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ABSTRACT

Background: Prostate Cancer (PC) is the second leading cause of cancer death
in men, and early diagnosis is essential since localized PC is curable. International
Commission on Radiological Protection (ICRP) and Medical Internal Radiation Dose
(MIRD) guidelines should be followed to guarantee accurate and reliable dosimetry
evaluations.

Objective: In this study, the radiation absorbed dose of the human organs of
['5mn] In-PSMA-617 was estimated using animal data and Monte Carlo simulation in
Oak Ridge National Laboratory (ORNL) human phantom to evaluate the dosimetry of
a novel Single Photon Emission Computed Tomography (SPECT) agent.

Material and Methods: In this experimental study, the radiolabeled compound
was prepared at optimized conditions, and its biodistribution was studied at different
intervals. The absorbed dose of human organs was calculated by MCNPX software by
tracking a total of 10° particles for a gamma of 391.7 keV.

Results: The biodistribution of the radiotracer in animals showed the activity was
removed from the blood circulation very fast, and significant uptake was observed in
the kidneys and the PSMA-expressing organs. The kidneys received the highest ab-
sorbed dose with 9 +1 pGy/MBagq.

Conclusion: This agent shows the potential of ['*"In] In-PSMA-617 for pros-
tate cancer imaging, particularly in regions with limited access to Positron Emission
Tomography (PET) imaging. The generator-based production of !*In allows for
widespread availability, making it a practical alternative to other PSMA-based radio-
pharmaceuticals. Additionally, the low radiation burden and efficient renal clearance
support its safety for repeated imaging.
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Introduction
fter lung cancer, Prostate Cancer (PC) is the most common cause
of death for males globally [1]. Recent projections estimate ap-
roximately 299010 new prostate cancer cases and 35250 deaths
in the United States for 2024, underscoring its significant public health
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impact [2]. The timely diagnosis of PC helps
to decide better follow-up and clinical treat-
ment implementation [3]. An accurate diagno-
sis of PC allows for treatment before it spreads
in the body. The regional PC treatment has a
100% cure rate, whereas metastatic PC has a
30% survival rate after 5 years [4,5].

Prostate-Specific = Membrane  Antigen
(PSMA) is a transmembrane glycoprotein
expressed in over 90% of PC cells, with its
upregulation closely associated with tumor
progression and invasiveness. It is localized
on the surface of various tumor types, particu-
larly prostate carcinoma.

This makes PSMA an ideal target for diag-
nosing and treating PC [6-8], and its func-
tion is as a glutamate-preferring carboxy-
peptidase [9,10]. PSMA-617 is designed as
a small peptide that binds to this protein and
enables the delivery of therapeutic and imag-
ing radionuclides to cancer cells. Radioactive
compounds, such as ®¥Ga [11], ¥Zr [12], **Cu
[13], 2Ac [14],°Y [15], ?"Bi [16], **Sc, '"Lu
[17], and "'In [18] bind to PSMA-617, and
depending on the type of radionuclide; they
are also used in Positron Emission Tomogra-
phy (PET), and Single Photon Emission Com-
puted Tomography (SPECT) imaging or can-
cer treatment [11,19]. Among the diagnostic
radionuclides used in SPECT imaging, *™Tc
is the most widely employed due to its good
physical qualities and easy availability via the
Mo/*™Tc generator. However, shortages of
this necessary radionuclide have been recently
reported. To compensate for this shortcoming,
research was devoted to the development of
novel radionuclides. Meanwhile, Carrier-free
3mIp and its radiolabeled compounds have
been introduced for imaging of the body, brain,
lungs, Gastrin-Releasing Peptide Receptors
(GRPR)-expressing and neuroendocrine tu-
mors because of its short half-life (1.7 h),
gamma of 391.7 keV, and intensity of 64.2%
[20-22]. In addition to the unique properties of
this radionuclide, its radiolabeling chemistry
is straightforward and available in a generator-

based system [23].

In nuclear medicine, dosimetry is used to as-
sess the radiation absorbed dose by patients.
When licensing new radiopharmaceuticals,
the U.S. Food and Drug Administration (FDA)
and Emergency Medical Assistance (EMA)
require dosimetry tests to assess radiation ex-
posure to key organs and body parts, thereby
reducing possible hazards. Furthermore, phar-
macokinetics and biodistribution evaluations
help clinicians make educated judgments,
and adhering to International Commission on
Radiological Protection (ICRP) and Medical
Internal Radiation Dose (MIRD) guidelines
ensures that these assessments are accurate
and dependable [24]. Therefore, the accumu-
lated activity and absorbed dose of organs af-
ter injection of ['*™In] In-PSMA-617 should
be considered before using the complex as a
radiopharmaceutical in clinical applications
[25].

The MIRD methodology is a widely used
approach for estimating radiation doses in nu-
clear medicine and plays a crucial role in eval-
uating the safety and effectiveness of radio-
pharmaceuticals [26]. This method provides a
systematic framework for calculating absorbed
dose by determining the Specific Absorbed
Fractions (SAFs), which represent the frac-
tion of energy emitted by a radionuclide that is
absorbed by target organs [27]. In this study,
the MIRD approach, combined with Monte
Carlo simulations, was used to estimate the
absorbed dose of ['*™In] In-PSMA-617 in dif-
ferent human organs. The Sparks et al. method
was utilized to extrapolate activity accumula-
tion from animal models to humans, ensuring
a reliable dosimetric assessment [28]. SAF
values were calculated using computational
phantoms, such as the Oak Ridge National
Laboratory (ORNL) phantom, along with
Monte Carlo transport codes like Monte Carlo
N-Particle (MCNP) [25,29]. Since high radia-
tion doses to non-target organs remain a major
limitation of existing PSMA-based agents, ac-
curate dosimetry is essential to assess whether
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['*"In] In-PSMA-617 offers a safer alternative
with lower absorbed doses. This analysis pro-
vides critical data for supporting its potential
clinical application in prostate cancer imaging.

The field of nuclear medicine is actively
researching various radiolabeled agents for
potential use in diagnostic imaging and ra-
dionuclide therapy, and a great amount of hu-
man data is also needed. To minimize human
radiation exposure, it is essential to conduct
predictive dosimetry studies based on in vivo
biokinetics to estimate absorbed doses in hu-
mans from animal data and expedite the devel-
opment of radioactive compounds for clinical
experiments. This preliminary step is in ac-
cordance with ICRP guidelines, which rec-
ommend conducting preclinical evaluations
before proceeding to human studies involving
a limited number of volunteers [30,31]. While
radiation dosimetry is not typically part of
diagnostic tests, understanding the absorbed
doses in critical organs, such as bone marrow,
liver, kidney, spleen, etc., is pivotal for deter-
mining the maximum injecting activity and
comprehending dose-response relationships
for toxicities [32].

Existing PSMA-based radiopharmaceuti-
cals, such as ®*Ga-PSMA-11 and *™Tc-HYN-
IC-PSMA, face limitations that justify the
need for exploring alternative agents. A key
concern is the high radiation dose absorbed by
organs, which may increase potential toxicity
risks, especially in repeated imaging scenari-
os. Additionally, the limited availability of ra-
dionuclides like ®*Ga, which depends on costly
and regionally restricted generators, presents
logistical challenges. In contrast, ['*™In] In-
PSMA-617 delivers a lower absorbed radia-
tion dose and can be conveniently produced
using a generator system, positioning it as a
promising alternative for wider clinical use.
This study aimed to further investigate ['*™In]
In-PSMA-617. Dosimetry profile to support
its potential use in PC imaging. In this study,
the SAFs and S-values for different source
and target organs for '*"In radionuclide, and

absorbed dose of different human organs af-
ter injection of ['®™In] In-PSMA-617 were
calculated using the MIRD methodology and
Monte Carlo simulations.

Material and Methods

This is an experimental study.

Preparation, quality control, and
Biodistribution studies of [*3"In]
In-PSMA-617

The '3Sn/'"*™In generator was prepared by
irradiating natural indium with 30 MeV pro-
tons to produce '*Sn, which was then loaded
onto a zirconium chloride column. '*™In was
eluted from the generator by 0.05 M Hy-
drochloric acid (HCI) in the form of ['*™In]
InCl,. The radionuclide purity of '"*"In was
assessed using an High Purity Germanium
(HPGe) detector. The chemical purity of the
solvent was measured by Inductively Coupled
Plasma Mass (ICP-MS) spectrometry, and ra-
diochemical purity was determined by Radio-
Thin Layer Chromatography (RTLC) method.
Radiolabeling conditions for the PSMA-617
peptide with '*™In were optimized by adjust-
ing temperature, pH, ligand concentration, and
reaction time. RTLC and High-Performance
Liquid Chromatography (HPLC) were used
to assess radiochemical purity. ['"*™In] In-PS-
MA-617 (5.55 MBq; 200 pL) was injected into
18-week-old rats. Biodistribution of the com-
plex was assessed in rat organs at various in-
tervals (15-120 min), along with washing and
weighing tissues to calculate the percentage
Injected Dose (ID) per gram of tissue (%ID/g)
according to Equation 1. Biodistribution refers
to the distribution and accumulation of the ra-
diolabeled compound in tissues and organs,
which can indicate what percentage of the in-
jected dose is absorbed by each organ. This in-
formation is crucial for evaluating the efficacy
and safety ['*™In] In-PSMA-617 in the body
and predicting how it will be distributed in the
human body. The injected activity is not cor-
rected for decay and the mass of each organ.
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A
injected activity x Tissue wei ght(

%ID =

x100 (1)

g)

Where, A is the activity measured in the
tissue [22-23]. This study was approved by
Nuclear Science and Technology Research
Institute (NSTRI) Ethical Committee.

S-value calculations

The ORNL worked on practical dosimetry
applications for the MIRD from 1970 to 1980.
In 1987, Cristy and Eckerman developed the
ORNL phantom (Figure 1), which includes
simplified human body models of varying
ages using shapes like elliptical cylinders and
cones [33]. This model features various organs
and tissues, such as the urinary bladder muco-
sa, respiratory airways, colon, salivary glands,
kidneys, head, and brain, with mass densities
and compositions based on ICRP and Inter-
national Commission on Radiation Units and
Measurements (ICRU) publications [34].

MCNP simulates the transportation of par-
ticles like photons and electrons in organs. It
can calculate SAFs and uses various tallies,
including F6 (absorbed dose from energy

Figure 1: Oak Ridge National Laboratory
(ORNL) human phantom in A) Coronal & B)
Sagittal forms.

deposition), F4 (photon flux converted to ab-
sorbed dose), and F8 (deposited energy from
secondary particles). These methods allow for
an estimation of absorbed dose through three
different approaches [28, 35].

In this study, SAFs and S-values were cal-
culated by MCNPX in the ORNL adult male
phantom [33]. Sources were distributed uni-
formly in each source of the organs and were
identified with the Visual Editor-VISD Ver-
sion X 228, which operates on a Cartesian
coordinate system. The F6 TALLY was em-
ployed, and all output results were provided in
MeV/g. To determine energy and decay prob-
ability while minimizing errors to less than
5%, a total of 10° particles were transported.
The calculations were done without consider-
ing the energy cutoff. Finally, the SAFs were
then used to calculate the S-values for each
source and target organ. To verify the Mon-
te Carlo simulation, the calculated S-values
were compared with those in OLINDA/EXM
software [36, 37]. OLINDA/EXM is a stan-
dard software for nuclear medicine dosimetry,
calculating absorbed dose and S-value based
on MIRD models and biokinetic data using
standard phantoms.

Accumulated activities of human
organs

To estimate the human absorbed dose, the
method outlined by Sparks et al. (Eq.2) was
used to extrapolate the accumulated activity in
animals to humans [28].

Organ massy,.... / Body mass; ..

A

2
The quantity A represents the accumulat-

ed activity within the source organ, and it is
calculated using Eq. 3.

Human organ — £ Animal organ
.......

A= A(t)dt 3)
The activity of each organ at time (t) is
denoted as A(t).

The accumulated activity of the animal
source organ was calculated by graphing the
percentage of the injected dose over time and
calculating the area under the curves. The
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curves were extended to infinity by matching
the end of each curve to a mono-exponential
curve with an exponential coefficient equal to
the physical decay constant of '*™In. To esti-
mate the accumulated activity in humans, the
average weight of each organ was applied to
a typical human. Also, the organ mass of the
injected mice was used as the animal organ
mass.

Human absorbed dose

The MIRD method was used to calculate
the absorbed dose for each human organ,
employing Eq. 4.

D(r)=245(r<n) 4

ﬁ(rk) represents the absorbed dose in the
organ, and ;1,1 is the accumulated activity in
the source organs. S(r «r,) is influenced by
the physical decay properties of the radionu-

clides, the organ size, and the range of the
emitted radiations [37].

Results

Preparation, quality control, and
Biodistribution studies of ['*3"In]
In-PSMA-617

['""In] InCl,, with a radionuclide purity

7.00{cps +1000

6.004

greater than 99.99%, containing less than 0.1
ppm of potential metal ion impurities, such as
iron, zinc, copper, zirconium, and tin. A radio-
chemical purity exceeding 99% was achieved
and used for labeling purposes. The radio-
chemical purity of more than 99% was used
for labeling purposes. ['*™In] In-PSMA-617
radiolabeled compound was prepared at opti-
mized conditions (pH=3, temperature =95 °C,
time=10 min, amount of peptide =14.6 nmol)
with radiochemical purity >99% (Figure 2),
and specific activity >4.9 TBq/mmol. HPLC
analysis revealed that free indium with a more
hydrophilic nature, is washed more quickly
(3.93 min), while the radiolabeled compound
is washed after 15.54 min.

The biodistribution of radiolabeled com-
pound in animal organs was demonstrated for
up to 120 min by non-decay corrected curves
(Figure 3). It can be perceived that the con-
centration of the substance in almost all the
organs decreased with time. ['"*"In] In-PS-
MA-617 exhibited the highest uptake in the
kidneys (6.42% at 15 min), confirming re-
nal excretion as the primary clearance route,
with levels decreasing over time. Liver and
spleen retention were minimal, indicating low
hepatobiliary excretion and reduced interac-
tion with the reticuloendothelial system.

= “cH3

<
vy

o

——

=50 S min

Figure 2: High Performance Liquid Chromatography (HPLC) chromatogram of [***™In] In-PS-
MA-617 radiolabeled compound. Free indium with a more hydrophilic nature, is washed more
quickly, while [*3™In] In-PSMA-617 is washed later.
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Calculation
absorbed dose

The comparison of S-values, calculated in
this study, and those from OLINDA software
showed the difference below 5%, which con-
firmed the simulation (Table 1). The S-values
for '“"[n radionuclide were calculated on
the human ORNL phantom. Finally, the hu-
man absorbed dose after injection of ['*™In]
In-PSMA-617 was estimated according to the

of S-values and

—e—Bone

g Spleen

animal biodistribution data (Table 2).
According to the comparison of PSMA-
based  diagnostic  radiopharmaceuticals
(Table 3), ['“™In] In-PSMA-617 leaves a
much lower absorbed dose in the organs com-
pared to other radiolabeled PSMA compounds
and ICRP safety limits. This is because the
dose received by the organs (Eq. 3), is great-
ly affected by the physical properties of the
radionuclide contained in a radiolabeled
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Figure 3: Non-decay corrected curve of [**™In] In-PSMA-617 in different time points in rats.

The highest uptake in the kidneys confirmed renal excretion of the complex as the primary
clearance route. (PSMA: Prostate-Specific Membrane Antigen)

Table 1: Comparisons of S values calculated with MCNPX 2.7 and OLINDA for 3"MIn

Source Organ

Kidneys
Target Organ Heart Kidneys Liver Spleen Stomach
OLINDA 1.503E-7 9.913E-6 5.376E-7 1.222E-6 4.7T16E-7
S values (mGy/MBq.s ) :
This study ~ 8.435E-7 9.144E-6 4.976E-7 1.100E-6 4.294E-7
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Table 2: Estimation of human equivalent dose in Microgray/MegaBecquerel (uGy/MBq) and
human effective dose in MicroSievert/MegaBecquerel (uSv/MBq) after injection of [**™In]
In-PSMA-617. (PSMA: Prostate-Specific Membrane Antigen)

Target organs Equivalent dose (uGy/MBq)

*Weighting factor Effective dose (uSv/IMBq)

Pancreas 0.6+0.1
Urinary Bladder Wall 0.6+0.0
Skin 0.2+0.0
Adrenals 0.6£0.1
Heart Wall 0.8+0.0
Muscle 0.410.0
Red Marrow 0.5£0.0
Gallbladder Wall 0.8 0.1
Small Intestine 11101
Stomach 050.0
Thyroid 0.3+0.0
Bone Surfaces 0.4+0.0
Brain 0.1£0.0
Kidneys 9+1

Spleen 0.7£0.1
Liver 541

Lungs 0.4+0.0
Total Body 0.410.0

*Based on ICRP 103

compound, and also the effective half-life of
the radiotracer (Table 4).

Discussion

Extrapolating animal data to humans has
limitations, primarily due to potential differ-
ences in drug pharmacokinetics, including
organ absorption and clearance timing. These
variations can exist not only between species
but also between individuals. Such differences
may lead to over- or underestimation of the
absorbed dose in human organs. Despite these
challenges, animal studies remain an accepted
initial step in estimating human dosimetry.

Although physiological and metabolic dif-
ferences exist between species, such as mice
and humans, and even among individual
humans, these variations can influence the

0.008 0.005
0.04 0.024
0.01 0.002

0.008 0.005

0.008 0.006

0.008 0.003
0.12 0.060

0.008 0.006

0.008 0.009
0.12 0.060
0.04 0.012
0.01 0.004
0.01 0.001

0.008 0.072

0.008 0.006
0.04 0.200
0.12 0.048

0.523

biodistribution, metabolism, and clearance of
radiopharmaceuticals. Nevertheless, estimat-
ing human organ absorbed doses based on
animal biodistribution data remains a crucial
preliminary step in the development of new
radiopharmaceuticals [42]. Several methods
for extrapolating organ uptake from animals
to humans have been proposed by Sparks et
al. [28], including no extrapolation, relative
organ mass extrapolation, physiological time
extrapolation, and a combination of mass and
time-based methods. In this study, the relative
organ mass extrapolation method was em-
ployed. While the relative organ mass extrapo-
lation method assumes a proportional correla-
tion in organ uptake between species and does
not fully account for interspecies differences
in metabolic and physiological parameters, it
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remains a well-established approach for initial
dosimetric evaluations and risk assessment.
This methodology is consistent with ICRP
Publication 62 recommendations [43], and
serves as a critical tool for guiding the pro-
gression to human trials. Future studies will

aim to validate these extrapolated estimates
through comparisons with human clinical data
and published results from similar radiophar-
maceuticals, thereby further refining the accu-
racy and clinical applicability of the absorbed
dose estimations.

Table 3: Comparison of the human absorbed dose (mGy/185 MBq) for ®Ga-PSMA-11,
9mTc-HYNIC-PSMA, [#Sc] Sc-PSMA-617, and [**"In] In-PSMA-617.

(PSMA: Prostate-Specific Membrane Antigen)

Target organs

%Ga-PSMA-11 *"Tc-HYNIC-PSMA

[“Sc]Sc-PSMA-617  ["3"In] In-PSMA-617

Urinary Bladder Wall 15.5 6.53
Liver 5.44 6.96
Adrenals 1.48 0.53
Gallbladder Wall 1.36 0.48
Brain 0.59 0.08
Lungs 0.08 1.00
Spleen 0.07 1.24
Small Intestine 1.00 0.35
Heart Wall 0.84 0.72
Bone Surfaces 1.89 0.44
Stomach 0.97 0.30
Kidneys 455 5.31
Muscle 0.78 0.24
Red Marrow 2.22 0.23
Pancreas 1.32 0.46
Total Body 1.14 0.29
Reference [38] [39]

PSMA: Prostate-Specific Membrane Antigen

414 1.34
19.8 0.92
14.1 0.1
8.68 0.14
3.18 0.02
442 0.08
34.2 0.13
10.2 0.20
5.07 0.14
4.68 0.08
5.49 0.10
59.0 1.67
- 0.07
6.12 0.10
6.25 0.11
14.0 0.07
[40] This study

Table 4: Comparison of physical properties of some diagnostic radionuclides.

Radionuclides %Ga 9mTe 4“Sc 113min
Half-Life (min) 67 360 240 99
Decay mode B+ B+ IT
_ 836 (87%)

E Intensit 630.2 (94%

g (IntENSIY) 352 (1.19%) (94%)
E, .., (Intensity) 1077.34 (3.22%) 140.511 (89%) 1157.02 (99.887%) 391.69 (64.94%)

e y 1883.16 (0.137%) ' : HEERERR oY BRIA
Production (Availability) Cyclotron (Generator) ~ Reactor (Generator)  Cyclotron (Cyclotron)  Cyclotron (Generator)
Reference [41]

VIII \
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In the present study, the biodistribution of
radiopharmaceuticals in rats was determined
and extrapolated to humans based on the ac-
cepted procedures. Furthermore, it is neces-
sary to abide by the maximum allowed values
of the absorbed doses of a radiation source in
different organs as defined by the regulations
[37]. The computations suggest that the ab-
sorbed doses in every organ are within the al-
lowed level, it may be effective as a diagnostic
agent. For better understanding, the absorbed
dose received by human organs after injec-
tion of 185 MBq ['"*™In] In-PSMA-617 was
compared with other PSMA-based diagnostic
agents (Table 2).

A comparison of the physical properties of
diagnostic radionuclides, ®*Ga, *"Tc, *Sc,
and '"""In, shows that '*"In has several ad-
vantages. It has a shorter physical half-life
than both *™Tc and “‘Sc, which contributes
to a reduced effective half-life of the labeled
compound. Additionally, unlike *Ga and *Sc,
13m[n does not emit any particulate radiation,
potentially lowering radiation dose to non-
target tissues. Based on the information in
Tables 2 and 3, ['“™In] In-PSMA-617, as
promising radiotracer for clinical SPECT im-
aging, is a safe imaging agent, due to its special
physical characteristics, low human absorbed
dose, and availability in the form of ''*Sn/'3™In
generator.

This research provides important dosimet-
ric insights into ['“™In] In-PSMA-617, but
several limitations should be noted. The use
of animal biodistribution data may not fully
capture human pharmacokinetics due to dif-
ferences in organ size, blood flow, and recep-
tor expression. The Monte Carlo simulations,
though validated, assume homogeneous activ-
ity distribution, which may not reflect biologi-
cal variability. Additionally, patient-specific
factors, such as renal function and disease
progression, were not considered, potentially
affecting radiotracer clearance. While ['"*™In]
In-PSMA-617 shows a low radiation burden,
further clinical trials are needed to confirm

its safety, efficacy, and diagnostic accuracy in
prostate cancer patients. Human studies will
be essential to refine dosimetric models and
support clinical implementation.

This study pioneers the dosimetry evalua-
tion of ['*™In] In-PSMA-617, demonstrating
its feasibility as a new SPECT imaging agent
for prostate cancer. The combination of lower
radiation dose, generator-based availability,
and safety validation via Monte Carlo simula-
tions sets it apart as a promising candidate for
clinical application. [!*In] In-PSMA-617 has
significant potential for clinical applications,
especially in remote nuclear medicine centers.
Its generator-based production using the long-
lived '*Sn/'"*™In generator makes it highly ac-
cessible, cost-effective, and easier to distribute
compared to other radiopharmaceuticals. This
advantage is particularly important in regions
with limited access to advanced facilities. In
addition, ['"*™In] In-PSMA-617 offers low ra-
diation exposure to human organs and dem-
onstrates efficient renal clearance. These fea-
tures make it a promising diagnostic agent for
SPECT imaging of prostate cancer, especially
in settings where PET is not available.

Conclusion

[3[n] In-PSMA-617 demonstrates signifi-
cant promise as a safe and effective radiophar-
maceutical for SPECT imaging of prostate
cancer, especially in remote nuclear medicine
centers due to its generator-based production.
The low radiation burden to human organs,
favorable biodistribution profile, and ease
of production make it a compelling alterna-
tive to existing PSMA-based imaging agents.
The Monte Carlo simulations and dosimet-
ric evaluations have shown that the absorbed
dose from this agent is well within acceptable
safety limits, further supporting its clinical
potential. However, these results are promis-
ing, further studies, particularly clinical trials,
are needed to validate the dosimetry findings
in human subjects. These trials will be crucial
to confirm the safety, efficacy, and optimal
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clinical application of [''*™In] In-PSMA-617 in
prostate cancer imaging and to ensure its
broader use in clinical practice.
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