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Abstract

Acute hematologic toxicity is a frequent adverse effect of beta-emitter targeted radionuclide therapies
(TRTs). Alpha emitters have the potential of delivering high linear energy transfer (LET) radiation to
the tumor attributed to its shorter range. Antibody-based TRTs have increased blood-pool half-lives,
and therefore increased marrow toxicity, which is a particular concern with alpha emitters. Accurate
3D absorbed dose calculations focusing on the interface region of blood vessels and bone can elucidate
energy deposition patterns. Firstly, a cylindrical geometry model with a central blood vessel embedded
in the trabecular tissue was modeled. Monte Carlo simulations in GATE were performed considering
beta (*”’Lu, °°Y) and alpha emitters (*''At, ***Ac) as sources restricted to the blood pool. Subsequently,
the radioactive sources were added in the trabecular bone compartment in order to model bone
marrow metastases infiltration (BMMI). Radial profiles, dose-volume histograms and voxel relative
differences were used to evaluate the absorbed dose results. We demonstrated that alpha emitters have
ahigher localized energy deposition compared to beta emitters. In the cylindrical geometry model,
when the sources are confined to the blood pool, the dose to the trabecular bone is greater for beta
emitting radionuclides, as alpha emitters deposit the majority of their energy within 70 zzm of the
vessel wall. In the BMMI model, alpha emitters have alower dose to untargeted trabecular bone. Our
results suggest that when alpha emitters are restricted to the blood pool, as when labeled to antibodies,
hematologic toxicities may be lower than expected due to differences in the microdistribution of
delivered absorbed dose.

1. Introduction

The aim of targeted radionuclide therapy (TRT) is the destruction of tumors as a result of radiation delivered
from radionuclides linked to molecules that selectively bind to the intended targets, often cell surface receptors
that are overexpressed in tumors (Sgouros et al 2020). The molecular size of the targeting agents impacts their
distribution. Large targeting agents, such as antibodies, have biologic half-lives of several days. Conversely, small
molecules, such as peptides, have shorter biologic half-lives and often diffuse within tissues (Wadas et al 2014).
Beta emitters currently represent the majority of radionuclides employed in TRT and are well suited for the
irradiation of large tumors since their range is several millimeters (Marcu ef al 2018). However, the use of beta-
emitting radionuclides may result in higher received radiation absorbed doses to normal tissues, specifically when an
organ-at-risk (OAR) is close to the location of uptake, leading to the irradiation of normal cells. Alpha emitters
deposit more energy per decay, with a linear energy transfer (LET) of ~100 keV pum ™, which is greater by a factor
500 than the ~0.2 keV ym ™' LET of beta emitters. Furthermore, alpha particles have shorter ranges, below 100 zzm
(Mulford et al 2005). In the specific application of TRT, the relative biological effectiveness (RBE) for alpha particles
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is 5-fold that of the RBE of beta particles (Sgouros et al 2010). As a result, it has been suggested that alpha emitters are
asuperior choice for treating micrometastases, compared to beta emitters (Allen et al 2007, Elgqvist et al 2014).

These differences in absorbed dose deposition characteristics may be investigated using Monte Carlo (MC)
simulations, accounting for the complexities of the absorbed dose distribution differences between
radionuclides that decay via alpha or beta decay. These simulations may be used to inform future selection of
radionuclide and targeting agent (small versus large molecule) in clinical trials. Previous clinical experience has
demonstrated toxicities from beta emitters to salivary glands, kidneys and bone marrow in TRT (Sweat et al
1998) in the setting of metastatic castration resistant prostate carcinoma (mCRPC). Moreover, bone marrow is
often the absorbed dose-limiting organ across multiple TRTs (Sgouros et al 2010), and acute and chronic
hematologic toxicities often prevent absorbed dose escalation. Finally, a diffuse infiltration of disease in the bone
marrow may exclude patients from being treated with beta-emitter based TRT (Kratochwil et al 2016).

The choice of the labeled ligand is also critical. In the case of antibodies where the molecule is considerably
larger than the small molecules employed in peptide-based TRTs, the prolonged intravascular half-life may
result in more severe marrow injury as demonstrated with antibody-based mCRPC treatments, such as J591. In
the Phase I study of '7”Lu-J591, the rates of Grade 3/4 marrow toxicities were greater than 509% (Tagawa et al
2013) and greater than 77% (Niaz et al 2020) for leukopenia, neutropenia or thrombocytopenia. Although
clinical studies observed early evidence of clinical benefit of using >*>Ac instead of '”’Lu labeled to J591 (Tagawa
et al 2020), there is significant concern for marrow toxicity, when labeling antibodies with alpha particles due to
the increased local energy deposition compared to beta emitters. Small molecules are generally associated with
better tumor-to-blood ratios due to faster tumor targeting and greater blood pool clearance than antibodies
(Wadas et al 2014). As a consequence of their fast clearance, small molecules labeled with short-range alpha
particles may have increased sparing of OARs, in particular bone marrow, compared to when labeled with beta
particles. Initial experience with **’Ac-PSMA-617 has shown no significant increase in marrow toxicity
compared to '”’Lu-labeled compounds, suggesting that the fast blood-pool clearance helps minimize injury to
the marrow (Sathekge et al 2019). It is unclear how differences in microdistribution between antibodies and
small molecules will impact marrow toxicity when using alpha emitters.

Most dosimetric studies refer to the mean absorbed dose at the organ level which might be a misleading
index for quantifying biological effects especially for alpha emitters (Sgouros et al 2010). Although some alpha
emitters have gamma, characteristic x-ray or bremsstrahlung emissions, no clinical imaging device is currently
able to provide relevant uptake quantification at the scale of alpha emitters’ range (Elgqvist e al 2014). Providing
accurate absorbed dose calculations of the bone marrow is complicated by the inter-subject variability and tissue
composition heterogeneity of the marrow (Sgouros et al 2000). Nonetheless, bone marrow models have been
informative regarding the observed biological outcomes in the case of *’Ra treatment for bone metastases in
mCRPC (Henriksen et al 2003, Hobbs et al 2012, Pinto et al 2020).

In this work, we evaluate the impact of microdistribution of deposited energy within the trabecular bone
compartment in order to better understand the potential distribution of marrow toxicity for alpha and beta
emitters. Two situations were modeled: when the radionuclides are confined to the blood pool (as in the scenario
of antibodies) or target metastatic sites in the trabecular bone so as to better understand potential toxicities
associated with alpha and beta-labeled antibodies and small molecules. For this study, we evaluate two beta
emitting radionuclides (*’’Lu, *°Y) and two alpha emitting radionuclides (*''At, **°Ac) using MC simulations.

2. Materials and methods

MC simulations were performed using GATE (Geant4 Application for Tomographic Emission) version 9.0
(Sarrut etal 2014). A simple and a diffuse metastasis cylindrical model were evaluated. The absorbed dose
distributions of ”"Lu, °°Y, 2! At and ?*> Ac were evaluated.

2.1.Simulation model

2.1.1. Cylindrical model

A bone marrow model was created with a blood vessel embedded in trabecular bone tissue (see figure 1) with
realistic dimensions (Steiniger et al 2016). The model is created with a voxel size of 10 x 10 x 10 um®. This
corresponds to each voxel having the approximate dimensions of a cell, with the assumption of a homogenous
cell distribution (Hobbs ef al 2012). The radionuclide sources were located in the ‘blood pool’ compartment and
the absorbed dose was calculated for each voxel (Henriksen et al 2003, Hobbs et al 2012, Pinto et al 2020). This
model is composed 0of 61 x 61 x 61 voxels, with a centered blood vessel compartment on the XY plane and
symmetric along the Z axis, with a maximum diameter of 50 ym (5 voxels with a total of 793 voxels). It is worth
noting that variations of vessel diameter have a minor effect on absorbed dose profile in trabecular bone
compartment from alpha and beta emitters (Falzone et al 2018). The blood vessel was embedded in a model of
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Figure 1. Transversal slice of (a) the cylindrical bone marrow model and (b) the BMMI model.

trabecular bone, considered as an OAR. Both mass densities (blood: 1.06 g.cm >, trabecular bone (spongiosa):
1.05 g.cm ) and elemental compositions were extracted from the international commission on radiological
protection male phantom data (Yeom et al 2016).

2.1.2. Diffuse bone marrow metastases infiltration (BMMI)

The second model evaluated diffuse BMMI, which are common for both breast and prostate cancers

(Coleman 2000). To model bone metastases and the impact of selecting an appropriate TRT, a total of fifty
random voxels were designated as containing radioactivity in the trabecular bone compartment in the model, in
addition to the blood pool (figure 1(b)).

2.2. Radionuclides and simulation parameters

The absorbed dose deposition of four radioisotopes widely used in TRT were analyzed. Two are beta emitters: '”"Lu
and *°Y, with a respective maximum beta-emission range of 1.8 and 11.3 mm. The two other radionuclides are alpha
emitters, >''At, with a maximum alpha-emission range of 70 ym, and ***Ac. **>Ac has multiple alpha and beta
particles generated in its decay chain, with a maximum alpha-emission range of 85 um. Validation of these
simulations was performed by comparing the results with those of Falzone et al (2018), ensuring that these results are
consistent with those in the literature. The entire energy spectra and daughters were considered in the MC models of
the deposited radiation from these radionuclides. The selected number of primaries or disintegrations for alpha
emitters was 10° and for beta emitters was 10%. These numbers result in a relative uncertainty less than 2% at the
center of the blood vessel for all the radionuclides. The model geometries were created using Python 3.6.9 in the .
raw and .mhd formats that can be used as an input in GATE. The absorbed dose results generated with GATE
(DoseActor) were visualized with 3D Slicer (Kikinis et al 2014). Al MC simulations were performed on a single CPU
(3.3 GHz Intel Xeon W-2155), the Livermore physics model and the Mersenne-Twister engine were selected. This
physics model considers all atomic shells, Auger electrons and has the best agreement with validation studies
performed down to energies aslow as 10 eV (Allison et al 2016). In the simulations, the step size limit or range cut-oft
parameter was chosen to be 1 pm, 1/10th of the voxel size. The model geometries were embedded in a world size of
10 cm. The GATE Radioactive Decay Module was enabled to ensure the full decay chain and its associated emissions
were simulated, which is of particular interest for 225 Ac (Allison et al 2016, Pinto et al 2020).

2.3. Quantitative analysis

The absorbed dose deposition in the trabecular bone was evaluated for each radioisotope. The physical half-lives
of these isotopes vary from 7.2 h (*'' At) to 10 d (**’Ac). Biologic half-life is dependent on the selection of the
targeting agent (small molecule or antibody) and introduces an added degree of freedom that is not considered
in these simulations. The variation in physical half-lives and the potential variation in biological half-lives
motivated the choice of presenting the results in absorbed dose per disintegration (Gy.Bq~'.s~") or Dyps a- All
analyses were performed using radial absorbed dose profiles, cumulative dose-volume histograms (DVHs) and
relative voxel differences.

2.3.1. Cylindrical model
Absorbed dose radial profiles as a function of distance from the center of the blood vessel were plotted for all the
radioisotopes considering only radionuclide activity localized to the blood pool compartment. The center of the
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Figure 2. Transversal slices of the BMMI model with four different random distributions. The three resulting absorbed dose (10° or
10° each) maps were merged (left) and compared to the scaled (3 x 10°0r3 x 10%) one (right).

blood vessel is aligned with the axis origin. The trabecular bone compartment was segmented using a
mathematical mask and DVHs were calculated and represent the absorbed dose delivered within the trabecular
bone compartment. Consequently, the number of evaluated voxels for the trabecular compartment DVH is
226 188.

2.3.2. Diffuse BMMI model

2.3.2.1. Scaling absorbed dose distributions of beta emitters

The absorbed dose deposition characteristics (in particular the LET) between beta and alpha emitters lead to
drastically different amounts of administered activity required to achieve the same biological effect. Data from
clinical studies using alpha emitters injections show that these factors can vary from ~1.4 ("’’Lu-DOTATOC at
29.6 GBq cumulative versus *'°Bi-DOTATOC at 21.6 GBq cumulative for neuroendocrine tumors, Marcu et al
2018) to ~770.8 ("’"Lu-PSMA-617 at 14.8 GBq cumulative versus **>Ac-PSMA-617 at 19.2 MBq cumulative for
metastatic prostate cancer, Kratochwil e al 2016). To account for this potential range, absorbed doses for the
trabecular bone compartment were calculated for a broad range of relative injected activity: from 10° (same
injected activity) to 10° (1 GBq of beta emitters versus 1 MBq of alpha emitters for example). DVHs were
compared at different factors with relative activity for the alpha emitters remaining constant. Consequently, the
number of evaluated voxels for the trabecular compartment DVH in the BMMI is 226 138.

2.3.2.2. Scaling of absorbed doses

Investigating the crossfiring effect of radioisotopes can be performed with analyzing the consequences of the
specific distribution of the activity. Radioactive sources localized both in the blood pool and randomly at
different sites was modeled within the trabecular bone (i.e. at different sites of metastasis). For beta and alpha
emitters, the impact of crossfire will be different and quantifying these differences may help to highlight their
respective efficiencies in the situation where diffuse metastases are widespread in the bone marrow.

Quantifying this discrepancy may determine how scaling of the absorbed dose in this situation may be
approached. To this purpose, three absorbed dose maps from three different random distributions of the BMMI
model were merged and compared to one distribution (figure 2) which has the same number of metastases as in
each of the three BMMI models, but with the local activity in each metastases scaled by a factor of three. In order
to compare equal amounts of total radioactivity, the number of primaries for this latter distribution was
respectively 3 x 10°and 3 x 10°® for alpha and beta emitters. All distributions kept a total of fifty random source
voxels (i.e. diffuse metastases) in the trabecular bone volume. A good agreement in this comparison would
indicate that as activity increases in the source, the dose to the volume can be scaled linearly with the increase in
activity. A poor agreement in this comparison would indicate that an increase in activity will not result in a scaled
dose to the entire volume.

Comparisons were performed through an absorbed dose map of relative differences. An absorbed dose
tolerance of 15% between the values was selected as the optimal compromise for highlighting differences
between the radioisotopes as beta-emitters noise can hamper the analysis with lower tolerances at micrometric
samplings. All the evaluated voxels pairs in the entire matrix having a relative difference less than 15% are
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Figure 3. Radial profiles from the cylindrical model of the absorbed dose per disintegration for the radioisotopes.

considered as passing. As the 3D models matrix are using the same model and are therefore aligned, a relative
difference is performed directly between voxels with the same coordinates as sources were defined manually.

3. Results

All results are displayed in D,ps/q (mGy Bq s ')and presented for '”’Lu, °°Y, *''Atand ***Ac.

3.1. Cylindrical model

3.1.1. Radial profiles

Radial profiles for each of the radioisotopes were plotted in figure 3, from 0 yzm at the center of the blood vessel
to 25 pum at the edge of the blood vessel, where the trabecular bone begins at 25 ym and extends to 300 ym.

At the origin (0 zm), *>Ac Dyps saratio is ~4 times greater than that of 21 At, Between alpha emitters and beta
emitters, the magnitude order of absorbed dose deposition varies from 156 times (*””Lu D s Jdversus 2 At
D,ps/a) to ~1 645 times (°°Y Dps /4 Versus Z22A¢ Dgps /4)- Among beta emitters, D, 4 for "TLuis ~3 times
greater than *°Y. In the trabecular bone, ' At D, /ais the lowest beyond 90 pim. As expected, the beta emitters
activity needs to be multiplied by ~250-1000 in order to achieve the same absorbed dose as *'' At and ***Ac in the
blood vessel.

In the trabecular bone compartment, 99.9% of the energy of > ' At is deposited within 90 zm and within
100 zzm for **Ac. At 300 um, 99.6% of the energy of '”’Lu is deposited and 98.3% for *°Y. The highest mean
kinetic energy of beta-emission (933.1 keV) is associated with °°Y and is consistent with a lower energy
deposition at the center of the blood vessel as particles have the longest range.

In order to relate our results with the bone marrow histology, data from (Bourke et al 2009) were extracted in
regards to the relative frequency of hematopoietic progenitor cells based on the distance from the blood vessel
wall. For clarity purposes, results from figure 3 were normalized with the maximum D, /4 of 225 clocated at the
center of the blood vessel, visible in figure 4.

According to Bourke et al (2009) data, 25% of the hematopoietic cells are located within 100 pm of the
nearest vessel. When extrapolated to our results, 75% of these cells receive minimal absorbed dose from by alpha
emitters restricted to the blood vessel. This results in a 10°~10* fold decrease absorbed dose to marrow
progenitor cells compared to beta emitters.

3.1.2. Dose volume histograms
DVHs of the trabecular bone compartment for each of the radioisotopes were plotted in figure 5, normalized
with the maximum *°Ac D,,, salocated at the center of the blood vessel.

As shown in figure 5, 25Acand 2 At spare most of the trabecular bone volume, as demonstrated by the
L-shape of the DVH curve. **’Ac has a maximum absorbed dose of 0.02 mGy Bq ™' s~ for more than 95% of the
trabecular bone volume (Dsy, ), while *'' At has the lowest irradiation for the whole volume with a Ds,, equal to
0.01 mGyBq~'s™'. In comparison, the Ds,, for '”’Lu and *°Y is roughly 10-fold higher at 0.15 and 0.22 mGy
Bq 's ™' respectively.
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Figure 4. Normalized radial profiles of absorbed dose superimposed to the relative frequency of hematopoietic cells by distance from
the center of the blood vessel.
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Figure 5. Dose volume histogram of trabecular bone compartment for the cylindrical model.
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Figure 6. Dose volume histograms of the trabecular bone compartment for the BMMI model.

3.2. BMMI model
3.2.1. Dose volume histograms
DVHs of the trabecular bone compartment with the BMMI model for each of the radioisotopes normalized with

the maximum *’Ac D, salocated at the center of the blood vessel are shown in figure 6.
Radioactive sources directly located in the trabecular bone compartment lead to greater increase in
irradiation from alpha emitters (*''At, **>Ac) compared to beta emitters (*”’Lu, °°Y), although alpha emitters
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Figure 7. Dose volume histograms of the trabecular bone compartment for the BMMI model with increasing levels of injected activity
factor for beta emitters from 10° (upper left) to 10° (lower right).

still have an overall lower absorbed dose to the trabecular bone compartment. > Ac Ds,, increase to 0.03 mGy
Bq s 'and *''At D5y, t0 0.02mGyBq s~ ' (respectively +50% and +100% in regards to the cylindrical
model, see section 3.1.2). Conversely, '”’Lu and *°Y Dsy, variations are negligible.

3.2.2. Scaling absorbed dose distributions of beta emitters

DVHs of the trabecular bone compartment with the BMMI model were plotted in figure 7 for injected activity
factors of beta emitters varying from 10° (equivalent activity) to 10°. Each radioisotope is displayed in D,ps/d5
reflecting the differences of injected activity between alpha and beta emitters.

DVHs at different injected activity factors of beta emitters show that the absorbed dose in the trabecular
bone compartment is greater with beta emitters than alpha emitters from an injected activity factor of 10> and
larger. The ""Luand *°Y Dy, values to the trabecular bone compartment from beta emitters are near 0.02 mGy
Bq s 'ataratio of 100:1, and logically increase to 0.2 mGy Bq ' s~ ' at 1000:1. For noting, ***Ac and *' 'At D5,
respectively remained equal to 0.03 mGyBq s ' and 0.02mGyBq 's .

3.2.3. Scaling of absorbed doses

Maps of D,ps/4 and relative differences are displayed in figure 8 for an example transverse slice in the middle of
the volume. The calculated percentage of voxels having relative differences lower than 15% is applied to the
whole volume for each radioisotope.

The blood vessel area at the center of the model is in agreement for all isotopes as there is a high
concentration of the radionuclides in this region and when it is scaled there is no variation (i.e. the scaled model
agrees with the sum of the individual simulations). For the trabecular bone compartment, visualization and
passing (<15%) percentage demonstrate that *’Y absorbed dose deposition is the least impacted by the scaling of
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Figure 8. Transversal slices of maps showing the D s/ and relative differences. Voxels with small differences (<15%) are colored in
green, greater differences (>15%) in red. The passing percentage (voxels having <15% of relative differences) in the marrow
compartment provided next to each image (%).

activity within diffuse metastases with 96.6% of voxels in the scaled model within +15% of the absorbed dose of
the additive model. The highest passing (<15%) percentage correspond to the radionuclide with the least local
energy deposition, i.e. the beta emitters. Conversely, >'' At and **’Ac have lower passing (<15%) percentages
(13.2% and 24.7%) compared to beta emitters, which is caused by the local energy deposition seen with alpha
emitters. Higher passing (<15%) percentages indicate the ability for the results to be scaled, while lower passing
(£15%) percentages indicate that a simple scaling cannot be used.

4. Discussion

In this work, MC simulations of four radionuclides of interest for the field of TRT are presented. These included
two isotopes that decay via beta decay (*””Lu and *°Y) along with two isotopes that decay via alpha decay (*'' At
and ***Ac). Both simplistic and more complex geometries were evaluated to expand the current understanding
of how these radionuclides may be used therapeutically, with a focus on understanding how the energy
deposited from radionuclides in the blood pool (vessels) impacts the absorbed dose to the regions where bone
marrow progenitor cells are formed. The radiation absorbed dose to these cells in TRT often are a limiting factor
for these therapies.

When the sources are confined to the blood pool, the absorbed dose to the trabecular bone is greater for beta
emitting radionuclides. In the cylindrical geometry when the sources are confined to the blood vessel, the most
Dabs/a sparing effect is observed with ! Atin the trabecular bone compartment for the furthest located cells
from the sources, beyond 100 pm. ***Ac delivers the highest irradiation to the trabecular bone volume per
disintegration but has a rapid decrease in absorbed dose deposition (factor of 363 1x at 100 ym, compared to
13-20x for *°Y-"""Lu).

This highlights the need to minimize the duration of time that beta emitting radionuclides are in the blood
pool, which in clinical practice has been achieved by using small molecules with fast renal clearance. For alpha
emitting radionuclides, the absorbed dose to the trabecular bone drops off quickly with increasing distance from
the vessel wall, as the range of alphas ensures absorbed dose is minimal at distances greater than 100 m. For
example, 30% of the hematopoietic cells in the iliac crest are located within 70 gm of the blood vessel wall
(Watchman et al 2007), meaning that 70% of marrow progenitor cells would receive minimal absorbed dose
from alpha emitters located in the blood pool. This percentage slightly varies with (Bourke et al 2009) stating that
25% of the hematopoietic cells are within the 70 um distance of the blood vessel wall.

Antibodies are generally restricted to the blood pool as they do not freely diffuse into the interstitial space
due to their molecular size. With antibodies labeled to beta emitters, marrow toxicity is particularly concerning
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due to the prolonged blood pool residence time, which can last up to several days (Lobo et al 2004). Our results
suggest that this can be mitigated by labeling antibodies with alpha emitters, which when localized to the blood
pool spare the majority of marrow progenitor cells. Recent clinical studies (Tagawa et al 2020) observed a better
bone marrow tolerance with the use of >’ Ac compared to '’ Lu when labeled to the J591 antibody, in agreement
with what our results would predict.

The agreement of the cylindrical model to the results of other groups (Henriksen et al 2003, Hobbs et al 2012,
Falzone et al 2018, Pinto et al 2020) gives confidence in the MC simulation implementation and the analysis tools
used. For the beta emitters, the higher LET of '’’Lu results in a higher local energy deposition than *°Y. For the
alpha emitters, the relative measured D,p,/4 in our model was four times lower for 2 At compared to 25,
which is consistent with the fact that the decay scheme of **>Ac results in four alpha particles emitted in total,
compared to the one emitted alpha-particle for *' 'At.

The cylindrical model was then extended to include the presence of diffuse radioactive sources in the
trabecular bone compartment. In this geometry, an overall increase of the D, /4 is observed for alpha emitters
whereas variations are negligible for betas emitters, confirming their non-specificity for diffuse metastases.
Although the interpretation of the DVH metrics reflect a higher sparing effect with the use of alpha in regard to
beta emitters, information about spatial and local variations are not pinpointed.

One final way to illustrate the localized absorbed dose deposition of alpha emitters is the ability to scale the
results of the BMMI model. The scaling study was performed by comparing the sum of three different random
models of metastases with a scaled model. The agreement seen for the beta emitters in the scaled scenarios show
good agreement with the sum of three distinct patterns of metastasis with the absorbed dose to the healthy
portions of the bone increase linearly due to the relatively large range of the beta emitting radionuclides. In
contrast, there was poor agreement seen in the scenario where alpha emitters were evaluated. This indicates that
in the presence of diffuse metastasis, treatment with alpha emitting radionuclides results in lower absorbed dose
to untargeted trabecular bone.

These results show that when modeling absorbed dose deposition with alpha emitters, MC modeling with
absorbed dose distributions are important at the scale of micrometers, which are not typically required when
evaluating beta emitters. Nevertheless, our simplistic model assumed a homogeneous cell distribution of 10 m
and do not consider the replacement of the pluripotent cells with various lineage in the bone marrow (Henriksen
etal2003).

SPECT/CT, which images gamma photons, is commonly used to localize activity with beta emitters,
although SPECT is limited as it has a spatial resolution greater than 1 cm. With alpha emitters, regardless of the
algorithm used for the absorbed dose calculations, establishing an absorbed dose-effect relationship is not
feasible as demonstrated with the observed biological miscorrelations when calculating the absorbed dose based
on clinical scintigraphic images (Chiesa et al 2019). Hence, absorbed dose calculations at the micrometric scale
when using alpha emitters is the only way for predicting associated toxicities in bone marrow.

5. Conclusion

Our results demonstrate that when alpha emitters are localized to the blood pool, they result in relative sparing
of bone marrow progenitor cells relative to beta emitters. This work ties together simulations with clinical
experiences to highlight the importance of the interplay of the targeting molecule (antibodies or small
molecules) and the chosen radionuclide (alpha or beta emitting radionuclides). While beta-emitting
radionuclides, when linked to larger molecules (antibodies), can result in significant marrow exposure, alpha
particles may result in minimal toxicity due to their short particle length. Overall the local energy deposition
characteristics of alpha emitters necessitates absorbed dose simulations performed at the cellular scale to better
understand the spatial distribution of the absorbed dose.
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