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Abstract

Objective. Currently, [??*Ra]RaCl, alpha-radiation radiopharmaceutical therapy (aRPT) has

been clinically approved for treating patients with metastatic castration-resistant prostate can-

cer (mCRPC) by employing short-range alpha-emitters for targeting bone metastasis (BM). The
aim of this prospective study was to estimate the absorbed dose (AD) delivered to the target tis-
sues post [***Ra]RaCl, aRPT in patients with mCRPC and symptomatic BMs by means of quan-
titative single-photon emission computed tomography/computed tomography (SPECT/CT)
imaging. Approach. Four patients with mCRPC were administered [***Ra]RaCl, by injection

in an activity of about 55 kBq kg~! intravenously on a four-week schedule for up to six cycles.

The dosimetry study was performed after the first treatment cycle. Pre-treatment assessment

was done using [*®Ga]Ga-prostate-specific membrane antigen PET/CT, [**™Tc]Tc-MDP bone
scan, and laboratory measurements. The SPECT/CT images were obtained after 3-6 h, 18-30 h,
and 163-242 h of post-administration. The calibration phantom method was used to quantify

the images, and volumes of interests delineation was performed for trabecular bone, cortical

bone, bone marrow, intestines, liver, and kidneys. A tri-exponential model was applied to calcu-
late time-integrated activity coefficients. The ADs were computed by Organ Level INternal Dose
Assessment/EXponential Modeling software. Main results. There were rapid excretions from the
liver and kidneys, while the bone compartments had high accumulation of [?**Ra]RaCl, because of
its bone-seeking effect. Large interpatient variability was noticed, especially in the intestine. High
values of AD coefficients (ADCs) were found in osteogenic cells (184 mGy MBq '), followed by
red marrow (38.10 mGy MBq '), kidneys (58 mGy MBq™!), and the liver (26.2 mGy MBq™!).
The total body ADC was 7.68 mGy MBq ™!, showing selective bone targeting and low radiation
AD:s to soft tissue. Quantitative analysis showed the bone uptake, gastrointestinal transit, rectosig-
moid accumulation, and fecal clearance. Significance. In this paper, we performed the first quanti-
tative Ra-223 SPECT/CT imaging in mCRPC patients with BMs, providing the possibility of carry-
ing out patient-specific dosimetry at multiple time points. The high AD for endosteal bones shows
good targeting of bone and low radiation off-target in this patient group. Individualized treatment
can increase the efficacy of the therapy while decreasing toxicity. Further research needs to be done
on larger populations to perform more AD escalation studies.
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https://doi.org/10.1088/1361-6560/ae88b3
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6560/ae88b3&domain=pdf&date_stamp=2026-7-22
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-8371-8832
https://orcid.org/0000-0002-7607-6859
https://orcid.org/0000-0001-7559-5297
mailto:vosoughih@tums.ac.ir
mailto:pgeramifar@tums.ac.ir
mailto:habib.zaidi@hcuge.ch
https://doi.org/10.1088/1361-6560/ae88b3

10P Publishing Phys. Med. Biol. 71 (2026) 145011 E Yazdani et al

Abbreviations

aRPT alpha-particle radiopharmaceutical therapy
ABI Abiraterone

AD Absorbed dose

ADT Androgen deprivation therapy

ALP Alkaline phosphatase

BM Bone metastases

BP Bisphosphonates

BT Blood transfusion

CB Cortical bone

Chem Chemotherapy

CR Creatinine

CRPC Castration-resistant prostate cancer
CF Calibration factor

CT Computed tomography

ECOG Eastern Cooperative Oncology Group
ENZA Enzalutamide

EMA European Medicines Agency

EOD Extent of disease

EPO Erythropoietin

FDA Food and Drug Administration

GFR Glomerular filtration rate

GS Gleason score

HEGP High-energy general purpose

Hgb Hemoglobin

HT Hormone therapy

HU Hounsfield unit

LET Linear energy transfer

LLI Lower large intestine

MIP Maximum intensity projection

MIRD Medical Internal Radiation Dose
OLINDA/EXM Organ Level INternal Dose Assessment/EXponential Modeling
OSEM Ordered-subset expectation maximization
PCa Prostate cancer

PET Positron emission tomography

PLT Platelet

PSA Prostate specific antigen

Ptx Prostectomy

RBC Red blood cell

ROI Region of interest

SD Standard deviation

mCRPC Metastatic CRPC

RLT Radioligand therapy

SI Small intestine

SPECT Single photon emission computed tomography
SD Standard deviation

TAC Time-activity curve
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TB Trabecular bone

TIAC Time-integrated activity coefficient
ULI Upper large intestine

VOI Volumes of interest

WBC White blood cell

WBS Whole body bone scan

1. Introduction

PCa stands as the second most common non-cutaneous malignancy in men and the fifth leading cause
of cancer-related deaths worldwide (Bray et al 2024). ADT is the primary therapy for advanced cases,
but about 10%—20% of patients progress to CRPC (Hotte and Saad 2010, Kirby et al 2011, Horwich et al
2013, Henriquez et al 2021). mCRPC is the most aggressive stage of PCa, characterized by a poor prog-
nosis (Shore et al 2021). Around 90% of men with mCRPC develop BMs, which significantly increase
the risk of pathological fractures, spinal cord compression, hypercalcemia, pancytopenia, severe pain,
mobility limitations, and diminished quality of life, key contributors to mortality (Costa et al 2008,
Mottet et al 2011, Nilsson 2016, Wilson and Parker 2016).

aRPT is an effective treatment, owing to the high level of localized cytotoxicity due to its short tis-
sue penetration (<100 um) and high LET (Brady et al 2013, El-Amm and Aragon-Ching 2015, Ferrier
and Radchenko 2019, Franchi et al 2023, Dadgar et al 2025). One example is Radium-223 dichloride
([***Ra]RaCl,; Xofigo®), a bone-seeking -emitting radiopharmaceutical that selectively accumulates
in areas of increased bone turnover and osteoblastic activity. Following its demonstrated ability to
improve overall survival and delay skeletal-related events in patients with mCRPC and symptomatic
BMs, [**Ra]RaCl, was approved by the US FDA and EMA in 2013 and has since represented an impor-
tant therapeutic option for this patient group (Horwich et al 2013, Hoskin et al 2014, Kluetz et al 2014,
Sartor et al 2014, Florimonte et al 2016, Wilson and Parker 2016, Suominen et al 2017, De Vincentis et al
2019).

In contrast, prostate-specific membrane antigen (PSMA)-targeting radiopharmaceuticals, such as
[2°Ac]Ac-PSMA-617 or [2* Th]Th-PSMA-617, operate by targeting a transmembrane glycoprotein that is
overexpressed on PCa cells. Meanwhile, [***Ra]RaCl, is a bone-seeking agent that binds to the hydroxya-
patite matrix in bone regions with active mineralization (Gabina er al 2026).

The therapeutic effect of [?**Ra]RaCl, arises from a-particle emissions (half-life: 11.4 d) with a sub-
millimeter tissue range (Florimonte et al 2016). Following rapid blood clearance, the radiopharmaceu-
tical preferentially localizes to areas of increased bone turnover through calcium mimicry and incor-
poration into the bone matrix. Elimination occurs predominantly via the gastrointestinal tract, with
minor renal excretion (Parker et al 2013). Localized a-particle emission induces irreparable DNA dam-
age in osteoblastic lesions, resulting in highly targeted radiation therapy with limited off-target exposure
(Harrison et al 2013, Kluetz et al 2014).

The standard regimen, established by Bayer Healthcare, administers 55 kBq kg™! per cycle over
six cycles at four-week intervals, adjusted for patient weight (Saad et al 2019, Dizdarevic et al 2020).
However, the heterogeneous nature of mCRPC and BMs with varying physiological characteristics and
tumor burden makes the fixed activity potentially suboptimal. Unlike pharmacological therapies, radio-
pharmaceutical treatments (RPTs) do not conform to dosing regimens based on body weight, as such
approaches are not ideal for achieving the optimal therapeutic ratio.

Fixed treatment schedules may lead to suboptimal dosing, either resulting in underdosing that com-
promises treatment efficacy or overdosing that increases toxicity. This issue is especially important for
aRPT because of the great therapeutic potential and considerable toxicological risks associated with it
(Lassmann and Eberlein 2018, Suominen et al 2019). Both the effectiveness and toxicity of [??*Ra]RaCl,
depend on the AD, which is determined by the individual biodistribution of the radiopharmaceutical
within the target tissues, such as BMs, and non-target ones (Flux 2017, Lassmann and Eberlein 2018).

[?»*Ra]RaCl, emits radiation via radioactive decay, creating a stable lead atom with an energy of
28.2 MeV, and therefore, the type of primary radiation emitted mainly involves alpha particles (~95%),
while a smaller percentage is composed of beta (3.2%) and gamma (~2%) (Florimonte et al 2016, Flux
2017). High levels of alpha emission ensure that local AD is achieved; however, the low levels of gamma
radiation make it hard to visualize due to the low photon emission (El-Amm and Aragon-Ching 2015,
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Dizdarevic et al 2020). This implies that previous dosimetry studies used planar imaging and pharma-
cokinetics without considering the individual variation of the patients (Carrasquillo et al 2013, Lassmann
and Nosske 2013, Yoshida et al 2016, Pacilio et al 2016b, Benabdallah et al 2019, Hollriegl et al 2021,
Sciuto et al 2021, Lassmann and Eberlein 2023, Li et al 2024).

A successful and fully personalized approach to treatment planning involves solving these prob-
lems using advances in quantitative imaging, internal dosimetry, predictive models for effectiveness
and toxicity, and treatment optimization (Strigari et al 2014, Lassmann and Eberlein 2018, Sciuto et al
2021). Quantitative imaging by SPECT/CT provides an interesting way to perform accurate three-
dimensional dosimetry for [?**Ra]RaCl,, taking into consideration the intrinsic difficulties associated
with this radioactive isotope due to its decay characteristics (Lassmann and Eberlein 2018). There is
already evidence of the feasibility of performing quantitative imaging for [***Ra]RaCl, (Owaki et al 2017,
Benabdallah et al 2019, Abou et al 2020, Cartee et al 2024).

This study aims to quantify ADs in mCRPC patients with BMs utilizing serial quantitative
SPECT/CT imaging following [*2*Ra]RaCl, administration. By providing detailed organ-specific dosime-
try and biodistribution data, we seek to enhance treatment personalization, optimize therapeutic out-
comes, and minimize toxicity. These findings serve as a foundation for future risk assessments, AD-
escalation strategies, and comparisons with other therapeutic radiopharmaceuticals, advancing the pre-
cision of aRPT in clinical practice.

2. Materials and methods

2.1. Study design

The study was designed as an observational, prospective investigation to estimate the ADs in target tis-
sues resulting from [?’Ra]RaCl, aRPT in a cohort of mCRPC patients with isolated symptomatic BMs.
Although each patient was scheduled to receive six cycles of [??*Ra]RaCl,, dosimetry analysis was specif-
ically conducted for the first treatment cycle. Patient enrollment was based on pre-treatment imaging
assessments. As illustrated in figure 1(a), mCRPC patients with symptomatic BMs received [***Ra]RaCl,
administration.

Schematic illustration of the cellular and subcellular effects of « radiation, particularly o radiation
emitted by the BM of vertebrae, is illustrated in figure 1(b). It is important to mention that o parti-
cles cause irreparable damage to DNA, mainly via double-strand breakages that lead to cell death. Serial
SPECT/CT scans with v radiations of [?**Ra]RaCl2 were carried out post-administration for dosimetry
(figure 1(c)).

In quantifying the image data, a phantom scan was performed, allowing computation of the CE
VOIs were identified on the SPECT/CT images of both normal and abnormal structures for the calcu-
lation of AD in these areas. TIACs were computed in each VOI using the fitting functions (figure 1(d)).
Dosimetry of lesions/target organs was subsequently carried out with the help of the OLINDA/EXM
package.

2.2. Study participants

The present prospective study was conducted on four patients with mCRPC receiving aRPT treatment
with [?2Ra]RaCl2 at our center during the period of August 2023—May 2024. Activity administration
was based on the manufacturer’s instructions for an activity of 55 kBq kg™' given via intravenous infu-
sion. Only one dosimetry session was conducted following the first treatment cycle. This study was
approved by the ethical committee of our institution (IR.IUMS.FMD.REC.1401.505) and conducted in
accordance with the Declaration of Helsinki.

Pre-enrollment evaluations included medical history, clinical examination, and laboratory tests (PSA,
liver function, ALP, and hematological parameters such as WBC, RBC, Hgb, and PLT count. Imaging
modalities included [*®Ga]Ga-PSMA PET/CT and [*®™Tc]Tc-MDP WBS.

The inclusion criteria consisted of a diagnosis of mCRPC, with the existence of at least two symp-
tomatic BMs in the context of ADT therapy, ECOG performance scale 0-2, no visceral metastasis or
lymph nodes more than 3 cm in diameter, survival time of more than six months, age more than
18 years, good hematological parameters, and availability of functional imaging ([®®*Ga]Ga-PSMA
PET/CT and WBS) performed within one month before entry into the study. Participants had to
undergo at least two previous therapies. The exclusion criteria included a lack of understanding of the
protocol or an inability to give informed consent.
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Figure 1. Scheme of the study and dosimetry process: (a) data collection and [?**Ra]RaCl, administration, (b) mechanism of
action of c-radiation on cells and subcellular structures, (c) SPECT/CT imaging after treatment, calibration, and VOIs defini-
tion, (d) calculation of time-integrated activity coefficient (TIAC) and absorbed dose in VOIs using OLINDA/EXM software.

BMs were observed in the vertebrae, ribs, sternum, pelvis, and proximal appendicular skeleton based
on pretreatment [*™Tc|Tc-MDP scan. BMs were also present in the skulls of all patients, except patient
number 2 (P2), and in the distal appendicular skeleton of all patients, except P1.

Blood samples were collected before and seven days after [**?Ra]RaCl, «RPT administration.
Supplementary table S1 provides a summary of the patients’ demographic and clinical character-
istics, including the GFR, calculated using the Cockcroft-Gault formula (equation (1) in units of
ml/min/1.73 m?, as well as the administered activity (MBq),

[(140 — age) x weight (kg)]

[72 X serum creatinine (%)]

GFR =

(1)

2.3. Image acquisition and reconstruction

Three images were acquired after the first cycle with the time intervals of 3—-6 h, 18-30 h, and 163-242 h
(~6-10 d) after administration. Such an imaging schedule corresponds to the optimal time interval for
sequential acquisition described by Pacilio et al (2016b). However, some changes were made for patient
comfort. For imaging, a dual-head gamma camera (Siemens Symbia T2, with a 3/8 inch crystal) was
used. Acquisition parameters, including energy windows and collimator type, were determined accord-
ing to the literature recommendations (Pacilio ef al 2016a, Owaki et al 2017, Benabdallah et al 2019).
The three imaging time points for an mCRPC patient are illustrated in figure 2, where the upper row
shows a coronal view of SPECT/CT images and the lower one presents a MIP view of SPECT images to
demonstrate biodistribution behavior.

Imaging was conducted using a HEGP collimator, capturing 64 projections per head with an acqui-
sition duration of 30 s per projection. The energy window settings were selected based on the peak pho-
ton intensities emitted by 2’Ra (Benabdallah et al 2019). Accordingly, three primary photopeak energy
windows were utilized: 85.0 keV £ 20%, 154.0 keV £ 10%, and 270.0 keV £ 10%, encompassing several
photon emission ranges from ??Ra and the 271.0 keV photons emitted by its daughter nuclide 2Rn.
Additionally, three scatter correction energy windows were defined: 47.0-67.0 keV, 103.0-123.0 keV, and
210.2-242.8 keV (Benabdallah et al 2019).

The collimator selection was informed by Owaki et al’s findings (2017), which demonstrated that
using an HEGP collimator provides superior image quality, enhanced contrast, and improved lesion
detection compared to the MEGP collimator. SPECT images were reconstructed on a 64 x 64 matrix
(voxel size, 9.59 x 9.59 x 9.59 mm?) using the 3D OSEM algorithm, incorporating corrections for
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~19 h p.i.
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Figure 2. SPECT/CT imaging of an mCRPC patient at 3 h, 19 h, and 163 h post-injection. Top row: SPECT/CT coronal views;
bottom row: MIP views of SPECT, illustrating biodistribution.

Laep

attenuation, scatter, and collimator—detector response. The OSEM parameters were set to 4 itera-
tions and 2 subsets with Gaussian post-smoothing filtering (FWHM 8.4 mm) (Owaki et al 2017).
A low-dose CT scan was acquired for attenuation correction, featuring a 512 x 512 matrix, a

0.97 x 0.97 x 9.13 mm? voxel size, 110 kVp, 80 mA, a slice thickness of 3 mm, and a pitch of 1.5.

All SPECT acquisitions and reconstructions were optimized for *’Ra imaging, taking into account
its low photon yield and multi-energy emission spectrum. Attenuation correction was performed using
the low-dose CT images, scatter correction was applied using multiple adjacent energy windows, and
collimator—detector response modeling was included during iterative reconstruction. Count density rates
were monitored during image acquisition and remained within the linear response range of the gamma
camera, minimizing dead-time-related inaccuracies.

Partial volume effect (PVE) correction was not applied in this study. Given that dosimetry was per-
formed primarily at the organ and large-volume bone compartment level and considering the spatial
resolution limitations and low-count statistics inherent to *>Ra SPECT imaging, the impact of PVE on
the reported AD estimates was considered negligible.

2.4.CF

Accurate activity quantification via imaging is crucial for calculating ADs and optimizing personalized
treatment planning (Pacilio et al 2016b). The gamma camera’s sensitivity for >Ra was measured in

air, with a ?*3Ra solution placed in a Petri dish on the patient table (Pacilio et al 2017). Acquisitions
were conducted with an activity of 46 uCi (1.66 MBq). Calibration for >*Ra was performed using the
SPECT/CT system, following the patient’s imaging protocol parameters. To ensure accuracy, the activ-
ity was decay-corrected to the mid-time point of image acquisition. The CF for ***Ra concentration (cps
MBq~!) was determined using the following equation (Dewaraja et al 2012):

Cmeasured
CF=—"—" 2
A() Xt ( )

Cmeasured 15 the average number of counts in the reconstructed SPECT image in the delineated 3D VOI, ¢
is the acquisition duration, and A, is the activity in the vial.
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2.5. Image segmentation
Multiple VOIs were delineated on SPECT/CT images at three time points, covering TB, CB, SI, ULI, LLI,
kidneys, liver, and bone marrow.

Following intravenous injection, [?**Ra]RaCl,, acting as a calcium analog, primarily accumulates
in the bone. According to ICRP Publication 67, approximately 25% of radium in the bloodstream is
transferred to the skeleton in adult mice (Hoskin et al 2014). In the present study, CB and TB activities
were estimated separately from CT-based segmented bone components rather than by applying a fixed
cortical-to-trabecular activity allocation. Bone segmentation was conducted using the ‘Threshold” tool in
the open-source 3D Slicer (version 5.2.2) (Fedorov et al 2012), with HU thresholds of 148-661 for TB
and 662-1988 for CB (Chougule et al 2018). For each patient, two clinicians reviewed and adjusted the
segmentations based on individual HU variations.

Due to the relatively poor spatial resolution of SPECT, especially for thin CB and trabecular struc-
tures of variable composition, the estimation of CB and TB activity can be influenced by the PVE, which
includes spill-in and spill-out within neighboring compartments of bone tissue, bone marrow, metas-
tases, and soft tissues surrounding the area of interest. The point of concern is that this particular prob-
lem arises more frequently during [?**Ra]RaCl, bone scans because of the relatively low photon flux
and low count statistics. In this context, CB and TB TACs can be considered as compartment-based VOI
activity estimates.

The density (g cm™>) of the segmented CB and TB was calculated based on HU and compared with
the density values reported by ICRP 110, which is 1.92 g cm > (Knoos et al 1986, ICRP 2009). The
mean densities for CB and TB across patients were 1.70 g cm™> and 1.29 g cm 3, respectively. It is pos-
sible that the observed differences in densities were due to the limitation of using a single-bed SPECT
image with its CT images. As a result, some parts of the body that contain both CB and TB could not
be segmented.

Additionally, the spongy (trabecular) bone regions of the T9-L5 thoracic and lumbar vertebrae, as
well as the hip bones, which are in the SPECT/CT field and known to contain substantial red marrow,
were segmented (Hemmingsson et al 2023). These regions were presumed to consist primarily of TB, red
marrow, and blood vessels (Griffith 2013). VOIs within the vertebrae and hip bones (left and right) were
manually delineated, excluding metastatic sites, as shown in figure 3. In this figure, the top row shows a
transaxial SPECT/CT image, with bone marrow segmentation of the hips highlighted in cyan. The sec-
ond row contains two vertebrae showing the segmentation of the bone marrow without the presence of
any metastases. The third row contains the two vertebrae viewed in CT only.

Other VOIs were initially segmented using the Al-based TotalSegmentator tool on CT images from
each time point (Wasserthal et al 2023). The colon was first delineated as a single structure and later
manually divided into ULI (including ascending and transverse colon) and LLI (including descending
and rectosigmoid colon), while the left and right kidneys were carefully integrated into a single VOI.
Figure 4 illustrates VOI segmentations on SPECT/CT images of a patient, shown in posterior and ante-
rior 3D views.

2.6. Biodistribution and dosimetry
Each VOI activity was determined using the ‘Segment statistics’ tool in 3D Slicer (version 5.2.2) for each
imaging time point (Fedorov et al 2012). TACs were fitted by applying the fully analytical tri-exponential
algorithm, which is explicitly tailored to empirical integration of the temporal data points (three time
points) in voxel-based dosimetry (Jackson et al 2020). The slowest exponential term (k3) was fixed to
the physical decay constant of **Ra (A = 0.002 52 h™!), whereas the rest of the parameters were solved
analytically via a piecewise method. This approach was preferred over the least squares iterative fit to
prevent convergence to a local minimum and guarantee consistent VOI processing. The measured activ-
ity concentrations were normalized to the injected activity to enable direct comparison between patients
and organs.

A tri-exponential decay model was used to describe the pharmacokinetic behavior of each VOI
according to:

A () =Aje M £ Aje k! 4 Aze™ ! (3)

where A (t) represents the decay-corrected activity concentration (kBq-ml™!), A}, A,, and Aj; are the
fitted amplitude coefficients with identical units, and k;, k;, and ks are pharmacokinetic rate constants
expressed in h™!. Time t is defined in hours relative to radiopharmaceutical administration.

Tri-exponential and bi-exponential fitting functions were applied to compare residence time results
from two methods using a custom Python script. TACs were generated from time points starting at (0,
0) as the initial point, with all subsequent measurements included for both models.
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Figure 3. Top row: Transaxial SPECT/CT of a patient, showing bone marrow segmentation (cyan) in the hip region, excluding
metastases. Middle: SPECT/CT of two vertebrae, segmenting bone marrow while excluding metastases. Bottom: CT-only views
of the same vertebrae.

The physical decay of [??Ra]RaCl, (half-life = 274.46 h) was incorporated analytically during inte-
gration to estimate cumulative activity contributions accurately (Jackson et al 2020). TIACs for each
organ were calculated by analytically integrating the fitted decay-corrected TACs from t = 0 to infin-
ity, thereby accounting for both the measured pharmacokinetics and residual activity beyond the final
imaging time point.

For dosimetric analysis, ADs were estimated using OLINDA/EXM software V1.1, which applied the
MIRD algorithm commonly used for beta and gamma-emitting radionuclides (Stabin and Siegel 2003,
Stabin et al 2005). When determining the AD using the MIRD formalism with tabulated S values for
a phantom (such as the reference man), it is assumed that the patient’s anatomy matches that of the
phantom. To tailor the dosimetry to a specific patient, the S values can be adjusted based on the mass
of the patient’s target organ. To improve mass estimation, patient-specific adjustments were applied to
the OLINDA S-values using organ segmentation from CT scans acquired for PET attenuation correction
shortly before treatment. The mass (in grams) was calculated as the product of volume and estimated
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ULI Cortical bone
LLI Trabecular bone

Small intestine

Bone marrow

Figure 4. Segmentation of VOIs on SPECT/CT images of an mCRPC patient, shown in posterior and anterior 3D views, includ-
ing bones, kidneys, liver, small intestine, upper large intestine (ULI), lower large intestine (LLI), and bone marrow.

density (mass = density x volume), where both volume and mean HU were obtained using the Segment
Statistics module in 3D Slicer (version 5.2.2) (Fedorov et al 2012). The density was approximated from
HU values using equation (4) (Schneider et al 2000):

. g Mean HU
Density (-£) = 1.0+ =50 4
A 000 @
Because there is an inverse relationship between AD and the mass of the target area, scaling the values
can significantly impact the results. The following equation shows how the S factor for the patient can
be scaled based on the mass of the patient’s target organ:

Mphant

- phantom

Spatient ~ Sphantom X ——. (5)
Mpatient

The resulting patient-specific organ masses are summarized in supplementary table S4, which also
includes mean values across patients and a comparison to the corresponding OLINDA/EXM adult male
phantom masses. Patient-specific mass for each organ was determined only for macroscopic organs,
which can be identified from CT images. Patient-specific masses were not determined for the osteogenic
cells and red marrow. The osteogenic cells represent the microscopic endosteal target layer. It is an entity
that cannot be resolved by means of CT or SPECT/CT imaging methods. It was therefore important to
keep the osteogenic cell mass as the reference mass for the MIRD/OLINDA formalism. In a similar way,
although marrow-containing skeletal regions have been used for estimation of the activity, CT cannot
differentiate between the active red marrow, TB cavities, yellow marrow, metastasis, and adjacent skeletal
regions. The total AD in the target region was determined by summing the contributions from all source
regions, accounting for the decay of Ra-223 and its daughter nuclides.

Ra-223 and its associated daughter nuclide doses have been computed on the basis that decay will
occur at the decay site of the parent nuclide. This is because Ra-223 decays mainly by the emission
of alpha rays; therefore, additional assumptions have been made for the intestine, red marrow, and
bone/osteogenic cells in order to enhance the estimation of the AD.
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For improved dosimetric analysis, an analysis of the impact of the daughters that arise from the
decay of the Ra-223 was considered, taking into account mainly those daughters that are localized in
the area of the decay of the parent radionuclide. In particular, the primary daughter isotopes, such as
[?"Rn] and [*'°Po], have very short half-lives (4 s and less than 0.01 s, respectively). Since the decay
takes place rapidly inside the bone or neighboring tissue, there is no significant transport of those iso-
topes. Since the short-lived daughters are characterized by their transient state, it was assumed that the
contribution of their presence in the dosimetric calculations outside the region of local decay would be
insignificant. However, the next daughter isotope, [2'Pb], having a lifetime of 36.1 min, was considered
because of its longevity inside the body, where accumulation takes place primarily in the liver and kid-
neys. At that, the contribution of the daughter isotopes to the dosimetry calculations is insignificant any-
way, due to the short lifetimes and rapid decay. Thus, their inclusion in the AD estimation for non-bone
tissues was not considered necessary for the scope of this study.

3. Results

Figure 5 illustrates the TACs of the fraction of injected activity over time (in h) for different organs
across patients. The liver, kidneys, and intestines exhibit an initial rapid washout phase followed by a
slower elimination phase, reflecting typical organ kinetics. Notably, the intestines demonstrate consider-
able interpatient variability, with the ULI showing an early peak, indicating rapid transit and excretion.

Bone compartments (CB and TB) display a more gradual decline in activity, suggesting prolonged
retention compared to soft tissues. Bone marrow activity also shows an initial rapid decline in activ-
ity, followed by a slight but continuous decrease over time. Among the patients, P1 showed faster liver
clearance, but a prolonged retention in the LLI with a high initial peak, indicating delayed transit and
excretion. This pattern can be explained by the rapid excretion of the radiotracer from the liver into the
intestine, followed by slow transit through the large intestine. This inter-patient variability demonstrates
individual differences with respect to the pharmacokinetics and biodistribution of [**Ra]RaCl,. This
suggests that AD calculations may vary between patients, impacting their treatment response.

Supplementary table S2 gives a complete overview of the mean and SD of activities (MBq) and vol-
umes (cm3) of several organs at three different time points per patient. Detailed activity measurements
were done for the liver, kidneys, SI, ULI, LLI, BM, CB, and TB. Thus, it is possible to observe how the
activities and organ volumes changed over time. It is important to point out that, since only single-bed
SPECT imaging was performed, the field of view for activity quantification was limited. In this regard,
organ volumes obtained by SPECT/CT imaging (as shown in supplementary table 2) are the organ vol-
umes visible in the field of view for activity quantification and not the whole organ volumes. Organ
volumes required for OLINDA/EXM for patient-specific mass scaling (see supplementary table 4) were
obtained using full-body CT scans for PET attenuation correction.

The variation in residence time is mathematically expressed in supplementary table S3, where the
means of residence times or TIACs have been presented for all the organs and patients using Tri-exp
and Bi-exponential fitting equations. Mean absolute error (MAE) between the two approaches has been
determined for each organ. The overall MAE per patient was calculated as the average of organ-specific
MAE values across all organs. The close agreement between TIAC values derived from bi-exponential
and tri-exponential fitting (MAE< 5%) confirms that the integrated activity estimates are robust to the
choice of fitting function, despite the limited number of imaging time points. For P1, rapid clearance
was noted in the liver (5.79 h) and kidneys (3.44 h) based on the Tri-exponential model, while pro-
longed retention was observed in the TB (45.03 h). Similar trends were seen with the Bi-exponential
model, with liver retention at 6.16 h and kidneys at 3.60 h, and TB retention at 45.33 h.

For P3, extended residence times in CB (48.82 h with Tri-exp and 48.69 h with Bi-exponential)
suggested prolonged skeletal uptake. The difference in radiotracer retention between CB and TB in
our study, along with the heterogeneous results from previous studies (Lassmann and Nosske 2013,
Chittenden et al 2015, Yoshida et al 2016, Poeppel et al 2018, Hollriegl et al 2021), may indicate the level
of osteoblastic activity in metastatic lesions. Specifically, in cases with metastasis showing high osteoblas-
tic activity, usually seen with higher HU on CT images, BMs might be categorized as CB, whereas those
with lower osteoblastic activity (indicated by lower HU) may be categorized as TB.

Furthermore, P4 demonstrated significantly extended retention in the ULI (63.51 h with Tri-
exponential and 65.38 h with Bi-exponential). As mentioned earlier, the radiotracer undergoes hepato-
biliary excretion, where it is secreted into bile by the liver and subsequently transported into the intes-
tine for elimination via feces. Since GI activity, including the liver and bile system (the primary excretion
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Figure 5. Time-activity curves (TACs) for each source organ in patients (P1-P4) receiving [2*Ra]RaCl,, with tri-exponential fits.

Table 1. Mean absorbed dose coefficients (ADCs, mGy MBq™!), with contributions from alpha, beta, and gamma radiation to the total
absorbed dose, following [??*Ra]RaCl, administration, calculated using OLINDA/EXM based on mean TIA inputs.

Target organ

Alpha (mGy MBq™!)

Beta (mGy MBq™!)

Photon (mGy MBq™!)

Total (mGy MBq~!)

Osteogenic cells
RM?®

Kidneys

Liver

Total body

ULI? wall

LLI* wall

NS

183
37.6
57.1
25.8
7.52
2.37
1.68
0.85

0.51
0.33
0.65
0.29
0.08
2.72
1.68
0.98

0.16
0.11
0.20
0.17
0.071
0.31
0.22
0.28

184
38.1
58
26.2
7.68
5.40
3.84
2.12

 Legend, RM: red marrow; ULL: upper large intestine; LLI: lower large intestine; SI: small intestine.
b Osteogenic cells, including cortical bone, trabecular bone, and bone metastases.

path for [?°Ra]RaCl,), depends on various factors such as dietary fat content, liver function, gallblad-
der ejection fraction, transit time in the SI, and bowel habits, the dosimetry pattern across patients may
vary. However, the GI tract remains one of the key target organs in [***Ra]RaCl, treatment.

Given that both the Tri-exponential and Bi-exponential models yield results within the same range,
as indicated by the MAE values, AD calculations will continue using the Tri-exp fitting function for con-

sistency in this study.

Table 1 presents the AD coefficients (ADCs) mean for different organs derived from OLINDA/EXM
for [?**Ra]RaCl, administration, using the mean and SD of residence times reported in the supplemen-
tary table S3 (using the Tri-exp fitting function as input), which includes the post-RPT three imaging
timing details for each patient. The adult male phantom model was selected, and the dosimetry was
calculated based on the Ra-223 isotope. Considering that Ra-223 has a half-life of 11.46 d, which is
greater than the 10 d cut-off for bone volume designation according to the ICRP (1979) and used in the
OLINDA/EXM Kinetic Data Form, it was decided to choose the bone volume radio button for dosime-
try calculation during the entire integration time interval (# = 0 to infinity). In addition, the weighting
factor of alpha particles was set at 1 instead of 5, which is the default in OLINDA/EXM, in order to cal-
culate the AD not biologically effective dose.

The activity and, therefore, TIAC were mostly restricted to the endosteal layer. In the case of short-
range particulate radiation, particularly a-particles and, to a lower degree, S-particles, AD remains in the
bone microenvironment and mostly affects the endosteal layer and the adjacent shallow marrow. Such a
phenomenon is not typical for the AD from photons, which have a longer range and could increase the
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Table 2. Absorbed dose coefficients (ADCs, mGy/MBq) for each patient following [***Ra]RaCl,
administration, calculated using OLINDA/EXM based on individual TIA inputs.

Organ P1 mean P2 mean P3 mean p4 mean Mean
Osteogenic cells® 184 137 200.4 211 184
RM? 38.40 28.70 41.20 44.4 38.10
Kidneys 43.90 59.9 64.60 62.9 58
Liver 9.95 28 36.30 34.8 26.20
Total body 6.33 6.19 8.79 11.1 7.68
ULI* wall 2.77 6.51 2.05 10.2 5.40
LLI* wall 9.46 2.39 1.63 2.10 3.84
SI? 2.21 2.65 1.73 1.83 2.12

2 Legend, P1-P4: four patients in this study; RM: red marrow; ULI: upper large intestine; LLI: lower large
intestine; SI: small intestine.
b Osteogenic cells, including cortical bone, trabecular bone, and bone metastases.

Table 3. Comparison of the absorbed dose coefficients (ADCs, mGy/MBq) from our study with the modeling results of Lassmann and
Nosske (2013) and Hollriegl et al (2021) and the clinical studies of Chittenden et al (2015) and Yoshida et al (2016), following
[#?*Ra]RaCl, administration.

Lassmann and Hollriegl et al Chittenden et al

This study (mGy Nosske (2013) (mGy (2021) (mGy (2015) (mGy Yoshida et al (2016)
Target organ MBq~!) MBq~ ) MBq~) MBq~!) (mGy MBq™!)
Osteogenic cells 184 761 221.11 5399 761
RM? 38.10 77.50 33.82 418 91.60
Kidneys 58 3.64 26.07 ~6 2
Liver 26.20 37.50 35.88 ~2 1.87
Total body 7.68 — — 30 14
ULI? wall 5.40 20.80 Colon: 4.82¢ 38 24.40
LLI* wall 3.84 17 61 18.80
SI? 2.12 3.59 2.36 5 5.42

 Legend, RM: red marrow; ULL: upper large intestine; LLI: lower large intestine; SI: small intestine.
b Osteogenic cells, including cortical bone, trabecular bone, and bone metastases.
¢ The cited study reported colon as a combined region, not a separate ULI/LLI.

AD at a distance from the radionuclide location. According to table 1, the maximal ADC was reached
by osteogenic cells (184 mGy MBq™!) owing to the predominance of skeletal uptake of [*2*Ra]RaCl,.
In addition, there is significant ADC in the kidneys (58 mGy MBq ') that plays the role of a clearance
organ. High ADC in the red marrow (38.10 mGy MBq ') indicates the high contribution of the bone
surface irradiation because of the short range of a-radiation. Moderate ADC in the liver (26.2 mGy
MBq™!) is explained by its involvement in systemic circulation. The intestines demonstrated variable
ADCs, where the highest ADC was detected in the ULI (5.40 mGy MBq™!).

The total body ADC was estimated at 7.68 mGy MBq~!. These results highlight the selective tar-
geting of bone structures while minimizing exposure to soft tissues, a key characteristic of [***Ra]RaCl,
therapy.

The total ADC (mGy MBq™!) for each patient is presented in table 2, highlighting the individu-
alized results obtained from OLINDA/EXM calculations. Moreover, table 3 compares the ADC (mGy
MBq~!) reported in four studies following [***Ra]RaCl, administration. These include the modeling
studies by Lassmann and Nosske (2013) and Hollriegl ef al (2021), as well as the clinical investigations
by Chittenden et al (2015) and Yoshida et al (2016). The results are relatively close to those reported by
Hollriegl et al (2021), with comparable ADCs for several organs. These differences highlight the variabil-
ity in dosimetric calculations due to model-specific parameters, including the imaging methods used.
This study employed serial quantitative 3D SPECT/CT imaging to quantify TIAs accurately.

To compare the results of the ADs derived from the OLINDA/EXM dosimetry software with those
obtained from the MIRDcalc software, the MIRDcalc calculations were performed using the TIACs
derived from the Tri-exponential method, as shown in the supplementary table S3. The results of these
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Table 4. Absorbed dose coefficients (ADCs, mGy MBq ') for each patient following [2*Ra]RaCl, administration, calculated using
MIRDcalc based on individual TIA inputs.

Mean £ SD Mean
Organ Total in P1 Total in P2 Total in P3 Total in P4 MIRDcalc OLINDA/EXM
Osteogenic cells® 149 4 55.10 57.30 & 17.10 110 4 24.40 102 £ 32.90 103 4 55.80 184
RM?* 37 £9.62 21.80 £7.21 32.80 £ 7.15 35.20 £ 8.06 31.50 £ 16.60 38.10
Kidneys 44.10 £ 27.20 58.20 £ 18.80 64.70 = 17.00 52.40 £21.9 58.20 £ 22.10 58
Liver 11.60 £ 8.64 28.10 £ 14.40 36.4 £ 14.7 34.90 £ 10.50 26.40 £ 11.40 26.20
Total body 3.02+£1.22 2.35 £ 0.09 3.19 £ 0.87 3.22+£0.98 294 + 143 7.68
ULI* wall Colon: Colon: Colon: Colon: Colon: 5.40
LLI* wall 6.00 = 2.91 5.85 £ 2.47 2.86 £0.51 4.38 +2.54 5.50 £ 2.42 3.84
NG 2.45 £2.07 2.29 £0.96 2.22 £0.65 1.95 + 1.04 2354+ 1.18 2.12

2 Legend, P1-P4: four patients in this study; RM: red marrow; ULI: upper large intestine; LLI: lower large intestine; SI: small intestine.
b Osteogenic cells, including cortical bone, trabecular bone, and bone metastases.

MIRDcalc calculations are presented in table 4, and the final column contains the ADCs calculated using
OLINDA/EXM.

It is important to note that while MIRDcalc provides both the mean and SD of the ADs for each
organ, OLINDA/EXM only provides the mean values without the associated SDs. The results are gener-
ally similar between the two software, with some notable discrepancies. The comparison between the two
methods highlights potential differences in modeling approaches or input parameters, which can have
significant implications in clinical dosimetry applications.

4. Discussion

[?2*Ra]RaCl, is administered at a fixed activity to treat mCRPC patients with BMs; however, individ-
ualized dosimetry is essential to optimize efficacy and minimize toxicity of a-emitter targeted therapy.
Although it improves treatment planning and risk assessment, the therapeutic impact of alpha-particle
AD remains poorly understood (Sgouros et al 2010).

In clinical studies, pharmacokinetics were assessed through serial whole-body planar imaging, with
additional compartmental modeling aiming to model the distribution (Sgouros et al 2010, Chittenden
et al 2015, Yoshida et al 2016, Hollriegl et al 2021). Table 3 presents AD data obtained in previous clini-
cal and modeling studies, as well as in the current study, where serial quantitative 3D SPECT/CT imag-
ing was performed. The primary goal of this study was to gain a deeper understanding of the phar-
macokinetics and biodistribution of [?**Ra]RaCl,. To the best of our knowledge, this is the first study
utilizing quantitative 3D SPECT/CT serial imaging to evaluate the pharmacokinetic behavior of differ-
ent organs during [?**Ra]RaCl, therapy. Due to the high-energy deposition of Ra-223, a relatively low
injected activity is sufficient for therapeutic purposes, which leads to a lower count rate on the gamma
camera.

Owaki et al (2017), first assessed the feasibility and clinical utility of Ra-223 SPECT in ten
patients with mCRPC, who underwent SPECT imaging 2 h after Ra-223 injection, demonstrat-
ing its potential for clinical applications. The study demonstrated the potential of SPECT imag-
ing in mCRPC patients to quantify uptake with greater accuracy, providing clinically meaningful
dosimetric data.

The analysis of TACs in figure 5 revealed distinct biodistribution patterns of [***Ra]RaCl, across
organs, with notable interpatient variability. The high uptake in TB and CB aligns with the known
bone-seeking properties of Ra-223, reinforcing its therapeutic targeting in mCRPC patients with osseous
metastases. The observed uptake in the gastrointestinal tract, particularly in the ULI and SI, sug-
gests potential elimination pathways, consistent with previously reported excretion mechanisms of
[2**Ra]RaCl,.

Despite the general consistency in distribution, interpatient variations in uptake rates and retention
times (supplementary table S3) highlight the need for individualized dosimetry assessments. Given the
significant activity in the bone marrow, further analysis is warranted to assess potential hematologic tox-
icities, particularly in patients exhibiting prolonged marrow retention. Future studies should explore cor-
relations between TAC-derived integrals and clinical toxicity outcomes to optimize patient-specific treat-
ment planning.
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According to table 3, parts of the findings of this study are in concordance with those of prior
research (Sgouros et al 2010, Chittenden et al 2015, Yoshida et al 2016, Hollriegl et al 2021). Specifically,
the pharmacokinetic data indicate that [?**Ra]RaCl,, a calcium analogue, was selectively accumulated in
bone, corroborating earlier observations (Nilsson et al 2005, Carrasquillo et al 2013). The present study
found an osteogenic cell mean AD of 914 mGy MBq ™!, lower than the 5399 mGy MBq ™' reported by
Chittenden et al but within the range of other studies. This difference can be partly due to different lev-
els of BMs, patient-specific uptake in bones, imaging method, and dosimetry modeling assumptions. Red
marrow mean AD (188 mGy MBq™!) exceeded modeling estimates but remained lower than Chittenden
et al’s clinical values (2015).

Notably, renal mean AD (45.90 mGy MBq~!) was higher than both modeling (Lassmann and Nosske
2013, Hollriegl et al 2021) and clinical studies (Chittenden et al 2015, Yoshida et al 2016), indicating
potential renal uptake. Moreover, liver mean AD (40.60 mGy MBq~!) was higher than in clinical stud-
ies (Chittenden et al 2015, Yoshida et al 2016), but within the range of modeling studies (Lassmann and
Nosske 2013, Hollriegl et al 2021). The last two clinical studies relied on 2D planar imaging, which is
susceptible to structural overlaps and limitations in spatial resolution. This overlap, especially in regions
like the gut, likely obscured the uptake in the kidneys and liver, leading to an underestimation of the
AD:s in those organs. Previous studies reported some small and unspecified amount of uptake in the kid-
neys and the liver, but this could be seen only in the first 4 h after injection. Our study, on the other
hand, used 3D quantification SPECT/CT serial imaging. This method allows for more accurate quantita-
tion of radiopharmaceutical uptake in the body. 3D SPECT/CT imaging also provides improved images
for better organ delineation and more specific radiopharmaceutical uptake in the kidneys and the liver.

Furthermore, Hollriegl ef al (2021) employed compartmental modeling, reporting higher kidney
and liver ADs compared to clinical studies (Carrasquillo et al 2013, Chittenden et al 2015, Yoshida et al
2016). They attributed this discrepancy to the use of ROIs to derive cumulated activities in these clinical
studies. Although our ADs remain higher than those reported by Hollriegl et al (2021), this distinction
points out the shortcomings of compartmental modeling in a clinical situation. In contrast to compart-
mental modeling, more quantitative imaging procedures such as 3D SPECT/CT yield more accurate data
regarding dosimetry. The outcome of our analysis indicates that the appropriate AD is applied to the
bone in order to reach the target BMs without causing any radiotoxic effects on other tissues.

As shown in supplementary table S1 (GFR values prior to treatment), supplementary table S3 (resi-
dence time), and table 1 (ADs), a clear trend was observed in which patients with reduced GFR (more
pronounced in patient 3) exhibited higher renal residence time and subsequently, higher AD values. This
inverse relationship between GFR and both residence time and AD suggests that impaired renal function
may prolong the residence time of the radiopharmaceutical within the kidneys, thereby increasing radia-
tion exposure. Conversely, patients with preserved or higher GFR (patient 1) tended to have lower TIAs
and ADs, likely due to more efficient renal clearance. It also appears that in patient number 3, where
the renal radiopharmaceutical clearance decreased, the liver AD has increased, and the lowest liver AD
is noted in the patient with proper renal function (patient 1). These findings highlight that although the
main source of [?*Ra]RaCl, clearance is hepatobiliary and GI tract, kidneys play a critical role in influ-
encing individual dosimetry and underscoring the importance of integrating renal function parameters,
such as GFR, into personalized dosimetry planning. Future studies should aim at exploring the relation-
ship between renal retention time and long-term renal toxicity to establish safe treatment thresholds for
patients with varying levels of renal function.

The main route of excretion for Ra-223 was through the feces, with variability in excretion rates due
to individual metabolic differences and intestinal transit times (Yoshida et al 2016). Although the trans-
port mechanism from the blood into the SI remains unclear, maximum uptake occurred within 4 h, as
previously reported (Paquet ef al 2017). Activity then decreased in the SI and moved into the LLI via the
ULL Chittenden et al (2015) observed Ra-223 activity in the SI 4 h after administration. However, the
ICRP biokinetic model excludes an SI compartment, as the transfer of [?2°Ra] to the SI was considered
insignificant for radiation protection (Paquet et al 2017).

Despite the therapeutic advantages of [?2*Ra]RaCl,, clinical implementation is challenged by the
low administered activity and the limited gamma emission yield of Ra-223, which restricts conventional
imaging and hampers real-time visualization of radiopharmaceutical distribution. As a result, treatment
monitoring and AD assessment across successive cycles remain difficult in routine practice. Nevertheless,
quantitative dosimetry derived from the first treatment cycle provides a practical and informative basis
for characterizing patient-specific biodistribution and organ exposure. Such post-therapy data can sup-
port a more informed interpretation of interpatient variability and establish a foundation for future
adaptive treatment strategies.
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Although Ra-223 is administered clinically using a fixed weight-based activity, the literature high-
lights that AD-response and AD-toxicity relationships for a-particle RPT remain an active area of inves-
tigation, limiting the ability to define a universal ‘prescribed’ AD to lesions or a validated normal-tissue
AD ceiling specific to Ra-223. Previous clinical and modeling studies have emphasized that, unlike EBRT,
robust AD thresholds for BMs and red marrow in Ra-223 therapy have not yet been established, and
outcome-correlated dosimetric endpoints remain sparse (Sgouros et al 2010, Flux 2017, Lassmann and
Eberlein 2018).

In this context, the present work focuses on accurate post-therapy AD estimation following the first
treatment cycle, providing quantitative OAR dosimetry using serial 3D SPECT/CT imaging. Such data
represent a critical prerequisite for future adaptive or personalized dosing strategies, for example, by
using cycle-1 dosimetry to inform subsequent administrations. However, implementation of individu-
alized activity prescription would require further validation through larger prospective clinical trials inte-
grating multi-cycle dosimetry, toxicity endpoints, and clinical outcomes to define safe and effective AD
thresholds beyond the current fixed-activity paradigm (Sgouros et al 2010, Strigari et al 2014, Pacilio et al
2016b, Lassmann and Eberlein 2018).

Quantitative SPECT/CT imaging is a rapidly developing field with increasing potential for clini-
cal applications, although its use in routine clinical practice remains limited. The level of accuracy and
uncertainty in SPECT/CT-based activity quantification is influenced by several factors, including the
activity levels, region size, radionuclide used, and acquisition time. These factors can result in variability
in the quantification accuracy, especially when applied to alpha-emitting radionuclides like [>*Ra]RaCl,,
which has a lower signal level compared to other therapies. Consequently, uncertainties in quantitative
SPECT/CT imaging can range from 20% to 70%, depending on the treatment regimen and the specific
circumstances surrounding each case (Gabifa et al 2026).

Several sources of uncertainty must be considered when quantifying the AD in RPT. These include
both systematic and random errors, such as those related to the TAC, the fit function used for curve
analysis, and the accuracy of image registration or VOI delineation. Additionally, uncertainty in the AD
can arise from factors like the low signal levels associated with certain alpha-emitting radionuclides, such
as Ra-223. The choice of time points for image acquisition also plays a crucial role in the accuracy of
the quantification, as the redistribution of free radionuclides over time can affect the measurements.
This issue is especially relevant for daughter radionuclides that do not emit photons, which can lead
to discrepancies in the energy deposition estimation at the site of interest. For daughter isotopes with
long half-lives, the assumption that energy deposition occurs at the same site as the parent radionuclide’s
energy is no longer valid, further increasing the uncertainty (Gabifia et al 2026).

Furthermore, the accuracy of the dosimetry calculations is also influenced by the calibration of the
radionuclide calibrator used to cross-check the imaging or measurement system. To ensure high accu-
racy, the calibrator should ideally be traceable to a national metrology institute, and the traceability
should be clearly stated in the uncertainty report (Gabina et al 2026).

The uncertainty analysis of AD in alpha-particle radiotherapy remains an active area of investigation,
and as new techniques and protocols emerge, these uncertainties should be addressed and minimized in
future studies. The ongoing development of more sophisticated imaging technologies and uncertainty
analysis methods will help refine dosimetric accuracy, ultimately enabling better individualized dosimetry
and treatment planning.

This study has several limitations. First, the small sample size limits the generalizability of the find-
ings. Additionally, SPECT/CT imaging was acquired at only three time points, which may compromise
the accuracy of kinetic modeling and dosimetric estimations. Further image acquisitions were not feasi-
ble due to concerns regarding cumulative radiation exposure and adherence to the as low as reasonably
achievable principle. The scheduling of patient visits was limited by the availability of the imaging system
for research purposes. The lack of additional time points makes it difficult to determine the pharmacoki-
netics of radiopharmaceuticals. However, tri-exponential modeling was performed empirically to estimate
TIAC based on the method of Jackson et al (2020). Nonetheless, additional time points in future studies
could provide more robust kinetic data.

Moreover, for 2*Ra imaging, a medium-energy collimator is recommended (Poeppel et al 2018),
but in our center, routine SPECT imaging was conducted using LEHR and HEGP collimators, with
the HEGP collimator only available two days a week. Coordinating patient visits on those specific days,
when the center was free for research, presented a logistical challenge. In addition, the three time points
were not identical due to these constraints. Lastly, the use of single-bed SPECT imaging led to the omis-
sion of full coverage of bone marrow sites, CB, and TB from the analysis, with these regions only being
captured in a single bed. Similarly, for larger patients, the liver was not fully covered.
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Furthermore, lesion dosimetry was not considered in this study, which represents a limitation. The
current approach was intentionally selected to align with existing studies, the majority of which have
focused primarily on organ dosimetry while excluding lesion dosimetry. However, lesion segmentation
and the incorporation of pretherapy PET/CT imaging are key elements of our future direction, where we
plan to enhance the dosimetric analysis to more accurately account for lesions and their impact on AD
distributions.

In this study, we assumed that the biodistribution of the daughter isotopes mirrored that of the par-
ent *2Ra isotope, as described in previous work (Murray et al 2017). However, it is important to rec-
ognize that future studies must include the contributions of daughter isotopes to the AD results, par-
ticularly when tumor dosimetry is a consideration. ?>Ra decays via six short-lived daughter nuclides
into the stable lead isotope 20/Pb. These daughters have very short half-lives, which means their redis-
tribution in tissues could differ significantly from that of the parent isotope (Chittenden et al 2015).
Research has shown that the physical half-lives of both the parent radionuclide and the redistributing
daughters are critical factors in influencing the tumor-to-kidney AD during alpha emitter treatments
(Gabina et al 2026). Furthermore, studies have demonstrated that up to 80% of the AD in each lesion
can be attributed to the alpha and beta particles emitted by the daughter isotopes (Murray et al 2017).
Incorporating these contributions will be essential for more accurate dosimetric calculations, especially
when assessing the therapeutic impact on tumors and surrounding tissues.

The low spatial resolution of SPECT imaging (~10-15 mm) is another technical limitation that can
potentially affect the accurate localization of [***Ra]RaCl, activity in adjacent bone compartments (CB
vs TB) as well as in bone surface and bone volume. This is especially important considering the relatively
short range of alpha-particles and the localized nature of their energy deposition in bone surfaces. Partial
volume correction or high-resolution imaging can be considered for future work.

Despite these limitations, this study provides valuable insights into the pharmacokinetics and dosime-
try of [2**Ra]RaCl,, emphasizing the importance of individualized treatment planning for mCRPC
patients with BMs. Quantitative 3D SPECT/CT imaging enabled improved characterization of biodis-
tribution and organ-specific uptake, highlighting the potential influence of renal function on dosimetry
and treatment response. While the findings are promising, future studies with larger patient cohorts,
multiple imaging time points, and refined methodologies are needed to further refine individualized
dosimetry strategies. The OLINDA/EXM considers the physical decay of [*?Ra]RaCl, and its daughter
nuclides during the estimation of ADs, but the effect of the biological redistribution or remigration of
daughter atoms following their decay on the level of dosimetric analysis has not been accounted for in
the current work. This issue needs to be addressed in future work as far as the estimation of tumor AD
is concerned.

Future research could focus on modeling and quantifying the movement of these daughters to fur-
ther refine dosimetric accuracy. Furthermore, the impact of renal and liver uptake, as well as the poten-
tial for long-term toxicity, requires closer examination to ensure the safety and efficacy of [***Ra]RaCl,
therapy. Ultimately, personalized dosimetry holds the potential to optimize therapeutic outcomes and
minimize adverse effects, paving the way for more effective a-emitter targeted therapies in the treatment
of metastatic PCa

5. Conclusion

This results of this study may serve as the basis for the development of more accurate «RPT and bet-
ter treatment of metastatic PCa patients. Selective accumulation in the bones, along with pronounced
interpatient differences in biodistribution, makes a case for individualized treatment planning for maxi-
mization of the benefits and reduction of adverse events. Increased activity densities in the kidneys and
liver relative to previous 2D data are indicative of the improved accuracy of 3D visualization for the pur-
pose of radiation AD calculation. Further investigation of the relationship between radiopharmaceutical
retention and hematologic toxicity is warranted.
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