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Abstract 

Purpose Ra-223-Dichloride (
223

Ra, Xofigo®) is used for treatment of patients suffering from castration-

resistant metastatic prostate cancer. The objective of this work was to apply the most recent biokinetic 

model for radium and its progeny and dosimetric framework developed by the International 

Commission on Radiological Protection (ICRP) and to show their radiopharmacokinetic behaviour. 

Organ absorbed and equivalent doses after intravenous injection of 
223

Ra were estimated and 

compared to clinical data and other modelling study. 

Methods The most recent ICRP systemic biokinetic model of 
223

Ra and its progeny as well as the 

ICRP human alimentary tract model were applied for the radiopharmacokinetic modelling of Xofigo® 

biodistribution in patients after bolus administration. Independent kinetics was assumed for the 

progeny of 
223

Ra. The time activity curves for 
223

Ra were modelled and the time integrated activity 

coefficients, �̃�(𝑟𝑆, 𝑇𝐷), in the source regions for each progeny were determined. For estimating the 

organ absorbed doses, the Specific Absorbed Fractions (SAF) and dosimetric framework of ICRP 

were used together with the aforementioned �̃�(𝑟𝑆, 𝑇𝐷) values to estimate the organ absorbed and 

equivalent doses. 

Results The distribution of 
223

Ra after injection showed a rapid plasma clearance and a low urinary 

excretion. Main elimination was via faeces. Bone retention was found to be about 30% at 4 h post-

injection. Similar tendencies were observed in clinic trials. The highest absorbed dose coefficients 

were found for bone endosteum, liver, and red marrow, followed by kidneys and colon. 

Conclusion The biokinetic modelling of 
223

Ra and its progeny may help to predict their distributions in 

patients after administration of Xofigo®. The organ dose coefficients of this work showed some 

variation to the values from clinical studies and of a previous compartmental modelling study. The 

dose to the bone endosteum was found to be lower by a factor of ca. 3 than previously estimated. 

 

Keywords radiopharmaceutical, biokinetic models, 
223

Ra, internal dose, radionuclide therapy 
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Introduction 

Worldwide, prostate cancer is the second most frequent cancer in men [1]. In 2013, 
223

Ra-dichloride 

(
223

Ra, Xofigo®, Bayer) was approved by the US Food and Drug Administration (FDA) and by the 

European Commission as a tolerated radiopharmaceutical for treatment of patients suffering from 

castration-resistant prostate cancer with bone metastases and no visceral metastases [2]. The bone 

metastases can result in severe bone pain and other symptoms, like pathologic fractures, spinal cord 

compression or myelosuppression [3]. As 
223

Ra behaves like calcium after its intravenous injection 

into the human body, its main target is the bone, at areas of active bone formation, thereby forming 

complexes with the bone mineral hydroxyapatite. 
223

Ra is an alpha-emitter (physical half-life 11.4 

days) with a high linear energy transfer (80 keV/µm) which may lead to a high frequency of double-

strand DNA breaks in tumour cells; this may result in a highly localized cytotoxic effect to tumour cell 

death. The short alpha particle path range (< 100 µm) may minimize damage to the surrounding 

normal tissue. After intravenous administration of 
223

Ra, its bone-seeking and alpha-particle emitting 

properties may reduce bone pain, thereby improving the quality of life of the patients. The trial has 

proven that the treatment with 
223

Ra extend the overall survival rate of patients to 3.6 months [4]. 

223
Ra decays via six short-lived daughter nuclides into the stable lead isotope 

207
Pb; the total emitted 

energy is 28.2 MeV, of which 95.3% is from alpha emission, 3.6% from beta and 1.1% from gamma 

emission (Table 1). Although the photon yield is low, gamma camera imaging is feasible. In the last 

years, several clinical trials using Xofigo® were performed to demonstrate the pharmacokinetic 

behaviour of 
223

Ra in the human body after its intravenous injection, and to estimate organ absorbed 

doses in radiation-sensitive organs and tissues, such as bone surface or red marrow [5-8]. In 2017, 

the International Commission on Radiation Protection (ICRP) published new biokinetic data of 
223

Ra 

and its progeny in ICRP Publication 137 [9]. The improved systemic model of radium is a modification 

of the previous model of ICRP Publication 67 [10]. The objective of this work is to apply the new 

biokinetic model for radium and its progeny, follow their distribution in the human body and compare 

the model prediction with data of patients reported during four clinical trials reported at [5, 7, 8, 11]. 

Moreover, the organ absorbed dose coefficients after intravenous injection of 
223

Ra were estimated 

according to the ICRP/MIRD schema for radiopharmaceutical dosimetry [12] by applying the latest 

SAF values of ICRP calculated for the male reference adult according to the ICRP methodology [13]. 
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The results obtained in this study were compared with organ absorbed doses estimated via imaging 

data of patients, and additionally with a compartmental modelling study of other authors who used the 

biokinetic modelling of ICRP Publication 67 and earlier dosimetric methods.  

Table 1 Decay chain of 
223

Ra and its progeny to stable 
207

Pb (from [14]) 

Radionuclide Decay 

mode 

Abundance 

(%) 

Half-life Decay constants (d
-1

) 

223
Ra  

219
Rn α 100 11.43 days 0.0606 

219
Rn  

215
Po α 100 3.96 s 15123.2112 

215
Po  

211
Pb α 100 1.78 ms 33644896.8541 

211
Pb  

211
Bi β-

 100 36.1 min 27.6490 

211
Bi  

211
Po β-

 0.276 2.14 min 1.2873 

211
Bi  

207
TI α 99.72 2.14 min 465.1107 

211
Po  

207
Pb α 100 0.516 s 116061.8534 

207
TI  

207
Pb β-

 100 4.77 min 209.2519  

 

Materials and methods 

Radiopharmacokinetic modelling 

ICRP Publication 137 [9] reports new biokinetic data of 
223

Ra and its progeny. Figure 1 shows the 

systemic biokinetic model of 
223

Ra, consisting of compartments representing the Skeleton, Blood, 

Liver, Kidneys with the excretion pathway to Urine, and with connection to the Gastro-intestinal Tract, 

and the excretion pathway via Faeces. Additionally, a compartment of Other Soft Tissue, subdivided 

into ST0, ST1, and ST2 is linked to the transfer compartment Blood. The Other Soft Tissue comprises 

all soft tissues, which were not explicitly defined in the systemic model of 
223

Ra. The compartments 

Skeleton, Liver and Kidneys, and the Large Intestine are also subdivided. The Skeleton is 

compartmentalised into the bone surface and bone volume; the latter is again divided into the non-

exchangeable (nonexch) and exchangeable (exch) part. The Large Intestine includes the Right Colon 

(RC), Left Colon (LC) and Recto Sigmoid (RS) according to the Human Alimentary Tract Model 
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(HATM) [15]. Each compartment is linked through the decay constant of 
223

Ra with the corresponding 

compartments of the next progeny 
219

Rn. 

As the biokinetics of the 
223

Ra progeny are independent from the parent nuclide 
223

Ra, their transfer 

rates and their compartment structures are not necessarily identical to those of their parent. 

Compartments representing the organs/tissues Spleen, Skin, Gonads, Trabecular Marrow and 

Cortical Marrow are specific for some biokinetic models of the daughter nuclides of 
223

Ra. Therefore, 

prior to the whole biokinetic modelling of 
223

Ra and its progeny, and according to ICRP 137 [9], each 

biokinetic model of the nuclides in the radium decay chain (including 
223

Ra) was expanded for the five 

complementary compartments mentioned above; all transfer rates were taken from ICRP 137 [9]. For 

the biokinetic model of 
223

Ra the transfer rates from the Blood compartment to the newly established 

compartments of Trabecular Marrow, Cortical Marrow, Spleen, Skin and Testes, were calculated from 

the corresponding transfer rate of the Other Soft Tissue compartment by considering their mass-

fraction. The masses of the above mentioned organs and tissues were taken from ICRP [13].The 

transfer rate from the blood compartment to the Other Soft Tissue was reduced accordingly.  

 

Fig. 1 Systemic model of 
223

Ra, according to ICRP 137 (2017) [9] 
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Implementation of the complete compartmental model in SAAM II software 

The biokinetics of 
223

Ra and its progeny were described by a system of first-order linear ordinary 

differential equations, which were numerically solved by using the commercial software package 

SAAM II [16]. All model parameters (compartmental structures and transfer rates) of 
223

Ra and its 

daughter nuclides (
219

Rn, 
215

Po, 
211

Pb, 
211

Bi, 
211

Po, and 
207

TI) were inserted into the SAAM II software. 

The equivalent compartments of each model element were connected through their decay constants 

(see Table 1); a period of 168 h after injection was assumed to follow the time-dependent distribution 

of 
223

Ra and its progeny in the organs and tissues after a simulated injection, as well as the excretion 

route. For dose assessment, the time-integrated activity coefficients were calculated as the area 

under the curve (AUC) up to a time period of 1000 days after injection, because beyond this time the 

AUC in each organ and tissue remain unchanged.  

 

Calculation of absorbed and equivalent dose coefficients 

The determination of internal doses can be performed by mathematical calculations using 

standardised biokinetic and dosimetric models. The ICRP and the Committee on Medical Internal 

Radiation Dose (MIRD) of Society of Nuclear Medicine generalised the schema for the calculation of 

absorbed dose and effective dose coefficients to the patients from administered radiopharmaceuticals 

[12]. The absorbed dose coefficient is calculated by the time integrated activity coefficients �̃�(𝑟𝑆, 𝑇𝐷) 
in source organs, and S-values, specific to the radionuclide and computational phantom used for the 

calculation, according to the following equations: 

 𝑑(𝑟𝑇 , 𝑇𝐷) = ∑ �̃�(𝑟𝑆, 𝑇𝐷)𝑆(𝑟𝑇 ← 𝑟𝑆)𝑟𝑆       (1) 𝑆(𝑟𝑇 ← 𝑟𝑆) = ∑ 𝐸𝑖𝑌𝑖 𝜙(𝑟𝑇←𝑟𝑆,𝐸𝑖)𝑀𝑇 = ∑ 𝐸𝑖𝑌𝑖𝑖𝑖 𝛷(𝑟𝑇 ← 𝑟𝑆, 𝐸𝑖)   (2) 

Where 𝑑(𝑟𝑇 , 𝑇𝐷) is the absorbed dose coefficient in organ T; �̃�(𝑟𝑆, 𝑇𝐷) is the time-integrated activity 

coefficient in source organ rS over dose-integration period TD per unit administered activity; 𝑆(𝑟𝑇 ← 𝑟𝑆) is the mean absorbed dose rate to target tissue rT per unit activity present in source 

tissue rS and is called S value. Ei is the mean (or individual) energy of the ith nuclear transition; Yi is 
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yield of ith nuclear transitions per nuclear transformation. 𝜙(𝑟𝑇 ← 𝑟𝑆, 𝐸𝑖) is the absorbed fraction 

(defined as the fraction of radiation energy Ei emitted within the source tissue rS at time t that is 

absorbed in the target tissue rT), and MT is the mass of the target tissue rT in the reference 

individual; Φ(𝑟𝑇 ← 𝑟𝑆, 𝐸𝑖) is the SAF value which is defined as the ratio of the absorbed fraction and 

the target mass MT. 

The equivalent dose coefficient  ℎ(𝑟𝑇 , 𝑇𝐷) is defined as: ℎ(𝑟𝑇 , 𝑇𝐷) = ∑ 𝑤𝑅𝑅  𝑑(𝑟𝑇 , 𝑇𝐷)  (3) 

Where 𝑤𝑅 is the radiation-weighting factor for radiation type R, and 𝑑(𝑟𝑇 , 𝑇𝐷) is the contribution of 

radiation type R to the mean absorbed dose coefficient in target tissue rT. For alpha particles, ICRP 

[17] recommends a radiation-weighting factor of 20. This value is valid for stochastic (cancer) risks 

and not for tissue reactions. However, in addition, a radiation-weighting factor wR of 5 has been used 

in this work, as the MIRD Committee [18] suggests this value for possible tissue reactions originating 

from alpha particles. 

SAF values are calculated with Monte Carlo methods following the transport of radiation in 

anthropomorphic computational phantoms. For this work, the SAFs were taken from the ICRP 

Publication 133 [13] which provides reference values for internally emitted monoenergetic photons, 

electrons, alpha particles, fission-spectrum neutrons, as well as several improved dosimetric features. 

The SAFs were calculated for the ICRP adult reference voxel phantoms [19]. For bone dosimetry and 

photons and neutrons, dose response functions were implemented. Furthermore, electron SAFs of 

bone surface as source organ were based on microCT of spongiosa structures. For some small 

tissues beyond the resolution of the voxel phantoms, other detailed models were used to define alpha 

and electron SAFs values as for the alimentary tract and respiratory tract. Another feature of the ICRP 

SAFs is that blood as source organ is used instead of body tissues, which were previously used as 

surrogate for blood. More information on the ICRP internal dosimetry framework can be found at [13].  

Time integrated activity coefficients for each radionuclide and each source organ were calculated and 

are listed in Table 2. An in-house dose computational software [20, 21] was used which incorporates 

the activity coefficients, the SAF values and the most recent nuclear decay data of ICRP Publication 

107 [14] and performs absorbed and equivalent dose calculations for photons, electrons and alpha 
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particles of the desired radionuclide. The absorbed dose to a target region was estimated by summing 

the contributions from the decay of the daughter products of 
223

Ra i.e. 
219

Rn, 
215

Po, 
211

Pb, 
211

Bi, 
211

Po, 

and 
207

TI.  

 

Table 2 Time integrated activity coefficients for each radionuclide and each source organ (in h) 

Source organs 
223

Ra 
219

Rn 
215

Po 
211

Pb 
211

Bi 
211

Po 
207

TI 

Blood 0.90 0.52 1.04 0.49 0.34 0.0009 0.20 

Other tissues 6.95 6.93 5.36 7.07 7.15 0.02 7.54 

Cortical bone surface 10.15 10.09 10.09 9.81 9.81 0.03 9.68 

Cortical bone volume 8.64 8.64 8.64 8.81 8.81 0.02 8.77 

Trabecular bone 

surface 12.01 11.94 11.94 11.61 11.61 0.03 11.46 

Trabecular bone 

volume 17.90 17.90 17.90 18.10 11.61 0.05 18.05 

Kidneys 0.65 0.35 0.65 0.69 0.71 0.002 0.71 

Urinary bladder 

content 0.05 0.05 0.05 0.05 0.07 0.00018 0.06 

Liver 5.11 5.18 5.18 5.25 5.27 0.02 5.20 

Cortical Marrow 0.04 0.04 0.04 0.04 0.04 0.0001 0.04 

Skin 0.16 0.16 0.16 0.16 0.16 0.0004 0.17 

Trabecular Marrow 0.45 0.45 0.45 0.46 0.46 0.0013 0.45 

Spleen 0.007 0.007 0.007 0.008 0.008 0.00002 0.008 

Testes 0.002 0.002 0.002 0.002 0.002 0.000004 0.002 

Right Colon content 9.53 9.53 9.53 8.90 8.86 0.024 8.80 

Left Colon content 9.25 9.25 9.25 9.22 9.22 0.03 9.19 

Recto Sigmoid 

content 8.98 8.98 8.98 8.99 8.99 0.03 8.97 
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Results 

Fig. 2 shows the time-dependent distribution of 
223

Ra after a simulated intravenous administration. 

The plasma clearance of 
223

Ra was very fast, 2 h after injection about 2.5% of the injected activity 

remained in the plasma and after 24 h post-injection less than 1% was left in the plasma. Initial bone 

uptake of 
223

Ra within 4 h post-injection was about 30%, primarily into the bone surface. A slow 

uptake of up to 6% of 
223

Ra followed into the bone volume (both cortical and trabecular) at 80 h post-

injection (data not shown). While the cumulative urinary excretion was low (ca. 2%), the cumulative 

excretion into faeces amounted to about 51% after 3 d post-injection; therefore, the main elimination 

of 
223

Ra, as shown in Fig. 3, was through the colon (into faeces) and not through the urinary pathway. 

Fig. 4 reveals a low uptake in liver, up to ca. 7% after 7 h post-injection, and a 2% uptake in kidneys 

at 2 h after injection. No significant distribution of 
223

Ra was observed in other organs or tissues, 

neither for radium progeny. Data from four clinical trials [5, 7, 8, 11] with in total 47 patients receiving 

Xofigo® due to bone metastases compared to the present modelled data are also shown in Fig. 2 and 

3. Table 3 summarises the modelled data, together with the clinical data showing the wide range of 

distribution patterns of 
223

Ra in the human body of the patients. 
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Fig. 2 Time-dependent distribution of 
223

Ra in plasma, bone and colon after intravenous injection. 

Dashed Line = modelled data of plasma, solid line = modelled data of colon, dash-dotted line = 

modelled data of bones. Bullets = plasma data of patients, squares = bone data of patients, triangles 

= colon data of patients. Patient data from [5, 7, 8, 11] shown with median values or values of mean ± 

SD. Bone indicates total bone i.e. cortical, trabecular surface, volume and marrow. 
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Fig. 3 Time-dependent excretion of 
223

Ra after intravenous injection. Dash-dotted line = modelled 

data of faeces, solid line = modelled data of urine; squares = faeces data of patients, bullets = urine 

data of patients. Patient data from [5, 7, 8, 11]  shown with mean values or mean ± SD, or ranges (in 

parentheses) 
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Fig. 4 Modelled time-dependent distribution of 
223

Ra in kidneys and liver after intravenous injection 

 

 

Table 3 Overview of the biodistribution of 
223

Ra after intravenous injection in patients from four clinical 

trials [6, 8, 9, 12], in comparison to the modelled data of the present work; data expressed as 

percentage of administered 
223

Ra; values given as range, median or mean ± SD; n = patient number 

 Time post-

injection 

Present 

work 

Nilsson et 

al. [11] 

n = 25 

Carrasquillo et 

al. [8] 

n = 10 

Chittenden et 

al. [7]   

n = 6 

Yoshida et al.  

[5] 

n = 6 

Plasma 10-15 min 30 12   9-28 (22) 

 4 h 1.9  1.6-3.9 (2)  1-6 (4) 

 24 h 0.5 <1 0.37-1.0 (0.55) 0.6-5.1 (1.1)  

 3 d 0.2    0-0.9 (0.3) 

Bone
a
 2 h 28    41-57 (52) 

 4 h 29.2   61 ± 10  

Urine 2 d 1.7  5 2 ± 2 2 
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Faeces 1 d 13  40-61 (52)   

 2 d 36   13 ± 12  

 3 d 51    29-95 (64) 

 7 d 68   60-80  

ULI/RC* 1 d 12   45 ± 16  

 7 d 0.6   0-18 (4)  

LLI/LC** 2 d 7.3   17 ± 11  

 7 d 0.7   6 ± 4  

GI tract/ 

HATM*** 

6 h 41    22-85 (64) 

 1 d 39  50.8 ± 7.5  32-78 (52) 

 2 d 22    4-76 (31) 

 3 d 12    5-53 (21) 

 7-8 d 2    0-9 (3) 

a
Total bone i.e. surface, volume and bone marrow; *ULI/RC, upper large intestine/right colon, ** 

LLI/LC, lower large intestine/left colon, ***GI tract; Gastrointestinal tract (ICRP 30, [22]) representing 

small intestine, ULI and LLI; HATM, human alimentary tract model (HATM) [15] representing RC, LC 

and recto sigmoid 

 

 

Absorbed and equivalent dose coefficients 

From the biokinetic modelling, 17 source organs were defined: blood, cortical and trabecular bone 

surfaces, cortical and trabecular bone volumes, cortical and trabecular marrow, kidneys, urinary 

bladder content, liver, testes, spleen, skin, right colon contents, left colon contents, recto sigmoid 

contents, and other tissues.  A table of the time integrated activity coefficients for each radionuclide 

and each source organ as calculated by the biokinetic model can be found in Table 2. Absorbed 

doses for 28 target organs were calculated. Table 4 presents organ absorbed dose coefficients (in 

mGy/MBq) for some selected organs, considering the alpha, beta and gamma contribution to the total 

dose. The highest doses were observed in the bone endosteum (i.e. bone surface), red marrow, liver, 

kidneys and colon. Table 4 also shows the values of a previous modelling study of Lassmann and 
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Nosske [23] and of the clinical studies of Chittenden et al [7] and Yoshida et al. [5]. The results of the 

present work for bone surface and red marrow showed lower dose values (by a factor 2.3-3.4) 

compared to the modelling study of Lassmann and Nosske [23] and the clinical study of Yoshida et al. 

[5] and even lower to values of the clinical study of Chittenden et al. [7]. However, the dose 

coefficients for liver and kidneys were found to be much higher than those of the clinical studies. It 

should be noted that organ doses (or coefficients) stemming from clinical studies cannot be compared 

directly with compartmental modelling calculations, as a specific tumour dosimetry is not included in 

these models [24]. 

 

 

Table 4 Absorbed dose coefficients (mGy/MBq) with contribution from alpha, beta and gamma 

radiation to the total absorbed dose, after simulated injection of 
223

Ra, in comparison to the modelling 

study of Lassmann and Nosske [23] and the clinical studies of Chittenden et al [7] and Yoshida et al. 

[5]. Values of Yoshida et al. refer to the total absorbed dose coefficients 

 Present work Lassman and 

Nosske [23] 

Chittenden et al. 

[7] 

Yoshida et 

al. [5] 

Organ Alpha Beta/ 

gamma 

Total Alpha Beta/ 

gamma 

Alpha Beta/ 

gamma 

Total 

Adrenals 1.86 0.27 2.13 3.2 0.24   0.06 

UB wall 1.85 0.23 2.08 3.3 0.41 3 <1 1.54 

Endost-BS 215.71 5.23 221 750 11 5378 21 761 

Brain 1.84 0.19 2.04 3.2 0.18   0.05 

Breast 1.85 0.12 1.96 3.2 0.16   0.02 

Stomach wall 1.87 0.25 2.11 3.2 0.21   0.08 

SI wall 1.87 0.25 2.12 3.2 0.39 0 5 5.42 

Colon 1.87 2.73 4.60 9.5 25 0 47 12.9 

Kidneys 22.15 1.13 23.3 3.4 0.24 6 <1 2.00 

Liver 34.53 1.49 36.0 3.6 1.5 2 <1 1.87 

Lungs 1.64 0.13 1.51 3.2 0.19   0.03 
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Muscle 1.84 0.18 2.02 3.2 0.2   0.06 

Pancreas 1.86 0.29 2.15 3.2 0.22   0.06 

Red marrow 30.42 3.03 33.5 72 5.5 408 9 91.6 

Skin 0.81 0.07 0.88 3.2 0.16   0.03 

Spleen 1.17 0.14 1.31 3.2 0.19   0.04 

Testes 0.82 0.06 0.89 3.2 0.18   0.03 

Thymus 1.85 0.17 2.02 3.2 0.17   0.02 

Thyroid 1.86 0.13 1.98 3.2 0.17 3.2 0.17 0.03 

UB wall, urinary bladder wall; SI wall, small intestine wall; Endost-BS, endosteum bone surface 

 

 

More than 99% of the absorbed dose in the organs is due to alpha and beta particles, emitted from 

223
Ra and its progeny; the relative contribution of each progeny to four organs is given in Table 5. 

Similar contributions of each 
223

Ra progeny to the bone lesions was reported by Murray et al. [25]. 

 

 

Table 5 Relative contribution of 
223

Ra and its progeny to the total absorbed dose of bone surface, red 

marrow, liver, and kidneys (in %) 

Isotopes 
223

Ra 
219

Rn 
215

Po 
211

Pb 
211

Bi 
211

Po 
207

TI 

Organ        

Red marrow 20 24 27 4 21 0 4 

Endost-BS 22 26 28 1 23 0 1 

Liver 21 24 23 3 22 0 2 

Kidneys 23 15 30 2 28 0 2 

Endost-BS, endosteum bone surface 
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Table 6 presents the equivalent dose coefficients for selected organs. Two different radiation 

weighting factors, wR, for alpha particles were used: a wR of 20 according to ICRP [17], which is the 

value valid for stochastic (cancer) risks; and a wR of 5, the value that the MIRD Committee [18] 

suggests for possible deterministic biological effects originating from therapies with alpha emitters. 

 

 

Table 6 Equivalent dose coefficients using two different radiation weighting factors of wR = 5, and 20, 

respectively 

Organ Gy/MBq
 a

 Sv/MBq 

 wR = 5 wR =20 

Red marrow 0.15 0.59 

Endost-BS 1.08 4.22 

Liver 0.17 0.68 

Kidneys 0.11 0.43 

a
Gy indicates an RBE-weighted absorbed dose for deterministic biological effects [17]; Endost-BS, 

endosteum bone surface 

 

 

Discussion 

Biodistribution 

In the last years clinical trials using the radiopharmaceutical Xofigo® were undertaken to derive the 

distribution of 
223

Ra in the human body [5-8]; the pharmacokinetics were obtained by gamma 

scintigraphy of the whole body. An overview of the results of these studies is presented in Table 3 

together with the results of the compartmental modelling study developed for this work. Parts of the 

results of the present work are in good agreement with the results of the clinical trials: very fast 

plasma clearance, main uptake into bone (although by different proportion), small urinary excretion 

and large activity in the colon with main excretion of 
223

Ra in the faeces. The faeces´ excretion rates 

of the patients are rather variable because of the inter-individual metabolic differences and the high 
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variability in intestinal transit times [5]. In studies of Chittenden et al. [7], for example, activities of 

223
Ra in the small intestine are observed 4 h after intravenous administration, whereas the biokinetic 

model of 
223

Ra predicted by the ICRP does not include a specified compartment for Small Intestine. 

Remarkable is, however, the increased initial uptake of 
223

Ra into the bones of patients as reported in 

clinical studies [5, 7], which is stated to be about 50-60%, compared to the modelled 30% after 4 h of 

injection. Taprogge et al. [26], who analysed data of six patients from Chittenden et al. [7], are in the 

process of developing a simple compartmental model for plasma, bone surfaces, small and large 

intestines, and excretion path that better fits to the patient data. Carrasquillo et al. [8] observed a 

small amount (not quantified) of activity in kidneys and liver, but only early after injection (< 4 h post-

administration). In the present simulation, a low distribution of 
223

Ra in liver and kidneys was observed 

at early times after administration (Fig. 4). In other organs and tissues, both the clinical data and our 

modelled data showed no significant distribution of 
223

Ra and its progeny. 

 

Organ absorbed and equivalent doses 

The importance of patient dosimetry in radionuclide therapy and its limitations have been recognized 

by many authors and reviewed by Lassmann and Eberlein [27]. The present work is reporting recent 

developments combining new biokinetic and dosimetric modelling. 

The results of the present work are summarised in the Tables 4-6 showing the calculated organ 

absorbed and equivalent doses for a reference adult male (73 kg, 176 m height) after administration 

of 
223

Ra. The highest absorbed doses were found in the bone endosteum, liver, red marrow, and 

kidneys. Mainly alpha particles emitted from 
223

Ra and its progeny deposit the absorbed dose in these 

organs; the isotopes 
219

Rn, 
215

Po, and 
211

Bi contribute most to the dose. Similar contribution of the 

223
Ra progeny to bone lesion-absorbed doses was found in the study of Murray et al. [25]. The 

calculated dose coefficients for bone endosteum, red marrow and colon were lower than clinical data 

reported by Yoshida et al. [5] and Chittenden et al. [7]. The authors of these studies evaluated clinical 

imaging data, and derived the cumulated activities through region of interests (ROIs). For the 

dosimetry, the dosimetric tool OLINDA/EXM [28] was used, software based on the MIRD algorithm 

and SAFs derived on mathematical phantoms. The calculated kidneys and liver doses of this work 

were higher compared to those revealed by the clinical studies. It should be noted, that, data 
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stemming from clinical studies cannot be compared directly with compartmental modelling 

calculations, as a specific tumour dosimetry is not included in these models [24]. 

The results of the present study were compared to the results of the compartmental modelling of 

Lassmann and Nosske [23] and were found to be lower (skeletal doses by a factor of 2.3-3.4, colon 

dose by a factor of 7.5), 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 
223

Ra [10] was used 

whereas Lassmann and Nosske used the previous ICRP model of 
223

Ra [23]. The latter model for 

radium consisted of only one liver compartment and had no specific kidney compartment. Further, the 

gastrointestinal tract (see ICRP 30, [22]) included the compartments upper large intestine (ULI) and 

the lower large intestine (LLI); there was no subdivision into the compartments right colon (RC), left 

colon (LC), and the recto sigmoid (RS), as per the HATM [15]. In addition, many transfer rates of the 

old ICRP radium model and its progeny were different compared to the new ICRP 
223

Ra model and its 

progeny. For example, in the old radium model, the transfer coefficient from the compartments Blood 

to Liver 1 was 0.35 d
-1

, whereas in the new radium model this value was increased to 4.2 d
-1

. 

Moreover, the dosimetric framework of ICRP Publication 133 [13] used for the present work, presents 

several improvements in comparison to the former system [22] employed by dosimetric software tools 

used by Lassmann and Nosske [23] and clinical studies: the majority of SAF values are derived from 

Monte Carlo radiation transport simulations in the ICRP reference adult computational phantoms [19]. 

For the skeletal dosimetry, which is of primary importance for this work, computational algorithms are 

applied to relate the absorbed dose to spongiosa and medullary marrow to the absorbed dose to 

either endosteum or red marrow. For the models for alpha particle transport, the reader is referred for 

more details to [13]. Additional values of alpha and electron SAFs are taken from ICRP Publication 66 

[29] for the Human Respiratory Tract Model (HRTM), with changes consistent with revisions to the 

HRTM presented in Publication 130 [30]. New values of alpha and electron SAFs are given for the 

HATM Model in [13] that supersede those given in Publication [15]. 

After a simulated series of six treatments of 55 kBq/kg of 
223

Ra injected per treatment, which is often 

the recommended dosage to patients, and for the body mass of 73 kg [31], the bone surface dose 

would amount, according to the present study, to 5.21 Gy and the red marrow dose to 0.78 Gy, 
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respectively. Findings of clinical studies reviewed by Flux [32], reported much higher values of 

absorbed doses in bone surface and in red marrow, in the range of 54 Gy to 303 Gy, and from 4 Gy to 

23 Gy, respectively. Similarly, Lassmann and Nosske [23] calculated absorbed doses of 16 Gy, and 

1.7 Gy in bone surface and red marrow, respectively, after a simulated series of six treatments of 

each 50 kBq/kg 
223

Ra, for the body mass of 70 kg [22]. 

Moreover, there are two clinical studies for which quantitative imaging for dose estimation in 

metastatic bone lesions was applied: Pacilio et al. [33] presented absorbed doses to bone lesions of 

0.2-1.9 Gy after a single injection of 50 kBq/kg 
223

Ra to patients. However, it was not clear whether 

the 
223

Ra activity measured affected directly the bone lesions or only bone regions with high activity 

surrounding the metastasis. A study of Murray et al. [25] 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 
223

Ra. 

According to the present work, absorbed dose of 0.87 Gy in the endosteum bone surface is estimated 

after a single simulated injection of 55 kBq/kg 
223

Ra, which is in agreement to the dose range reported 

by Pacilio et al. [33]. 

The comparison of the absorbed dose values estimated from modelling with values stemming from 

quantitative imaging in the clinic practice is difficult as there are large uncertainties in dose 

calculations based on imaging. Possibly, the limited count rates in imaging of 
223

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 [32] 

discussed in his review the challenges in dosimetry: the heterogeneous uptake of the 
223

Ra (Xofigo®) 

in tissues and organs of patients, the difficulties to correctly determine the ROIs (region of interest) 

from the images and the quantification of 
223

Ra 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 the patients and different clinical techniques for imaging and dose calculations in the 

different clinics may lead to propagation of uncertainties in dose assessments from 

radiopharmaceutical application of 
223

Ra. 

 

 

Conclusion 
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The radiopharmacokinetic modelling of 
223

Ra and its progeny can help to predict their distribution in 

patients after administration of the radiopharmaceutical Xofigo®. The revealed similar tendencies 

concerning the plasma clearance and excretion via urine and faeces and highest uptake in bone of 

the modelled 
223

Ra data compared to the clinical data showed the feasibility of applying the newly 

reported ICRP biokinetic models in clinical trials. However, the dose coefficients in organ and tissues 

presented in this work showed discrepancies to the values from the clinical studies and of another 

modelling study. The skeletal doses were found to be lower by a factor of 2.3-3.4 than previously 

calculated. The differences in dose calculation might result from the application of different biokinetic 

ICRP models for 
223

Ra and its progeny, ICRP Publication 137 [9] vs Publication 67 [10]. Moreover, the 

dosimetry system used for this work, as described in ICRP Publication 133 [13], is in many aspects 

different than the dosimetry system used for earlier studies. The use of SAF values based on the 

methodology of ICRP Publication 133 [13] has a great impact on doses to the endosteum, red bone 

marrow and colon. In conclusion, this study provides a framework of dose assessment on Xofigo® 

administered to patients. It utilises the most state-of-the-art biokinetic and dosimetric models available 

and dose coefficient values derived from a reference anthropomorphic male computational voxel 

phantom and detailed mathematical phantoms for modelling of fine structures. Further clinical image-

based activities in organs and tissues are needed to validate and improve these theoretical values. 
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Figures

Figure 1

Systemic model of 223Ra, according to ICRP 137 (2017) [9]

Figure 2



Time-dependent distribution of 223Ra in plasma, bone and colon after intravenous injection. Dashed Line
= modelled data of plasma, solid line = modelled data of colon, dash-dotted line = modelled data of
bones. Bullets = plasma data of patients, squares = bone data of patients, triangles = colon data of
patients. Patient data from [5, 7, 8, 11] shownwith median values or values of mean ± SD. Bone indicates
total bone i.e. cortical, trabecular surface, volume and marrow.

Figure 3

Time-dependent excretion of 223Ra after intravenous injection. Dash-dotted line = modelled data of
faeces, solid line = modelled data of urine; squares = faeces data of patients, bullets = urine data of
patients. Patient data from [5, 7, 8, 11] shown with mean values or mean ± SD, or ranges (in parentheses)



Figure 4

Modelled time-dependent distribution of 223Ra in kidneys and liver after intravenous injection


