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ABSTRACT

84CU-ATSM INTERNAL DOSIMETRY IN A COMPUTATIONAL TUMOR-BEARING MOUSE MODEL

The radiopharmaceutical Copper-64 diacetyl-bis(N4-methylthiosemicarbazones) (54Cu-
ATSM) has growing clinical interest as a theragnostic agent; that is, one that can be used as
both a diagnostic tool and a treatment for certain tumors. The ATSM ligand selectively
distributes to hypoxic tissues, traditionally difficult targets for chemotherapy and radiotherapy
cancer treatments. The copper radionuclide dissociates in the reducing environment, at which
point the unique decay scheme of ®*Cu offers multiple imaging and clinical pathways. Using an
anatomically accurate voxelized phantom of a cancer-bearing mouse, a Monte Carlo N-Particle
(MCNP) radiation transport code assessment of absorbed fractions and absorbed dose to major
organs was carried out. In decay scenarios in which the organ of interest was the source organ,
approximately 60% of the total energy transferred from a 8Cu decay came from the beta
decay, approximately 30% from the positron decay, and approximately 1% from the Auger
electrons. These results were used in conjunction with ®*Cu-ATSM biodistribution data from two
published studies to estimate organ and whole-body absorbed doses from administered
activities. The differences in organ absorbed doses between the studies shows the mouse
model variances that can impact dose and lead to variability in dose-response curves down the
line. An MCNP model allows for a better understanding of the organ-specific doses and should
be considered in the development of future studies assessing the theragnostic properties of

84Cu-ATSM in translational models while sparing these models’ healthy organs and tissues.
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INTRODUCTION

Atoms

The word atom is derived from atomos, a Greek word meaning “indivisible”. In 1913,
two physicists in Ernest Rutherford’s British laboratory, Hans Geiger and Ernest Marsden,
experimentally proved Rutherford’s hypothesis that atoms are divisible into a positively
charged nucleus surrounded by negatively charged electrons. Later research found that the
nucleus itself is made up of positively charged protons and electrically neutral neutrons,
collectively called nucleons. While physicists have been able to prove that nucleons can be
broken into even smaller parts, for the purposes of health physics and this research the proton,
neutron, and electron are considered to be the fundamental particles that make up matter
(Johnson, 2017, Chapter 3).

An atom’s element is determined by the number of protons in the nucleus, known as
the atomic number (Z). Within an element, the number of neutrons within the nucleus is not
constant and determines the isotope of the element. A particular atom characterized by a
specific number of protons and neutrons is called a nuclide. The atomic mass number (A) is the
sum of the protons and neutrons of the isotope. While most elements contain several isotopes,
not all isotopes are equally abundant in nature. Therefore, the atomic weight is the weighted
average of the masses of isotopes comprising that element. The number of electrons is equal to
the number of protons in a neutral atom. Thus, isotopes of the same element have the same

electron structures surrounding the nucleus and are difficult to be separated (ibid.)



The four fundamental forces of nature are the strong nuclear force, the weak nuclear
force, the electromagnetic force, and the gravitational force. The strong nuclear force works on
very small distances between nucleons, in opposition to the repulsive electromagnetic force
that works between protons. Nuclear instability can exist if the neutron-to-proton ratio is too
high or too low for a particular nuclide, contributing to available energy for a radioactive

transformation (ibid.).

Radiation

Radioactive decay, or radioactive transformation, is the spontaneous transformation of
the nucleus of an unstable atom. Of the 3,000+ known isotopes (and counting), only 254 are
stable; that is, do not undergo radioactive decay (DOE Explains...Isotopes, 2021). Radiation is
the emission of energy from a decaying or excited atom in the form of particles or
electromagnetic waves. Radioactive properties of atoms are independent of the physical and
chemical state of the nuclide and cannot be changed or modified (Johnson, 2017).

There are three main mechanisms of radioactive transformations: alpha emission,
fission, and isobaric transformations, along with isomeric transitions. Alpha emission, fission,
and isobaric transitions are true nuclear transformations; that is, the structure of the nucleus
changes after the decay. Isomeric transitions are instead the emission of energy from a nucleus
in an excited state, but do not result in a different daughter nuclide (ibid.).

Alpha and fission decay change both the atomic number and atomic mass of the parent
atom. Alpha decay occurs when the neutron-to-proton ratio in the nucleus is too low. In heavy

nuclei, the nuclear instability is such that the Coulomb repulsion of the protons due to the



electromagnetic force increases more rapidly than the strong force cohesion of the neutrons
and protons. An alpha particle is a helium (*He) nucleus: two protons and two neutrons with a
collective +2 charge. Alpha particles are emitted almost monoenergentically- they only have the
energy allowed from the nuclear transformation, but sometimes may not take all of it. In cases
where the alpha particle does not take all the available decay energy, the daughter nucleus may
be left in an excited state and undergo deexcitation by immediate emission of a gamma ray.
Upon emission of the alpha particle, the neutron-to-proton ratio of the daughter atom is
increased and stabilized compared to the parent (ibid.).

Fission occurs when a large, unstable nucleus splits into two or more smaller daughter
nuclei. In some atoms, fission can be induced by a nucleus absorbing one or more neutrons,
leading to an unstable atom that quickly breaks apart. It also occurs spontaneously in some very
high-mass number isotopes. Fission decays often result in radioactive daughter fragments and
releases of neutrons (ibid.).

Isobaric transformations change the atomic number of the parent nucleus, but the
atomic mass stays the same. They involve the emission of a beta particle or an orbital electron
capture. Beta-minus particles (e, often simply called beta particles) are indistinguishable from
electrons, carrying a -1 charge. Beta-minus emissions occur when the neutron-to-proton ratio is
too high for nuclear stability. A neutron transmutes to a proton, and an electron and anti-
neutrino are emitted, as shown in the following equation:

n->p+e+v
The electron and neutrino share the available decay energy between them, and thus are

emitted from the nucleus on a continuous energy distribution. “Pure” beta emitters involve a



nuclear transition to the ground state of the daughter nuclide. If the beta transformation does
not use all the available energy and the daughter nucleus is left in an excited state, the
daughter nucleus may de-excite via an immediate gamma emission (ibid.).

Beta-plus particles, called positrons (e*), have the same mass as electrons but carry a +1
charge. Positron emissions occur in nuclei with low neutron-to-proton ratios. To improve the
nucleon ratio, a proton transmutes to a neutron, and the atom emits a positron and neutrino as
shown in the following equation:

pon+et+v
Positrons are the antiparticle to electrons, and do not occur in nature. When a low-energy
positron interacts with an atomic electron, the two particles annihilate, and their mass is
converted to two 511 keV photons that are emitted 180° from each other. Positron decay only
occurs if there is 1022 keV or greater energy available for the decay to occur. It competes with
orbital electron capture (ibid.).

Orbital electron capture is another decay mechanism that can occur when the neutron-
to-proton ratio in the nucleus of an atom is too low for stability. In it, an orbital electron,
usually from the innermost electron shell (the K shell), is captured by a proton in the nucleus.
The two particles are transformed into a neutron, and a neutrino is released as shown in the
following equation:

pt+te -n+v
This is the only decay mechanism available for atoms with low neutron-to-proton ratios and
less than 1022 keV available for the decay (two electron masses). If there is greater than 1022

keV available, electron capture competes with positron emission as a decay mechanism (ibid.).



Electron capture by the nucleus leaves a vacancy in the electron shell. This vacancy,
usually starting in the lowest energy shell, is filled by an orbital electron from a higher-energy
shell. The difference in energies between the electron shells can be emitted in two ways. It can
be emitted as a photon with distinct energy, characteristic to the nucleus of the decay daughter
atom. Thus, these photons are called characteristic X-rays. The energy can also be transmitted
directly to another orbital electron in the same shell as the transiting electron, causing the
former electron to be ejected from the atom. The ejected electron is called an Auger electron
and behaves as any other beta particle would in matter. The initial vacancy can quickly become
an Auger cascade, when further atomic transitions contribute to the ejection of more Auger
electrons from higher orbitals. This can result in a highly positively charged ion, and many Auger
electrons emitted into the surrounding matter (ibid.).

The final category of emissions from the atom are the isomeric transitions, in which the
atomic number and atomic mass number of the daughter are the same as that of the parent
atom. Isomeric transitions are not radioactive decay, but changes in the internal energy of the
nucleus. This energy change can happen two ways: through the emission of a gamma ray, or via
internal conversion (ibid.).

Gamma radiation is a form of electromagnetic radiation. It is indistinguishable from X-
rays; the only difference being the production mechanism. X-rays are produced via energy
transitions in the atomic shell, whereas gamma rays come from energy transitions in the
nucleus. Both gamma and x-rays are photons: massless, chargeless electromagnetic radiation

that is highly penetrating in matter (ibid.).



Gamma emissions occur via nuclear de-excitation following another decay or after
energy is inserted into a nucleus, for example, after a neutron absorption. Gamma energies are
characteristic to each radionuclide, and thus are often used to identify the element and
isotope. A radionuclide might have a simple decay scheme with a single characteristic gamma,
or multiple decay paths, each with different transitions probabilities. The probability of any
single gamma transition occurring is called the yield (ibid.).

Internal conversion (/C) competes with gamma emission as a mechanism for a nucleus
to de-excite. During internal conversion, the energy from the excited nucleus is transferred
directly to an electron close to the nucleus. The electron is ejected from the atom with kinetic
energy equal to the nuclear excitation energy minus the binding energy of the electron. Thus,
internal conversion electrons are monoenergetic, as opposed to having a continuous energy

spectrum as is the case for beta particles (ibid.).

Half-Life

While radioactive decay is a stochastic (random) process on an atom-by-atom basis, a
significant collection of identical radioactive atoms has a decay rate that can be expressed as a
constant. The half-life is the time it takes for one-half of a given quantity of atoms to undergo
radioactive decay, is characteristic to a particular isotope, and constant over the lifetime of the
decaying quantity. The range of half-lives of radioactive atoms spans from nearly instantaneous
to longer than the age of the universe (ibid., Ch.4). The transformation rate, or decay constant

A, is related to the half-life (T'1) by the following equation:
2
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Activity

Due to differences in half-lives, the mass of radioactive materials is not representative of
its radioactivity. The quantity of radioactivity must therefore be based on the number of
radioactive decays occurring within a specific timeframe, called the activity. The Sl unit of
activity is the Becquerel (Bq): the quantity of radioactive material in which one atom is
transformed per second (1 Bg = 1 transition per second = 1 tps) (ibid.).

Since the half-life of an isotope is constant and immutable, a graph of activity versus
time shows that activity follows an exponential decay process. The amount of activity left after
a given time interval is given by:

A(t) = Ay et
where Ap is the initial activity, A(t) is the activity after a given time t has passed, and A is the

decay constant (ibid.).

Interactions with Matter

As ionizing radiation moves through matter, energy is transferred from the radiation to
the matter in the form of excitations and ionizations. Radiation can interact with the atomic
nuclei or extranuclear electrons of the matter; most usually, it interacts with the electrons via
the electromagnetic interaction. Charged particle radiation has an electrostatic filed, and the

attractive and repulsive forces between that field and matter are the primary method of



interaction. The penetrating power of a particular radiation; that is, the depth the particle or
wave travels in a certain material, depends on a number of factors. These include the type and
energy of the radiation and the nature of the absorbing medium, all of which contribute to the
amount of energy transfer from the radiation to the medium. Radiation interactions can be
classified by the amount of energy that ionizing radiation transfers per unit length traveled in a
specific material, known as the linear energy transfer (LET). LET depends on the type of
radiation, its energy, and the matter through which it is traveling. High LET radiation has a
greater density of interactions at an atomic level than low LET radiation. Thus, high LET
radiation is attenuated, or stopped, more quickly, and more energy is transferred along a short
path. Low LET indicates that radiation has higher penetration in a particular material, and
energy is transferred more slowly along the path of the radiation (ibid.).

Alpha particles and heavy charged ions transfer energy to matter via excitations and
ionizations, primarily though collisions with electrons in the matter. Due to the high charges
and relatively slower speeds, successive collisions over very short distances lead to the loss of
all of the initial kinetic energy of the particle. Alpha particles therefore have high LET, and in
tissue only penetrate on the order of micrometers. Alpha particles cannot penetrate even the
outer layer of dead skin, and so are not considered an external radiation risk. However,
radioactive materials that emit alpha particles are hazards if they decay inside the body, where
alphas can transfer large amounts of energy directly to cells and DNA (Institute of Medicine,
1995; Johnson, 2017).

Beta particles mainly interact with matter through electromagnetic interactions with the

orbital electrons of the absorbing medium. These interactions can generally be thought of as



inelastic collisions between particles of equal mass. The energy loss of the incident beta particle
depends on its initial kinetic energy and the distance of approach to the collision. Low-energy
beta particles are slower than high-energy betas, allowing for more time to electromagnetically
interact with the medium they are moving through. Beta particles of increasing energy have
lower LET, up to around 1-3 MeV. At that point, further increases in beta energy have small
increases in LET. Beta particles typically penetrate around a centimeter in tissue, and so are not
an external radiation hazard unless they are present in high concentrations. If radioactive nuclei
decay by beta emission inside the body, they can deposit energy, although along a longer path
than alpha particles (Johnson, 2017).

Positrons, or beta-plus particles, are of equal mass as electrons, but carry a positive
charge (+1) and are by definition the antimatter complement to electrons. Due to the equal
size, the electrostatic interaction and energy transfer between a positron or orbital electron
and the atomic nuclei is approximately the same as a beta particle, regardless of the attractive
or repulsive electrostatic force. Thus, positrons interact similarly with matter (or antimatter)
when they are energetic, and have similar ranges and energy losses (ibid.). However, positrons
differ significantly from electrons at the end of their path. When a positron interacts with an
electron, it loses all its kinetic energy, resulting in the annihilation of both particles. Their rest
mass is completely converted to electromagnetic energy in the form of two oppositely directed
0.511 MeV gamma rays (photons). Therefore, any positron decay also includes photons (ibid.).

Electromagnetic radiation (gamma and X-rays) differs from alpha and beta radiation in
the mechanisms of interaction with matter. A photon can knock an orbital electron from an

atom of the medium through which it travels in one of two ways. The first, called Compton



scattering, is a collision between the incident photon and an orbital electron, whose binding
energy is much less than the energy of the photon. The electron is knocked loose, and the
photon is scattered with lower energy. The newly freed electron is called a Compton electron.
The second interaction, photoelectric absorption, occurs when all of the incident photon’s
energy is transferred to an orbital electron, causing the photon to disappear and kicking the
electron off the atom with kinetic energy equal to the energy of the photon minus the binding
energy of the electron. Photons themselves have low LET compared to the particulate decays. It
is the secondary photoelectrons, along with Compton electrons, that transfer energy to matter
via excitations and ionizations. Compton scattering and photoelectric absorption are the main
interaction mechanisms that transfer energy when a photon’s energy is lower than 1022 keV
(ibid.).

In pair production interactions, a photon with energy exceeding 1022 keV passing by a
nucleus may have all of its energy converted into mass via the production of an electron and a
positron pair. Any energy that the photon had beyond the rest mass energy of the two particles
(2 x 511 keV) is converted to kinetic energy. The secondary electron and positron then interact
with the matter in the same manner as beta particles, leading to eventual positron annihilation.
The likelihood of pair production increases as the atomic number of the medium through which
the photon travels increases with increasing photon energy (ibid.).

Photonuclear absorption, the fourth photon interaction mechanism, occurs with high-
energy photons and involves a nucleus capturing the photon and becoming excited. In most
cases, the nucleus de-excites via the emission of a neutron. While photonuclear absorption

does not occur with most decay-produced photons, the mechanism is important in accelerator

10



and reactor experiments in which high-energy ion accelerators produce high energy photons.
The photonuclear interaction is often used as a source of neutrons, or in (y,n) reactions to

transmute one nuclide to another (ibid.).

4Copper

4Copper (°*Cu) is a radionuclide with a 12.7-hour half-life. It decays via electron capture
and competing positron emission to ®*Ni, or via beta-minus emission to ®*Zn. The following
decay scheme (Table 1) was provided by the National Nuclear Data Center (B. Singh, 2007).
Specific beta-minus and positron spectra were provided to this lab by Keith Eckerman
(Eckerman et al., 1994); these spectra were used in the MCNP model of the decays. The
weighted average of the emissions was calculated as the mean energy in MeV of the beta-
minus and positron emissions.

Table 1. ®*Cu decay scheme. The mean energies of the beta-minus and positron decays are the
weighted average of the energy emission spectra.

Mean Energy

Nuclear Transition NT Intensity/Yields Intensity
Internal
conversion 0.385 Beta - 0.1890197 0.385
0.176 Beta + 0.2780295 0.176
0.00475 y 1.34577 0.00475
Auger L 0.00084 0.577
Auger K 0.00654 0.2251
sum 0.8021
Electron capture 0.615 XRL 0.00085 0.0048
0.43425 XR kal 0.007461 0.0474
XR ka2 0.007478 0.093
XR kp1 0.008265 0.0112
XR kB2 0.008265 0.0058
sum 0.1622

11



®4Cu is not naturally occurring and must be produced in a laboratory or reactor setting.
The most common production method is via the ®*Ni (p, n) 84Cu reaction, in which a nickel
target is bombarded with low energy protons from an accelerator or cyclotron (Kume et al.,
2012; Xie et al., 2017). Other methods involve the thermal neutron %3Cu (n, y) 84Cu reaction

(Chakravarty et al., 2020), and the fast neutron %¥Zn (n, p) ®4Cu reaction (Zinn et al., 1994)

Dosimetry

Radiation dose is defined as the amount of energy absorbed per unit mass from incident
radiation (NRC, 2020). The Sl unit of absorbed dose is the Gray (Gy), where 1 Gy is equal to 1
J/kg. The biological impact of the absorbed dose depends on a variety of factors, including the
time over which the exposure was spread, the tissue or organ in question, the type of radiation
transferring energy, and the organism itself. High doses of radiation over a short time can have
quick-showing, deterministic effects of cell and tissue death, organ failure and potential death.
Lower radiation doses, or those spread over a longer time, can result in stochastic effects, for
example, an increase in the risk of developing cancer. The measure of the biological risk to
living tissues as a result of radiation exposure is called the equivalent dose, with Sl units of
Sieverts (Sv) (Johnson, 2017).

If emitted inside a cell, high LET radiation such as alphas and low-energy betas can cause
significant DNA damage in the form of double-strand DNA breaks. However, low LET radiation
like gammas may not deposit all their energy in the cell where they are emitted, and so may not
have the same biological effect (ibid.). Beta particles can penetrate tissue and matter to varying

depths depending on their energy. High energy beta particles are fast, and interact less with the
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atoms in the absorbing material, so are considered lower-LET radiation. However, when they
are low energy, they travel slowly enough to increase the density of interactions with the
surrounding material, thus LET increases as beta energy decreases. Additionally, due to the loss
of energy as particle radiation penetrates matter, LET increases as the particle penetrates
deeper. The highest energy transfer takes place at the end of the path. The radiation weighting
factor, wg, takes into account the additional biological effect that high LET radiation can have
compared to low LET radiation of the same dose (ICRP 103, 2007).

Furthermore, some tissues are more radiosensitive than others; specifically, rapidly
dividing cells such as the gastrointestinal tract, bone marrow and blood cells, and skin cells are
more prone to DNA damage (Rubin & Casarett, 1968). The relative sensitivity to adverse
biological effects is expressed in the tissue weighting factors, wr (ICRP 103, 2007). The effective
dose in Sv is then a measure of the risk of a stochastic radiation effect and is the absorbed dose
in Gy modified by the radiation and tissue weighting factors (Johnson, 2017).

Radioactive particles may be either external or internal to the body. Internal radiation
sources are often used in medicine for a variety of purposes. These include therapy, in which
energy is targeted to a certain area of the body for a medicinal purpose, and diagnostics, in
which radioactive particles or electromagnetic waves are used to investigate some aspect of the
body. A strategy that serves both therapeutic and diagnostic purposes is called a theragnostic

procedure (Anderson & Ferdani, 2009; Johnson, 2017; Ku et al., 2019).
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Internal Dosimetry

The internal radiation dose is the dose from radiation released by radioactive materials
deposited inside the body. While the range of particulate radiation in tissue is typically very
short, electromagnetic radiation can travel great distances through a body and thus transfer
energy to organs far away from the point of decay. The source organ (S) is the tissue in which a
radionuclide decays, while the target (7) is the organ or organs that absorb energy from that
decay (Johnson, 2017). The source and target organs may be the same or different organs, with

various relationships shown in Fig. 1.

%
Figure 1. Possible source (S) and target (T) organ relationships. Reproduced from (Johnson,
2017, p. 245)

® &

Typically, internal dose calculations of purposeful internal sources necessitate
knowledge of the radiological half-life, biological half-life, biodistribution properties, method of
entry, and initial radioactivity level. Accurate values of absorbed dose are important in
investigating a dose-response relationship, especially for purposively administered radionuclide
procedures (Gupta et al., 2019; Johnson, 2017). The Medical Internal Radiation Dose (MIRD)

schema was conventionally used to calculated organ-level absorbed dose; however, this does
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not take into account patient-specific activity distributions, heterogenous tissue compositions,
or individual variability in anatomy. Recent research investigates the use of anatomically
accurate computer models that simulate individual radiation particles and their interactions to
more precisely calculate organ absorbed doses. Using patient-specific anatomy and
biodistribution of radioactive nuclei allows for individualized dosimetry and more accurate
dose-response relationships (Gupta et al., 2019).
4Copper- ATSM

Diacetyl-bis (N4-methylthiosemicarbazone) (ATSM) labelled with the radioisotope %*Cu
is a radiopharmaceutical that has shown promise in both cancer imaging and therapy uses
(Anderson & Ferdani, 2009; Fujibayashi et al., 2020; Obata et al., 2005). 4Cu-ATSM has been
found to accumulate in hypoxic tumor environments in vitro (Obata et al., 2005) and in vivo
(Lewis et al., 1999) . Under highly reduced conditions (cells with abnormally high electron
concentrations), Cu(ll) is reduced to Cu(l) and divides easily from the ATSM molecule (Burgman
et al., 2005; Fujibayashi et al., 1997; Obata et al., 2001). However, the Cu retention was also
found to be cell line dependent (Burgman et al., 2005) . Tissue hypoxia may be induced by a
lack of vascularity or an increased metabolic rate, both factors that may be present in some
fast-growing tumors and contribute to tumor resistance to conventional radiotherapy and
chemotherapy (Moulder & Rockwell, 1987; Peters et al., 1983).

In in vivo murine studies, ®*Cu-ATSM uptake from the blood peaked at 5 min post-
injection, with maximum ®Cu accumulation in hypoxic tumor tissue at 1-hour post-injection

(Lewis et al., 1999). 24 hours after in vitro ®*Cu-ATSM treatment of tumor cells, they showed
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typical features of radiation-induced apoptosis, and the tumor cell rate of clonogenic survival
was reduced in an injected dose-dependent manner (Obata et al., 2005).

Due to its unique decay scheme, many studies have looked at the use of ®*Cu-ATSM as a
theragnostic agent- one that can be used as both an imaging tool and a treatment against
tumors. The low energy, high LET Auger electrons have been the subject of study for short-
range, high dose radiotherapy treatments, in which they have been found to effectively kill
cancer cells when emitted near and inside the cell nucleus (Ku et al., 2019; McMillan et al.,
2015). The positron emissions have been used in positron-emission tomography (PET) for
diagnostic purposes (Anderson & Ferdani, 2009; F. Li et al., 2015).

Radiolabeling, the tagging of a molecule with a specific isotope, can control the
biodistribution of the isotope in an organism. Cu-ATSM has been used for detection of hypoxia
and sustained accumulation of Cu-ATSM has been seen in hypoxic, but not normoxic conditions
(Fujibayashi et al., 1997; Liu et al., 2020; Obata et al., 2005). The accumulation of radioactivity
in tissues can be expressed as the fraction of the injected activity. In clinical fields, this injected
activity is called the injected dose (ID), not to be confused with radiation absorbed doses from
the decay of the radionuclide. Generally, the distribution of the activity is reported as the
fraction of the injected dose per gram: %ID/g or %ID per organ (%ID/organ). Standard mouse
organ masses or organ masses calculated from the specific model used in the study can be used
to calculate %ID/organ values from %ID/g values.

Multiple studies have investigated the distribution of Cu-ATSM in various tumor-free
and tumor-bearing mouse models (Hueting et al., 2014; Yoshii et al., 2014). In these studies, a

set activity was injected into the mouse, and positron-emission tomography (PET) whole-body
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dynamic images were acquired. Then, the mice were sacrificed, and the activity of the organ,
tissue and tumor samples were counted using a gamma counting system. Yoshii et al. used the
biodistribution data of the mice (%ID/g values) to estimate the mean absorbed doses of ®Cu-
ATSM (mSv/MBgq) in humans; however, they did not report the mean absorbed doses in the
organs of the mice. Similarly, Hueting et al. did not report the organ absorbed doses from
administration of the ®4Cu-ATSM in mice. The lack of data around specific organ doses could
lead to incorrect dose-response curves when looking at the biological effects of 4Cu-ATSM in
specific organs. This study aims to show that the reported biodistribution data in conjunction
with the modeled absorbed fractions can be used to calculate accurate organ absorbed doses

to various mouse organs.

MCNP6.2

Monte-Carlo n-particle transport code (MCNP) is a collection of software packages
developed and continuously updated by Los Alamos National Laboratory (LANL) and made
available through the Radiation Safety Information Computational Center (RSICC). At its most
basic, the software generates a particle at a location, sends it in a particular direction, has it
interact with matter, and eventually terminates that particle. It simulates the transport based
on defined probability density functions; with the runs of many particles (on the order of
millions or billions) one obtains an average of the quantity of interest, often fluence, energy
distributions, or energy depositions. MCNP has many applications, from shielding calculations,

to dosimetry, to criticality calculations (Wener, 2017).
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The MCNP input is broken into three sections: the cell, surface, and data cards. A 3-D
geometry of the problem is built by combining surfaces (planes, infinite cylinder, etc.) to
become bounded cells. All space in the structured universe of the MCNP problem must be
uniquely defined by a cell and the material that fills it (ibid.).

Data cards define all parameters of the problem outside of the geometry, including the
radiation source location, the types of particles started and tracked, the materials, and the
tallies. Most data cards have an MCNP-defined default, allowing the user to only specify the
parameters they need. The mode card specifies the type of particles the program should track,
with the ability to track more than one type of particle (neutrons, photons, electrons, positrons,
etc.). In contrast, a user is only able to start the problem with one type of particle, specified in
the source definition card. This limitation requires multiple MCNP runs with different starting
particles (i.e., different input files) if a decay scheme involves more than one decay mechanism
(ibid.).

Material cards are a list of the matter used in the problem and its physical composition,
including density, isotope makeup, and atomic or mass fractions of those isotopes. While
complex materials can be defined specific to the problem, the Pacific Northwest National
Laboratory (PNNL) has provided a large compendium of common materials and their densities
and compositions. Conveniently, it also provides sample MCNP material card inputs. The PNNL
materials list is frequently based on ICRP 110 or ICRU 46 (McConn et al., 2011).

The source definition (sdef) card is used to define the radiation source in terms of
energy, source location, spatial extension, direction, and particle type. These parameters can be

modified using si and sp cards. The si card gives information about a particular variable- if it is
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binned, discrete, or uses a particular distribution for example. The sp card is used to define the
probability of choosing a particular value provided in the si card. The source location can be
defined using Cartesian coordinates or one or more of the surfaces defined in the surface cards.
The energy of the starting particle can be monoenergetic or sampled from a discrete spectrum,
which can include enough bins to approximate a continuous spectrum (Schwarz et al., 2011;
Wener, 2017).

The tally card is used to specify the quantity that a researcher wants MCNP to track.
There are multiple quantities available, including the surface fluence (F2), fluence through the
cell (F4), fluence at a point (F5), and energy deposition in a defined location (*F8). All values are
scaled by the number of particles emitted by the source; thus, the MCNP output does not relate
to the activity of a real source (ibid.). This study used the*F8 tally to obtain the energy

deposition per starting particle in the specified universe-defined organ in units of MeV.

Voxel Models

MCNP’s repeated structures capability extends the cell concept by allowing cells and
surfaces that have the same material fill to only be defined once. The cell-parameter keyword U
identifies the universe to which a cell belongs, while the FILL parameter specifies with which
universe a cell is to be filled. A universe can be specified as a lattice (LAT), an infinite array of
hexahedra (LAT=1) or hexagonal prisms (LAT=2). This research uses a hexahedral lattice. A cell
can be filled by a collection of cells that are assigned to the same universe using a FILL card. The
voxel models can be used to define an anatomical geometry, where organs defined by a

universe extend in 3-D directions and are filled by specific tissue materials (Wener, 2017).
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VISED

The Visual Editor (VISED) is a graphical user interphase for MCNP, released by the
Radiation Safety Information Computation Center and created by Visual Editor Consultants
(Richland, WA). It allows a user to upload a MCNP input file and visualize the geometry in 2-D
and 3-D, along with boundary and material differences. It has some limited capabilities to plot
particle tracks and source definition points, which are helpful to validate the input file (Schwarz
et al.,, 2011).
Goals

This study used a MCNP voxel model of a mouse with a tumor to investigate the energy
deposition in various organs by the five different radiation emissions of ®*Cu. We predicted that
the Auger electron decay would contribute significant energy deposition and absorbed dose to
the organ in which it is emitted, helping to explain the clinical findings that Auger electrons
contribute to cell death (Fujibayashi et al., 2020; McMillan et al., 2015). Additionally, we
validated that it is possible to obtain estimates of organ and whole-body absorbed dose using
the absorbed dose fractions from the MCNP model and reported radiopharmaceutical
biodistribution data. This procedure could be used in future in vivo studies to obtain more

accurate dose-response relationships and improve the outcome of theragnostic procedures.
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MATERIALS AND METHODS

Mouse to Model

The base MCNP mouse model used in this study was produced by our research group at
Colorado State University (CSU), using the methodology described in Bell’s 2015 study (Bell,
2015), starting with the acquisition of a computed tomography (CT) scan of a prone mouse. The
CT image was exported as a Digital Imaging and Communications in Medicine (DICOM) file. The
DICOM file was used in the 3D-DOCTOR (Able Software Corp., Lexington, MA.) medical
modeling software to create an anatomically accurate phantom from the mouse CT image.
Regions of interest were identified through boundary editing tools, notably defining anatomical
objects of the mice organs. A 3D image of the mouse’s specific tissues and organs was created
and exported as a boundary file (.bnd). Another software tool, Voxelizer (Human Monitoring
Laboratory, Ontario, Canada), was used to convert the .bnd files to a voxelized format

compatible with MCNP (Fig. 2).

Figure 2. VISED representation of the MCNP mouse model, with colors indicating different
organ materials.

The voxelized MCNP model was run for 7,000,000 histories of each of the five decay
mechanisms of *Cu discussed above, in each of the 13 defined organs, for a total of 65 MCNP

runs. The organ universes were filled by the standard organ densities and atomic compositions
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listed in the PNNL materials compendium (McConn et al., 2011). Each organ had a tally to

collect data in every run, for a total of 845 data points collected from the modeling.

Dose Conversion

The *F8 tally was used to find the energy deposited per transformation in each organ of
interest in units of MeV. The absorbed fraction of energy was calculated by dividing the energy
deposited per transformation by the energy of the starting particle or weighted mean energy if
the particle had an emission spectrum (the Auger electron, beta, positron, and x-ray models)
(Table 1). A conversion factor of 1.60218e-13 J/MeV was used to convert the energy deposited
per transformation to J. The volumes of each organ, given by the 3D-Doctor segmentation code,
were multiplied by the tissue densities from the PNNL material compendium to obtain the
model-specific organ masses. The resulting energy deposition was divided by the mass of the
target organ to obtain the dose to each organ per nuclear decay mechanism, as shown in the

following equation:

-13 ]
E x (160218 x 107 ) 5

1kg - Tsp
V' X'p X1500g

where E is the energy deposited in the target organ (MeV) per starting particle, V is the volume
of the target organ (cm?), p is the standard tissue density (g/cm3), and Ds, is the absorbed dose
in the target organ per starting particle in the source organ (Gy).

Finally, the doses to the target organs from each emission type were weighted by the
probability of the decay mechanism (Table 1) and summed to obtain the absorbed dose to each

target organ from a single decay of ®*Cu in the source organ.
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Dose Comparison

Data from two in-vivo 84Cu-ATSM mouse studies were used to obtain the biodistribution
of the radiopharmaceutical (Hueting et al., 2014; Yoshii et al., 2014). Using the injected dose
and %ID/g from the studies, and the organ mass from our mouse model, the activity of the
radiopharmaceutical within each organ was calculated. Then, the dose to each organ per ®*Cu
decay was multiplied by the activity per organ to obtain the organ dose. Finally, whole-body

absorbed dose to the mouse was calculated by summing the organ doses.
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RESULTS

Mouse Model

The mouse model was segmented into the following tissues: Brain, Left Kidney, Right
Kidney, Lungs, Liver, Gastrointestinal tract (including the stomach, small intestine, and large
intestine), Heart, Bladder, Tumor, Bone, and the Remainder of Body (RB, made up mainly of the
muscle and skin). Both the left and right lenses of the eyes were initially included, but very
small organ volumes (one voxel in width) led to very high relative errors and so they were
excluded from the reported organs. The masses of each organ, shown in Table 2, were obtained
by multiplying the organ volume from 3D-Doctor by the corresponding tissue density from the
PNNL Compendium of Material Composition Data (McConn et al., 2011) and ICRP 145 (Kim et
al., 2020).

Table 2. Mass of mouse model organs.

Organ Mass (g) ‘
Remainder of Body (RB) | 26.194
Brain 0.267
Left kidney 0.189
Right kidney 0.149
Lungs 0.474
Liver 1.226
Gl 3.752
Heart 0.122
Bladder 0.034
Tumor 0.089
Bone 3.753
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Absorbed Dose Fractions

Each of the five decay mechanisms of 64Cu were run in MCNP, with the particle starting
in each of the 11 source organs. The result of every tally was the energy deposited per starting
particle in the target organ in MeV. The tally value was converted to Joules using a conversion
factor of 1.60218 x 10713 J/MeV. That value was multiplied by the decay yield of the radiation
mechanism (Table 1) to obtain the Joules absorbed per radioactive decay of ®*Cu due to that
specific decay mechanism. The values of each type of decay mechanism were summed to
calculate the average Joules absorbed per #Cu decay, inclusive of all decay mechanisms.

The contribution to the average total energy deposited in an organ from ®*Cu decay in
that organ by a specific decay product was calculated (Fig. 3). The beta-minus decay typically
deposited above 60% of the total energy from a ®*Cu decay in an organ, while the positron
deposited above 30% of the energy. The Auger electrons only deposited about 1% of the total
energy. It is important to note that these values do not show the energy deposited by every
decay of ®4Cu in that organ, but represent a hypothetical decay in which every decay
mechanism occurs and delivers a dose weighted by the probability that the specific decay

mechanism occurs.
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Figure 3. Fraction of the average total absorbed energy per 8Cu decay by radiation type, for
decay situations in which the source organ of the decay is also the target organ measured.

Finally, the average absorbed dose in Gray in each target organ due to a ®*Cu decay in a

source organ was calculated by dividing the Joules absorbed by the mass of the target organ

(Table 3).
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Table 3. Absorbed dose in Gray per decay of ®Cu, from source to target organ in the MCNP mouse model.

Source Organs
Target Left Right Total to
Organs Kidney | Kidney Liver Heart Bladder Tumor Bone Organ

RB 2.3E-12

Brain 3.2E-11

Left Kidney 4.2E-11

Right Kidney 5.1E-11

Lungs 2.7E-11
Liver 1.3E-11
Gl 6.9E-12
Heart 6.4E-11
Bladder 1.4E-10
Tumor 6.6E-11

Bone 6.1E-12
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Organ Dose Estimates

Two published studies with 84Cu-ATSM biodistribution data in tumor-bearing and non-
tumor bearing mouse models were used to estimate organ and whole-body absorbed doses
from tracer and therapeutic injections of 4Cu-ATSM.

In the first study by Hueting et al. (2014), 10 MBq of 5*Cu-ATSM were injected into the
lateral tail vein of CBA mice bearing CaNT tumors over 1 second. The biodistribution of the
radiopharmaceutical was reported at 15 minutes, 2 hours, and 16 hours in the blood, tumor,
muscle, stomach, small intestine, large intestine, spleen, liver, kidneys, heart, and lungs. The
amount of radioactivity in the organs and tissues was reported as the percentage of the

injected dose per gram (%ID/g) (Hueting et al., 2014):

%ID activity in tissue
g (weight of tissue) X (activity injected) x 100

Radiation absorbed doses in the organs and whole-body absorbed dose to the mice were not
reported. The biodistribution data for organs that matched those in the model were used. Since
the study reported the stomach, small intestine, and large intestine as three separate organs,
the %ID/g were summed to account for the Gl tract in this study’s mouse model. Accordingly,
the mass of the Gl tract from this study’s mouse model was used. Similarly, the activity in both
kidneys was reported as a single value. The %ID/g was divided by two to use the current study’s
separate kidney masses and absorbed dose calculations. The spleen and muscle were not
included in the MCNP model and were summed to use the data for the Remainder of Body.

For this study, the reported %ID/g was multiplied by the activity injected (10 MBq) and
the mass of the organ from the mouse model to obtain the expected activity in each model

organ at each time point. The accumulated activity in each organ over 16 hours was calculated
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by plotting the three time points (15 minutes = 900 seconds, 2 hours = 7200 seconds, 16 hours
= 57600 seconds) and associated activities (in Bq) and finding the area under the curve (AUC).
Finally, the total number of decays in the source organ over the 16 hours was multiplied by the
dose in Gray absorbed in each target organ per decay of ®4Cu in the source organ (Table 4). The
dose to each organ were summed to estimate the whole-body absorbed dose to the mouse:
6.02 Gy.

Table 4. Absorbed dose in Gray to the mouse model organs over 16 hours, using biodistribution
data from Hueting et al., 10 MBq of ®*Cu-ATSM injected.

Target Organs Dose (Gy)

Skin 0.21
Brain 0.08
Left Kidney 0.75
Right Kidney 0.66
Lungs 0.52
Liver 0.83
Gl 1.45
Heart 0.45
Bladder 0.62
Tumor 0.20
Bone 0.24
Whole Body 6.02

Next, the organ and whole-body absorbed dose to the mouse model were estimated
based on the biodistribution of #4Cu-ATSM reported by Yoshii, et al. (Yoshii et al., 2014). A
tracer amount of 84Cu-ATSM (185 kBq) was injected into HT-29 tumor-bearing BALB/c male
nude mice with or without penicillamine treatment. The penicillamine treatment was designed
to reduce radiation exposure in non-target organs, particularly the liver. In the experiment with
tumor-bearing mice, biodistribution data were reported at 2, 4, 6, 16, and 24 hours in the same

organs, plus the tumor (Yoshii et al., 2014). The activity in the organs and tissues was again
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reported as (%ID/g) in a bar graph (Yoshii et al., 2014), and were approximated for their use in
this paper. Similar to Hueting et al.’s study, radiation absorbed doses in the organs and whole-
body dose to the mice were not reported.

Yoshii et al. included the biodistribution data for the small intestine and the large
intestine, which were summed to be compatible with the gastrointestinal (Gl) data from this
study’s mouse model. The activity in both kidneys was reported as one kidney; accordingly, the
reported %ID/g was divided by two to use the current study’s separate kidney masses and
absorbed dose calculations. The organ and whole-body absorbed doses in Table 5 were
calculated as described above.

Table 5. Absorbed dose in Gray to the mouse model organs over 24 hours, using biodistribution
data from Yoshii et al., 185 kBq of ®*Cu-ATSM injected with no penicillamine.

Target Organs Dose (Gy)

Skin 0.00
Brain 0.00
Left Kidney 0.02
Right Kidney 0.02
Lungs 0.01
Liver 0.04
Gl 0.04
Heart 0.01
Bladder 0.01
Tumor 0.00
Bone 0.00
Whole body 0.16

To compare absorbed doses between the Hueting et al. and Yoshii et al. studies, the
biodistribution data from the Yoshii study were approximated for 10 MBq of 84Cu-ATSM
injected dose and calculated over a 16-hour period. The whole-body absorbed doses did fall,

along with the doses to the tumor and liver (Fig. 4).
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Figure 4. Absorbed dose in Gray to the mouse model organs over 16 hours, using
biodistribution data from Yoshii et al., assuming 10 MBq of ®*Cu-ATSM injected and varied
penicillamine treatments, compared to biodistribution data from Hueting et al., assuming 10
MBq of %4Cu -ATSM injected.
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DISCUSSION

64Cu-ATSM is a radiopharmaceutical that has been examined for its potential as a
theragnostic agent, particularly in regard to overreduced hypoxic tumor environments
(Fujibayashi et al., 1997, 2020; Hueting et al., 2014; Yoshii et al., 2014, 2018). Multiple studies in
rodents have shown its use as a tracer for positron-emission tomography (Anderson & Ferdani,
2009; Fujibayashi et al., 1997) and have correlated injected dose to survival and tumor control
(Yoshii et al., 2018). However, an analysis of the organ absorbed doses and whole-body
radiation absorbed dose in a mouse model does not appear to have been reported previously.
To this end, a MNCP-compatible voxelized mouse model was examined in MCNP in order to
determine the average absorbed dose in various target organs from a single ®*Cu decay in a
source organ in the mouse body. The total absorbed fraction in Gray per organ was used with
published ®*Cu-ATSM biodistribution data to estimate the organ absorbed doses and whole-
body absorbed dose from a known injected activity.

From a purely physical perspective, it is unsurprising that even on the small scale of the
mouse, the target organ absorbed the most energy when it was itself the source organ (Table
3). Additionally, the beta, Auger, and positron decays had generally higher energy absorbed
fractions per particle decay than the gamma and X-ray decays when the source organ was the
target organ (Fig. 2). The Auger electrons deposited approximately % of their energy in the
source organ per decay, supporting the hypothesis that the Auger electrons are contributors
toward radiation dose. However, the average Auger electron decay energy (0.0024 MeV) was

smaller than the positron average (0.2780 MeV) and beta average (0.1894 MeV) (Table 1).
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Additionally, the decay yield of Auger electrons is low, such that the Auger contribution to
energy absorbed in the (S=T) organ was small, around 1-2% of the total absorbed energy per
4Cu decay when the target organ was the source organ (Fig. 3). The energy deposited by the
gamma and X-ray decays was spread more throughout the body than just the source organ.

Given the studies that have shown Auger electron effects (Adelstein et al., 2003;
McMillan et al., 2015), it appears that Auger electrons contribute to biological outcomes via
high linear energy transfer deposited over distances on the range of nanometers to
micrometers. However, this study shows that the outcomes are likely not due to the energy
deposited by the Auger electrons, but rather from the fact that they are high-LET radiation that
is very effective at inducing double-strand DNA breaks. Therefore, future research on ligands to
deliver Auger electron emitting radiopharmaceuticals may want to focus on delivering the
nuclide as close to the cell nucleus as possible.

This study made a number of assumptions to estimate organ and whole-body absorbed
doses to the mice from the studies of Hueting et al. and Yoshii et al. First, the two studies used
different strains of mice and different tumor types. Both tumor types are known to have
hypoxic conditions, but the level of hypoxia was not reported and cannot be compared. The
level of tumor hypoxia likely affected the biodistribution data of 4Cu-ATSM. Additionally,
different strains of mice have different radiation sensitivities; BALB/C mice, those used by Yoshii
et al., are one of the most radiosensitive strains (LD50/30 = 6.4 Gy) (Plett et al., 2012; V. K.
Singh et al., 2015) . Thus, simply based on the differences in mice themselves, the calculated

organ doses for the two studies should not be directly compared.
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Additionally, the locations of the tumors in the mice were not consistent. The MCNP
mouse model used in this study had the tumor placed on the mouse flank, the Hueting study
did not specify the location of the tumor, and the Yoshii study placed the tumor on the mouse
shoulder. Since the MCNP absorbed dose fractions relied on the physical parameters of the
mouse model, the dose calculations reported should not be retroactively applied to the mice
from the studies. Rather, the reported organ doses are estimates of the doses if the model
mouse was used as a standard.

Furthermore, the penicillamine administration in the Yoshii study affected the excretion
rate of the mice, leading to higher activity excretion in the urine and feces. This study’s mouse
model did not have dose data for excretions, and so additional dose to the bladder and colon
may have occurred.

Many studies have investigated the therapeutic potential of ®*Cu in the treatment of
hypoxic cancer cells, both in vitro (Obata et al., 2005; Weeks et al., 2010) and in vivo (Lewis et
al., 2001; Yoshii et al., 2011). However, a review of published studies shows that few report the
organ absorbed doses, whole-body absorbed dose, or effective dose to the animal models
used. If a dose-response relationship is reported, the injected dose is usually the value reported
and used in the evaluation of biological effect. As demonstrated in the two published studies
considered here, differences in animal strains and tumor types can impact the organ absorbed
doses and whole-body absorbed doses, regardless of if the same injected dose is used (Fig. 4).
Additionally, differences in anatomy can impact the energy deposition; for example, the
location of a tumor contributes to the absorbed doses of adjacent organs and vice versa. Thus,

biological endpoints such as tumor reduction or non-target organ toxicity may occur at very

34



different injected doses. An anatomically accurate MCNP model of a mouse/tumor strain paired
with biodistribution data over time for that same mouse model may be a better method of

obtaining accurate absorbed dose-responses relationships at an organ and organism level.

Future Direction

One of the most limiting steps in obtaining biodistribution data from small animal
models is the restrictions associated with PET scans. They are typically expensive machines,
with limitations on the number of animals able to be scanned at a time. Cerenkov
Luminescence Tomography (CLT) provides a possible method to image PET radiotracers with a
common optical imaging system designed for bioluminescence and fluorescent studies.
Cerenkov radiation are photons produced when a charged particle, such as a positron, passes
through a dielectric medium faster than the speed of light traveling in that medium.
Pharmaceuticals such as the positron emitter 2F-fluorodeoxyglucose (FDG) and %Cu emit
radiation that are energetic enough to produce Cerenkov radiation in tissues. CLT can also be
utilized to image pure beta emitters such as Y-90, which are used for therapeutic purposes and
do not have sensitive imaging techniques. Ruggiero et al. found that Cerenkov luminescence
imaging worked for a variety of radionuclides in mice, including ®Cu (Ruggiero et al., 2010). Li
et al. (2010) found that the distribution of ¥FDG in a live mouse as assessed by CLT agreed well
with the distribution found in the same mouse by PET imaging. By fusing the CLT images with
microCT images, the researchers were able to localize the radiopharmaceutical to specific

organs (C. Li et al., 2010). This combination imaging could allow for quicker assessments of
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biodistribution and mouse-specific anatomy, to be used with an MCNP model as in this study to

determine organ and whole-body absorbed dose.
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