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Aim: Two ongoing phase I studies are investigating the use of radium-224 adsorbed 
to calcium carbonate micro particles (224Ra-CaCO3-MP) to treat peritoneal metastasis 
originating from colorectal or ovarian cancer. The aim of this work was to study the 
level of radiation exposure from the patients to workers at the hospital, carers and 
members of the public.

Method: Six patients from the phase 1 trial in patients with colorectal cancer were 
included in this study. Two days after cytoreductive surgery, they were injected with 
7 MBq of 224Ra-CaCO3-MP. At approximately 3, 24 and 120 h after injection, the patients 
underwent measurements with an ionization chamber and a scintillator-based iodide 
detector, and whole body gamma camera imaging. The patient was modelled as 
a planar source to calculate dose rate as a function of distance. Scenarios varying 
in duration and distance from the patient were created to estimate the potential 
effective doses from external exposure. Urine and blood samples were collected at 
approximately 3, 6, 24, 48 and 120 h after injection of 224Ra-CaCO3-MP, to estimate 
the activity concentration of 224Ra and 212Pb.

Results: The patients’ median effective whole-body half-life of 224Ra-CaCO3-MP 
ranged from 2.6 to 3.5 days, with a mean value of 3.0 days. In the scenarios with 
exposure at the hospital (first 8 days), sporadic patient contact resulted in a range 
of 3.9–6.8 μSv per patient, and daily contact resulted in 4.3–31.3 μSv depending on 
the scenario. After discharge from the hospital, at day 8, the highest effective dose 
was received by those with close daily contact; 18.7–83.0 μSv. The highest activity 
concentrations of 224Ra and 212Pb in urine and blood were found within 6 h, with 
maximum values of 70 Bq/g for 224Ra and 628 Bq/g for 212Pb.

Conclusion: The number of patients treated with 224Ra-CaCO3-MP that a single hospital 
worker - involved in extensive care - can receive per year, before effective doses of 
6 mSv from external exposure is exceeded, is in the order of 200–400. Members of 
the public and family members are expected to receive well below 0.25 mSv, and 
therefore, no restrictions to reduce external exposure should be required.
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1. Introduction

Peritoneal metastasis (PM) is most frequently caused by 
gastrointestinal and gynecological malignancies disseminating, and 
growing in serosa linings the abdominal cavity (1). The main treatment 
is cytoreductive surgery (CRS), often combined with hyperthermic 
intraperitoneal chemotherapy (HIPEC). Still there is a risk of recurrence 
of the disease.

Two ongoing phase I studies, RAD-18-001 (NCT03732768) and 
RAD-18-002 (NCT03732781), are investigating the use of radium-
224 (224Ra) adsorbed in calcium carbonate microparticles 
(224Ra-CaCO3-MP) to treat peritoneal metastasis originating from 
colorectal and ovarian cancer. Patients at the highest planned 
activity level receive an injection of approx. 7 MBq of 224Ra 
intraperitoneally through a catheter, 2 days after CRS. Patients with 
PM with origin from colorectal cancer included in the RAD-18-002 
trial also receive treatment with HIPEC after CRS.

The decay chain of 224Ra consists of radon-220 (220Rn), 
polonium-216 (216Po), lead-212 (212Pb), bismuth-212 (212Bi), 
polonium-212 (212Po, 64%), thallium-208 (208Tl, 36%) and stable 
lead-208 (208Pb; Figure 1; 2). 212Pb and 208Tl are the main photon 
emitters. 212Pb emits 77.4 keV x-ray photons (17.5%) and 239 keV 
γ-photons (43.6%), amongst others (2). The γ-photons of highest 
intensities with origin from 208Tl is 2,615 keV photons (99.8%) and 
583 keV photons (85.0%). However, as 212Bi is branched, and 36% 
decays to 208Tl, the overall intensities of these photons are lower. 
224Ra has a half-life (t1/2) of 3.6 days, while the daughters have shorter 
half-lives varying from

3·10−7 s to 10.6 h.
From the 1910’s, 224Ra has sporadically been used to treat ankylosing 

spondylitis (3), but to the best of the authors’ knowledge, no publications 
on the subject of radiation safety protection for 224Ra exist. Although not 
completely comparable, more research has been done in recent years on 
another isotope of radium; radium-223 (Ra223). Treatment fractions of 
55 kBq/kg radium-223-dichloride 223RaCl2 is used for treating bone 
metastases with origin from metastatic castration resistant prostate 
cancer. Two publications have concluded that the product could be given 
on an outpatient basis, without restrictions on normal interactions and 
that patients do not need to follow specific restrictions related to 
radiation safety, as long as they attain to a set of hygienic precautions 
related to bodily fluids (4, 15).

For the treatment of peritoneal metastases, 224Ra is thought to 
be  more suitable than 223Ra due to its shorter half-life, as it is 
expected that some of the injected radionuclide could be transported 
out of the peritoneal cavity (5). Hence, with a longer half-life more 
of the absorbed dose could potentially be  deposited outside the 
peritoneal cavity.

The Council of the European Union sets in its Council Directive 
2013/59/EURATOM effective dose limits for different categories of 
personnel, carers and the public (6). For example, the effective dose 
limit for occupational exposure is 20 mSv per year (the average over 
5 years may be considered), while the limit for the public is 1 mSv 
per year.

The aim of the current study was to estimate radiation doses to 
hospital workers, carers and the public from patients receiving 
224Ra-CaCO3-MP in a dosimetry cohort of six patients with 
peritoneal metastasis from colorectal cancer, undergoing 
measurements of external dose rates and radioactivity in urine and 
blood at several time points post treatment.

2. Methods

2.1. Patient population and 224Ra-CaCO3-MP 
treatment

Subjects with histologically confirmed colorectal carcinoma and 
peritoneal metastases eligible for CRS and HIPEC treatment were 
enrolled in a phase 1 trial to evaluate the dose, safety and tolerability of 
224Ra-CaCO3-MP. For the current study, six patients from an expansion 
cohort at Oslo University Hospital were included. 224Ra was extracted 
from a generator consisting of thorium-228, which has a half-life of 
1.9 years (7). 224Ra-CaCO3-MP was produced by Oncoinvent AS. A 
peritoneal catheter was inserted after surgery (day −2). 224Ra-CaCO3-MP, 
containing 0.7–1 g microparticles with nominally 7 MBq of 224Ra in 
equilibrium with daughters, was administered to the patients via the 
catheter at day 1 (Figure 2). Before injection, 224Ra-CaCO3-MP was 
diluted to 50 ml with Plasmalyte® (Baxter) isotonic solution. The 
suspension was injected intraperitoneally, and the injection was followed 
by a flushing with 200 ml of Plasmalyte®.

The study was approved by the Regional Committee for Medical and 
Health Research Ethics (REK). A written informed consent was given 
by all patients.

2.2. Dose rate measurements

Dose rate measurements were performed at day 1, 3 h after injection 
of 224Ra-CaCO3-MP, day 2 (24 h after injection) and day 6 (120 h after 
injection) with a hand held ionization chamber, a SmartION 2120S 
(Thermo Fisher Scientific, Waltham, Massachusetts, United States) with 
shielding cover. Dose rates were measured at a distance of 10 cm and 
20 cm from the upper abdomen of the patients. Based on these 
measurements, mono-exponential curve fits were made in Matlab 
R2020b (MathWorks, Natic, Massachusetts, United States) to extra- and 
interpolate the dose rate of a patient as a function of time. Additionally, 
the curves were used to calculate the minimum, maximum and mean 
dose rates at each day.

To calculate the dose rate at other distances, the radiation source 
was assumed to be a flat finite plane with a radius r (8). A distance 
dependent ratio, R, for finding the dose rate at a distance x2 is then 
given by
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(Equation 1)

2.3. Whole body measurements and 
effective half-life

Imaging was performed at day 1, day 2 and day 6 using a 
Siemens Symbia Intevo Bold gamma camera. A planar scan of 
100 cm was acquired starting from the base of the skull, using 
medium energy collimators and a 240 keV energy window, and a 5% 
upper and lower scatter window. Automatic body contouring was 
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used, and the scan had a 20 min acquisition time. Large regions of 
interest (ROIs) were drawn with margins around the patient on both 
the anterior and posterior images, using 3D Slicer version 4.8.1, 
revision 26,813 (The Slicer Community). The geometric mean 
of the counts found in the anterior and posterior ROIs were 
then calculated.

During the gamma camera imaging sessions, a measurement using 
a scintillator probe, RadEye SX with an FHZ 514A scintillation probe 
(Thermo Fisher Scientific, Waltham, Massachusetts, United States) was 

taken 50 cm from the upper abdomen, on the right side of the patient. 
Background measurements were also performed, and subtracted from 
the patient measurement to obtain the number of counts at each 
time point.

To estimate the whole body effective half-life of 224Ra-CaCO3-MP, 
three separate approaches were used. The gamma camera (the geometric 
means), SmartIon (the dose rates at 10 cm) and the RadEye (the number 
of counts). Separate mono-exponential curve fits and effective half-lives 
were calculated.

FIGURE 1

Overview of the 224Ra decay chain. Radiations with intensity <1% and photons with energy <70 keV are excluded. Data from the supplementary material of 
ICRP 107.
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2.4. Scenarios

The mean, minimum and maximum dose rate measurements were 
used to evaluate radiation doses received by workers at the hospital, 
members of the family and the public from external exposure. Different 
scenarios were created, based on various assumptions regarding distance 
from and time spent with a patient. The day of discharge from the 
hospital varied for scenario 4.b, ranging from day 4 to day 12 (i.e., 
6–14 days after surgery), with day 8 being the default for other scenarios.

 1. Sporadic contact at the hospital: Assumes contact with patient on 
day 1, 2 and 6, with 10 min duration at 0.1 m and 15 min at 1 m. 
This could for instance reflect employees performing imaging or 
collecting patient samples, clinicians or nurses not involved in daily 
care, or employees involved in cleaning, transport of patients, etc. 
This scenario can also be relevant for family and friends visiting.

 2. Daily contact at the hospital: Assumes daily contact with patient 
each day during day 1 to the day of discharge (day 8 as default). 
The subcategories a-c further divide the exposure according to 
the extent of daily contact. This may be relevant for employees at 
the hospital ward, involved in daily care, and possibly also visiting 
family members.

 a. Low degree: 5 min at 0.1 m and 10 min at 0.5 m.
 b. Moderate degree: 10 min at 0.1 m and 30 min at 0.5 m.
 c. Extensive degree: 20 min at 0.1 m and 60 min at 0.5 m.

 3. Sporadic contact after leaving the hospital: Separated in two 
scenarios, where the first assumes contact every third day, and 
the second one time encounters. The second may reflect 
prolonged transportation settings or similar occupations for 
members of the public.

 a. Regular contact: 60 min of contact at 0.5 m every third day 
starting the day after discharge (day 9 as default).

 b. Singular close contact: 3 h at 0.1 m at day 8.

 4. Daily contact after leaving the hospital: Assumes frequent or 
prolonged contact starting at the day after discharge (day 9 as 
default). This may reflect family, or in some situations members 
of the public. The subcategories further divide the exposure 
according to the extent of contact.

 a. Daily contact: 8 h at 1 m.
 b. Close daily contact: 4 h at 0.1 m and 4 h at 1 m per day.

2.4.1. Effective dose estimation equation
To estimate the effective dose, H, in these scenarios, the following 

equation has been used
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where Htd  is the dose rate of a given day (assumed constant each 
day for simplicity), td is the number of days since the injection of 
224Ra-CaCO3-MP included in the scenario, tx is the time (in hours) spent 
at a distance x from a patient, and Rx is a distance dependent ratio for 
the distance x. The function H td( )  is given by
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where H0  is the dose rate measured at 10 cm on day 1 and λe is 
the effective decay constant. H0  and λe varies for mean, minimum or 
maximum measurements. The distance dependent ratio, Rx, is 
given by
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where x is the distance between the patient and the person in 
question. Equation 4 is found by using equation 1 and assuming a radius 
of 45 cm (r2 = 2025 cm2). The denominator of equation 1 thereby equals 
3.056 for x1 = 10 cm.

2.5. Fluid samples

Samples of fluids were collected approximately 3, 6, 24, 48 and 120 h 
after injection of 224Ra-CaCO3-MP. A minimum of 3 ml of urine and blood 
was collected, where the urine samples were collected from a urine 

FIGURE 2

An overview of the treatment and measurement schemes for patients treated with 224Ra-CaCO3-MP.

https://doi.org/10.3389/fmed.2023.1058914
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Grønningsæter et al. 10.3389/fmed.2023.1058914

Frontiers in Medicine 05 frontiersin.org

collector bag. Each sample was measured at two different time points (time 
point 1 and 2) at least 48 h apart, with a Hidex Automatic Gamma Counter 
(Hidex, Turku, Finland), qualified for GxP analysis. The samples were 
weighted during analysis and consist of approximately 2.5 g for urine and 
blood, resulting in activity measurements given in Bq/g. The measurements 
at time point 1 were scheduled within 4 h of sampling from the patient, and 
time point 2 within 48–72 h after time point 1, when equilibrium between 
radium-224 and the progeny lead-212 has been established. The energy 
window was 60–110 keV with 10 min measurement time. Two measuring 
time points was used to estimate the amount of 224Ra.

The activity of 224Ra, ARa ts, , in fluids was estimated using
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where APb ts,  is the activity of 212Pb at sampling, APb tm, 2
is the 

activity of 212Pb at time point 2, (tm2-ts) is the time between sampling and 
measurement number 2, and λPb and λRa are the decay constants of 212Pb 
and 224Ra, respectively. The decay constant is λ = ln(2)/t1/2, where t1/2 is 
the physical half-life of the nuclide.

Bi-exponential curve fits were created for the measurements of 224Ra 
and 212Pb in blood and urine. Using the wash-out phase of the curves, 
the effective half-lives of 224Ra and 212Pb in urine and blood for this phase 
was calculated for each patient.

2.6. Hand exposure

Radiation doses to the hands of hospital workers receiving, 
preparing and injecting 7 MBq of 224Ra was measured at two occasions 

early in the study, using ring thermos-luminescence dosimeters (TLDs). 
Additionally, electronic personal dosimeters placed 5 cm from the glass 
containing 224Ra during vortexing, were used to record doses on 
three occasions.

3. Results

3.1. Patient group and protocol deviations

Of the six included patients, the median age was 61 years, and the 
average weight and height was 74 kg and 165 cm (Table 1).

The 6 h blood measurement was not attainable for patient 21-017, 
and the 48 h gamma camera scan was not collected for patient 21-024. 
The procedures scheduled for day 2 and 6 was for patient 21-021 
collected at day 3 and 7. However, the collection of fluid samples at 24 h 
after injection, was performed as planned.

3.2. Effective half-life

The effective half-life estimated from whole body planar acquisitions 
(WB), scintillator probe (RadEye) and ionisation chamber (SmartION) 
measurements are shown in Table 2. There was overall a fair agreement 
between the three measurement techniques. The effective half-life for 
the whole body planar acquisitions, the RadEye and SmartION 
measurements was estimated to 3.2 d, 3.0 d and 2.8 d, respectively. 
Anterior whole body measurements acquired at day 1, 2 and 6 are shown 
in Figure 3.

3.3. Dose rate measurements

The dose rate measurements of the individual patients, and their fitted 
curves, are shown in Figure  4. The mean, minimum and maximum 
measurements at 3, 24 and 120 h after injection are summarized in Table 3.

3.3.1. Estimated effective doses
The coefficients used in equation 2, for the estimations of effective 

dose, are shown in Table 4. The effective doses for different scenarios are 
shown in Table 5. While the patient was at the hospital, the highest 
effective doses were not surprisingly found for scenarios involving 
extensive daily contact, with an average effective dose of 22.7 μSv. The 
number of patients needed for a hospital worker to reach various effective 
doses were also calculated (Table 6), and, e.g., a moderate degree of daily 
contact would allow for approx. 350–700 patients per year before 6 mSv 
were reached. After leaving the hospital at day 8, close daily contact 
resulted in an average effective dose of 46.6 μSv, which would increase to 
125 μSv if the patient left the hospital 4 days earlier, and decrease to 
17.2 μSv if the patient left the hospital 4 days later. If someone would visit 
the hospital for all 4 days with extensive patient contact and have close 
daily contact after this, it would result in an average effective dose of 
148 μSv. Transport, for 3 h at day 8 (scenario 3b), resulted in 7.3 μSv.

3.4. Urine and blood samples

For urine, the highest measurements of 224Ra were commonly found 
at the first two time points, 3 h and 6 h, and ranged from approximately  

TABLE 1 Characteristics of the patients included in the study.

Patient 
number

Gender Age Weight 
[kg]

Height 
[cm]

Injected 
224Ra [MBq]

21-017 Female 68 65 158 7.23

21-020 Female 56 92 177 6.99

21-021 Male 66 82 178 7.07

21-023 Female 43 59 164 7.23

21-024 Female 28 67 164 7.38

21-025 Female 68 80 150 7.08

TABLE 2 Effective half-life for the six patients included in the study, based 
on measurements with whole body gamma camera (WB), scintillator 
counter (RadEye) and ionization chamber (SmartION).

teffective [d]

Patient 
number

WB Radeye Smartion

21-017 2.8 3.1 3.2

21-020 3.8 2.8 3.2

21-021 3.6 3.1 2.3

21-023 3.4 4.2 3.5

21-024 2.6 2.2 2.4

21-025 3.2 2.6 2.4
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30 to 70 Bq/g (Figure 5). For 212Pb, the peak values were usually found 
at the same time points, and ranged from 41 to 150 Bq/g, with one 
patient showing a higher value of over 600 Bq/g at 3 h. Urine samples 
showed an average (min-max) effective half-life during the wash-out 
phase of 0.7 d (0.3–1.3 d) for 224Ra. Due to high influx of 212Pb to urine, 

the effective half-life for the wash-out phase of the curve was 1.0 d in 
average (0.1–2.8 d).

Similarly for blood, the highest measurements of 224Ra was found at 
3 to 6 h, and ranged from 22 to 40 Bq/g. For 212Pb in blood, the highest 
measurements was found at 6 h and ranged from 114 to 234 Bq/g. The 
effective half-life for the wash-out phase in blood was 0.6 d (0.4–0.8 d) 
for 224Ra and 2.1 d (1.3–2.9 d) for 212Pb.

3.5. Hand exposure

The doses from the TLDs were found to be lower than the limit of 
registration for the detectors (0.1 mSv). From the electronic personal 
dosimeters, doses of 1.3 μSv (0.41–2.05 μSv) were measured for vortexing 
and preparing the product.

4. Discussion

In this study, dose rate measurements of patients treated with 
224Ra-CaCO3-MP gave an average dose rate of 13.1 μSvh−1 (10.6–16.8 
μSvh−1) at 10 cm, approximately 3 h after injection. Since both alpha and 
beta particles will primarily stop in the tissue, this is mainly due to 
photons. Of the scenarios created, the highest effective dose, with a 
mean value of 46.6 μSv, were found for carers having close daily contact 
with a patient that was discharged at day 8 from the hospital, or a value 
of 124.9 μSv if the patient was released day 4. The number of patients 
treated with 224Ra-CaCO3-MP that a hospital worker  - involved in 
extensive care - can receive per year, before effective doses of 1 mSv is 
exceeded, is in the order of 32–63, and is in the order of 639–1,257 
before effective doses of 20 mSv is reached.

The Council of the European Union states, in its Council Directive 
2013/59/EURATOM, an effective dose limit for occupational exposure 
in planned exposure situations of 20 mSv per year (6). This may for 
certain circumstances be  extended to 50 mSv as long as the yearly 
exposure averaged over a period of 5 years do not exceed 20 mSv. The 
directive also states that personnel who are liable to receive more than 
6 mSv per year should be  individually monitored. For pregnant 
personnel, the radiation dose should not exceed 1 mSv from the 
pregnancy is discovered. The limit for the public is 1 mSv per year (6). 
Beyond this, there are also some national differences in dose constraints 
for hospital workers, carers, and members of the public. The European 
Council Directive requires that “Member States shall ensure that dose 
constraints are established for the exposure of carers and comforters, 
where appropriate.” For example in Norway, this has been implemented 
as that close family members may receive an effective dose of 1 mSv 
(children), 3 mSv (adults under 60 years of age), and 15 mSv (older 
adults) per treatment (9). In addition to Table 5 showing the effective 
doses received from exposure from a single patient, Table 6 shows the 
number of patients treated with 224Ra-CaCO3-MP that can be handled 
by employees in various scenarios, and different limits are hence 
included. Adaptations to other scenarios and limits can be done using 
equation 2 and Table 4.

The estimated effective dose for different scenarios allows an 
assessment for hospital workers, carers, and the public. The scenarios for 
sporadic and daily contact at the hospital were based on our experience 
during the trials. Only scenarios 1 and 2, involving sporadic and daily 
contact, are relevant for hospitals workers. As the overall clinical status 
and needs for support of individual patients vary, the category of daily 

FIGURE 3

Anterior whole body images collected at day 1, 2 and 6.

FIGURE 4

Dose rate measurements at 10 cm with corresponding curve fits. Each 
patient is indicated by a different colour, dots showing measurements 
and lines the fitted curves.

TABLE 3 Mean, min, and max dose rate measurements at 10 and 20 cm for 
patients administered approx.

10 cm 20 cm

Day 1 Day 2 Day 6 Day 1 Day 2 Day 6

Mean 13.1 uSv/h 10.4 uSv/h 3.7 uSv/h 7.9 uSv/h 6.4 uSv/h 2.6 uSv/h

Min 10.6 uSv/h 8.0 uSv/h 2.3 uSv/h 6.5 uSv/h 4.8 uSv/h 0.8 uSv/h

Max 16.8 uSv/h 13.9 uSv/h 5.9 uSv/h 9.8 uSv/h 8.2 uSv/h 3.7 uSv/h

CoV 18% 22% 41% 16% 20% 43%

7 MBq 224Ra. Based on the values of the fitted curves at 3, 24 and 120 h after injection, shown 
in Figure 2 for measurements at 10 cm.

TABLE 4 Coefficients for use in equation 3 when estimating daily dose rate 
based on mean, min or max measurements.

Mean Min Max

Ḣ0 [μSvh−1] 13.8 11.0 17.3

λe [d−1] 0.249 0.3172 0.2163
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contact was divided into three subgroups, ranging from some degree of 
contact (2a) to extensive degree of contact (2c). Highly conservative 
scenarios, including such as occupancy at 10 cm distance and prolonged 
contact, were also included as the patients may be  in need of close 
clinical care. Table 6 show the number of patients that can be treated 
yearly in different scenarios before reaching dose limits of 0.25, 1, 6 and 
20 mSv. It has been estimated that between 40 and 45 patients with 
colorectal cancer is a realistic number of patients treated yearly with 
224Ra-CaCO3-MP at the Norwegian Radium Hospital. Hence, for most 
scenarios, the number of patients that can be treated before surpassing 
limits significantly outweighs the number of patients that are expected. 
Adding to this is that patient care of course is divided between several 
hospital workers, which will lower the individual exposure. However, 
with a limit of 1 mSv yearly, pregnant workers may theoretically surpass 
this limit if they were to single-handed treat more than 32 patients with 
need for extensive daily contact. Generally, in regard of the limits, it 
should be noted that all potential sources of exposure (numbers and 
types of other patients the employees are also treating) should 
be considered as a whole.

The patients undergo comprehensive surgery and can be expected 
to stay at the hospital for up to 2 weeks after surgery (day 12 after 
injection of 224Ra-CaCO3-MP). Day 12 was then investigated as a 
potentially time point of discharge, together with day 8 and day 4 Day 8 
was here primarily used as the time of departure from the hospital based 
on our experience in the trial so far. Those with daily contact and close 
daily contact after discharge (scenario 4a and 4b) received effective 
doses up to 14.6 μSv and 83 μSv, respectively. If daily visits to the hospital 
are included (scenario 2c), they may receive up to 45.9 μSv and 110 μSv. 
If patients were to be discharged earlier, it would increase the effective 
dose to carers, and members of the public. In a setting where the patient 
leaves the hospital at day 4, instead of at day 8, the effective dose to those 
with close daily contact would increase to a maximum effective dose of 
197 μSv, compared to 83.0 μSv for those discharged at day 8. This is still 
far below the dose limits, and do not generate any need for precautions.

In Norway, members of the public should not be exposed to more 
than 0.25 mSv from a single source of exposure (9). Members of the 
public may in contact with patients through several settings, and 
colleagues are typically often the most exposed. However, due to the 
strain the patients go through in relation to the treatment, they are not 
expected to go back to work for some time. If they were, the effective 
doses could be estimated through scenario 4a (daily contact) and would 

still be well below 0.25 mSv. Transportation, or other sporadic settings 
with contact, will only result in negligible contributions. E.g. after 3 h 
contact at 10 cm (scenario 3b), a member of the public will receive 
<4.6% of their yearly limit of 0.25 mSv. Even a continuous exposure at 
20 cm for 4 weeks after the patient leaves the hospital at day 8, which is 
not a realistic scenario even for family members, would only result in up 
to 0.28 mSv and it is therefore no need for any restrictions for patients 
regarding the public.

Different approaches can be  used to estimate the dose rate as a 
function of distance. A common method, the inverse square law, assumes 
a point source, which is not realistic for patients with activity distributed 
throughout the peritoneal cavity, as seen in Figure 3. Hence, it was assumed 
that a finite plane source would be  more appropriate in the case of 
224Ra-CaCO3-MP. The distance dependent ratio, R, was then given by 
equation 1. Although a source with a diameter of 90 cm will not truly 
represent the typical patient size, the agreement between the model and 
the measurements at 20 cm were very good, we  therefore chose this 
diameter to avoid an underestimation of the dose rate for larger distances. 
Ideally, measurements at increased distances should have been included as 
well, to validate the model further. However, in this study, it was challenging 
to measure dose rates at more then 10 and 20 cm from the patients, since 
dose rates at larger distances would approach the background level.

Except for the use of 223RaCl2 to treat bone metastasis with origin 
from castration resistant prostate cancer (10), radionuclide therapy 
using alpha emitters is still mostly in its research stage. A higher number 
of radiation safety studies have therefore been published for radionuclide 
therapies using beta-emitters or for diagnostic tracers. While other 
radionuclides have been studied for treating peritoneal metastasis with 
origin from ovarian cancer, such as 90Y-HMFG1 and 211At-MX35-F(ab’)2 
being two of the candidates (11, 12), we have not been able to find 
radiation protection publications related to these treatments. 
Stefanoyiannis et  al. (13) compared studies examining radiation 
exposure to caregivers from patients for different common radionuclide 
therapies. These included radiopharmaceuticals with iodine-131 (131I), 
yttrium-90 (90Y) and lutetium-177 (177Lu). The different studies varied 
in injected activity, number of patients, types of dosimeters used, disease 
treated and the duration of the study. For thyroid cancer (all studies used 
131I), activities ranging from 1,004–11,100 MBq was given, but did not 
result in effective doses to caregivers higher than 1.1 mSv. For B-cell 
lymphoma and neuroblastoma, activities up to 23,310 MBq of 131I were 
used, up to 7,400 MBq of 177Lu was used, and up to 1,200 MBq of 90Y was 

TABLE 5 Mean, min, and max effective doses received from one single patient for nine different scenarios.

Effective dose (μSv/patient)

Scenario Mean Min Max

Sporadic contact at hospital (1) 5.0 3.9 6.8

Some daily contact at hospital (2.a) 6.1 4.3 8.4

Moderate degree of daily contact at hospital (2.b) 12.2 8.6 16.8

Extensive daily contact at hospital (2.c) 22.7 15.9 31.3

Sporadic contact after hospital, regular (3.a) 0.7 0.4 1.3

Sporadic contact after hospital, singular (3.b) 7.3 3.6 11.4

Daily contact after hospital (4.a) 8.6 4.0 14.6

Close daily contact; discharged at day 12 (4.b) 17.2 5.3 34.9

Close daily contact; discharged at day 8 (4.b) 46.6 18.7 83.0

Close daily contact; discharged at day 4 (4.b) 124.9 66.7 197.2

When not otherwise indicated, hospital discharge was assumed day 8.
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used. This resulted in effective doses to caregivers of up to 3.81 mSv, with 
the mean effective dose being considerably lower. Although amounts of 
activity should not be directly compared in most circumstances, it is 
worth mentioning that in the case of 224Ra-CaCO3-MP, an activity of 
three or four orders of magnitude lower (7 MBq) is used. In summary, 
Stefanoyiannis et al. found that the doses was within the dose constraints 
of 5 mSv to home caregivers, recommended by the International 
Commission of Radiological Protection (ICRP) (13). They also 
highlighted the importance of giving specific instructions to caregivers, 
as the highest dose values were found when no instructions were given.

The standard activity dosage of 223RaCl2 is 55 MBq/kg body weight 
given intravenously in six administrations 4 weeks apart (14). In 
contrast, for 224Ra-CaCO3-MP, one administration of 7 MBq is given 
intraperitoneally. Dauer et al. published in 2014 a study on radiation 
safety considerations for 223RaCl2 (15). They reported a dose rate 
immediately after injection being 0.02 μSvh−1/MBq at 1 m distance from 
the patient, and concluded that 223RaCl2 could be given on an outpatient 
basis, without restrictions on normal interactions with friends, relations, 
or co-workers. The dose rates measured for 224Ra-CaCO3-MP was 
equivalent to 0.11 μSvh−1/MBq at 1 meter distance, at the day of 
administration, found by dividing the average measured dose rate by the 
injected activity. The difference between dose rates may be caused by 
highly different distribution between the radiotherapeuticals (primarily 
blood pool versus only peritoneal cavity), resulting in a higher amount 
of radioactivity closer to the dose rate meter for 224Ra-CaCO3-MP, and 
the different radiations emitted. Furthermore, the kinetics of 
224Ra-CaCO3-MP and 223RaCl2 may change the dose rates differently over 

time. While the majority of 224Ra-CaCO3-MP is expected trapped in the 
peritoneal cavity, some is transferred into the blood stream (Figure 5A). 
The two isotopes of radium is expected to chemically behave the same 
way and should follow the same biodistribution pathways after entering 
the blood stream (16). Differences lie in nuclear properties, like radiation 
energies and the physical half-life; which is 11.4 days for 223Ra and 
3.6 days for 224Ra. Dauer et al. (15) found that for 223RaCl2 up to 60% of 
the injected activity was bound in the skeleton within 4 h after injection. 
While this is probably somewhat less than the percentage of 
224Ra-CaCO3-MP remaining in the peritoneal cavity, the main factor 
contributing to different dose rates over time is most likely the different 
physical half-life of the two isotopes.

Findings reported by Serencsits et al. (4) support those of Dauer 
for 223RaCl2, but also stresses the importance of proper equipment for 
radiation protection and detection, as well as training of hospital 
workers to avoid contamination. They also conclude that patients do 
not need to follow specific restrictions related to radiation safety, as 
long as they attain to a set of hygienic precautions related to bodily 
fluids. An example of hygienic precautions would for instance be to 
flush twice after using the toilet. For both isotopes of radium, urine 
and fecal excretion are the two main excretion routes. Studies of 
223RaCl2 showed that the cumulative excretion of urine was about 2% 
48 h after injection, while the cumulative fecal excretion was 13% 
(1–25%) after 48 h and 64% (29–95%) after 72 h (17, 18). Dauer et al. 
(15) suggested that personnel involved in surgery, up to 2 m after 
injection of 223RaCl2, to take no extra precautions other than to 
be  aware to reduce contamination. For 224Ra-CaCO3-MP, 

TABLE 6 The number of patients that can be treated by a single individual before reaching 0.25, 1, 6 and 20 mSv, for the four different scenarios relevant for 
hospital workers.

Number of patients before reaching limit

0.25 mSv 1 mSv 6 mSv 20 mSv

Scenario Min Max Min Max Min Max Min Max

Sporadic contact at hospital (1) 65 37 259 148 1,551 886 5,170 2,952

Some daily contact at hospital (2.a) 58 30 234 119 1,403 714 4,675 2,379

Moderate degree of daily contact at hospital (2.b) 29 15 117 59 701 357 2,338 1,189

Extensive daily contact at hospital (2.c) 16 8 63 32 377 192 1,257 639

Patients are here assumed to leave the hospital at day 8.

A B

FIGURE 5

Activity concentration of 224Ra and 212Pb found in blood (A) and urine (B) for the six patients included. Dots indicate measurements that lies outside 1.5 of 
the interquartile range.
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measurements of 224Ra and 212Pb in urine (Figure 5) show amounts 
below 40 Bq/g of 224Ra in blood and 90 Bq/g in urine. Higher activity 
concentrations are found for 212Pb, with up to 250 Bq/g found in blood 
and 140 Bq/g in urine (measurement for one patient up to 700 Bq/g). 
Still, while these are low amounts, both patients, carers and hospital 
workers potentially involved in handling fluids should be informed 
and instructed in best practice.

Radon gas may potentially be emitted from the patient through 
exhalation or from excreted fluids (16). Yamamoto et al. (19) found 
in a study investigating the detection of alpha emitting daughters of 
223Ra, that the increase of alpha emitters in air were lower than the 
daily variation and therefore not an important source of radiation 
exposure. However, the gaseous daughter of 223Ra, 219Rn, has a half-life 
of 3.96 s, while 220Rn have half-life of 55.6 s. This may lead to a higher 
exposure from 220Rn. Since the amount 224Ra activity in urine was here 
found below the limit of what is considered radioactive (10 Bq/g) (6) 
already after 48 h, release from urine is most likely a minor issue. 
Exposure to radon gas is also relevant if re-surgery of the peritoneal 
cavity is required. While this has not been measured in this study, 
previous investigations of 224Ra in liquid volumes indicate that the 
mean diffusion length of 220Rn is limited to 300–400 μm, and hence 
only a small amount of 220Rn will have the potential to evaporate (20).

Radiation dose from photon contributions to hands is not 
considered an issue for 224Ra-CaCO3-MP, as the yearly dose limit to 
hands is set to 500 mSv (21). However, one should follow standard 
precautions for handling alpha-emitters to avoid contamination of 
the skin.

In summary, due to the low dose rates from the patients and low 
amount of activity found in blood and urine, no precautions related 
to external exposure should be  required for patients treated with 
224Ra-CaCO3-MP. The number of patients hospital workers can treat 
before exceeding an effective dose of for instance 6 mSv is 200–400 
for patients with the need for extensive care. This is considered a 
worst-case scenario and significantly outweighs realistic number 
of patients.
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