 °C to ensure turbulent
flow in the cooling channel behind the silver face. A flow monitor and a temperature
sensor were connected to the cooling system to ensure immediately shut down of the
beam in case of failure in the target cooling, i.e. insufficient flow or highly elevated water
temperature (AT > 20°C).

6.1.2 Irradiations

For test irradiations, "#Sn was electroplated onto the silver face using the method de-
scribed in chapter 4. The target was then irradiated with the external proton beam (16
MeV) of the PETtrace cyclotron at the Hevesy Laboratory. The target was capable of
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withstanding target currents up to 200 A (uncollimated), which was the maximum cur-
rent tested, without any melting of the tin. That is, the temperature of the target surface
never exceeded the melting point of tin of 231.93 °C [3].

However, the cyclotron software cannot handle beam currents above 100 A, so it
was necessary to trick the beam control unit by the insertion of two resistors in the target
and foil current measurement circuits . With the two resistors inserted, the measured
currents were decreased a factor of 2.11 compared to the actual currents and thus, it was
possible to perform the irradiations using the cyclotrons master console. It may have been
possible to run the cyclotron without the resistors in the so called ’service mode” from a
laptop, which allow full control of nearly all cyclotron parameters during irradiation, but
in this mode, the beam is not turned off if the cooling of the beamline quadropoles, beam
collimators or the target fails.

The diameter of the beam used in the irradiations was roughly estimated from irra-
diations of chalk painted onto the target silver face. Due to the deposited heat in the
chalk from the impinging protons, the chalk starts to glow and thus, serves as a primitive
beam viewer using a CCD camera. The beam diameter was estimated to be somewhere
in between 12-14 mm. This agreed well with no current measured on a @15 mm 4-sector
collimator located right before the target. Such a relative large beam size has the disad-
vantage that it requires a large amount of target material to exploit all the protons in the
beam. In addition to the added costs associated with a higher amount of enriched target
material per production, another disadvantage is the higher probability of metallic impu-
rities in the final product. Impurities that can be introduced from both the extra target
material used and from the larger volumes of solvents and ion exchange resin required in
the following radiochemical separation.

Thus, to minimize the risks for metallic impurities, attempts were made to achieve a
higher degree of beam focusing using the quadropoles. However, before irradiating the
target with a narrower beam with a resulting higher power density deposited in the silver

face, theoretical calculations were made to prevent possible melting.

6.2 Theoretical modelings

6.2.1 MatLab code

Initially, I wrote a code in MatLab to perform the thermal calculations. This code uses a
finite element analysis (FEA) on the irradiated part of the silver face by dividing the cen-

T According to the cyclotron specifications, the total extracted proton beam current is only guaranteed to
be > 75uA [4]
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tral 25 X 70 mm area of the silver face into 1 X 1 mm small segments with thicknesses of 1
mm, i.e. 1 X 1x 1 mm cubes. The code then evaluates the temperature in each segment by
taking into account the incoming heat flux generated by the beam (top), the heat removed
by the cooling water (bottom) and the heat conduction to and from the neighboring seg-
ments (4 sides). It is assumed that the beam can be described by a truncated Gaussian
distribution and thus, the resulting power distribution, considered as an incoming surface

heat flux on the silver face, is:

‘ -

<19

P -1 ﬁ+«2
o e 2(”% v) for  |x| <10,]y| <35
P(x,y) =4 2n0 0y (6.2.1)

0 for |x| > 10, [y| > 35

Here P(x,y) is the power density, o, and oy are standard deviations of the distribution in
the x and y dimensions. The latter two have the following dependence: o, = o/ sin#6,
where 6 is the incidence angle of 15° of the beam. P, is the total power deposited in the
target from the beam, i.e. beam energy (MeV) x total beam current (uA).*

The convective heat transfer coefficient A, describing the transfer of heat from the
silver to the cooling water, was calculated via the Sieder-Tate expression, which gives the

Nusselt number for turbulent flow in a rectangular channel [5, page 547],[6, 7]:

0.14
ﬁ) (6.2.2)

Nu = 0.027 Re®® Prs (
Hw

Here Nu is the Nusselt number, Re the Reynolds number, Pr the Prandtl number and y,,
and u are the dynamic viscosity of the cooling water near the wall and the viscosity of
the bulk cooling water, respectively. The temperature at the fluid boundary layer, i.e. the
cooling channel wall temperature, was assumed to be 100 °C in calculating the Nusselt
number.

The heat transfer coefficient was then calculated from the following expression [5,

page 488]:

_Nuk
D

h

(6.2.3)

where k is the thermal conductivity of water and D is the hydraulic diameter of the cooling
channel.
The heat conduction between a given segment and its 4 neighbors was calculated

using the 1-dimensional heat equation with the following expression:

The error in the total power deposited in the target due to the truncation is below 0.4% of P,,.
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T [degrees C]

Figure 6.2: The calculated temperature profile on the central part of the silver face of the 1%
generation target. The profile was calculated using the MatLab code for 200 uA 16 MeV protons
with o, = 3.0 mm. The maximum temperature is 202 °C.

4
kag A AT;
AP conduction = Z R (6.2.4)

Here A is the area of the segment side (1 mm?), Ad is the distance between the centers of
two neighboring segments (1 mm) and AT] is the temperature difference between the seg-
ment and its i neighbor. The sign of AT; then determines the direction of the conductive
heat flow to this neighboring segment.

The code runs an iterative process, where the temperature of all segments are adjusted
in each iteration to balance the incoming and outgoing heat flows. The iteration process
stops when the solution converges. That is, when there are no changes in the segment

temperatures between two succeeding iterations.

As mentioned above, the diameter of the beam was estimated to be 12-14 mm. If o,
is set to o = 3.0 mm, then according to the normal or Gaussian distribution, 95.4% of
the beam should be within 12 mm (4 X o), which seems reasonable. Using this width,
the resulting temperature profile of the central 25 X 70 mm area of the silver face for a
200 puA 16 MeV proton beam irradiating the target can be seen in fig. 6.2. The maximum
temperature was calculated to be 202 °C, which was in agreement with the results of
the experimental irradiations described above. This was for a heat transfer coefficient of
h = 53 kW/m?K.

6.2.2 Comsol Multiphysics

Later access to the modeling software Comsol Multiphysics (version 3.2b and 3.3) con-

firmed the theoretical results calculated above. A temperature of 202 °C was found in
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the center of the 1 mm thick silver plate with surface and bottom temperatures of 217 °C
and 190 °C, respectively using this software. Thus, there was a good agreement between
the two models. However, generally Comsol Multiphysics (CM) has the big advantage
of allowing much more complex structures to be modeled from 3D drawings and conse-

quently, the following target optimization was performed using this software.

From the modeled silver surface temperature of 217 °C, it can be seen that the 1*
generation HPT was operated near its limit in the irradiation above — despite the relative
large beam diameter. In order to lower the amount of required target material by focusing
the beam, an increase in the water flow rate (maybe combined with a decrease in the water
temperature, though less effective) was required. However, it was seen from the modeling
results that changing this parameter had little effect on the target surface temperature

compared to the effect obtained by decreasing the beam/target angle (see table 6.1).

Table 6.1: Modeled target surface temperatures for different beam/target geometries and cooling
parameters

Angle o, waterflow & Tsurfacemax
mm L/min kW/m?K °C

15° 1.2 21 53.0 688

15° 1.2 40 88.8 557

6° 1.2 21 53.0 322

Thus, T decided to construct a 2" generation High Power Target (HPT2), optimized
using the CM software with a lower proton beam incidence angle. But before the model
based optimization could be performed, the tin sputtering yield and the fraction of backscat-
tered protons from the target and back into the irradiation chamber were calculated. These
were calculated using SRIM 2006 by Ziegler by simulating 200000 protons impinging on
the target with the results seen in fig. 6.3 [8].

It can be seen that backscatter of the incoming protons increases rapidly when the
beam/target angle is lowered. For an angle of 6°, approximately 7% of the beam is scat-
tered back into the irradiation chamber, which was considered to be the maximum tol-
erated value. For this angle, the sputtering yield was seen to be completely insignificant
and thus, a 6° angle was chosen for the HPT?2 design.
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Figure 6.3: (left) The mass of sputtered Sn material vs. beam incidence angle calculated for a 16
MeV proton beam bombarding a silver face with a 10 mg/cm? Sn-layer (20 mg total) with a target
current of 200 uA for 3 hours. (right) The calculated fraction of incident protons that are scattered
back into the irradiation chamber vs. beam incidence angle.

6.3 2" generation target

6.3.1 Design

The optimized 2"¢ generation High Power Target (HPT2) can be seen in fig. 6.4. Fig. 6.5
shows a picture of the target and irradiation chamber mounted at the end of the beamline
of the PETtrace cyclotron behind a water-cooled @5 mm aluminum collimator. The target
consists of a 2 mm thick silver plate which is mounted on top of an aluminium base with
a stainless steel mounting ring.

Two versions of the silver plate were made. One with 8 cooling fins (height 2 mm,
width 1 mm) and one without cooling fins. The back side of the silver plate is cooled by
water flow through either the rectangular channels between the cooling fins (1 X 2 mm) or
through the single rectangular channel of 15X2 mm with a water flow rate of 14 1/min and
22.5 1/min, respectively and a water temperature of approximately 3 °C. Such high flow
rates ensure highly turbulent flows through the channels and thus a proper cooling [2].
The water cooling system is connected to the target by means of quick connections that
in the near future will allow for remote controlled removal of the target by a mechanical
system. Beside being constructed to remove the target from the irradiation chamber after
bombardments, this system will also keep the target in place during the irradiations (fig.
6.5). A window in the irradiation chamber allows for (short-term) monitoring of the target
surface during irradiations with a CCD-camera.

The reason for constructing a target with two different designs of the silver plate
was to lower the costs of the future isotope production. During the irradiations, '%7Cd
(Ty/2 = 6.5h) and 19¢d (Ty /2 = 462.6 d) are co-produced in the silver plate from re-
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Figure 6.4: The 2" generation High Power Target with electroplated tin as target material.

Figure 6.5: The 2"¢ generation High Power Target mounted in the irradiation chamber at the end
of the beamline of the PETtrace cyclotron.
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Figure 6.6: The maximum target surface temperature of the 2"¢ generation High Power Target
with the finned and non-finned silver plate as a function of cooling water flow. This was calculated
using CM for a 200 uA 16 MeV proton beam of approximately 5 mm in diameter (o, = 1.2 mm).

actions with the protons that have passed through the electroplated target material. Con-
sequently, the silver gets more and more activated during use, which requires frequent
renewals to minimize the radiation dose to the staff during the pre-irradiation handling.
Due to the simpler design of the non-finned silver-plate-version compared to the finned
version, the renewal costs are much lower (approximately 50% silver material needed and
lower construction costs). Hence, by only using the superior, finned version for the more
demanding irradiations, i.e. irradiations of materials with low melting points or low heat

conductivities, the overall production costs can be lowered.

6.3.2 Model results

Prior to the first irradiation with an extremely focused (@5 mm) proton beam, the tar-
get was modeled in Comsol Multiphysics to avoid possible melting of the silver face

or the plated target material *. Moreover, the target surface temperature-dependencies

$The advantage of decreasing the diameter of the estimated @12 mm (o, = 3.0 mm) beam experimentally
tested on HPT1 above to ~ 5 mm in diameter (o7, = 1.2 mm) is the required amount of target material. A
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Figure 6.7: The maximum target surface temperature of the 2"¢ generation High Power Target
with the finned silver plate as functions of the beam width parameter o, (left) and beam/target
angle (right). These were calculated using CM for a 200 uA 16 MeV proton beam with a water
flow of 20 1/min. An approximately beam diameter of 5 mm (o, = 1.2 mm) was used for the
temperature vs. incidence angle calculations.

on the water flow rate and the beam diameter were modeled. The results including the
temperature-dependence on the beam/target angle are summarized in fig. 6.6 — 6.7. This
is for a 16 MeV proton beam with a 200 uA target current. The cooling water temperature
was set to 20 °C in these calculations, because this was the only temperature that was ac-
cessible during the initial irradiation tests. The superior cooling properties of the finned
design compared to the non-finned can be seen in fig. 6.6. This is due to the higher heat
transfer coefficient, /4, and the larger cooling area of the finned target. The strong temper-
ature dependence on the beam diameter (or width parameter o,) and the beam incidence
angle can be seen in fig. 6.7. The temperature reductions for either the decreased angle
or the increased beam diameter are the result of distributing the beam over a larger target

surface area, which decreases the power density deposited in the silver.

Table 6.2 briefly summarizes the thermal advantages of the 2"¢ generation target com-
pared to the 1*' generation. This is for a 200 uA 16 MeV proton beam of approximately
5 mm in diameter (o, = 1.2 mm). Besides the significant thermal advantage of HPT2
shown in the table, another advantage of the HPT?2 is the removable silver plate that allows
for precise weighings of the electroplated target materials. This cannot be done with the
developed HPT1 because the silver plate is hard soldered onto the copper backing with a
total weight of approximately 2.1 kg — and thus, an accurate measurement of < 100 mg

of plated target material is practically impossible. In comparison, the finned silver plate

reduction factor in the amount of target material of almost six is obtained by this decrease in the beam
diameter.
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Table 6.2: Modeled maximum surface temperatures of HPT1 and HPT2 for a 200 A 16 MeV
proton beam of approximately 5 mm in diameter (o, = 1.2 mm). The improvement is significant.

Angle Twater Water flow £ Tsurface, max
°C L/min kW/m?’K  °C
1% generation target 15° 20 21 ~ 53 688
2" generation target (fins) 6° 3 14 ~ 77 196

weighs approximately 100 g.

According to the model results above it was seen that the new HPT2 should be able to
withstand the focused @5 mm proton beam. The experimental results from these irradia-
tions including detailed CM model results are given in the article manuscript in the next
chapter. Moreover, the thermal and structural limitations of the target design will also be
discussed.

It should be noted, however, that before completely relying on the modeled results,
an experimental calibration or verification of the model should be performed. This could
be done using a thermocouple or IR-camera to measure the target temperature during
irradiation, but this was not done in this work. Only a kind of “upper limit” was found
from experimental irradiations of metallic tin with its rather low melting point. These

findings are also given in the next chapter.

6.4 Proton energy

The proton energy extracted from the PETtrace cyclotron is, as previously mentioned,
fixed to approximately 16 MeV (16.5 MeV according to GE [4]). However, as stated in
chapter 5, the reaction channel for the !'”Sn(p,2n)!'#”Sb reaction opens at 11.015 MeV
and thus, co-production of this contaminant cannot be avoided using the “’default” proton
beam from the PETtrace.

Conventionally, energy degraders are used for decreasing the beam energy but this
was not possible in the current setup if the narrow @5 mm proton beam should be main-
tained [1]. This is due to scattering in the degrader which would result in a divergent

beam behind the degrader and consequently, a larger beam diameter at the target position.
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Figure 6.8: Stripper foil modification inside the cyclotron.

Moreover, proper cooling of eg. a 16 — 12 MeV energy degrader subjected to a 150 uA
or higher @5 mm proton beam (Egeposiea = 600 W) may be fairly difficult 1.

Hence, another approach was chosen, which was a modification of the existing beam
stripper arm inside the cyclotron to allow stripping the ions at lower energy. A picture of
the modified stripper can be seen in fig. 6.8.

The proton energy obtained using the modified stripper in fig. 6.8 was measured
inside the cyclotron using a precision Cu-monitor foil (Goodfellow) to be 14.5 MeV.
This energy was calculated via the monitor reactions "“Cu(p,x)%*Zn and "“Cu(p,x)%*Zn
using the recommended cross sections for these reactions given in the IAEA cross section
database for medical radioisotope productions [10]. The method described in chapter 5,
utilizing the crossing of the calculated beam current versus proton energy curves in the
monitor foil was used. Lower radii of the modified stripper position were also tested but
the resulting energies for these positions were not measured.

However, experiments showed that it was not possible to transport the low-energy

IThough a design consisting of a radiative cooled, slanted graphite plate, or several thin graphite plates
for an increased area, may be possible.
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Figure 6.9: Illustration of the ion trajectories inside the PETtrace cyclotron. The red line shows
the trajectory from the 16 MeV protons (according to the PETtrace Service Manual [9]) and the
blue line, the protons with reduced energy, stripped by the modified stripper.

beam into the beamline due to the current design of the beam exit port in the cyclotron
and the initial part of the beamline. The explanation for this is illustrated in fig. 6.9 where
it can be seen that the 14.5 MeV protons exit the main magnet with a slightly different
angle than the 16 MeV protons. This change in the beam direction implies that the beam
hits the wall of the initial part of the beamline despite the two steering magnets (one per-
manent and one adjustable) that bend the 16 MeV beam into the beamline. This statement
was confirmed by placing a beamviewer (SiO,-plate) right behind the 2"¢ steering magnet

and from the intense activation of the beamline wall material.

Nevertheless, by replacing the current steering magnets with a stronger magnet (and
maybe choosing a wider beam exit port), irradiations with the 14.5 MeV beam and even
lower energies should be possible with this cyclotron. However, due to time limitations

no attempts were made in this work to follow this approach further.

On the other hand, because of the relative short half-life of '8”Sb of 5.00 hours
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Table 6.3: Calculated ''’Sb production yields for 16 and 13 MeV protons, respectively, including
the relative ''®”Sb impurities (in parentheses). The activities are calculated for a 3 hours irradia-
tion of 97.4% enriched ''°Sn metal (thickness Ax) with a target current of 150 uA. The measured
cross sections in chapter 5 were used in the calculations.

Epeam A-xphysiml AXpeam Energy interval Ao (% “8me) Delay, t A (% “8me)

MeV mg/cm? mg/cm? MeV GBq hours GBq
16 30 287 16 10.8 46 (49%) 24 30 (2.7%)
13 15 144 13 - 10.1 36 (3.8%) 4 33 (2.3%)

compared to 1°Sb, it is also possible to reduce the !'3”Sb contamination by choosing
a proper cooling time of the activity instead of reducing the energy. Of course, this is
at the expense of '1°Sb activity. In table 6.3, the implications of irradiating enriched
119Gn with a 16 and 13 MeV proton beam, respectively, on the !'3”Sb impurity can be
seen. Moreover, the effects on the ''8”Sb impurities of proper cooling times are also
calculated. It can be seen that by doubling the amount of target material, i.e. by increasing
the physical, electroplated target thickness from 15 mg/cm? to 30 mg/cm? of ''?Sn metal,
it is possible to obtain almost the same !'”Sb activity with nearly the same fraction of
118mSh contamination.

However, for the production of other isotopes, e.g. *Cu via the ®*Ni(p,n)**Cu nu-
clear reaction, no radionuclidic impurities are produced from the (p,2n) reaction. Conse-
quently, the full 16 MeV proton beam from the cyclotron can be used without subsequent
cooling of the %*Cu activity. Such production yields are given in the article manuscript in

the next chapter.
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Abstract

In the recent years the use of radionuclides in therapy of cancer has increased intensively. In this
study we have developed a high current solid target system and demonstrated that by the use of
a typical low-energy, medical cyclotron, it is possible to produce tens of GBq’s of many uncon-
ventional therapeutic radionuclides locally at the hospitals. With the developed target system we
have produced therapeutic quantities of **Cu by high current proton irradiations of ®*Ni, followed

by radiochemical separation and labeling of the somatostatin analogue [DOTAO, Tyr3]-octreotate
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(DOTATATE). Moreover, we have demonstrated the capacity of the system to produce therapeutic
quantities of the Auger-emitter ''°Sb. Finally, the thermal and structural limitations of the target

system have been modeled from finite-element-analysis studies.

Keywords: Auger electrons, Sb-119, radionuclide therapy, cancer, Cu-64, high power target, ra-
diochemical separation, DOTATATE.

7.1 Introduction

In the recent years the use of radionuclides in therapy of cancer has increased intensively
and a large number of clinical trials in targeted radionuclide therapy are now being per-
formed worldwide (ClinicalTrials.gov.). Some of the most frequently used isotopes for
this type of therapy are 3!1, °°Y, 133Sm, "'Tn, and '""Lu, which all are readily obtain-
able from commercial sources — two of them due to their wide use as diagnostics tracers
(SPECT) in Nuclear Medicine. However, the wide use of these isotopes in therapeutic re-
search may not necessarily be due to ideal decay properties of the given isotope. Instead it
could rather be a consequence of this availability. The high abundance of y-photons emit-
ted from e.g. '''In and '3'T (to some extend) is an undesirable property in radionuclide
therapy due to the increase in the whole-body radiation dose [1-3].

In principle, the optimal radionuclide for targeted radiotherapy must be one that, be-
sides having an appropriate half-life, is emitting radiation with a range that is long enough
to allow irradiation of the target region but at the same time short enough to spare healthy
tissue surrounding this region. Thus, depending one the specific type of cancer, its degree
of spreading and tumor sizes for a given patient (e.g. large or small tumors, micrometas-
tases or disseminated tumors cells) the proper radionuclide for the optimal treatment may
differ. Thus, the therapy may utilize a high energy beta- emitter (e.g. *°Y), a low energy
beta- or even Auger-emitter or a combination of different radionuclides with different
radiation properties [4—6]. Hence, by choosing the proper radionuclides according to
their radiation properties, it will, at least in principle, be possible to "tailor” the absorbed
radiation dose to the tumor tissue while sparing the healthy tissue as much as possible.

However, in order to perform such patient-specific therapies, a broader selection of
radionuclides should be made available at the hospitals. In this study we have demon-
strated that by the use of a typical low-energy cyclotron it will be possible to produce
tens of GBq’s of many unconventional radionuclides suitable for targeted radionuclide

therapy locally at the hospitals.
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Figure 7.1: Schematic drawing of the High Power Target design with irradiation chamber and
Smm circular collimator

7.2 Materials and methods

7.2.1 Cyclotron and beamline system

The irradiations were performed using a PETtrace cyclotron (GE Medical Systems) spec-
ified to deliver > 75 A 16.5 MeV protons or > 60 uA 8.4 MeV deuterons on target
[7]. The cyclotron is equipped with a beamline (prototype from GE Medical Systems)
with two pairs of quadropole magnets and an adjustable, vertical bending magnet. Be-
ing optimized for '®F, 'C, >N and 'O productions the cyclotron design does not allow
changes in the stripper foil radius. Thus, all irradiations were performed at maximum

proton energy.

7.2.2 High Power Target design

In order to facilitate the production of tens of GBQq’s of therapeutic isotopes by high-
current solid target irradiations, a new high power target (HPT) was developed. The target
system which can be seen in fig. 7.1 consists of an irradiation chamber mounted behind
a @5mm water cooled aluminium collimator at the end of the beamline. The irradiation
chamber is electrically insulated from the surroundings (except from the target), and thus
functions as a Faraday cup for the target current measurements.

The target consists of a 2 mm thick silver plate which is mounted on top of an alu-
minium base with a stainless steel mounting ring (see fig. 7.1). Two versions of the silver
plate have been made. One with 8 cooling fins (height 2 mm, width 1 mm) and one with-
out cooling fins. The back side of the silver plate is cooled by water flow through either

the rectangular channels between the cooling fins (1 X 2 mm) or for the non-finned ver-
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sion, through one rectangular channel of 15 X2 mm with a water flow rate of 14 1/min and
22.5 1/min respectively and a water temperature of ~ 3 °C. Such high flow rates ensure
highly turbulent flows through the channels and thus a proper cooling [8]. The target is
irradiated with a grazing beam with an incidence angel of 6°. The water cooling system
is connected to the target by means of quick connections that in the near future will be
remotely removable using a mechanical system. This system will also hold the target
in place during the irradiations and remove the target from the irradiation chamber af-
ter bombardments. A window in the irradiation chamber allows monitoring of the target

surface during irradiations with a CCD-camera.

7.2.3 Beam profiles

In order to optimize the irradiation parameters, the online beam profile was measured
with a simple setup. A TLC strip (silica gel on Al-backing) was mounted on top of the
silver plate and fastened with the stainless steel mounting ring in the beamline vacuum. A
CCD-camera was mounted on top of the upper window in the irradiation chamber, facing
down towards the target and silica surface. The camera was coupled to a computer in the
cyclotron control room for online monitoring of the beam profile. An example of a beam

profile obtained with this method can be seen in fig. 7.2.

7.2.4 Target electroplating

Two different target materials were used for the irradiations. Either enriched ®*Ni for
the direct production of %4Cu via the 64Ni(p,n)64Cu reaction or "¥Sn to demonstrate the
capability of producing high amounts of '1°Sb via the '*Sn(p,n) ''?Sb reaction.

The enriched %*Ni targets (either 98.0% or 12% enrichment, Campro Scientific) were
made by dissolving the Ni-metal in 2 ml 4M HNO3; followed by evaporation to dryness.
300 w conc. H>SO4 followed by 300 ul distilled water were then added and the solution
was evaporated to dryness again. Subsequently, the residue was dissolved in 5 ml distilled
water, then 250 mg of NH4(SO4), were added and the pH adjusted to 7-8 with 50-100 ul
30% aqueous ammonia. The final solution was transferred to the electroplating cell for
the target plating.

The "Sn target was made according to our newly developed method (manuscript
submitted for publication in Applied Radiation and Isotopes) by dissolving 76.9 mg Sn-
metal powder in 500 ul conc. HCI with H,O, added. Then 1.3 ml 10M KOH was added
and when the freshly formed precipitate had disappeared, the solution was diluted to 20

ml with distilled water. The resulting solution was heated to approximately 70 °C and
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Figure 7.2: The proton beam monitored by irradiating silica gel on an aluminum backing. The
stainless steel mounting ring which is fastened to the aluminum target base by 14 screws, can be
seen in the picture.

transferred to the electroplating cell. The electroplating process was carried out for 7
hours at ~ 70 °C with a current density of 3-5 mA/cm?.

The target thicknesses were determined from the weight and area of the electroplated
materials assuming a uniform thickness. The quality of the plated material was checked
by microscopy. Furthermore, thermal shock tests (TST) were made with the Sn target
(with natural target material) as described in the IAEA Technical Reports Series No. 432
(2004) on Standardized High Current Solid Targets for Cyclotron Production of Diagnos-
tic and Therapeutic Radionuclides [8]. Briefly, the targets were heated up to a temperature
of 40°C below the melting point, followed by quick submersion of the hot target in a 10°C
water bath. No signs of damage were seen on the targets.

7.2.5 Irradiations and yield measurements

The targets were irradiated several times with the proton beam collimated to @5mm. The

proton energy had been measured several times before the irradiations to be between 16.0
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Table 7.1: Nuclear data used in this work [9].

Isotope Half-life Decay mode Major vy-lines in keV (abundance)

%4Cu 12.700h EC,B,B* 1345.84 (0.473%)

©2zn  9.186h  EC,B* 548.35(15.3%) 596.56 (26%)

$7n  3847m B*,EC 669.62 (8%) 962.06 (6.5%)

7Sh  2.80h  EC,B* 158.56 (86%)

1smgh  500h  EC,B* 253.68 (99%) 1050.65 (97%)  1229.68 (100%)
119Sp  38.19h EC 23.87 (16.1%)

12mgh  576d  EC 197.3 (87%) 1023.1 (99.4%)  1171.3 (100%)
1228y 27238d B,EC,B°  564.12 (71%) 692.79 (3.85%)

1248 6020d B 602.73 (98.26%)  1690.98 (47.8%) 722.79 (10.81%)

and 16.1 MeV using precision Cu monitor foils (Goodfellow) via the monitor reactions
natCy(p,x)®3Zn and "“Cu(p,x)®?Zn. The recommended cross sections for these reactions
given in the IAEA database of cross sections for medical radioisotope productions were
used in the calculations [10]. Any uncertainty contributions stemming from these cross
sections were neglected, as no uncertainties are available in the IAEA database. The
proton energy was calculated as a weighted average of the two energies obtained from

the two reactions occurring simultaneously in the monitor foil in each irradiation.

For the %*Ni irradiations both the finned and non-finned target versions were used.
However, due to the low melting point of Sn-metal at 231.93 °C compared to 1455 °C for
Ni-metal (table 7.2), only the finned version was used for the "#Sn irradiations due to the

superior cooling properties of this target version.

Both target materials (Ni and Sn, finned target version only) were initially irradiated
with a target current of 180 pA with a collimator spill between 10-15%, i.e. with approxi-
mately 200-210 uA beam current before the collimator to test the thermal performance of
the target. After the irradiations the targets were stored for a few days to let the produced

activity decay and then inspected with a microscope and weighted.

For the production yield measurements, the targets were irradiated several times with
peak target currents of 150 uA, again with a collimator spill between 10-15%, with ir-
radiation times up to 76 minutes. The irradiated targets were measured with a Ge de-
tector (Princeton Gamma-Tech, LGC 5) with the detector software Genie 2000 (version

3.0). The energy and efficiency calibrations were done using °Co, '>?Eu and '3*Ba point
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sources (AEA Technology). The irradiated targets were measured several times during
the days following the end of bombardment (EOB) with distances ranging from 1-6 m

from the detector.

For the "¥Sn irradiations, the activities of the produced 120mg (T, ;2 =5.76 d) and
1228b (T} 2 = 2.7238 d) were measured using the y-energies and intensities given in table
7.1. These isotopes were chosen instead of the ''”Sb due to the very low energy of the
emitted y-photon of 23.87 keV from the !'Sb decay. Because of the high background
from the other Sb isotopes produced simultaneously in the target it would have been very
difficult to get a correct measurement of the ''”Sb activity. Even if it was possible to get
an accurate measurement of the ''°Sb activity it would not have been possible to scale
this activity with increasing ''°Sn enrichment. This is because when using "*Sn as target
material, ''°Sb will be produced from both the (p,n) and (p,2n) reactions on 11981 and

1208, respectively, with the excitation function for the latter reaction not being known.

For the ®Ni irradiations, the %*Cu activity was measured from the 1345.84 keV -
photon (table 7.1).

7.2.6 % Cu-production
Irradiation and radiochemical separation

To demonstrate the cyclotrons capability of producing large quantities of therapeutic iso-
topes for radionuclide therapy, **Cu was chosen as a reference isotope. Three days after
the ®#Ni irradiation with the peak target current of 150 uA (121 uA mean current) for 76
min. as described above, the target material was dissolved with hot conc. HCI. The long
delay between EOB and time of separation was chosen to minimize the radiation dose to
the staff. When the separation was started 189.4 MBq of ®*Cu was left in the dissolved
target solution.

The %*Cu was separated from the bulk target material using the method described by
McCarthy et al. [11]. Briefly, the dissolved target solution (4.75 ml) was evaporated to
dryness and the residue was dissolved in 2 ml 6M HCI. This solution was eluted through
an 1x10 cm anion exchange column (Dowex 1x8) pretreated with 6M HCI. The enriched
%4Ni was eluted with 25 ml 6M HCI, the produced radiocobalt impurities with 15 ml 4M
HCl and the **Cu with 13 ml 0.1M HCI. The %*Cu fraction was then evaporated to dryness

and the residue was dissolved in 0.5 ml of distilled water.
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Table 7.2: Physical and mechanical properties of silver, tin and nickel [12, 13]

Material p k Cp Tonetring ~ Yield strength
g/lem® W/(mK) J/(KgK) °C MPa

Silver 1049 430 235 961.78 323

Tin 7.31 67 217 231.93

Nickel 8.908 91 445 1455

[DOTAO,Tyr3]-octreotate labeling

To assess the radiochemical purity of the produced ®*Cu, a labeling experiment was per-
formed. 0.4 ml of the ®*Cu solution from above was diluted to 0.5 ml with distilled water
and transferred to a vial containing 300 ug of the somatostatin analogue [DOTAO,Tyr3]-
octreotate (DOTATATE). This precursor is used in our department for the production
of the radiopharmaceutical !”’Lu-DOTATATE for peptide receptor radionuclide therapy.
The labeling yield defined as the ratio between the obtained **Cu-DOTATATE and the
total amount of %*Cu (i.e. **Cu-DOTATATE + unlabeled ®*Cu) was measured using an
analytical HPLC with radioactivity detector (Merck/Hitachi). Further measurements of
the radiochemical purity were done by measuring a fraction of the %*Cu solution with
Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) after the %*Cu had decayed.

7.2.7 Thermal model analysis

The temperature profile and the thermal induced stress in the silver plate were modeled
using Comsol Multiphysics 3.3. The code uses a finite-element analysis (FEA) of the
silver plate. In the initial calculations the aluminium base was included but it was seen to
have little effect on the results so to increase the speed of the following calculations the
base was omitted. The power density deposited in the target from the collimated incoming
beam was assumed to be an incoming surface heat flux and described with the truncated

2-dimensional Gaussian distribution (fig. 7.3):

L2 yz) 2 2
12,2
P, 2("3 o3 for [x p ) <1

T 2
2o oy U (reon )

2 2
0 for x + y—2 > 1
coll (rCOIl A)

P(x,y) =



7.2. - Materials and methods 91

Max: 532 x 107 W/m?

x107

5
4.5

14
13.5
13
F 125
2

1.5

1
0.5

0
Min: 0

Figure 7.3: The gaussian beam profile with o, = 1.2mm for a collimated (@5mm) target current
of 255 uA.

where P(x,y) is the power density, o, and o, are standard deviations of the distribution in
the x and y dimensions (chosen to be: o, = 1.2mm, oy = AX 0), reoy 1 the radius of the
collimator (2.5mm) and P, is the total power deposited in the target from the collimated
beam. A is given by A = 1/ sin 6, where 6 is the incidence angle of 6° of the beam.

The heat transfer coefficient from the silver backing to the cooling water was cal-
culated using the Sieder-Tate expression for the Nusselt number for turbulent flow in a
rectangular channel [14, page 547],[13, 15]:

1 0.14
Nu = 0.027 Re"8 Pr3 (ﬁ)

Moy
Here Nu is the Nusselt number, Re the Reynolds number, Pr the Prandtl number and y,,
and u are the dynamic viscosity of the cooling water near the wall and the viscosity of
the bulk cooling water respectively. The temperature at the fluid boundary layer, i.e. the
cooling channel wall temperature, was assumed to be 100 °C in calculating the Nusselt
number.

The heat transfer coefficient was calculated from the expression [14, page 488]:
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Figure 7.4: The mesh used in the calculations for the finned target version

_Nuk
D

h

where £ is the heat transfer coefficient (W/m?K), k is the thermal conductivity of water
and D is the hydraulic diameter of the cooling channel.

In the thermal induced stress analyses the stainless steel mounting ring was not in-
cluded. Only the imprint from the mounting ring was included by assuming the silver
plate to be fixed on both sides below the imprint from the mounting ring (fixed bound-
ary conditions). The stress analyses were performed after the thermal analyses using the
same models and meshes. The meshes used in the calculations consisted of 24096 and
22178 elements, respectively for the finned and non-finned target versions. A plot of the
mesh of the former target version can be seen in fig. 7.4. Forces on the silver plate from
the cooling water were approximated as a uniform pressure applied to the back side of the
silver plate in the cooling channel(s) according to pressure measurements in the cooling

system.
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7.3 Results

7.3.1 Thermal performance and production yields

The target was capable of withstanding the 180 uA @5mm proton beam with both target
materials tested. No sign of melting was seen on the target surfaces and no losses of
target material were found from weighing the targets after EOB. This means that the
surface temperature had not been above 231.93 °C during the Sn irradiations (the melting
point of Sn) and probably not during the Ni irradiations either due to the higher thermal
conductivity of Ni (table 7.2).

From the 150 A peak current irradiations the produced *Cu activity was measured
to be 8.2 = 0.7 GBq at EOB for the 76 min. irradiation (mean current of 121 yA),
corresponding to 54 + 5 MBq/uAh* using 98% enriched %*Ni with a target thickness of
8.5 mg/cm?. 283 + 29 MBq was measured at EOB for an 18 min. irradiation (mean
current of 138 pA), corresponding to 6.7 + 0.7 MBq/uAh using 12% enriched **Ni with
a target thickness of 8.5 mg/cm?. Extrapolating the latter irradiation to 98% enrichment
gives a yield of 55 + 6 MBq/uAh.

Due to the high incoming proton energy (16 MeV), these yields are for the proton
energy interval of 16.0 — 14.3 MeV, i.e. well above the maximum cross section of the
excitation function for the ®*Ni(p,n)®*Cu reaction at approximately 11 MeV (EXFOR
database). Considering that the mean cross section in the energy interval used in these
irradiations is a factor of 3 or 4 lower than the maximum cross section, a considerable
increase in the obtainable yield is possible by increasing the target thickness. Using the
cross sections in the EXFOR database measured by Schelecseney et al., Tanaka et al. and
Tanaka and Furukawa for the reaction [16—18], the theoretical yield is approximately 7.5
GBq for the 16 MeV proton irradiation on the 98% enriched %*Ni, i.e. the measured yield
is in good agreement with the calculated, theoretical yield.

From the two 150 puA peak current irradiations of the 10 mg/cm? "¥Sn target, the
weighted average of the produced '2°"Sb and '22Sb activities were measured to be 197 +
4 kBqg/uAh and 176 + 6 kBq/uAh, respectively. Using the cross sections for the reactions
”“’Sn(p,x)lzome and ”“’Sn(p,x)122Sb as reported by Hermanne et al. [19], the measured

yields for the two Sb isotopes are within 10% of the calculated, theoretical yields.

*Because Ty, > t;, the difference between the calculated yield obtained with this irradiation time (t;-)
and one obtained from the conventional way by a fixed 1 hour irradiation will be insignificant.
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Figure 7.5: The calculated temperature profile on the target face (finned) for 203 yA beam corre-
sponding to 180 uA on target

7.3.2 Thermal and stress analysis

The results from the thermal FEA studies of the finned target version can be seen in
fig. 7.5 = 7.7. Fig. 7.5 shows the calculated temperature profile of the silver plate for
the collimated @5mm 16 MeV proton beam with a target current of 180 pA. This is
with a collimator spill of ~ 11%, i.e. the total beam current is 203 yA in front of the
collimator. It can be seen that the maximum target temperature from this beam according
to the FEA model is 195.6 °C and thus, below the melting point of metallic tin. This
is in good agreement with the visual inspections and weighings of the targets after the
tin irradiations described above. Note, the thin Sn or Ni layers were not included in
this model because this resulted in too many mesh elements for the computer to handle.
However, the temperature increase due to the target layers was calculated using another
model for target material located on just the central part (5 X 10 mm) of the silver face
(where the maximum temperature is reached). For a 25 um thick Sn or Ni layer the
resulting temperature increase using a surface heat flux was calculated to be ~ 15 °C and
~ 10 °C, respectively where the center of the beam hits the target. Thus, this is still in
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Figure 7.6: The calculated stress profile in the target face (finned) for 203 A beam corresponding
to 180 uA on target

good agreement with the experimental irradiation above.

The resulting thermal induced stress profile (von Mises stress) from the 180 uA beam
on the silver face can be seen in fig. 7.6. The maximum von Mises stress in the target is
~ 220 MPa. Considering the Yield strength of silver of ~ 323 MPa [13], irradiating the

target with this target current should impose no risks.

From the FEA studies the maximum target currents that can be used on the two target
versions with the collimated @5mm 16 MeV proton beam (11% collimator spill) were
found to be ~ 255 uA and ~ 175 uA, respectively for the finned (fig. 7.7) and non-finned
target. In both cases, the limiting factor was the material strength of silver and not the
target temperature. The latter was found to be ~ 276 °C and ~ 267 °C, respectively for
the finned and non-finned target — both for von Mises stresses close to the Yield strength

of silver.
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Figure 7.7: The calculated temperature profile on the target face (finned) for 288 yA beam corre-
sponding to 255 uA on target

7.3.3 Separation and labeling

The radiochemical separation of the produced ®*Cu from the bulk target material was
performed with a decay corrected **Cu separation yield of 98 %. That is, 149.4 MBq
%4Cu was recovered in the 13 ml 0.1M HCI. The radionuclidic purity of the ®*Cu was

measured to be > 99% decay corrected to EOB using a calibrated Ge detector.

In the following DOTATATE labeling experiment, the **Cu-DOTATATE labeling
yield as defined in section 7.2.6 was measured to be > 99.9%. That is, the amount of
“competing” metals in the solution did not exceed the amount of available DOTATATE

precursor for the labeling process (300 ug).

This is in good agreement with the ICP-MS analysis of the ®**Cu solution. The mea-

sured metallic impurities from this analysis can be seen in table 7.3.
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Table 7.3: Total amounts of metallic impurities in the ®*Cu solution measured with ICP-MS.

Element Mass

Hg
Ag 38
Cu 1.33
Fe 14.8
Ni 0.57
Zn 124

7.4 Discussion

7.4.1 Production yields

Production of therapeutic radionuclides has become a challenging process due to the ever
increasing demand of these nuclides from the nuclear medicine departments [8]. The
much higher amounts of activity needed per patient compared to diagnostic isotopes in
addition to typically longer half lives of therapeutic isotopes, require high beam current
irradiations for extended periods of time.

Generally, the production of therapeutic radionuclides is being performed by com-
mercial companies specialized in the production of a limited number of approved iso-
topes. Hence, the production of therapeutic quantities of new, unconventional isotopes
has mainly been reserved research centers with large cyclotrons. However, with the target
system developed in this study, we have demonstrated that it will be possible to produce
clinical relevant amounts of therapeutic isotopes locally, at the hospitals, for initial patient
studies and clinical trials. By increasing the target thicknesses used in the yield measure-
ments to exploit the regions of maximum cross sections in the excitation functions, the
production yields can be increased considerably.

As an example, using a plated target thickness of e.g. 30 mg/cm? of 97.4% enriched
1199n (giving an effective target thickness of 287 mg/cm? seen from the beam) corre-
sponding to the proton energy interval of 16.0 — 10.8 MeV, it will be possible to produce
~ 46 GBq of '"”Sb in 3 hours. This is with a target current of 150 uA using the cross
sections for the '°Sn(p,n)!'Sb reaction we have measured previously (see chapter 5).

For the %*Cu production, it will be possible to produce ~ 174 GBq of ®*Cu in 3 hours

using the same target thickness (30 mg/cm?) of enriched %*Ni and target current as above.
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This is calculated from the cross sections measured by Schelecseney et al., Tanaka et al.
and Tanaka and Furukawa for the 64Ni(p,n)""‘Cu reaction [16-18].

In both examples, the total amount of enriched target material required to obtain the
30 mg/cm? thickness will be less than 60 mg due to the extremely focused proton beam
(@5mm).

7.4.2 Target and cyclotron performance

From the FEA model results it can be seen that both target versions can be irradiated
safely with a target current of 150 uA. However, operating the targets at even higher
target currents is possible but will favor the finned target version due to the superior
cooling properties associated with this design. Above ~ 255 uA on the finned target
version, the thermal stresses will exceed the Yield strength of silver and thus, it will be
necessary to change the silver face to a material of higher strength e.g. the high strength,
copper composite Glidcop [13].

On the other hand, operating the PETtrace at beam currents at or considerable above
200 A for long irradiation times may be difficult due to the cyclotron performance. Our
test irradiations showed that with beam currents > 200uA, the cyclotron becomes unstable
after 15-30 min. resulting in automatic shutdown of the beam. However, at about 150 uA
target current (collimated as above), the cyclotron was capable of performing irradiations
of at least 3 hours duration — thus allowing for medium- to large-scale isotope production

as illustrated above.

7.5 Conclusion

In the current study we developed a high current solid target system and shown that by
the use of a typical low-energy, medical cyclotron, it is possible to produce tens of GBq’s
of many unconventional therapeutic radionuclides locally at the hospitals. With the de-
veloped target system we have produced therapeutic quantities of **Cu by high current
proton irradiations of %*Ni, followed by radiochemical separation and labeling of the so-
matostatin analogue [DOTAOQ,Tyr3]-octreotate (DOTATATE) with high yield and radio-
chemical purity. Moreover, we have demonstrated the capacity of the system to produce
therapeutic quantities of the Auger-emitter ''°Sb for future radionuclide therapy of can-

CeEr.
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Chapter 8

In-vitro evaluations

8.1 Introduction

The identification of the Auger emitter ''°Sb is based on theoretical dosimetry calcula-
tions as described in chapter 3. Such calculations should always be accompanied with
proper experimental tests or verifications of the theoretical results. However, assessment
of the radiotoxicity and the real potential of Auger-emitters with their very short-range
radiation requires the isotopes to be internalized into the nuclei of human cancer cells
[1, 2]. Generally, this is done by the use of a suitable targeting mechanism with a chemi-
cal transport molecule that will transfer and bind the nuclide inside the nuclear envelope
of the targeted cell.

However, the chemical nature of antimony did not allow the use of this approach in the
current work - despite several attempts performed. That is, it was not possible to bind the
antimony isotope under biological pH (~ 7) to the conventional chelators (DOTA, DTPA)
often used in targeting biovectors, e.g. DOTA-TATE, DOTA-TOC, DTPA-Octreotide ect.
[3-5].

Hence, we started to develop a new method to evaluate the radiotoxicity in-vitro on
the single-cell level of new isotopes for radionuclide therapy using the HelLa cancer cell
line. The method utilizes computer assisted cellular microinjection, by which we can
inject the radionuclides directly into the cell nuclei and subsequently measure the survival
via a clonogenic assay [6]. Initially, this method bypasses the development of complex
transport molecules to evaluate and compare the potency of different radionuclides. The
method is still under development and thus, this chapter will describe the initial results

and findings of this work in progress.
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8.2 MATERIALS AND METHODS

8.2.1 Cell culture

The human epithelial HeLa cell line, was cultured in Eagle’s minimal essential medium
(DMEM) supplemented with 10% fetal bovine serum, penicillin (100 U/ml), and strepto-
mycin (100 pug/ml). Cells were grown in a humidified incubator at 37°C and 5% COs.

8.2.2 Radioisotopes

For the initial injection volume determinations, 3P (T, ;2 =25.3d) as H§3PO4 in water
was used (PerkinElmer Inc.) with an initial specific activity of 5.76 TBg/mg. This isotope
was mainly chosen because of its long half-life and usage in similar volume experiments
reported elsewhere [7] but as shown later, this isotope was not the best choice.

For both volume and radiotoxicity measurements, 74 MBq Ty (T, /2 =2.83d, carrier-
free) as !''InCl3 in 0.1 ml 0.05M HCI (PerkinElmer Inc.) was mixed with DTPA (Sigma
Aldrich) in an ammonium acetate buffer (8.5 mM DTPA) with pH adjusted to approx. 5
with 0.1M NaOH to form the '''In-DTPA complex. The radionuclidic purity of the !'!In
at the time of the experiments was always above 99%. However, a small contamination
from '!%"In (T, = 49.51d) was seen in the solutions (measured after the !''In was de-
cayed), constituting a maximum of approximately 0.5% of the !''In activity at the time
of injection.

For further volume measurements, !’’Lu (T}, = 6.73 d, specific activity > 5 Ci/mg,
PerkinElmer Inc.) as '"’LuCl; in H,O was mixed with DTPA (Sigma Aldrich) in an
ammonium acetate buffer (8.5 mM DTPA) to form the !”’Lu-DTPA complex.

8.2.3 Microinjections

For the microinjections, HeLa cells were grown 1-2 days on Eppendorf glass coverslips or
Nunc 60 mm Petri dishes. Cells for microinjection were cultured in minimum essential
medium Eagle (MEM) buffered with 30 mM Hepes (pH 7.4) plus 10% FBS, 1% glu-
tamine, penicillin (100 U/ml), and streptomycin (100 pg/ml). The microinjections were
done using an advanced computer assisted microinjection system (AIS 2, see fig. 8.1).
The precision of the system makes it possible to specifically deliver radionuclides into
the cell cytoplasm or the cell nucleus (fig. 8.2) — however, only nuclear injections were
performed to exploit the high-LET part of the radiation from the Auger decay.

Prior to each injection series, two injection needles were pulled from a capillary using

an automated system (Sutter Instrument P-87). The inner diameter of the needles were
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Figure 8.2: Injected cells seen in visible light (left) and the corresponding fluorescence signal
from the injected rhodamine (right). Both cytoplasmic and nuclear injections are shown.

measured to be 0.1 um using bubble tests. Each injection was verified by adding the
fluorescence probe rhodamine (3.33 ug/ul) to the activity solution in a rhodamine-to-
activity volume ratio of 1:2. After the microinjections, the coverslips were transferred to
a Petri dish containing fresh DMEM.
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8.2.4 Injected volumes

The variation in the injected volumes was determined from experiments using both 3*P,
"n and "7Lu. In these experiments a known number of cells (typically 120) were in-
jected into the nucleus. The cells were then washed 5 times with 1 ml PBS and lysed with
200 pl 1% SDS. The injection media, the washing fractions and the lysed cells were col-
lected and measured using a calibrated liquid scintillation spectrometer (Wallac Quantu-
lus 1220) for determining the mean injected activity and to check the washing procedure.

In the measurements, quench effects from the solutions were taken into account.

8.2.5 Clonogenic Assay — %°Co y-irradiation

To be able to determine the Relative Biological Effectiveness (RBE) of the injected
Auger-emitters, the survival curve for y-irradiation of the HeLa cells was measured. 24
hours prior to irradiation, cell suspensions from HeLa cells were prepared from exponen-
tially growing cultures and the appropriate cell numbers, 100-50.000 cells, were plated in
60 mm Petri dishes in duplicates. The cells were then irradiated in a calibrated high-dose-
rate (15.8-16.2 Gy/min) irradiation chamber containing 8 %°Co sources at Risoe National
Laboratory. The uniformity of the dose profile (fig. 8.3) over the Petri-dishes was con-
firmed using radiochromic film dosimeters (Risoe B3, measured using RisoeScan at Risoe
High Dose Reference Laboratory).

The dose calibration was done using alanin dosimeters (dose build-up included) for
three different irradiation times (and thus, doses) to account for the transient dose, i.e. the
dose given to the sample during positioning of the sample in the irradiation chamber. For
the lowest doses given to the cells (1.7 Gy), this transient dose accounted for almost 75%
of the total dose due to the high dose-rate in the chamber.

Following irradiation, the cells were incubated for 10-13 days at 37°C and 5% CO,.
The cells were then fixed in 1% glutaraldehyde dissolved in Hanks’ Balanced Salt So-
lution (HBSS) and stained with 0.1% crystal violet. Groups consisting of more than 50
cells were scored as colonies [6]. Plating efficiencies (PEs) were determined by dividing
the number of colonies by the number of cells plated in the controls and the surviving
fractions were calculated by dividing the colonies counted by the number of cells plated

with a correction for PE.

8.2.6 Clonogenic Assay — '''In

24 hours prior to the injections, cell suspensions from HeLa cells were prepared from
exponentially growing cultures. The appropriate cell numbers, typically 7000-12000 cells
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Figure 8.3: The uniformity of the y-dose profile over the Petri-dishes measured using a ra-
diochromic film dosimeter (Risoe B3, measured using RisoeScan at Risoe High Dose Reference
Laboratory). The horizontal and vertical dose profiles from the areas in the left figure are shown
to the right.

were plated in 60 mm Petri dishes containing MEM. The cells were then injected with
the '"'In-DTPA + rhodamine solution. Each injection was checked via the rhodamine
fluorescence signal to make sure that the activity had been injected into the correct cell
compartment, i.e. the nucleus and not the cytoplasm. If an injection failed, the cell was
killed with the needle. Moreover, if two cells were located too close to each other, one of
them was killed with the needle and the other one was injected. This was to make sure,
that all colonies originated from single cells. Approximately 50 cells were injected in
each series.

After the injections, the coverslips were transferred to a Petri dish containing fresh
DMEM and placed at 24°C and 5% CO, for 2-4 days for decay accumulation. Due to
the limited number of injected cells, the 24°C were chosen to stop the cell cycle without
causing the same amount of stress on the cells as in the frozen state and thus, to increase
the chance of survival. To ensure no release of the injected !''In-DTPA, the growth media
from the first 24 hours accumulation was measured for ! 'In-activity.

After the decay accumulation, the cells were transferred to 37°C and 5% CO, for 7-10
days for colony formation. The cells were then fixed, stained with crystal violet and the
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Figure 8.4: Petri-dishes containing y-irradiated HeLa cells used for clonogenic assay. The cells
have been fixed and stained. Below colonies are seen through a microscope.

colonies were counted. Each experiment was done in duplicate followed by a control”
experiment, in which a decayed !''In-DTPA + rhodamine solution, prepared in the same
way as the therapeutic solution, was injected. These control injection experiments served
as a measurement of the injection survival (IS), i.e. the fraction of the cells that sur-
vived the injections, including any toxic effects from chemical constituents or long-lived
radionuclidic impurities (e.g. ''#”In) in the injected solution. Hence:

(8.2.1)

IS = colonies counted
~\ cells injected control

The surviving fractions (S F) were then calculated by dividing the colonies counted
by the number of cells injected, with the latter corrected for the injection survival, IS'.
That is:

colonies counted
SF = 8.2.2
cells injected x IS ( )

Each injection series was accompanied with a volume determination experiment as

described above and thus, the mean injected activity per cell nucleus could be found.
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Figure 8.5: The measured 3*P-uptake in 120 HeLa cells from *3P in the injection media during
the injection experiments.

8.2.7 Calculated subcellular doses

From the mean injected '!''In activity per cell nucleus and the accumulation time, the
mean number of accumulated decays and thus, the mean absorbed dose to the cell nucleus
could be found. In calculating the mean absorbed dose to the cell nucleus of each cell,
the S-value, S(N « N) = 9.09 x 10™# Gy/(Bq s) for ryyciens = 6 um was used, assuming

a uniform activity distribution in the cell nucleus [8].

8.3 Results and discussion

8.3.1 Injected volumes

As mentioned above, the injected volumes were determined from experiments using both
3p, In and '""Lu. In the 3*P injections, the injected activity was corrected for the
cellular uptake of 3*P from the injection media. From experiments with >3P injected
into the media only, i.e. outside the cells, it was found that this cellular uptake was
proportional to the activity concentration in the media (fig. 8.5). Thus, it was possible to

correct for the uptake, knowing the 3P activity concentration in the injection media.
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Figure 8.6: The initial measured injection volumes using 3*P for four different pairs of needles.

No cellular uptake of activity located in the injection media was seen with the !'!In-
DTPA and '77Lu-DTPA.

When using the two injection needles from the same capillary (referred to as A and
B in the following, e.g. needle 1A and 1B), our initial experiments showed that it was
possible to obtain a relative good agreement between the measured injected volumes from
subsequent injections using the same needle pair (fig. 8.6). The standard deviation (SD)
of the injected volume obtained from the subsequent measurements for a given pair of
needles (A+B) was calculated to be maximum 21% of the mean value (ranging from 7-
21%). However, when changing to another pair of needles made from another capillary,
the injected volume could change considerably as seen in fig. 8.6. This variability is
consistent with previous findings [9]. Consequently, our initial approach was to measure
the injected volume once for each pair of needles in the radiotoxicity measurements to
determine the injected activity in the subsequent injections and thus, the absorbed dose to
the cells.

Later measurements of the injected volumes using !''In-DTPA and '”’Lu-DTPA showed,
however, that the above conclusion about a constant injection volume for a given needle
pair was too optimistic. These results can be seen in fig. 8.7. It can be seen that neither

the injected volumes from the same pair of needles can be assumed constant (left) — nor
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Figure 8.7: Measured injection volumes from subsequent injections using the two needles (A and
B) from the same pair (left figure, '”’Lu-DTPA used) or the same needle for all the subsequent
injection series (right figure, !''In-DTPA used).

the injected volumes from the same needle (right) in subsequent injection series.

Thus, after realizing the possibility of such variations in the injected volumes with
resulting errors in the calculated absorbed doses, we are currently investigating another
approach. In this approach, we are trying to measure the amount injected activity in
each cell by measuring the integrated intensity of fluorescence light stemming from the

co-injected rhodamine. However, the first results from this method are yet to come.

8.3.2 Survival curves

The measured surviving fractions for the y-irradiations can be seen in fig. 8.8 (mean val-
ues =+ standard deviation of mean, three independent experiments performed in duplicate)
including a fit to the data points with the Linear-Quadratic-model (LQ-fit) [6]:

SF = ¢ @P-BD? (8.3.1)

where D is the absorbed dose. An a/f-ratio of 9 Gy was found from the LQ-fit. This is
in good agreement with the a/B-ratios for cancer cells, which typical are in the region of
around 7 to around 16 Gy [6].

If one assumes that the volume measurement, performed prior to each '''In radiotox-
icity measurement, correctly represents the injected activity in the subsequent thera-
peutic” injections, the surviving fractions shown in fig. 8.8 can be found. This is for

"Tn-DTPA injected into the cell nuclei (mean values + standard deviation of mean for
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experiments performed in duplicate), calculated using equation 8.2.1 and 8.2.2. In the
absorbed dose uncertainties, both contributions from activity measurements and the max-
imum standard deviation (21%) of the injected volumes obtained from the (initial) sub-
sequent measurements for a given pair of needles as described above, were taken into

account.

Survival curve for HelLa cells
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Figure 8.8: The measured survival curve for HeLa cells for y-irradiation and '''In-DTPA injected
into the cell nuclei.

8.3.3 Injection survivals

In the above surviving fractions from intranuclear '''In, it is assumed that the IS -value
found from the control injections is constant in the subsequent injections. However, due
to observed variations ranging from 16% to 76% in the IS -values from the respective
“therapeutic” '''In injections above, the existence of a correlation between the SF- and
IS-values was checked.

As seen from fig. 8.9, no such correlation was found. Nevertheless, further exper-
iments were performed to find a possible explanation for the relative large variations in

the IS’s. In these series of experiments, a rhodamine-solution (non-radioactive) was in-
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Figure 8.9: The surviving fractions (SF) vs. the injection survival (IS) for '''In-DTPA injected
into the cell nuclei. A linear regression fit to the data points is also shown.

jected into the cell nuclei with different needles and varying incubation times in the 24°C

incubator.

The results can be seen in fig. 8.10 and 8.11. The cells in fig. 8.10 are all from
the same batch and after the injections, they were stored at 24°C for 2 days to simulate
the decay accumulation before colony formation. It can be seen that the survival cannot
be assumed constant in subsequent injections — even not with injections using the same
needle, despite the exact same treatment of the cells. The same can be seen from fig. 8.11
where the cells were stored at 24°C for either O or 4 days followed by incubation at 37°C
for colony formation. That is, the IS -value cannot be assumed constant in subsequent
injections.

Moreover, it can be seen from the figures, that the ”decay accumulation” time has a
strong influence on the survival. Especially, when a 4 days accumulation time is used,
the survival of the cells decreases significantly, which is in good agreement with the
“therapeutic” '!!In injections above. In only one of these experiments, the cells were
stored for 4 days for decay accumulation with a resulting IS -value of 16%. In the other

experiments, a 2 days accumulation time was used resulting in IS > 37%.

Hence, to account for the possible changes in IS in the subsequent injection series
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Figure 8.10: Surviving fractions for series of cells injected with rhodamine-solution with 4 dif-
ferent needles. The cells were then stored at 24°C for 2 days followed by incubation at 37°C for
colony formation.
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Figure 8.11: Surviving fractions for series of cells injected with rhodamine-solution with 6 dif-
ferent needles. The cells were then stored at 24°C for either 0 or 4 days followed by incubation at

37°C for colony formation.
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or during those series, our next approach is now to photograph the cells through the mi-
croscope 24 hours after the injections. The rationale for this is, that we suspect the cell
death to be associated with possible mechanical damage of the cellular or nuclear mem-
branes caused by the injection. If this is the case, we expect that the damaged cells will
be dead or dying 24 hours after the injection, which the photo would reveal. Thus, by
examining this photo, the viable cells may be identified and only these will then be used
for the clonogenic assay (radiation-induced cell death is generally observed much later

[6]). However, this hypothesis still needs experimental verification.

It is still not known, wether the shape of the measured survival curve for !''In is
caused by low-dose hyper-radiosensitivity (HRS) followed by increased radioresistance
(IRR) as also seen with other types of radiation [10, 11] or it is merely an artifact from the
volume- or IS -uncertainties. Further work and development are needed to obtain a better
understanding of the current method including its limitations before such conclusions can
be drawn. However, when this happens, the method will be an extremely valuable tool in

the identification and testing of new isotopes for radionuclide therapy.
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Chapter 9

Conclusion

9.1 Summary

In this research project the focus has been on the identification and production of new, un-
conventional Auger-electron-emitting isotopes for targeted radionuclide therapy of can-
cer. Based on 1* priciples dosimetry calculations on the subcellular level, the Auger-
emitter ''”Sb has been identified as a potent candidate for therapy. The correspond-
ing imaging analogue !'’Sb has been shown from planar scintigraphy and single-photon
emission computed tomography (SPECT) to be suitable for SPECT-based dosimetry of a
future Sb-labeled radiopharmaceutical.

The production method of these radioisotope has been developed using a low-energy
cyclotron via the nuclear reactions ''°Sn(p,n)!'”Sb and ''7Sn(p,n)!'7Sb including mea-
surements of the excitation function for the former reaction. Moreover, a new high-yield
radiochemical separation method has been developed to allow the subsequent separation
of the produced ''Sb from the enriched !'°Sn target material with high radionuclidic- and
chemical purity. A method that also allows efficient recovery of the ''”Sn for recycling.

To demonstrate the ability of producing therapeutic quantities of ''°Sb and other ra-
dioisotopes for therapy with a low-energy cyclotron, two new “High Power” cyclotron
targets were developed in this study. The target development was primarily based on the-
oretical thermal modeling calculations using finite-element-analysis software. With these
targets, I have shown that it will be possible to produce several tens of GBq of therapeu-
tics isotopes (e.g. ''”Sb or ®*Cu) using the PETtrace cyclotron commonly found at the
larger PET-centers in the hospitals.

Finally, research in a new method to measure the radiotoxicity of Auger-emitters in-
vitro using cellular microinjection has been carried out. The purpose of this method is

to be able to experimentally evaluate and compare the potency of the new and uncon-
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ventional Auger-emitters (e.g. !'°Sb). However, due to experimental complications, the
development of this method is still ongoing research. Still, preliminary results of the sur-
vival curve for the Auger-emitter !'!'In injected into the nuclei of HeLa cancer cells have

been obtained.

9.2 OQOutlook

The use of Auger electrons in targeted radionuclide therapy may become one of the most
important ingredients in treating micrometastases and disseminated cancer cells in the
future. The high biological effectiveness (RBE) and localized nature of these electron
cascades offer exceptional opportunities for single-cell kill of cancer cells while sparing
the normal tissue if the proper targeting mechanism can be found.

However, to find such proper targeting mechanisms that leads to effective and se-
lective internalization of the Auger-emitters into the nuclei of cancer cells, extensive re-
search is required. Moreover, methods to bind the new Auger-emitters to these targeting
biovectors also needs to be established possibly by development of new isotope specific
chelators.

It was seen in this study that the binding of antimony to the commonly used chelators
DTPA and DOTA was not possible at biological pH, and thus, it will not be possible to
bind '"”Sb to e.g. the precursor DOTATATE used for !7’Lu-DOTATATE peptide receptor
radionuclide therapy. Hence, development of a new chelator for antimony is required
before its potency can be evaluated experimentally in vivo.

Such chelator studies are currently being carried out at the Hevesy Laboratory at
Risoe National Laboratory. As mentioned in chapter 8 further research in the microin-
jection method is also being performed at the Hevesy Laboratory and hopefully this will
soon allow for an experimental in vitro evaluation and comparison of the potency of the

nuclides considered theoretically in this work.

Until such experimental evaluations have been completed, it is difficult to say if this
study has placed an extra bullet — though not a magic one — in the arsenal of useful
weapons for the fight against cancer. Nevertheless, this study has shown that the pro-
duction of such new and unconventional radionuclides is clearly possible with a typical

low-energy PET-cyclotron.
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Appendix A

The geometrical reduction factors

The geometrical reduction factors G(r, rs, ri, X) used in this work was calculated via the

two G-factors, Gyurer and Giyyer according to:

G = Gouter = Ginner

Gouter and Giyer can be calculated from the following [1, 2]:

For r < ry:
1 for x<(rg—r)
2 e o2
Gouter = u for (re=—r)<x<(@rg+r)
dxr
0 for x> (rg+r)
For r > ry:
0 for  x<(r—ry)
2 e N2
Gouter = M for (r—ry) <x<(rg+vr)
dxr
0 for x> (rg+7)
Forr < r;:
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1 for
2 N2
Girmer = M for
4xr
0 for
Forr > r;:
0 for
2 _ (x—7r)?
Girmer = u for
dxr
0 for
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x<(rp—=r)

(ri—-r<x<(rp+r)

x> (ri+r)

x<(r—rp

(r—r)<x<(rp+r

x> (ri+r)
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Figure B.1: First generation High Power Target drawing (arbitrary scale).
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