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after injection (< 4 h post-administration). In the present simulation, a low distribution
of **®Ra in the liver and kidneys was derived at early times after administration (Fig. 4).
For all other organs and tissues, both the clinical data and the modelled data showed
no significant distribution of ***Ra and its progeny.

Organ absorbed doses
The importance of patient dosimetry in radionuclide therapy and its limitations have
been recognised by many authors and reviewed by Lassmann and Eberlein [31]. The
present work is reporting recent developments combining new biokinetic and dosimet-
ric modelling methods.

The results of the present work are summarised in Tables 5 and 6 showing the calcu-
lated organ absorbed doses for a reference adult male (73 kg, 176 cm height) after ad-
ministration of ***Ra. The highest absorbed doses were found for the bone endosteum,
liver, red marrow and kidneys. Mainly alpha particles emitted from **Ra and its pro-
geny deposit the absorbed dose in these organs; the isotopes *'°Rn, **Po and **'Bi con-
tribute most to the dose. Similar contribution of the **’Ra progeny to bone lesion-
absorbed doses was found in the study of Murray et al. [27].

The calculated dose coefficients for bone endosteum, red marrow and colon were
lower than those reported from clinical data by Yoshida et al. [8] and Chittenden et al.
[10]. On the contrary, the calculated kidney and liver doses of the present work were
higher compared to those revealed by the clinical studies. The authors of these studies
evaluated clinical imaging data and derived the cumulated activities through regions of
interest (ROIs). For the dosimetry, the dosimetric tool OLINDA/EXM [32] was used, a
software based on earlier dosimetric methods and SAFs derived on mathematical phan-
toms. Moreover, for the present work, independent biokinetics of each progeny were
implemented, as shown in the supplement material. The resulted contributions to the
doses of the red marrow, endosteum, kidneys and liver of the progeny such as **°Rn,
215po and *''Bi, are in a similar range, i.e. about 20-27% (Table 6). In clinical studies, it
is assumed that short-lived progeny deposits directly at the location of its parent radio-
nuclide, whereas in the present work the biokinetics are independently modelled for
each progeny. This may explain some of the disagreements observed.

It should be noted that data stemming from clinical studies cannot be compared dir-
ectly with compartmental modelling calculations, as a specific tumour dosimetry, is not
included in these models [33]; the latter can be, strictly speaking, considered valid for
predicting the doses for a healthy, reference (i.e. average size) adult or for a dose assess-
ment of a population and not for an individual patient. They are though very useful for
predicting the trends of the radionuclide distribution and ensure adequate dose to the
bone to fulfil the purpose of radiotherapeutic effect on bone metastasis and avoid
radiotoxicity in other tissues. The results of the present study were compared to the re-
sults of the compartmental modelling of Lassmann and Nosske [20] and were found to
be lower (skeletal doses by a factor of 2.3-3.4, colon dose by a factor of 7.2), except for
the doses to liver and kidneys, which were found to be higher by a factor of ca. 7. The
discrepancies of dose coefficients may be due to the different pharmacokinetic models
of radium applied. In this work, the new ICRP biokinetic model for ***Ra [12] was used
whereas Lassmann and Nosske [20] used the previous ICRP model [13]. The latter
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model consists of only one liver compartment and has no specific kidney compartment.
Further, the gastrointestinal tract (see ICRP Publication 30, [26]) includes the compart-
ments Upper Large Intestine (ULI) and Lower Large Intestine (LLI) and there was no
subdivision into the compartments Right Colon (RC), Left Colon (LC) and Recto Sig-
moid (RS), as per the HATM [21]. In addition, several transfer rates of the previous
ICRP radium model and its progeny are different compared to the new ICRP **’Ra
model and its progeny. For example, in the previous radium model, the transfer coeffi-
cient from the compartments Blood to Liver I was 0.35 d7!, whereas in the new radium
model this value was increased to 4.2 d”".

Moreover, the dosimetric framework of ICRP Publication 133 [19] used for the
present work, presents several improvements in comparison to the former system
[26] employed by the dosimetric software tools used by Lassmann and Nosske [20]
and some clinical studies. For the skeletal dosimetry, which is of primary import-
ance for this work, the target tissue is now the endosteum, defined as a 50-pum-
thick layer covering the surfaces of the bone trabeculae in regions of trabecular
spongiosa and those of the cortical surfaces of the medullary cavities within the
shafts of all long bones [19, 23]. The endosteum as target tissue replaces the bone
surfaces which were defined [34] as a single cell layer 10 pum in thickness, covering
the surfaces of both the bone trabeculae and the Haversian canals of cortical bone.
Moreover, the present calculation of the skeletal doses employs improved computa-
tional algorithms to estimate the absorbed dose to endosteum and red marrow
[19]. Furthermore, differences in colon dose relate to changes in the dosimetric
models, considering now the target cells in the colon walls to be located in a cer-
tain depth of the walls [21].

According to the findings of the present study (Table 5), after a simulated series of
six treatments of 55 kBq/kg of **’Ra injected per treatment, which is often the recom-
mended dosage to a patient, and for a patient with body mass of 73 kg [35], the
absorbed dose to the endosteum would amount to 5.21 Gy and to the red marrow dose
to 0.78 Gy, respectively. These values are consistent with the low haematological tox-
icity incidence reported [5]. Findings of clinical studies reviewed by Flux [36], showed
much higher values of absorbed doses in bone surface and in red marrow, in the range
from 54 to 303 Gy, and from 4 to 23 Gy, respectively. Similarly, Lassmann and Nosske
[20] estimated for a male adult of 70 kg body mass [26] absorbed doses of 16 Gy, and
1.7 Gy in bone surface and red marrow, respectively, for a simulated series of six treat-
ments, each of 50 kBq/kg ***Ra.

There are two further clinical studies for which quantitative imaging for dose estima-
tion in metastatic bone lesions was applied: Pacilio et al. [37] estimated absorbed doses
to bone lesions of 0.2-1.9 Gy after a single injection of 50 kBq/kg **’Ra. A study of
Murray et al. [27] showed a wide range of absorbed doses across multiple sites of
lesions (0.6-44.1 Gy) after a single administration of 110 kBq/kg **’Ra. According to
the present work, absorbed dose of 0.87 Gy in the endosteum is estimated for a single
simulated injection of 55 kBq/kg ***Ra, which is in agreement to the dose range re-
ported by Pacilio et al. [37].

The comparison of the absorbed dose values estimated from modelling with values
stemming from quantitative imaging in the clinical practice is challenging. Modelling is
based on assumptions and algorithms developed for the reference size, healthy male
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but not the individual patient. On the other hand, clinical studies could involve large
uncertainties in dose calculations based on imaging. Possibly, the limited count rates in
imaging of **’Ra in liver and kidneys might explain the low dose coefficients estimated
from quantification imaging compared to the much higher dose calculations in liver
and kidneys of the present compartmental modelling. Flux [36] discussed the chal-
lenges in dosimetry: the heterogeneous uptake of the **Ra (Xofigo®) in tissues and or-
gans of patients, the difficulties to correctly determine the ROIs from the images and
the quantification of 223Ra activities in the organs or tissues, the difficulties to estimate
the time-integrated activity curves, or to assess lesion volumes. Additionally, a high
variability of patients and different clinical techniques for imaging and dose calculations
in the different clinics may lead to propagation of uncertainties in dose assessments.

Biokinetic modelling exhibits several uncertainties as well, such as uncertainty of
biokinetic model structures, model parameters, experimental measurements for ac-
quisition of biokinetic parameters such as transfer rates, uncertainty due to ex-
trapolation of animal data to humans or due to the physiological variability of the
individuals. These uncertainties could be propagated into the transfer rates of the
biokinetic models and consequently to the modelled results, such as the time activ-
ity curves, time integrated activity coefficients and the calculated absorbed doses.
Furthermore, improper implementation of the complicated biokinetic models in the
modelling software could introduce a further uncertainty in absorbed doses.

The uncertainties and limitations of the dosimetric methodology are due to the ana-
tomical and physics parameters employed for the estimation of the absorbed dose for
internal emitters: limitations are present in the computational phantom representing
the human anatomy and in the numerical procedures used to calculate the energy
absorbed in the target tissues; the latter are associated with the transport of radiations
in the body and the nuclear transformation processes that determine the energy and in-
tensity of the emitted radiation. An extensive discussion of uncertainties in biokinetic
and dosimetric models can be found at [38].

Accurate assessment of absorbed dose to the targeted regions is a requirement
for the therapeutic purpose and for avoiding radiotoxicity to healthy surrounding
tissues of a patient [39]. Population pharmacokinetic modelling is a useful tool to
simulate the biokinetics of alpha-emitter radiopharmaceuticals, an alternative
method, as imaging could be challenging in the clinical practice when alpha par-
ticles are involved. The quantification of excretion via population modelling could
be used to optimise the therapy procedures by administering additional agents
that could block the excretion pathways, allowing more time for circulation of
the targeted **’Ra in the blood and increasing the possibility of bone uptake. The
model could be improved by including a bone-site metastasis compartment.
Moreover, the independent modelling of the progeny in the decay chain is a use-
ful tool to understand the redistribution of progeny when alpha recoil effect
occurs.

The population-valid biokinetic model and dose assessment method is a significant
step towards patient-specific pharmacokinetic modelling and dosimetry for targeted
radionuclide therapy. Specific biokinetics of clinical patients could be acquired as well
as patient-specific voiding information for the bladder and colon which could then be
implemented to be used for patient-specific dose evaluation.
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Conclusion

A new ICRP biokinetic model for radium and its progeny was applied for modelling
the behaviour of the ***Ra, Xofigo® as an injected radiopharmaceutical to patients.
Absorbed organ dose coefficients were estimated by applying the most recent ICRP
dosimetric methods. The revealed similar trends concerning the plasma clearance and
excretion via urine and faeces and highest uptake in bone of the modelled ***Ra data
compared to clinical data showed the feasibility of applying the newly developed
models in clinical trials. Discrepancies found in dose coefficients to the values reported
from clinical studies and an earlier compartmental modelling study are attributed to
the different biokinetic and dosimetric methods. Although the model was developed for
a reference, healthy individual and applies, therefore, for a patient of average weight
and height or a population, and not an individual patient, it is a very useful tool for
optimisation and comparison of different modalities. Moreover, the model could be
further developed for patient-specific dosimetry, implementing specific biokinetic, ana-
tomical and physiological information of a patient.
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Additional file 1: Supplement: Schematic representation of the biokinetic models and transfer rates of the **’Ra
decay chain used in this work. Figure 1. Systemic model of radon (*'°Rn) as progeny of “**Ra, used in the present
work for biokinetic and dosimetric modelling [1]. Exch, exchangeable; nonexch, non-exchangeable; STO, ST1, ST2
represent soft tissue (ST) with fast, intermediate, and slow turnover, respectively. Table 1. Model parameters of
21°Rn as radioactive progeny of **Ra: transfer coefficients k (per day) are taken from [1, 2]. Figure 2. Systemic
model of polonium (*"*Po and *'"Po respectively) as progeny of “**Ra, used in the present work for biokinetic and
dosimetric modelling [1]. Exch, exchangeable; nonexch, non-exchangeable; STO, ST1, ST2 represent soft tissue (ST)
with fast, intermediate, and slow turnover, respectively; RBC, red blood cells. Table 2. Model parameters of *'°Po,
and ?'"'Po respectively, as radioactive progeny of 223Ra: transfer coefficients k (per day) are taken from [1, 2]. The
transfer rate from compartment Plasma 1 to ST1 is lower than the value from [1] due to the additional compart-
ment Cortical Marrow introduced for this work. Figure 3. Systemic model of lead (*''Pb) as progeny of **’Ra used
in the present work for biokinetic and dosimetric modelling [1]. Exch, exchangeable; nonexch, non-exchangeable;
STO, ST1, ST2 represent soft tissue (ST) with fast, intermediate, and slow turnover, respectively; RBC, red blood cells.
Table 3. Model parameters of °''Pb as radioactive progeny of **’Ra: transfer coefficients k (per day) are taken from
[1, 2]. Transfer rates from Plasma to all Other Soft Tissue compartments have lower values as those given at [1] due
to the added compartments Trabecular Marrow, Cortical Marrow, Spleen, Skin, and Testes introduced for this work.
Figure 4. Systemic model of bismuth (''Bi) as progeny of **’Ra used in the present work for biokinetic and dosi-
metric modelling [1]. Exch, exchangeable; nonexch, non-exchangeable; STO, ST1, ST2 represent soft tissue (ST) with
fast, intermediate, and slow turnover, respectively. Table 4. Model parameters of ' 'Bi as radioactive progeny of
223Ra: transfer coefficients k (per day) are taken from [1, 2]. The transfer rate from the compartment Plasma to ST1
is lower than the value given at [1] due to the added compartments Trabecular Marrow, Cortical Marrow, Spleen,
Skin, and Testes. Figure 5. Systemic model of thallium (*°’Tl) as progeny of **’Ra used in the present work for bioki-
netic and dosimetric modelling [1]. Exch, exchangeable; nonexch, non-exchangeable; STO, ST1, ST2 represent soft
tissue (ST) with fast, intermediate, and slow turnover, respectively; RBC, red blood cells. Table 5. Model parameters
for 2Tl as radioactive progeny of 223Ra: transfer coefficients k (per day) are taken from [1, 2] and from human ali-
mentary tract model (HATM) [2]
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