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Abstract
Heterogeneity of dose distribution has been shown at different spatial scales in diagnostic nuclear medicine. In cancer treat- 
ment using new radiopharmaceuticals with alpha-particle emitters, it has shown an extensive degree of dose heterogeneity 
affecting both tumour control and toxicity of organs at risk. This review aims to provide an overview of generalized internal 
dosimetry in nuclear medicine and highlight the need of consideration of the dose heterogeneity within organs at risk. The 
current methods used for patient dosimetry in radiopharmaceutical therapy are summarized. Bio-distribution and dose het- 
erogeneities of alpha-particle emitting pharmaceutical 223Ra (Xofigo) within bone tissues are presented as an example. In line 
with the strategical research agendas of the Multidisciplinary European Low Dose Initiative (MELODI) and the European 
Radiation Dosimetry Group (EURADOS), future research direction of pharmacokinetic modelling and dosimetry in patient 
radiopharmaceutical therapy are recommended.

Keywords Dose heterogeneity • Radiopharmaceutical therapy • Alpha-emitter • Normal tissue, bone marrow • Patient 
dosimetry

Introduction

In nuclear medicine, radiopharmaceuticals are adminis- 
tered into the human body for diagnostic and therapeutic 
purposes (Bolch et al. 2009; ICRU 2021). Radiopharma
ceuticals are designed to target one specific organ or tis
sue in the body, to bind to malignant cells and/or destroy 
cancers. In this process, however, other healthy organs and
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tissues are concurrently irradiated. Because of the varying 
local physiology of the human body, the biochemical prop- 
erties of the radiopharmaceuticals, and the type of radia
tion emitted, the distribution of radionuclides and energy 
deposition within an organ or tissue might be subject to 
a large heterogeneity (Adelstein 1993). In addition, the 
variation of anatomical structures in the human body, the 
distances among different organs, and the substructures 
sub-organ and even subcellular levels will contribute fur- 
ther dose heterogeneity. This must be taken into considera
tion in radiation transport simulations within the human 
body (ICRU 2021). In radiopharmaceutical therapy, the 
use of radionuclides emitting alpha particles is particularly 
useful because, due to the short range of these particles in 
tissue, the energy deposition is localised close to tumours, 
increasing tumour-specific cell killing and sparing normal 
tissue. While in diagnostic procedures absorbed doses are 
typically low (< 20 mGy) for most organs, this is not so for 
therapeutic applications where absorbed doses can range 
from a few gray up to a hundred or more gray (Gy) (EANM 
2017; Stokke et al. 2017). At these dose levels, a mixture 
of stochastic effects and tissue reactions is expected (Aerts 
et al. 2021). Therefore, appropriate assessment of radia
tion dose heterogeneity in tumours and normal tissues is
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crucial to assess the benefit-risk balance of the treatment 
and to optimize the therapeutic outcome.

As novel radiopharmaceuticals are emerging for thera- 
peutic use, there is a need for patient-specific dosimetry 
both in tumour and normal organ tissues (ICRU 2002; EC 
2014; ICRP 2019). Furthermore, doses to sub-regions 
of specific organs, for example, the bone marrow or the 
endosteum in bone tissues, must be known to establish 
dose-response relationships required in dosimetry-based 
prescriptions (Sgouros et al. 2020; St James et al. 2021). 
To develop any generalized dose assessment formalism 
in therapeutic applications, some difficulties need to be 
resolved, such as: tumour dose cannot be directly assessed; 
patient-specific images and anatomy must be taken into 
account for individual dose calculation; sub-organs and 
sub-regions within tumours must be considered. Further- 
more, the anti-tumour efficacy and organs-at-risk toxicity 
need to be predicted that therapeutic index can be esti- 
mated (ICRP 2019).

In 20 1 3 , 223Ra dichloride (Xofigo) was approved by the 
US Food and Drug Administration (FDA) for the treatment 
of bone metastases in patients with metastatic castration- 
resistant prostate cancer (mCRPC) (EMA 2018). Parker 
and Sartor (2013) demonstrated in a phase III study that 
the treatment with Xofigo extends the overall survival time 
of patients versus placebo by 3.6 months. As Xofigo is 
an alpha-particle emitting bone-seeking radionuclide, the 
dose heterogeneity in bone marrow (which can be con- 
sidered as a bone sub-tissue) plays an important role in 
the bone dose-effect relation for bone toxicity during the 
Xofigo therapy.

Radiopharmaceutical uptake is often not uniform within 
an organ or tissue. In the case of Xofigo treatment, the 
short range of the alpha particles emitted by 223Ra and its 
progeny leads to a highly heterogeneous dose distribution 
in bone tissue and the average absorbed dose over bone 
marrow will be not predictive of the potential biologi- 
cal effects, since the local absorbed dose to bone marrow 
will be greater than the average absorbed dose due to the 
bone-seeking property of the radionuclide 223Ra. Conse- 
quently, bone marrow dose-effect modelling for alpha- 
emitter requires the consideration of the heterogeneity of 
the dose distribution on a microscale (Sgouros et al. 2020). 
This review mainly focusses on the heterogeneity of radio
nuclide and dose distribution in tissues and organs, such 
as bone marrow, resulting from a treatment by Xofigo, to 
exemplify organ dose calculations for similar radiophar- 
maceuticals. Finally, in line with the strategic research 
agendas (SRAs) of the Multidisciplinary European Low 
Dose Initiative (MELODI) and the European Radiation 
Dosimetry Group (EURADOS), relevant research priori- 
ties related to radiopharmaceutical therapy are identified.

Heterogeneity of radiopharmaceutical 
bio-distribution in nuclear medicine

A challenge in radiopharmaceutical dosimetry is to accu- 
rately characterize the spatially heterogeneous distribution 
of any radiopharmaceutical and its radioactive progeny at 
the scale of radiosensitive tissues and their substructures. 
This heterogeneous spatial distribution leads to an inho- 
mogeneous energy deposition. As a first challenge, in the 
case of radiopharmaceutical therapy with alpha-emitters, 
in which the decay energy of alpha-particles is sufficient 
to break chemical bonds, the parent radionuclide and the 
decay progeny may readily dissociate from the targeting 
agent (Kunos et al. 2021). The free radionuclides may thus 
relocate and result in an increased radiation dose to untar- 
geted tissues. A second challenge is that the distribution 
of radiopharmaceuticals is time-dependent not only due 
to physical decay, but also because the bio-distribution of 
any radiopharmaceutical is driven by individual patient 
pharmacokinetics. Therefore, knowledge of the therapeutic 
radionuclide bio-distribution in patients at different time 
points after administration of the radiopharmaceutical, 
the so-called time-activity curve, is required for accurate 
organ dose estimation.

In the future, the so-called theranostic approach is 
anticipated to play a major role in the management and 
health care of patients with cancer in nuclear medicine 
(Eberlein et al. 2017; Lassmann et al. 2021; ICRU 2021). 
This approach includes labelling of carrier molecules with 
a radionuclide suitable for imaging, which allows to local- 
ize the radiopharmaceutical in tumour and normal tissues, 
followed by administration of the companion therapeutic 
agent (same carrier, but labelled with a different radionu
clide) that irradiates the tumour with a therapeutic dose. 
The imaging stage allows to estimate the uptake of the 
radiopharmaceutical in normal and tumour tissues to pre- 
dict expected radiation doses and adjust the therapeutic 
activity that will be administered to the patient in the treat- 
ment stage. This strategy may lead to enhanced therapeu- 
tic efficacy, alleviate adverse events, and finally result in 
improved patient outcome.

In clinical practice, imaging is often used to deter- 
mine the 3D or 2D activity distribution in the body of the 
patient, which is necessary to estimate the dose to tumours 
and organs at risk. Radionuclides that decay via positron 
emission can be imaged with positron emission tomogra- 
phy (PET), whereas those that emit photons during decay 
can be imaged using single-photon emission computed 
tomography (SPECT). Clinical PET typically achieves 
a spatial resolution of 4-6 mm full-width at half maxi
mum (FWHM), while SPECT imaging has a resolution 
of 7.5-15 mm FWHM (St James et al. 2021). In addition,
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accurate volume contouring is performed using computed 
tomography (CT) or magnetic resonance imaging (MRI). 
These combined imaging techniques make it possible to 
calculate absorbed dose to tumour and normal tissues 
based on actual patient anatomy. However, dosimetry is 

not only needed for estimation of absorbed doses in organs 
but also for assessment of related biological effects. The 
main issue in radiopharmaceutical therapy, in particular 

with alpha-emitters, is that organ toxicity is usually deter- 
mined by radiopharmaceutical distribution on a micro- 
scopic scale that may not be resolved with the clinical 
imaging techniques mentioned above (Sgouros et al. 2020; 
St James et al. 2021). In particular, estimation of mean 
absorbed dose in whole organs and tumours is not enough 
to accurately predict the biological outcome of alpha-par- 
ticle therapies. Thus, the MIRD committee (Sgouros et al. 
2010) and other investigators (McDevitt et al. 1998; Hobbs 
et al. 2011) have recommended small-scale dosimetry.

Imaging could also be useful in preclinical studies to 
explore the relationship between absorbed dose and any 
biological effects due to radiation exposure, in particular for 
alpha emitters for which bio-distribution information at the 
tissue, cellular, and subcellular level is required. However, 
on a small scale, the resolving power of clinical imaging 
detectors is not sufficient and specific instruments need to 
be developed to predict and explain tumour response and 
healthy organ toxicities. Several studies have been published 
on the use of digital autoradiography technology employ- 
ing a new generation of position-sensitive charged-particle 
imagers for ex vivo imaging of alpha-emitters in tissue sec
tions of normal and tumour tissues (Frost et al. 2015; Miller 
et al. 2015). For example, an alpha-camera can visualize 
and quantify important différences and temporal changes 
in activity distributions of alpha-emitting bio-conjugates 

both in normal tissues and tumours (Back and Jacobsson 
2010). The good spatial resolution (about 25 pm FWHM 
for alpha particles) of this type of camera allows to compare 
activity uptake in micro-metastases versus isolated tumour 
cells. With this instrument it was shown that the activity 
uptake per cell is lower in large micro-metastases than in 
isolated tumour cells, which can be useful information to 
interpret the outcome of preclinical therapeutic efficacy 
studies (Chouin et al. 2013). These studies demonstrated 
that the alpha-camera can be used to quantify both spatial 
and temporal activity distributions in sacrificed animals 
and, thus, can be implemented in small-scale dosimetry and 
microdosimetry studies.

Miller and colleagues (Miller et al. 2014; Miller 2018) 
developed a similar iQID camera which is applicable to a 
broad range of ionizing radiation types including alpha-par- 
ticles. This camera was used for quantitative imaging of 211At 
distribution in cryosections of murine and canine tissue sam- 
ples, with a spatial resolution of about 20 pm FWHM (Miller

et al. 2015). Due to its low alpha-particle background, activ- 
ity distribution measurement was performed at mBq pg-1 
levels. All these studies demonstrated that high-resolution 
autoradiography can be used to quantify both spatial and tem
poral activity distributions in sacrificed animals and, thus, it 
can provide information relevant for small-scale dosimetry 
and microdosimetry studies. Moreover, these ex vivo high- 
resolution imaging techniques are not limited to preclinical 
experiments. It can be expected that they could be applied to 
the analysis of tumour material excised from patients under- 
going surgery (Chouin et al. 2013).

Fundamentals of radiation dosimetry 
in nuclear medicine

Organ absorbed dose for radiopharmaceuticals used in 
nuclear medicine can generally be calculated by the MIRD 
schema (MIRD 1968; Loevinger and Berman 1975). A gen- 
eralized dosimetry formalism has recently been published by 
MIRD and ICRP (Bolch et al. 2009; ICRP 2016). Assess
ment of organ absorbed dose can be described by Eq. (1) in 
a time-independent way follows:

D(rT, TD) = X A (rS, To)S(rT ^ rS )> (1)
rS

where D(rT, TD) is the absorbed dose in target tissue rT;

A(rS, TD) is the time-integrated activity (TIA) in source 
tissue rS, i.e. the activity integrated over time period TD; 
S(rT ^ rS) is the mean absorbed dose rate to target tissue rT 
per unit activity present in source tissue rS.

The time-dependent formulation is described by Eq. (2):

T D

d{rT, Td) = X / a(rS> t)S(rT ^ rS, t)d1,
rS

(2)

where d(rT, TD) is the absorbed dose coefficient in target

tissue rT; a(rS, t) is the fraction of the administered activ
ity in the source tissue rS at time t post administration; 
S(rT ^ rS, t) is the mean absorbed dose rate to target tissue 
rT per unit activity present in source tissue rS at time t, called 
the S coefficient (or S value), which is given by Eq. (3).

S(rT ^ rs, t) _ 1 
" M(rT, t) 

1

M(rT, t)

i

X Ai$(rT

i

rT ^ rS> Ei> t) 

^ rS> Ei. t)

XAi*( rT ^ rS, Ei> 0 * 

i

(3)

where Et is the mean (or individual) energy of the ith nuclear 
transition; Yi is the yield of the ith nuclear transition per
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nuclear transformation; $(rT ^ rS, Et, t) is the absorbed 
fraction (AF), which is defined as the fraction of radia
tion energy Et emitted by source tissue rS at time t that is 
absorbed in target tissue rT; MT is the mass of the target 
tissue rT in the reference individual; and ® (rT ^ rS, Et, t) is 
the specific absorbed fraction (SAF) value at time t, which 
is defined as the ratio of the AF and the target mass M(rTt) 
in different organs of the administered radiopharmaceuti- 
cal at time t. The S coefficients are calculated for specific 
reference anatomical models (so-called phantoms) using 
radiation transport simulations typically based on the Monte 
Carlo method. Such phantoms mimic the geometry and the 
elemental composition of tissues in the human body, typi- 
cally to the organ level and sometimes to the level of main 
sub-organ tissue regions or subcellular regions.

Besides the energy deposition in the organs and tissues 
where the decay takes place, radiation also deposits energy 
in proximate organs and tissues. Therefore, in addition to 
assess the biokinetics, the cross-fire dose from radionuclides 
located in distant tissues must also be assessed. To do so, 
anatomic information of the human body is required. Previ- 
ously, this has been modelled by mathematical phantoms, 
while now this is being modelled by computational voxel 
phantoms, non-uniform rational basis spline (NURBS) phan- 
toms and polygon-mesh phantoms. A comprehensive review 
of the evolution of computational phantoms for radiation 
dosimetry has been reported by Xu and Eckerman (2009) 
and (Bolch et al. 2010). After implementing such human 
phantoms in Monte Carlo codes, the S coefficients for organs 
can be calculated. In the development of anthropomorphic 
models used for organ dose calculation in nuclear medicine, 
one can see changes of the S coefficients from the first-gen- 
eration stylized phantoms towards the current polygon-mesh 
phantom (Stabin and Xu 2014).

Dosimetry for radiopharmaceutical therapy

The MIRD dosimetry schema is a general formalism for cal
culation of mean absorbed dose from internally distributed 
radionuclides over spatial dimensions ranging from subcel
lular to organ levels (Loevinger and Berman 1975; Loev- 
inger et al. 1991; Bolch et al. 2009). This schema provides 
the foundation for radiopharmaceutical therapy dosimetry. 
However, it is not appropriate for toxicity and anti-tumour 
efficacy evaluation relevant to radiopharmaceutical therapy 
(Sgouros et al. 2020). Several assumptions in the dose calcu
lation schema confine its application, for example, the stand- 
ardised source-target geometries; the uniform distribution 
of radionuclides in the source organs and the calculation of 
averaged absorbed dose to organs (ICRU 2002). Nonethe- 
less, in the course of the development of new radiopharma- 
ceuticals, such as 177Lu-PSMA-targeting ligands and Xofigo,
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the MIRD schema was implemented for radiopharmaceuti- 
cal therapy (ICRU 2021). It is noted that the EC Directive 
2013/59/Euratom (EC 2014) states in article 56 that expo- 
sures of target volumes in nuclear medicine treatments shall 
be individually planned. Exposure should appropriately be 
verified taking into account that doses to non-target volumes 
and tissues shall be as low as reasonably achievable and 
consistent with the intended radiotherapeutic purpose of the 
exposure (Konijnenberg et al. 2021). This article 56 moti- 
vated to review some individual patient dosimetry methods 
for the new emerging radiopharmaceuticals in therapy by 
adopting concepts used in external beam radiation therapy 
(EBRT) and, in the same time, by taking into account the 
current MIRD/ICRP schema (Bolch et al. 2009) and ICRU 
methodology (ICRU 2002, 1979).

The voxel-level based dosimetry strategy has been pro- 
posed for patient-specific dose assessment in tumours and 
organs at risk (Bolch et al. 1999; Sgouros et al. 2008, 2010, 
2020; Dewaraja et al. 2012; Ljungberg and Gleisner 2015; 
Ljungberg and Sjogreen Gleisner 2016; Ljungberg and 
Sjogreen Gleisner 2018). Recently, Sgouros et al. (2021) 
regarded the dosimetry of all radiopharmaceutical therapy 
agents as a challenge and demanded that the absorbed dose 
should be independent of the physicist performing the dose 
assessment, the software used, and the institution where the 
imaging is performed. Such standardization is essential for 
multi-centre trials. The general strategy for voxel-level based 
dosimetry is as follows: (i) acquire serial quantitative PET/ 
CT or SPECT/CT scans; (ii) deformably register the CT 
scans and associated activity images; (iii) segment organs, 
tumours, or other regions of interest; (iv) perform a dose cal
culation for each scan, which yields a dose-rate map at each 
time point; and finally (v) model and integrate the dose rate 
as a function of time within each voxel and region to obtain 
a final dose value for each voxel (Graves and Hobbs 2021).

The scheme of voxel-level absorbed dose calculation is 
similar to the MIRD absorbed dose method (Eq. 4) (Sgouros 
et al. 2020):

D{rT) = X A (Xi’ y- z) ' K(ri)
i

A(xî>yi>z) = I a(xî>yi>zi, t)dt,

0

(4)

where D[rT) is the absorbed dose in the target voxel rT; 
A(x,,y,, z,, t) is the 3D matrix representing the spatial 
radioactivity distribution at time point t in voxel element 
r (xb yt, z); A(xt, yt, zt) is the time-integrated activity (TIA) 
in each voxel element; and K(rt) is the source-to-target dis- 
tance-dependent absorbed dose per unit TIA, referred to as 
the dose point kernel.

This dose point kernel can be calculated for charged 
and uncharged particles and, as well, for homogenous and
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non-homogenous media, where the Monte Carlo simulation 
method must be applied. Generally, three main approaches 
have been used for the calculation of absorbed doses for 
radiopharmaceutical therapy (ICRU 2021; Sgouros and 
Hobbs 2014): (1) the direct Monte Carlo method; (2) the 
dose point kernel method; and (3) the voxel-wise S coeffi
cients method. These three principal approaches of absorbed 
dose calculation show an inherent relation, where the Monte 
Carlo simulation method plays a fundamental role.

Direct Monte Carlo method

Monte Carlo (MC) radiation transport simulation is the 
fundamental approach for absorbed dose calculation in 
radiopharmaceutical therapy. In biological material, energy 
transfer of an alpha-particle occurs through excitations and 
ionizations and is described by the stopping power which is 

defined as the average energy loss per unit distance along 
its path. However, the energy lost by an alpha-particle trans
fers to secondary radiation, like electrons and photons which 
penetrate to distances further away from the alpha-particle 
tracks. The energy of an electron is mainly transferred to 
matter through interaction of the electric field of mov- 
ing electrons with that of electrons bound in the medium. 
This interaction, mainly by the inelastic collision, leads to 
electronic excitations and ionizations, and to slowed-down 
electrons with residual energies less than 10 eV, which are 
locally absorbed. Photons interact with molecules in three 

main processes: photoelectric effect, Compton scattering, 
and electron-positron pair production. The cross sections for 
these processes in liquid water and other materials are well 
calculated and available to quantify the energy deposition 
in biological materials (Attix 1986). With the cross sections 
of radiation transport in biological material, MC techniques 
are applied to simulate the radiation interaction with matter 
with a computer event-by-event by randomly sampling the 
processes from the ratios of their cross sections to total cross 
sections (Andreo 1991).

The MC method is independent to, but needed by the 
other two approaches mentioned above. The MC method is 
applicable to (i) inhomogeneous media such as, lungs and 
bone and soft tissues; (ii) complex geometries; and (iii) con
ditions where radiation and charged-particle equilibrium are 
not fulfilled. Furthermore, in radiopharmaceutical therapy, 
the MC method can be applied to the complete range of tar- 
gets and non-targets including various levels of heterogene- 
ity, from the whole body of patients, to organ and sub-tissue 
levels, and further to cellular and molecule levels including 
the DNA. Further advantage of applying the MC method in 
radiopharmaceutical therapy is the integration of physical, 
physicochemical, chemical, and biological effect modelling, 
which can be used to investigate the factors underlying the

biological effects in tumours and normal tissues upon radio- 
therapy. However, some limitations of the MC method ham- 
per its use in practical clinical radiopharmaceutical therapy, 
such as the demanding CPU simulation time required and 
the large uncertainties of cross sections for low-energy par- 
ticles. The first limitation may be solved by applying GPU 
or large CPU clusters in the MC simulation.

Dose point kernel method

The dose point kernel method is a very simple model to use 
and that can be performed with different MC codes in case 
of a homogenous medium. In the dose point kernel method, 
the dose deposition from an isotropic point source is calcu
lated as a function of the distance from the source. In radi- 
opharmaceutical therapy, the calculation of the dose kernel 
is usually performed using radiation transport simulations 
based on the MC method, by scoring the energy deposi- 
tion in concentric spherical shells around a point source in 
a homogeneous medium (St James et al. 2021). This method 
was first used for mono-energetic electron sources in water 
(Berger 1973). The dose point kernel method is now used for 
different tissues and for different radiation types.

Taking account of tissue heterogeneities, the dose point 
kernel can be scaled linearly as a function of the effective 
density of the medium, which is proportional to the rela
tive mass density of the medium and water (Cross 1968). 
Because the dose point kernel is a non-stochastic quantity, 
it is less useful for the situation of stochastic fluctuations 
of energy deposition in a subcellular target volume. In this 
case, the direct MC method should be applied. Furthermore, 
the dose point kernel should not be used for nonhomogene- 
ous media, especially for alpha and beta-particles. In this 
case, the direct MC method is again more suitable (ICRU 
2021).

Voxel-wise S coefficients method

The voxel-wise S coefficients method (these coefficients 
are also called individualized S coefficients in ICRU report 
67 and radionuclide S coefficients in ICRU report 96) was 
developed as an extension of the MIRD formalism. Actu- 
ally, this method uses the S coefficient as defined in the 
framework of the MIRD schema (St James et al. 2021; 
ICRU 2021). As shown in Eq. (3), the S coefficient repre- 
sents the mean absorbed dose to a defined target region rT 
per nuclear transformation of any radionuclide of interest 
deposited uniformly within a defined source region rS. The 
S coefficient is computed for a specific radionuclide and a 
specific source-target geometry, taking into account the dis
tance of the source and target regions, and the composition
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of the corresponding materials and their densities. In case 
of alpha-emitters with decay products, S coefficients for the 
decay products must be calculated separately taking the 
biokinetic distribution of each progeny in the source regions 
into account. As represented in Eq. (3), the S coefficient is 
generally derived from the SAF or rather AF, which was 
calculated for mono-energetic radiation of different types, 
mostly photons, electrons, and alpha-particles, by per- 
forming MC radiation transport simulations with a defined 
source-target geometry. Typically, this geometry includes 
voxel phantoms in different scales: whole organ, sub-tissue, 
clinically acquired voxel image, and individual cell (ICRU 
2021). There are several computer programmes available 
that can be used for the calculation of S coefficients by 
applying transformation techniques (for example, fast Fou- 
rier transformation) or the density correction method. In 
these programmes, S coefficients are calculated in advance 
for different radionuclides and specific voxel geometries 
and then stored in a database for practical use. However, 

the transformation technique might not be appropriate for 
regions with substantial heterogeneity, such as bone marrow 
in skeletal sites (St James et al. 2021). In such cases, the 
direct MC simulation method should be used for calculation 
of specific voxel-wise S coefficients.

Computational models for sub-tissue bone 
marrow

Heterogeneous activity distributions of radiopharmaceuti- 

cals can result in heterogeneous distributions of the dose 
within the tissues. In that case, the MIRD method based on 

S coefficients for whole organs is of limited use, as it does 
not permit to accurately estimate the dose absorbed locally 
within the tissue of interest. In this session, we make an 
overview of the computational phantoms of bone marrow 
tissues currently available which allow to perform dosimetry 
for specific regions at sub-tissue level (Fig. 1).

Because of the short range of alpha-particles, typically 
50-80 pm in tissue depending on alpha-particle energy, a 
highly heterogeneous dose distribution results in bone mar
row upon alpha-particle emitting radiopharmaceutical ther- 
apy. While the mean absorbed dose to the bone marrow is 
useful to predict the haematological toxicity from antibody 
and peptide-coupled alpha-particle emitting radiopharma- 
ceuticals (Wahl et al. 2021), it overestimates the potential 
biological effects for patients due to bone seeking radiophar- 
maceuticals like Xofigo (Sgouros et al. 2020). Consequently, 
for red bone marrow dosimetry, a more detailed structure 
within the bone marrow which includes the bone surface 
cells should be developed to quantify the heterogeneous 
dose distribution to the bone marrow cells. Furthermore, 
this would allow prediction of the biokinetics of any free

progeny on a microscopic scale. Bone marrow models that 
have been developed are reviewed below, and their potential 
use in the dosimetry of alpha-particle emitting radiopharma- 
ceuticals is explored.

Because of the cancellous irregular microstructure of 
the bone marrow, it is difficult to model the bone anatomic 
structure in computational dosimetry. Images of the rel
evant tissue of bone trabecular and marrow cavity cannot 
be acquired directly by in vivo imaging systems like CT 
and MR. Therefore, images of excised trabecular spongiosa 
which were previously acquired ex vivo by micro-CT or 
MRI microscopy were mostly used for developing skeletal 
dosimetry models. Spiers and colleagues developed a rela- 
tively complete path-length model through trabeculae of 
the cervical vertebra measured with physical sectioning and 
automated light microscopy for a 44 year male subject across 
seven skeletal sites (Whitwell and Spiers 1976; Whitwell 
1973; Beddoe et al. 1976) (Fig. 2, left). Unfortunately, in this 
model the skeletal tissue masses were not reported. Never- 
theless, the modelled trabecular bone and marrow cavities 
were sufficient for voxel-level dose calculations. Taking this 
3D microstructure model of trabecular and marrow cavities, 
which was obtained from a 44 year male, a supplemental 
3D spatial model of marrow tissue was inserted within the 
marrow cavity (Watchman et al. 2005). The marrow tissue 
model consists of two regions. The first region is the inner 
sphere (with a radius of 380 pm) of marrow modelling the 
marrow cellularity (in its composition percentage of 70, 40 
and 20%) with red (or active) marrow and a varying fraction 
of yellow (or adipocyte) marrow within the marrow sphere 
(Fig. 2, right). The second region is the buffer region, a shell 
(with a width of 120 pm) around the centre of the marrow 
cavity (Fig. 2, right). This 1000 pm diameter sphere of the 
marrow spatial model (not shown in Fig. 2) corresponds 
to the nominal chord length of the marrow cavity for the 
investigated 44-year male (Whitwell and Spiers 1976). This 
combined model can be used for estimating S coefficients for 
red marrow irradiated by alpha-particle-emitting radiophar- 
maceuticals, such as those labelled with 211At, 223Ra, 225Ac 
and 227Th, distributed in regions within bone.

Later, Jokisch et al. (1998) generated images of trabecu
lar regions within a human thoracic vertebra, which were 
obtained with a high-field proton nuclear MRI at a field 
strength of 14.1 T. These images were digitally processed to 
measure the chord length distributions through both the bone 
trabeculae and marrow cavities. The distributions yielded a 
mean trabecular thickness of 201 pm and a mean marrow 
cavity thickness of 998 pm, which are both qualitatively con
sistent with those reported in (Whitwell and Spiers 1976).

More recently, micro-CT imaging was used to investi- 
gate cadavers and construct a skeletal dosimetry model with 
detailed images of trabeculae spongiosa for a 64 year adult 
male (Shah 2004) and a 66 year adult female (Kielar 2009).
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Lumbarspine, spongiosa
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Trabecular marrow

Fig. 1 Upper panel: ICRP voxel phantom of spongiosa in lumbar 
spine and cranium (ICRP 2009). Lower panel: from bone to bone 
marrow phantom (Hobbs et al. 2012), A Structure of upper arm bone 
(humeri) which shows the spongiosa, the medullary cavity and the 
cortical bone; B Spongiosa which shows the trabecular bone, red

In assembling the adult male skeletal model, the cores of 
marrow intact spongiosa were excised from each collected 

bone sample. All samples were imaged with a micro-CT 
system at a 30 qm isotropic voxel size. After image seg
mentation of spongiosa and cortical bone in ex vivo CT 
images, multiple image processing steps were applied to 

the micro-CT images of the spongiosa cores to assess both 
the marrow volume fraction and trabecular bone volume 
fraction of spongiosa by skeletal site (Hough et al. 2011). 
This adult male bone model has been integrated into the 
ICRP reference adult male for calculating S coefficients in

bone marrow, yellow bone marrow and the endosteum; C Mathemati- 
cal phantom model for red bone marrow, which shows the trabecu- 
lar marrow cavity and the osteoprogenitor cells (blue), hematopoietic 
stem and progenitor cells (brown), and adipose cells (white). Figures 
reproduced with permission by ICRP and IOP Publishing

bone tissue and red bone marrow (Hough et al. 2011). The 
micro-CT images of the trabecular spongiosa acquired from 
the 64-year adult male was first converted to a NURBS-type 
surface model, shown in green colours for femoral head and 
neck (Fig. 3). In Fig. 3, the cancellous images beside the 

green colour images are the 2D micro-CT images seen from 
the rightmost columns. Furthermore, the shallow marrow 

at a depth of 50 mm (where osteoprogenitor cells are pre- 
sent) from the trabecular surface is also shown Fig. 3. This 

NURBS-type spongiosa model was voxelized and further 
converted to a voxel phantom to be used for bone marrow
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Fig. 2 Left: path-length bone marrow model (Whitwell and Spiers 1976; Beddoe et al. 1976). Right: 3D marrow tissues model (Watchman et al. 
2005). Upper right pannel not drawn to scale. Figures reproduced with permission by IOP Publishing and SNMMI

dosimetry calculations with MC codes. Application of the 
female bone marrow model (Kielar 2009) in the ICRP ref- 
erence adult female can be found in O’Reilly et al. (2016). 
This model can suitably be integrated into an image-based 
patient-specific phantom for heterogeneous bone mar
row dosimetry during treatment of bone metastases with 
metastatic castration-resistant prostate cancer (mCRPC) 
using radiopharmaceuticals emitting alpha-particles. This 
patient-specific model was used for 3D bone marrow dose 
calculations in theranostics using 68Ga-PSMA-11 and 177Lu- 
PSMA-617 (Gosewisch et al. 2019). This model can be fur- 
ther translated in the course of a clinical mCRPC treatment 
with 68Ga-PSMA-11 and 225Ac-PSMA-617 (Kratochwil 
et al. 2016).

Gersh et al. (2007) have created a simple quadric-based 
geometric model of trabecular spongiosa designed specifi- 
cally for implementation into the Monte Carlo radiation 
transport code PENELOPE. In this study the generation of 
geometric models of spongiosa is based on spherical bod- 
ies. While this model is simple, it has no explicit indication 

for different tissues within bone. Because the PENELOPE 
code can only simulate photon and electron transport, this 

quadric-based geometric model must be constructed in other 
MC codes like Geant4 or GATE, if applied for radiopharma- 
ceutical therapy using radionuclides emitting alpha particles.

In contrast to the aforementioned path-length and voxel- 

based trabecular bone model, Hobbs et al. (2012) proposed a 
simplified cell-level geometric model of a trabecular marrow

cavity, which took into account three marrow cell distribu
tions. As shown in Fig. 1C, the model consists of two spheri- 
cal shells and one inner sphere. The inner sphere indicated in 
Fig. 1C by a brown circle line represents the deep marrow. 
The shell between the brown circle line and the bone bound- 
ary region (brown shaded area) including the brown speckled 
ring represents the shallow marrow where the osteoprogeni- 
tor cells are present. The shell is 50 |rm in depth. The brown 
speckled shell is 10 |rm thick and models the endosteal layer 
where osteoblasts are present. Altogether, the cavity includ- 
ing the deep marrow (inner sphere), the shallow marrow 
(middle shell), and the thin endosteal layer constitutes the 
trabecular marrow cavity and it is surrounded by bone. The 
hematopoietic stem and progenitor cells are represented by 
small brown spheres, and the adipose cells are represented 
by small white spheres. They are present throughout the tra- 
becular marrow cavity. In the MC radiation transport simu
lation study by Hobbs et al. (2012), sources of 223Ra were 
assumed to be distributed in the endosteal layer or along 
the trabecular surface. This model took into account differ
ent marrow cells. It can be integrated into skeletal targeted 
dosimetry model for alpha-particle therapy and can provide 
the heterogeneity of dose distributions on a cellular level, for 
quantification of any dose-effect relationship.

As the pelvic region, the lumbar spine, the femur and 
the thoracic spine are regions most commonly affected by 
bone metastases from prostate cancer, Pinto et al. (2020) 
constructed a voxel model (in size 6.05 x 6.05 x 6.05 ^m)
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Fig. 3 A NURBS-type 3D surface model (in green colours) within 
the trabecular spongiosa regions of the femoral head and neck; B 2D 
micro-CT images of spongiosa regions; C shallow marrow (50 mm

of microstructural trabecular bone using images of a mouse 

femur obtained with a micro-CT device. A total of 2,080 
slices with a square matrix size of 1252 pixels per slice were 
acquired. Because the structure and the spatial gradient of 
the radiosensitive cells in the bone marrow cavity of mouse 
femur is very similar to those of human femurs (Watchman 
et al. 2007), this image-based microstructural trabecular 
bone model has been used to investigate the heterogeneous 

dose distribution within cells (Pinto et al. 2020). The model 
is suitable for alpha-particle emitting radiopharmaceuticals 
such as 225Ac-PSMA-617 used in therapy.

Tranel et al. (2021) developed a voxel bone marrow model 
with realistic dimensions. The model includes a voxel size 
of 10 X 10 X 10 ^m3. This voxel size corresponds to the size

depth layer) from trabecular surface along the inner cortical sur
faces of the medullary cavity of the D diaphysis (shaft) (Hough et al. 
2011). Figures reproduced with permission by IOP Publishing

of the cells which are homogenously distributed in the mar
row cavity. Furthermore, a blood vessel compartment with a 

maximum diameter of 50 |jm is embedded in the centre of the 
cylindrical bone marrow model. Radionuclides such as 211At 
and 225Ac were located in the blood vessel compartment. The 

cells which were assumed to be homogenously distributed 
in the trabecular bone can be considered as tissues at risk, 
and the absorbed dose in each cell can be calculated. Another 
unique advantage of this model is that 50 voxels containing 
radioactivity could be randomly distributed in the trabecular 
bone compartments. These voxels can be used to model diffu
sion and infiltration of bone metastases so that the impact of 
selecting an appropriate radiopharmaceutical can be evaluated.
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Heterogeneity of dose distribution in Xofigo 
treatment

223Ra is a bone seeking radionuclide, it prefers to accumulate 
in bone and deliver dose to different cells in trabecular bone 
marrow cavity. Therefore, estimates of the average absorbed 
dose in bone marrow do not predict the very low haemato- 
logical toxicity of 223Ra dichloride in comparison to other 
radiopharmaceutical therapy agents (Sgouros et al. 2020; 
Parker and Sartor 2013). Because of the short range of alpha 
particles emitted by 223Ra and the known localization of this 
radiotherapeutic agent on the trabecular bone surface, only 
bone marrow cells within 80 pm of the bone surface are 
irradiated, meaning that most of the bone marrow space is 
not irradiated (Hobbs et al. 2012). Trabecular bone marrow 
models can resolve this discrepancy between the average 
absorbed dose over bone marrow and the local absorbed 
dose in trabecular bone marrow by dose calculations that 
consider the microscale distribution of 223Ra within the tra
becular bone marrow. In this context one should first look at 
the heterogeneity of the dose distribution in different organs 
and tissues. This demonstrates that the dose-limiting organ 
and tissue in Xofigo therapy are the osteoprogenitor cells 
within trabecular bone marrow. As introduced in the sub- 
organ model for bone marrow, the heterogeneity of dose 
distribution within bone marrow will be presented below. 
The link of this dose heterogeneity in bone marrow to hae- 
matological toxicity is also addressed.

Applying the MIRD/ICRP generalized dose calculation 
formalism, Hollriegl et al. (2021) calculated organ absorbed 
doses for a reference population patient by means of bioki- 
netic models of 223Ra and its decay products, i.e. 219Rn, 
215Po, 211Pb, 211Bi, 211Po and 207Tl developed by ICRP (2017) 
and the S coefficients derived from the ICRP reference male 
computational voxel phantom (ICRP 2009). Because of the 
bone-seeking nature and the heterogeneous bio-distribution 
of 223Ra at the organ level, the heterogeneity of doses dis- 
tributed among organs is obvious. The highest absorbed dose 
coefficient of 221 mGy MBq-1 was found for bone endos- 
teum, followed those for liver, red bone marrow and kid- 
neys (36, 34 and 26 mGy MBq-1, respectively). Absorbed 
dose coefficients to other organs were relatively small. The 
absorbed organ dose coefficients for endosteal bone surface 
and red marrow (221 and 34 mGy MBq-1, respectively) esti- 
mated by Hollriegl et al. (2021) are much lower compared 
to previous modelling results (750 and 72 mGy MBq-1) 

obtained by Lassmann and Nosske (2013). In contrast, the 
organ dose coefficient for kidneys (26 mGy MBq-1) was 
much greater in comparison to previous results by Lassmann 
and Nosske (2013) (3.4 mGy MBq-1). Furthermore, the new 
dose coefficient for colon (5 mGy MBq-1) is lower than the 
previous one (35 mGy MBq-1). These differences in organ

dose coefficients may partially be explained by the fact that 
Lassmann and Nosske (2013) used the old biokinetic models 
of radium and its progeny (ICRP 1993) and S coefficients 
calculated using the previous stylized mathematical phan- 
tom (ICRP 1979). For example, the old biokinetic radium 
model had only one liver compartment and no kidney com- 
partments. Also, the old gastrointestinal tract model (ICRP 
1979) included compartments for the upper large intestine 
and the lower large intestine with no sub-compartments of 
the colon such as right colon, left colon, and rectosigmoid, 
which are all included in the new human alimentary tract 
model (ICRP 2006). As for the observed differences in skel- 
etal dosimetry, the endosteum has recently been defined in 
the new voxel phantom as a 50 pm thick layer covering the 
surfaces of the bone trabeculae in regions of trabecular 
spongiosa and the cortical surfaces of the medullary cavities 
within the shafts of all long bones (ICRP 2009). In contrast, 
the bone surfaces in the former model were defined as a 
single cell layer of 10 pm thickness covering the surfaces of 
both the bone trabeculae and the Haversian canals of corti
cal bone (ICRP 1977). Moreover, the new calculation of the 
skeletal dose coefficients employs improved computational 
algorithms to estimate the absorbed dose to endosteum and 
red marrow (ICRP 2016).

Two clinical studies (Chittenden et al. 2015; Yoshida 
et al. 2016) reported higher absorbed dose coefficients in 
bone endosteum (5378 and 761 mGy MBq-1) and in red 
bone marrow (408 and 92 mGy MBq-1) with a greater dis- 
crepancy up to a factor of seven for endosteal bone surface in 
comparison to modelled results. In the clinical dose assess- 
ment, clinical imaging data were evaluated and cumulated 
activities derived through regions of interest (ROIs). In 
most cases, the commercial dosimetric software tools will 
be used. Furthermore, in clinical studies, it is assumed that 
short-lived progeny deposits directly at the location of its 
parent radionuclide. This demonstrated the challenges in 
assessing dose in clinical practice (Flux 2017): the hetero- 
geneous uptake of the 223Ra in tissues and organs of patients, 
the difficulties to correctly determine the region of interests 
(ROIs) from gamma camera or SPECT images and the quan
tification of 223Ra activities in the organs or tissues and, con- 
sequently, the difficulties to estimate the TIA. Furthermore, 
a high variability of patient anatomy and biokinetics and dif
ferent clinical techniques for imaging and dose calculations 
in the different clinics may also contribute to propagation of 
uncertainties in dose assessments.

The clinically assessed dose coefficients in the bone 
region mentioned above are much greater than those 
modelled (Hollriegl et al. 2021; Lassmann and Nosske 
2013). In contrast, clinical dose assessment, smaller dose 
coefficients for kidneys (2 and 6 mGy MBq-1) and liver 
(1.9 and 2 mGy MBq-1) were observed in comparison 
to the modelling results. Finally, the clinical colon dose
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coefficients (22 and 47 mGy MBq-1) are comparable to 
those modelled (5 and 35 mGy MBq-1). The différences 
mentioned demonstrate the complexity in the clinical dose 
assessment setting and the recommended biokinetic mod- 

elling and dosimetry formalism (Bolch et al. 2009). The 
clinical studies evaluated clinical imaging data, derived the 
cumulated activities through ROIs and used the computer 
software tool OLINDA/EXM (Stabin et al. 2005) for dosim
etry, a software based on old dosimetric models and SAFs 
derived from mathematical phantoms (Cristy and Eckerman 
1987). Furthermore, in the clinical studies (Chittenden et al. 
2015; Yoshida et al. 2016) it was assumed that short-lived 
progeny deposit energy directly at the location of its parent 
radionuclide, whereas in the work of Hollriegl et al. (2021) 
the biokinetics is independently modelled for each progeny 
separately. This may explain some of the observed differ- 
ences between modelled and clinical results. It should be 
also noted that in the calculations, no specific tumour com- 
partment was integrated in the biokinetic models (Hollriegl 
et al. 2021), which may also be a reason for the différences 
observed as compared to the clinical dose assessment.

This strongly suggests that in patient dose assessment 
one should take into consideration not only the heteroge- 
neity in the uptake of radiopharmaceuticals in tissues and 
organs of individual patients, the determination of ROIs 
from images used to visualize activity distributions within 
a patient and estimate of the volume of organs; but also any 
heterogeneities within the modelling-based dose formal- 
isms. In addition, the dosimetry for radiopharmaceuticals 
should primarily be assessed based on patient-specific imag- 
ing and bio-distribution acquired in the clinical setting. The 
observed différences point towards large uncertainties and 
heterogeneities in absorbed dose estimates for the bone mar
row that are based on organ-level biokinetic and anatomical 
models. Consequently, small-scale dosimetry is required to 
explore the heterogeneity of sub-organ doses and even cel
lular doses in bone marrow tissue.

Previously, Watchman et al. (2005) performed a simula
tion of absorbed fractions using the 3D microstructure of 
the 44 year male bone trabecular and marrow cavities devel- 
oped by Whitwell and Spiers (1976). As described above, in 
this 3D model active and inactive tissues within the marrow 
space are represented, and a 3D chord-length-based trans
port model (Watchman et al. 2005) was used with defined 
source and target regions (corresponding to different bone 
tissues): trabecular bone volume, trabecular bone endos- 
teum, trabecular bone surfaces, trabecular active (“red”) 
marrow, and trabecular inactive (“yellow”) marrow. By 
doing so, the absorbed fraction can be evaluated assuming 
alpha-particle distributions in different source regions in the 
trabecular bone, and further be used for absorbed dose calcu
lations for active bone marrow. Values of absorbed fraction

(for example, 0.81, 0.80, and 0.55 for 6 MeV alpha-particles, 
and 0.74, 0.72, and 0.43 for 9 MeV alpha-particles (Watch
man et al. 2005)) for the self-dose to active bone marrow 
are considerably lower than 1.0, which is the value assumed 
in ICRP Publication 30 (ICRP 1979) for the ribs, cervical 
vertebra, and parietal bone using the ICRP reference marrow 
cellularity (72%, 72%, and 42%, respectively) for a 25 year 
adult. Obviously, these AF values will give a lower absorbed 
dose in red marrow.

AF values (0.95 and 0.28) of marrow cavity (with 100% 
marrow cellularity) and endosteal layer self-absorption, 
respectively, for 6 MeV alpha-particles calculated by Hobbs 
et al. (2012) using a simple geometric model of the cell mar
row cavity are comparable to the AF values (0.97 and 0.22, 
respectively) calculated by Watchman et al. (2005). The 
dose-cell histograms (Hobbs et al. 2012) show that the het- 
erogeneous distribution of cellular dose depends strongly 
on the position of the cell within the marrow cavity. The 
results from this bone marrow cavity model (Hobbs et al. 
2012) differ significantly from those calculated with the 
MIRD scheme which are based on average dose calcula
tion. Assuming 2 Gy as the threshold for possible major 
hematotoxicity (O’Donoghue et al. 2002), Hobbs et al. 
(2012) showed that increasing the average absorbed dose to 
the marrow cavity (for a dose range of 1-20 Gy) results in 
only a small increase in the number of cells receiving more 
than 2 Gy) and concluded that dosimetry estimates based on 
an average absorbed dose to a mixture of bone and marrow 
tissues (i.e. dosimetry at the organ level) does not reflect the 
actual biological outcome for radiopharmaceutical therapy 
with Xofigo.

AF values for endosteal layer self-absorption (0.25 and
0.68) and endosteal layer to active marrow (0.35 and 0.14) 
calculated by Pinto et al. (2020) assuming 223Ra is confined 
to a 10 pm or a 50 pm endosteal layer, respectively, are com
parable to the results by Hobbs et al. (2012) for the 10 pm 
endosteal layer (0.23 for endosteum self-absorption, and 
0.35 endosteum to active marrow). In contrast, the AF values 
for 223Ra distributed in the 50 pm layer (0.68 for endosteum 
self-absorption and 1.4 for endosteum to active marrow) 
are greater by a factor of 2.7, and a factor of 2.5 smaller 
in comparison to the values for the 10 pm endosteal layer. 
The 50 pm thickness of endosteum was defined by ICRP as 
the surface of the bone trabeculae in regions of trabecular 
spongiosa, and it is assumed by ICRP that the endosteum 
serves as the target tissue for radiogenic bone cancer. This 
implies that 223Ra, which accumulates in the endosteum, 
delivers greater dose to the endosteum itself in comparison 
with the dose to the active marrow. For 223Ra in the 50 pm 
thick endosteum, Pinto et al. (2020) calculated the average 
absorbed doses of 1.7 Gy and 985 mGy for endosteum and 
the trabecular cavity, respectively.
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Discussion and recommendations

The ultimate goal of radiopharmaceutical therapy is to 
maximize the tumour response while minimizing adverse 
toxicity to normal tissue. This drives the research needs in 
the future, for example for enhancement of dose-driven pre
scription in combination with activity-based prescription or 
unique imaging modalities and dosimetry tools to increase 

the therapeutic index (Dtumour/Dnormal), where Dtamour and 
Dnormal represent the doses to the target region (or tumour) 
and the limiting normal organ or tissues, respectively. In this 
review, it was first shown that the distribution of radiophar- 
maceuticals with alpha-particle emitters in normal tissues as 
an example is heterogeneous, and that it is possible to apply 
some imaging modalities and mass spectrometry methods 
for dosimetric purpose. Second, the general internal dosim- 

etry formalism used in nuclear medicine was introduced and 
the absorbed dose approaches appropriate for radiopharma- 
ceutical therapy were addressed. Third, as example, the dose 
heterogeneity in bone tissues in case of Xofigo treatment 
of bone metastases was summarized. Based on this review, 

in the following several research proposals in the radiation 
research and radiation dosimetry field related to radiophar- 
maceutical therapy are recommended, all consistent with the 
SRAs of MELODI and EURADOS (Harrison et al. 2021; 
MELODI 2021).

Bio-distribution of activity

Emission tomographic techniques are typically used 

to determine bio-distribution at an organ level, but is 
of limited use for targeted alpha therapy at sub-organ 
regions, such as bone marrow (Gosewisch et al. 2019). 
Other complementary methods have been used in vari- 
ous studies to derive radiopharmaceutical distributions at 
relevant substructures, like bone marrow and endosteum 
within bone tissues (Pinto et al. 2020). Biokinetic data 
on a sub-tissue level are needed for developing patient- 
specific physiologically based pharmacokinetic models. 
Preclinical studies on animals will continue to play a key 
role in the investigation of the microscopic distribution of 
radiopharmaceuticals in animal tissues, to identify poten- 
tial toxicities for dose-limiting human organs. Pharma- 
cokinetic distributions on sub-organ and smaller levels 
can certainly be obtained in extracted organs from experi
mental animals combined with ex vivo high-resolution 
imaging, for example, with the use of an alpha-camera 
(Back and Jacobsson 2010; Miller 2018). Other imaging 
techniques, based on mass spectrometry, could be useful 
for assessing the bio-distribution of radiopharmaceuticals 
at a microscopic scale. Secondary ion mass spectrometry

(SIMS) and coupling between laser ablation and induc- 
tively coupled plasma mass spectrometry (LA/ICP-MS) 
have already been applied for the quantitative imaging of 
the bio-distribution of long-lived radionuclides in tissue 
sections of rodents with a resolution down to cellular scale 
(Tessier et al. 2012; Grijalba et al. 2020). The lack of sen- 
sitivity for short-lived radionuclides could be overcome 
in preclinical studies using analogues long-lived isotopes, 
for example 226Ra for 223Ra or 232Th for 227Th. These tech
niques could also contribute to study the bio-distribution 
of the decay products of radiopharmaceuticals that can be 
separated from their parent due to alpha recoil in targeted 
alpha therapy.

Preclinical data on activity distributions in animals may 
then be converted to organ sub-compartments in human 
whole body (Sgouros et al. 2020). Activity distributions 
in these sub-compartments can then be integrated over the 
entire organ contour in patient images which in turn may be 
obtained with clinical imaging modalities, such as PET/CT 
and SPECT/CT (Gosewisch et al. 2021). Preclinical studies 
can therefore provide important information for interpret- 
ing radiopharmaceutical therapy outcomes and evaluate the 
benefit-risk balance of the treatment. General methodology 
translating animal data to humans can be further explored 
(NCRP 2015) and applied to sub-tissues, such as bone mar
row (Cicone et al. 2020; Beykan et al. 2019).

Dose distribution

The heterogeneity of 223Ra in the bone microenvironment 
has been demonstrated in studies by means of autoradiog- 
raphy in mice (Abou et al. 2015; Suominen et al. 2017). 
The heterogeneity of stem cells (hematopoietic stem and 
progenitor cells) in the endosteum and osteoprogenitor 
cells in the shallow marrow together with the short ranges 
of alpha-particles makes bone marrow dosimetry challeng- 
ing. Furthermore, the dose heterogeneity within a cell and 
DNA damages play an important role for understanding the 
key damage processes to bone metastases populated from 
prostate cancer cells. In the cell, energy deposition due to 
alpha particles emitted by radiopharmaceuticals used in 
radiotherapy is of stochastic nature (Gholami et al. 2015). 
In clinical practice, however, the source geometry used for 
dose calculations is far from the distribution of 223Ra actu- 
ally present during the treatment of bone metastases with 
mCRPC. Because of the natural heterogeneity of the 223Ra 
distribution in cellular and subcellular levels, bystander 
effects need to be investigated to understand the effects of 
radiopharmaceutical therapy on a tissue level (Rajon et al. 
2021; Canter et al. 2021), as well as intracellular signal- 
ling and interactions within the microenvironment (Wahl
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et al. 2021). Other processes such as membrane and mito- 
chondria damage induced by alpha particles may lead to 
cell death (Fink and Cookson 2005; Pouget and Constanzo 
2021). Complex interactions of stem cells and DNA with 
alpha-particles within the bone marrow microenvironment 
requires further development of microdosimetry and nano- 

dosimetry models appropriately applied on a cellular and 
molecular level.

Impact of heterogeneous dose distribution 
in bone marrow

Bone marrow is the most critical organ in 177Lu-PSMA- 
ligands therapy. The highly heterogeneous distributions of 
177Lu within bone tissue makes estimation of red bone mar
row doses difficult (Gosewisch et al. 2019). 225Ac-PSMA- 
I&T has been used to treat mCRPC patients with bone 
metastases after treatment failure of 177Lu-PSMA radio- 
ligand therapy (RLT) (Zacherl et al. 2021). In both treat
ment modalities, the dose to bone marrow can be estimated 
applying mass energy-absorption coefficients on the total 
bone mixture obtained by MC simulations. Dose volume 
histograms (DVHs) for bone marrow can estimated with the 
images simulated by MC results. Bone marrow voxel phan- 
toms based on micro-CT images can be further explored to 
reduce the impact of dose heterogeneity on the DVH (Tranel 
et al. 2021; Pinto et al. 2020).

The spatial resolution of SPECT and PET is likely to limit 
their effectiveness to resolve the influence of heterogeneous 
microscopic dose distributions on the biological response to 
radiopharmaceutical therapy. One voxel, which is typically 
7-15 mm and 4-6 mm wide for SPECT and PET, respec- 
tively, might encompass several tissue substructures possibly 
differing not only in the actual absorbed dose received, but 
also in radiosensitivity and functional role within an organ. 
The exploitation of planar and SPECT imaging in quanti- 
fying the activity distribution of radiopharmaceuticals in 
patient needs further investigations (Lassmann et al. 2021; 
Sgouros et al. 2021; ICRU 2021).

The purpose of radiopharmaceutical therapy is to opti- 
mize treatment and ensure improvement of quality of life for 
patients. To reach a dosimetry of good quality requires the 
development of optimized methods and protocols for quan
titative imaging, activity quantification, dose calculation, 
and even radiology, for assessment and improvement of the 
treatment outcome. To implement such an optimized treat- 
ment procedure in clinical practice is challenging (Lassmann 
et al. 2021). Standard patient dosimetry based on single- 
time-point acquisition obtained for example from a SPECT 
scan is used in many clinical centres. Similarly, comple- 
mentary computational dosimetry is required in radiophar- 
maceutical therapy taking into account the heterogeneity of

radiopharmaceutical distributions in the tissues and tumours 
in the human body.

Bioeffect modelling in radiopharmaceutical 
therapy with alpha-emitters

In radiopharmaceutical therapy, heterogeneity in dose 
distribution is observed at different spatial scales. From 
the clinical point of view, biological effects at the tumour 
tissue and organ level, i.e. tumour control and normal tis- 
sue complications, are most important. To quantify these 
effects, in vivo animal experiments and clinical studies are 
necessary. These effects, however, can also be estimated 
based on the dose response at a cellular level (in vitro), 
and the dose distribution within normal tissue and tumour.

What makes this approach promising is the fact that cell 
survival fractions can be predicted with reasonable accu- 
racy for heterogeneous dose distributions, if the cell sur- 
vival of the same cell type upon homogeneous dose distri
bution is used. Friedrich et al. (2018) studied the effects of 
focussed spots of ionizing radiation on cells and found that 
clustering of DNA damage on both nanometre and micro- 
metre scale leads to enhanced cell inactivation compared 
to a more homogeneous DNA damage distribution. Apply- 
ing a biophysical model, the local effect model (LEM), 
they interpreted their observations in terms of enhanced 
double strand break (DSB) production and DSB interac
tion, quantitatively decomposing the overall cell killing 
effects of heterogeneous dose distributions. The LEM I 
model was already applied in several ion therapy centres to 
predict the relative biological effectiveness of ions, while 
the predictive power of the LEM IV model was recently 
quantified (Pfuhl et al. 2022) using the particle irradiation 
data set (Friedrich et al. 2012).

The major strength of the LEM is that simulations can 
be performed completely autonomously without any fitting 
to measured ion beam effects; it is enough to use photon 
dose response parameters and experimental parameters 
(ion type, energy, linear energy transfer, spot beam dimen
sions, nucleus geometry) as model input (Friedrich et al. 
2018). While the LEM is mainly applied for irradiation 
with ion beams, a LEM-based framework was also used 
to study experimental gold nanoparticle radiosensitisation 
data (Lin et al. 2015; Brown and Currell 2017). Consider- 
ing its effectiveness in predicting cell survival probability, 
which is a major determinant of tumour control probability 
and normal tissue complication probability, it is reason- 
able to assume that the therapeutic outcome of radiophar- 
maceutical treatment can also be predicted based on dose 
distributions within normal tissues and tumours using the 
LEM.
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Bystander effects are defined as the induction of bio- 
logical effects in cells that are not directly traversed by a 
charged particle but are in proximity to cells that are (Hall 
and Giaccia 2018). Nagasawa and Little (1992) showed 
that following a low dose of alpha-particles, a larger pro
portion of cells showed biological damages than was esti- 
mated to have been hit by one alpha-particle; specifically, 
30% of the cells showed an increase in sister chromatid 
exchanges even though less than 1% were calculated to 
have undergone a nuclear traversal. Bystander effects were 
mainly investigated using external beam of low and high 
linear energy transfer radiation (ICRU 2021). However, 
recent in vivo studies with 223Ra dichloride demonstrated 

radiation-induced bystander effects on disseminated 
tumour cells in bone marrow (Canter et al. 2021; Rajon 
et al. 2021). As several emerging alpha-particle emitting 
radiopharmaceuticals are in clinical trials, such as 225Ac- 
PSMA-617 (NCT04597411) (ClinicalTrials.gov 2022) and 
227Th conjugate PSMA-TTC (NCT03724747) (Hammer 
et al. 2020), investigation of the benefit and efficacy of 
bystander effects for radiopharmaceutical therapy is highly 
desired.

Recommendations in view of MELODI 
and EURADOS strategie research agendas

Integration of heterogeneity at different scales in dose cal
culations and radiobiological effect modelling is in line with 
the EURADOS SRA topic “patient dosimetry in nuclear 
medicine” (Harrison et al. 2021). This topic includes the 
objectives of the development of cellular dosimetry mod- 
els together with radiobiological experiments to assess the 
intracellular activity distribution and relevant biological 
endpoints; the development of preclinical computational 
dosimetry to improve the accuracy of dose estimates in pre- 
clinical models at the organ and sub-organ level; and the 
study of dose-effect relationships for internally distributed 
radionuclides to complement those for external beam radio- 
therapy. Therefore, further research activities on pharma- 
cokinetics and dosimetry, including small-scale dosimetry 
and microdosimetry of target molecules, are needed to pro
vide detailed information on the spatial dose distribution as a 
function of time on organ, sub-organ, cellular, and molecular 
levels, with emphasis on emerging alpha-particle emitting 
radiopharmaceuticals.

One of the research priorities of the MELODI SRA is the 
effects of spatial and temporal variation in radiation dose 
delivery, which is also gaining importance because of the 
increasing clinical use of radionuclides (MELODI 2021). 
Radiopharmaceutical therapy with alpha-emitters typically 
results in chronic and heterogeneous exposures to both 
tumours and normal tissues. Since secondary cancers are

also of concern, the understanding of the long-term effects 
due to radiopharmaceutical therapy is of high importance. 
Understanding the mechanisms involved, especially regard- 
ing normal tissues exposed to alpha-particle emitting radio
nuclides can be an important step towards research related 
to this priority of MELODI.

Besides the fact that low-dose research can support 
the development and application of radiopharmaceutical 
therapy, it can also gain advantages from preclinical and 
clinical studies on radiopharmaceutical therapy. Consider- 
ing the effectiveness of mathematical models of cell survival 
including heterogeneity of energy deposition, it remains an 
important question how effects at the cellular level manifest 
themselves at the tissue level. Development of such mod- 
els and their validation with clinical and preclinical data 
can be very useful for low-dose research in general, and for 
the study of effects of spatial variation in dose delivery in 
particular.

In view of the SRAs of MELODI and EURADOS, several 
joint research efforts could be performed related to radiop- 
harmaceutical therapy.

1. In cooperation with hospitals and research laborato- 
ries, preclinical and clinical data on the heterogeneity 
of alpha-particle emitting radionuclides should be col- 
lected. These data could include imaged-based activ- 
ity distributions at various scales, such as organ, tissue, 
cellular, and subcellular scales, as well as blood sam- 
ples and excretion data. Building up a pharmacokinetic 
model for specific radiopharmaceuticals, for example, 
Xofigo and 177Lu-PSMA-617, should be feasible. Clini- 
cal images for individual patients could be used to set 
up individual phantoms or images which could further 
be scaled and integrated to reference phantoms. S coef
ficients could then be calculated for estimating patient 
organ doses for this radionuclide. Patient-specific bioki- 
netic data at organ and sub-organ levels would facilitate 
to build individualized pharmacokinetic models.

2. Preclinical and clinical outcomes or radiobiological 
effects in certain organs or cell lines due to heterogene- 
ous dose distributions resulted by alpha-particle emitting 
radiopharmaceuticals, such as Xofigo (clinical data) and 
225Ac-PSMA-I&T (preclinical data) should be reviewed. 
Dose-response relationship should be investigated from 
these clinical and preclinical data conducted with dosim- 
etry at different scales.

3. Microdosimetric and nanodosimetric formalisms could 
be implemented and a quality assurance computation 
of the microscale S coefficients (using the experience 
about voxel phantoms of organs or tissues, esp. at micro- 
scale scale) should be performed for radiopharmaceu- 
ticals with alpha-particle emitters. The microscale and 
nanoscale doses and effects should then be utilized to
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evaluate spécifie biologically based quantifies i.e. rela
tive biological effectiveness (RBE)-weighted dose, 
biologically effective dose (BED), equivalent uniform 
dose (EUD), and other biological models (i.e. LEM 
and bystander effects) should be exploited to establish a 

dose-effect relationship for alpha-particle emitting radi- 
opharmaceuticals used in cancer therapy.
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