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A B S T R A C T

Purpose: In the last decades, new technologies and new radiopharmaceuticals for diagnosis and therapy have 
continuously grown, and that growth was accompanied by an increasing use in clinical practice, but, as with any 
other application involving radiation, the extent to which they may contribute to increasing the radiation dose to 
the operator must be studied. For that reason, EURADOS (European Radiation Dosimetry Group) decided to 
evaluate the exposure of medical staff in nuclear medicine to new possible radiopharmaceuticals labelled with 
Sc-47 and Cu-67.
Methodology: Modified ICRP voxel model were employed to determine the exposure of the eye lens and of the 
thyroid of operators administrating radiopharmaceuticals in a typical Peptide Receptor Radionuclide Therapy 
scenario. The simulations were validated comparing Monte Carlo results with TLD measurements performed in 
hospital with Lu-177 labelled compounds.
Results: Doses to the eye lens and thyroid are derived from the photon emissions (the beta contribution is three 
order of magnitude lower). The agreement obtained for Lu-177 provides confidence that, notwithstanding the 
limits of the simulations, the robustness of the followed approach can be extended also to the evaluation per
formed for Sc-47 and Cu-67.
Conclusions: The dose to the lens of the eye is of the order of 2 µSv/GBq per patient for Lu-177 compounds and, 
due to the different energies and yields, about 8 µSv/GBq for both Sc-47 and Cu-67. These evaluations can be 
useful to optimize the radiation protection of medical staff in the nuclear medicine environment and assess the 
correct personnel workload in these kinds of practices.

1. Introduction

Peptide Receptor Radionuclide Therapy (PRRT) has become an 
effective tool in the treatment of neuroendocrine tumor (NET) [1–4] in 
the last thirty years. More recently, radiopharmaceuticals labelled with 

Lu-177 have been proven to be a promising means for castration- 
resistant prostate cancer management [5–7]. These two practices are 
part of the broader field of theragnostic in oncology, a methodology that 
combines therapy and diagnostics, exploiting the particular character
istic of a radionuclide (or of a pair of radioactive isotopes of the same 
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element) of simultaneously emitting less penetrating radiation (suitable 
for treatment of malignant cells) and highly penetrating radiation 
(appropriate for imaging) [8]. These therapies undoubtedly represent a 
relevant advancement in cancer treatment; but as for any other appli
cation with radiation, their possible contribution to increasing the dose 
to the operator must be studied. New technology, new radiopharma
ceuticals for diagnosis and therapy, and molecular imaging have 
continuously grown in the last decades [9–12], and that growth was 
accompanied by an increasing use in clinical practice [13]. A recent 
paper [14] analyzing the operators’ exposures across several hospitals in 
France, in the period 2009–2019, shows a general decrease of the non- 
zero doses (i.e. doses recorded as above the reporting threshold of the 
dosimetric system) for all the hospital departments except nuclear 
medicine departments. This suggests that there is still a crucial need to 
optimize radiation protection in nuclear medicine. In such a context, 
radiation protection of personnel and proper evaluation of the expected 
doses in the case of new practice with new radionuclides are mandatory. 
For that reason, in the framework of the activities of Working Group 6 
(Computational Dosimetry), Working Group 7 (Internal Dosimetry) and 
Working Group 12 (Dosimetry in Medical Imaging) of EURADOS (Eu
ropean Radiation Dosimetry Group) it was decided to evaluate the 
exposure of medical staff in nuclear medicine due to clinically emerging 
radionuclides with potential for use in theragnostic management of 
patients. Initially a comprehensive literature review identified the ra
dionuclides of most interest to be investigated. Once the appropriate 
radionuclides were selected, Monte Carlo simulations, employing 
modified versions of ICRP voxel reference adult models [15], were 
implemented to evaluate the doses to the lens of the eye and to the 
thyroid for operators administering the radionuclides to the patient. In 
the following paragraphs the most relevant outcomes of those Monte 
Carlo simulations are presented.

2. Methodology

2.1. The investigated radionuclides and the exposure scenario

A comprehensive literature review was performed, encompassing 
about 100 papers, which identified Scandium-47 and Copper-67 as 
being the two most important radionuclides to study due to their 
emerging clinical potential and decay characteristics. The same radio
nuclides appeared in a recent IAEA publication ‘Therapeutic Radio
pharmaceuticals Labelled with New Emerging Radionuclides 
(2016–2020)’, which focused on the production and quality control of 
radiopharmaceuticals labelled with Cu-67, Re-186 and Sc-47 [16].

Scandium-47 is a β− emitter (average β− energy 162 keV) with a T1/2 
of 3.35 days. Its beta emission is accompanied by a 159.4 keV gamma 
ray (68.3 % branching ratio). The method of production Sc-47, based on 
nuclear reactions such as Ti(n,x)47Sc and V(n,x)47Sc, limits its avail
ability [17,18], but some interesting applications have been suggested 
for this radionuclide as the possibility of producing bone seeker radio
pharmaceuticals [19]. Indeed, Sc-47-folate shows comparable results to 
Lu-177-folate in pre-clinical studies [20]. Considering that Scandium- 
44, a β+ emitter with a T1/2 of 3.97 h, has been proposed for PET im
aging [21], the couple Sc-44/Sc-47 could be an interesting matched pair 
of radionuclides for theragnostic procedures [22].

Copper-64 has already shown its quality as a PET tracer [23,24]; 
Copper-67 is a β− emitter (average β− energy 141 keV) with a T1/2 of 
61.88 h, and its beta emission is accompanied by 91 keV (7 % branching 
ratio), 93 keV (16 % branching ratio) and 184 keV (48.7 % branching 
ratio) gamma emissions. It can be produced by irradiating Zn-67 in high 
neutron flux reactors or in cyclotrons by bombarding zinc, natural or 
enriched, with protons [25]. Cu-67 has been proven to be effective in 
treatment of NET [26], having good imaging and dosimetric charac
teristics [27] and the possibility of coupling Cu-64 with Cu-67 is pro
moted in various studies [28,29].

The characteristics of the simulated exposure scenario were based on 
Lu-177-DOTATATE administration to NET patients via intravenous 
infusion. The physician supervises the gravity infusion (Fig. 1a), which 
starts by allowing the saline solution to drip into the vial, thus forcing 
the radiopharmaceutical out to the patient intravenous port; this tech
nique avoids the employment of a syringe and reduces the risk of vein 
rupture and extravascular injection. Typically, the duration of the 
infusion ranges between 10 min and 30 min, depending on clinical re
quirements and suggested protocols. During the administration, film 
badge and thermoluminescent dosimetry (TLD) ring dosimeters are 
provided to measure doses to the whole body and extremities respec
tively, and, in some centres, protective lead aprons are worn by opera
tors [30,31]. The vial containing the radionuclide is generally shielded 
by polymethyl methacrylate (PMMA) thick enough to stop the beta ra
diation, and, possibly, by an additional lead shield to absorb the gamma 
radiation (Fig. 1b). Accordingly the main source of radiation exposure to 
the operator, excluding the patient, is the unshielded catheter that 
connects the vial to the patient and through which the radiopharma
ceutical flows.

The scenarios analysed in this study assume the use of a lead apron, 
which protects the operator’s abdomen and torso, as well as lead gloves. 
Hence this dosimetric study aimed to evaluate the dose to unshielded 
(and generally unmonitored) organs, namely the lens of eyes and the 
thyroid.

2.2. The Monte Carlo simulations

The investigated exposure scenario was modelled in Monte Carlo 
simulations considering only the unshielded part of the source, i.e. the 

Fig. 1a. An operator wearing a lead apron and lead gloves during the admin
istration phase.
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catheter, and the operator supervising the injection. To achieve this 
ICRP voxel reference adult models [15] were employed. These voxel 
phantoms were developed by ICRP on medical image data of real people 
and are consistent with the reference anatomical and physiological pa
rameters representing the male and female western-caucasian popula
tion. The female model is 167 cm tall, weighs 60 kg and consists of 3.9 
million voxels; the male model is 176 cm tall, weighs 73 kg, and consists 
of 1.9 million voxels. Both models have been segmented to identify 140 
different tissues through their body. With the aim of determining the 
absorbed dose to the eye lens, the phantoms were modified by 
substituting the original eye voxel model with a mathematical model 
including a realistic lens [32] (Fig. 2). That was needed because the 
original description of the eye, and of its small internal structures, is not 
accurate due to the limited voxel resolution. In the adult male phantom 
the single voxel is 0.2 × 0.2 × 0.8 cm3, that means that the smallest 

structure that can be represented in that phantom is a parallelepiped 
corresponding to a single voxel element.

The source was simulated as a simple polyvinylchloride (PVC) 
catheter (density 1.3 g/cm3), defined as a 50-cm-long cylinder of 0.3 cm 
internal diameter and 0.41 cm external diameter, containing water 
(Fig. 3). The radionuclide was assumed to be distributed uniformly in 
the bore of the catheter and emits radiation isotropically (4 π directions). 
The catheter is positioned parallel to the right – left shoulder direction of 
the anthropomorphic models representing the operator, at a distance of 
about 35 cm from the outer surface of the skin. Its axis is about 70 cm 
from the eye lenses. A sensitivity study was performed to estimate the 
influence of source-operator distance on the calculated doses, moving 
the catheter nearer of farer from operator external surface and head.

The simulation model was validated by comparing it to occupational 
exposure measurements recorded in clinical practice during a Lu-177 
PRRT administration. Once validated, the simulations were then 
applied to the radionuclides of interest in this study, namely Sc-47 and 
Cu-67.

For the three investigated radionuclides, the beta and gamma 
emissions were considered separately. That means, beside the calcula
tion for the beta spectrum, two additional simulations of 113 keV 
(emission probability of 6.4 %) and 210 keV (emission probability of 11 
%) photons were performed for Lu-177; for Sc-47, only the 159 keV 
(68.1 %) photons were considered; and for Cu-67, the 91 keV (7 %), 93 
keV (16 %) and 185 keV (49 %) photon emissions were simulated. Beta 
spectra were interpolated from the data published in [33] for Sc-47 and 
[34] for Cu-67. All simulations were repeated for the female and male 
reference models. Moreover, for the Lu-177 simulation with the female 
phantom, the impact of the location of the source was also investigated. 
This was achieved by positioning the catheter closer to or farther from 
the relevant organs of interest (eye, thyroid).

The absorbed dose in the lens of the eyes (sensitive and unsensitive 
parts of the lens [32]), and the absorbed dose in the thyroid were 
evaluated and averaged between the female and male phantoms. A 0.5- 
cm-radius air sphere was also defined on the forehead, just between the 
eyes. In that “ideal detector” the dose equivalent at 3 mm, Hp(3) [35], 
and the ICRU95 personal absorbed dose in the lens of the eyes, Dlens 
[36], were calculated by tallying the fluence through its small volume 
and folding it with the corresponding conversion coefficients.

Once the exposure scenarios were defined, simulation models were 
then implemented in two different multi-purpose Monte Carlo codes, 
MCNP, 2.7 and 6 [37] and PHITS [38]. MCNP and PHITS are two well- 
validated Monte Carlo code families employed in different fields of ra
diation protection and radiation dosimetry in a number of applications 
including medical field [39,40,41]. They are multipurpose codes that 

Fig. 1b. The vial and the shielding.

Fig. 2. A 2-D image (axial cut on the left, sagittal cut on the right) of part of the head of the ICRP reference adult voxel model (voxel elements are clearly visible) with 
the detailed mathematical eye lens model inserted in.
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model the transport of different kind of particles, including neutrons, 
protons, heavy ions, photons, and electrons, over wide energy ranges 
using various nuclear reaction models and data libraries. They describe 
complex 3-dimensional geometries employing simple volumes (as cones, 
cubes, spheres…) and repeated structures (as voxel models). The 
execution time was tailored to achieve a general relative uncertainty 
lower than 10 % (at one standard deviation, i.e. k = 1 [42]). No variation 
reduction technique was applied except for the electrons, for which an 
energy cut-off of 250 keV was applied, i.e., beta rays with energy lower 
than that value were not transported. This is due to the assumption that 
betas with energies below the threshold applied are unable to pass 
through the PVC catheter walls (range calculated using the stopping 
power published in the NIST database [43]). The results shown in the 
following paragraphs and tables are the averages between the simula
tions with those two codes.

All phantom’s tissues elemental composition and densities were 
taken from ICRP report [15], for the remaining materials the NIST 
database was used [44].

A 2D image of the simulated geometry with the source and the voxel 
phantom representing the operator (sagittal cut) is shown in Fig. 3. On 
the left pane only the cylindrical source is visible, i.e. the PVC catheter 
containing the radionuclide, which emits gamma radiation isotropically; 
on the right pane the same source is positioned in front of the operator. 
In that case the source cylinder main axis is parallel to the right – left 
shoulder direction of the operator. The tracks of the emitted gammas are 
shown in the air surrounding the models.

2.3. Validation of the simulations

Validation of the simulations was achieved by comparing the simu
lated Hp(3) results against measurements performed in Reggio Emilia 
Hospital, Italy, during Lu-177 radiopharmaceutical administration to 
NET patients. In that case, the physicians wore protective aprons, and 
whole body and extremity dosemeters. Three additional TLDs, cali
brated in terms of Hp(0.07), were supplied to the physicians to evaluate 
the possible eye lens exposure, and were placed outside the safety 
goggles (standard safety goggles not protecting from X-rays) on their left 
side, right side and centrally between the eyes ([45] and F. Fioroni, 
Reggio Emilia Hospital, personal communications). When the mea
surements were performed, Hp(3) calibrated dosemeters were not 
available at the hospital. However the dosemeters used are able to 
provide a satisfactory approximation of Hp(3), at least for the pene
trating gamma emissions [46], which is the main contribution to the 
dose to the eye lens. Considering the energy spectrum of the beta 

emitters of Lu-177 (mean energy 149 keV), the electrons’ expected 
range is about 0.025 cm in PVC and 25.5 cm in air (data calculated with 
ESTAR from NIST database [39]); the doses deposited by primary 
electrons at the depth of Hp(3) are therefore expected to be very small.

The results of the measurements are given in terms of dose per GBq 
per patient. In order to compare these data to the simulations a further 
step is necessary. Monte Carlo code outcomes are ‘per source particle’, 
but can be renormalized using Equation (1) to obtain the dose per GBq 
per patient: 

Dʹ = dMC × y ×
1

GBq
× t (1) 

where dMC is the dose calculated with Monte Carlo in Gy (or Sv) per 
source particle per second, y is the yield of the gamma emission and t is 
the duration of the exposure (s). The D’ calculated for each gamma 
emissions of a given radionuclide are then summed together to get the 
total dose per GBq per patient for that radionuclide.

3. Results

3.1. Lu-177 simulation and measurements

Simulations were performed using both the female and the male 
models. For each model, three simulations were performed for the Lu- 
177 source: modelling the beta spectrum, the 113 keV gamma (yield 
0.064) and the 201 keV gamma energy (yield 0.11). The resultant doses 
to the eye lens, the Hp(3), and the Dlens are reported in Tables 1 and 2. 
Only the data for the gamma contribution is reported, as the data for the 
beta emission were found to be about three orders of magnitude lower 
and were therefore considered negligible. The values presented are the 
averages of the female and male models. In general, the values for the 
female model were around 30 % higher than those calculated for the 
male model mainly due to the different height of the phantoms [47]. 
Hp(3) and Dlens were evaluated in the air sphere placed over the models’ 
skin surface between the eyes. Statistical uncertainties were below 5 %.

Values for the sensitive and unsensitive part of the lens of the eye 
were found to be identical considering the range of the uncertainties; 
and as such only the results for the sensitive part of the lens are pre
sented here.

Due to the symmetry of the simulated scenario, there was very little 
difference in the measured dose for the right or left eye. Both Hp(3) and 
Dlens are considered to represent a satisfactory estimate of the dose to the 
lens of the eye.

A selection of the doses to the eye lens, measured during Lu-177 

Fig. 3. A 2-D image of the source and of the operator (sagittal cut).
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DOTATOC and Lu-177 DOTATATE administrations, is reported in 
Table 3. Doses are given for the dosemeters worn on the right (RDD), in 
the center (CDD) and on the left (LDD) of the safety goggles (standard 
safety goggles not protecting from X-rays). The RDD, CDD and LDD re
sults are normalized by considering a 15-minute injection (F. Fioroni, 
Reggio Emilia Hospital, personal communications and [48]). The doses 
are expressed in terms of µSv per GBq per patient and the uncertainty 
associated is around 35 %. There is a variability among operators that is 
a result of their different distance from the catheter; whilst the in
homogeneity between left and right dosemeters estimated value (as in 

case I and J) can be related to the orientation of the head of the operator 
with respect the catheter.

A good agreement can be found when comparing the mean values 
the Monte Carlo results in Tables 1 and 2 and the measurements out
comes of Table 3 considering the uncertainty and the variability of the 
data. That consistency can be considered a validation of the adopted 
methodology.

3.2. Sc-47 and Cu-67 eye dose results

Similar to the 177Lu simulations, the doses due to emitted beta of Sc- 
47 and Cu-67 were found to be three orders of magnitude lower than the 
doses derived from their gamma emissions. For that reason, only the 
gamma simulations results are presented here. The Monte Carlo results 
for the Sc-47 (159-keV-gamma emission, yield 68 %) are presented in 
Table 4.

In Table 5 the Monte Carlo results for Cu-67 are shown for the three 
main gamma emissions: 91.3 keV (yield 7 %), 93.3 keV (yield 16 %) and 
184.6 keV (yield 49 %).

3.3. Dose to the thyroid

In Table 6 the absorbed dose to the thyroid is reported for the 
investigated radionuclides. For the same reason reported above, the 
values correspond to the total dose produced by the gamma emissions. 
Doses are normalized to ‘per GBq’ considering 15-minute exposures.

4. Discussion

This study employed a combination of experimental measurements 
and Monte Carlo simulations to estimate the dose to the lens of the eye 
and thyroid from occupational exposures during therapeutic radio
pharmaceutical administration for a range of clinically relevant 
radionuclides.

In the case of Lu-177, the simulated eye lens absorbed doses and the 
evaluated Hp(3) and Dlens were in good agreement with both the mea
surements performed here, and in the study reported by Riveira-Martin 
et al. [49]. In the cited paper the mean (range) measured eye lens doses 
in terms of Hp(3) was found to be 1.94 [1.36–2.83] µSv/GBq for the left 
eye and 1.76 [0.63–2.15] µSv/GBq for the right eye, for an infusion 
duration of 15–20 min per patient.

Considering the particular position of the thyroid, in the frontal part 
of the body, and the limited shielding offered by the surrounding (soft) 
tissue, the absorbed dose evaluated in the thyroid can be compared with 
the whole body exposure during Lu-177 radiopharmaceutical adminis
tration, at least as an order of magnitude. In a paper by Abuqbeitah et al. 
[50], the exposure of medical staff during practices with Lu-177 

Table 1 
Absorbed dose in the eye-lens. Results of the simulations for Lu-177: gamma 
contribution (MC k = 1 uncertainties in brackets).

Mean values between female and 
male models

Right eye lens 
absorbed dose

Left eye lens 
absorbed dose

113 keV gamma (6.4 % yield) 
contribution 
(µGy/GBq.s) 

5.88 × 10-4 5.56 × 10-4

210 keV gamma (11 % yield) 
contribution 
(µGy/GBq.s) 

1.92 × 10-3 1.87 × 10-3

Total dose 
(µGy/GBq.s) 

2.51 × 10-3 2.43 × 10-3

Total dose for 15-minutes 
exposure 
(µGy/GBq) 

2.26 (8 %) 2.19 (8 %)

Table 2 
Hp(3) detector and Dlens in the detector between the eyes. Results of the simu
lations for Lu-177: gamma contribution (MC k = 1 uncertainties in brackets).

Mean values between female 
and male models

Hp(3) in the center of 
forehead

Dlens in the center of 
the forehead

113 keV gamma (6.4 % yield) 
contribution 

7.03 × 10-4 (µSv/ 
GBq.s) 

6.72 × 10-4 (µGy/GBq. 
s)

210 keV gamma (11 % yield) 
contribution 

2.16 × 10-3 (µSv/ 
GBq.s) 

2.09 × 10-3 (µGy/GBq. 
s)

Total dose 2.86 × 10-3 (µSv/ 
GBq.s)

2.76 × 10-3 (µGy/GBq. 
s)

Total dose for 15-minutes 
exposure

2.57 (3 %) (µSv/GBq) 2.49 (3 %) (µGy/GBq)

Table 3 
Results of the measurements during Lu-177 DOTATOC and Lu-177 DOTATE 
administration (RDD: right dosemeter dose; CDD: central dosemeter dose; LDD: 
left dosemeter dose).

operator RDD per patient 
(µSv/GBq)

CDD per patient 
(µSv/GBq)

LDD per patient 
(µSv/GBq)

A 1.35 9.63 4.59
B 4.89 3.85 4.21
C 2.03 2.91 2.50
D 0.29 0.29 0.29
E 0.28 0.09 0.28
F 0.40 0.23 0.27
G 0.15 0.19 0.10
H 0.31 0.04 0.38
I 0.27 0.43 1.77
J 0.04 0.11 0.14
K 8.09 9.29 9.14
L 0.22 0.13 0.17
Min 0.04 0.04 0.10
Max 8.09 9.63 9.14
Mean 1.53 2.27 1.99

Table 4 
Results of the simulations for Sc-47: gamma contribution (MC k = 1 un
certainties in brackets). All results are reported in µGy/GBq.s or µGy/GBq, but 
Hp(3) in µSv/GBq.s or µSv/GBq.

Mean values of 
female and 
male models

Right eye 
lens 
absorbed 
dose 

Left eye lens 
absorbed 
dose

Dlens in the 
center of the 
forehead

Hp(3) in the 
center of the 
forehead

159 keV 
gamma (68 
% yield) 
dose 
(µGy/GBq.s) 

8.80 × 10-3 8.56 × 10-3 9.87 × 10-3 1.03 × 10-2  

Dose for 15- 
minutes 
exposure 
(µGy/GBq)

7.92 (2 %) 7.70 (2 %) 8.88 (1 %) 9.23 (1 %) 
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DOTATATE and Lu-177 PSMA was estimated by employing electronic 
personal dosemeters, obtaining a mean effective dose of 2.0 ± 0.9 µSv 
for DOTATATE and 2.0 ± 0.5 µSv for PSMA per patient per unit 
administered activity. These values are in fair agreement with the 2.3 
µGy evaluated in our simulations for the Lu-177 case. Similar values 

were estimated by Calais and Turner [48], who estimated a mean 
physician exposure during a Lu-177 octreotate therapy day of 7.6 µSv (4 
patients a day), i.e. about 1.9 µSv per patient.

The good agreement obtained for Lu-177 compared to measurements 
performed here and in the literature provides confidence that, 
notwithstanding the limits of the simulations, reasonable estimations of 
occupational exposure for Sc-47 and Cu-67 can be obtained with the 
simulation model developed here.

It is generally accepted that once appropriate shielding and good 
radiation practices are adhered to, the occupational exposure due to 
177Lu therapies is low [40,51], this finding is further confirmed here. 
While extremity exposure in terms of dose to the skin of the hands has 
been previously studied [40,51,52], there is very little published infor
mation available on the dose to the thyroid or eyes for 177Lu procedures. 
The simulation models developed and validated here for 177Lu provide 
baseline occupational exposures that other centres may benchmark their 
data against.

Comparing the simulated eye exposure across the three radionu
clides, assuming the same administration scenario, indicates an 
increased occupational dose when Cu-67 and Sc-47 are used (Fig. 4). 
Similarly, the two emerging radionuclides result in a 4-fould increase in 
thyroid exposure compared to Lu177. Eye lens and thyroid monitoring 
and additional protection for these organs may be required for these 
radionuclides; this is an area that requires further investigation.

The limitations of the present investigation are mainly dominated by 
the employed geometry, where the source is simulated as a line at a fixed 
distance from the operator body, and by the duration of the exposure, 
related to the flowing of the radiopharmaceutical through the catheter, 
which was fixed to 15 min. To investigate the impact of the source po
sition a sensitivity study was performed using the female phantom. 
Specifically, the source was moved 10 cm closer or farther from the 
operator’s body and her eyes (moving the source toward the feet or the 
head) for the two gamma emissions of the Lu-177 source. The simula
tions were then rerun, and the resulting eye doses compared. The out
comes showed a variability ranging from about − 20 % when the source 
was shifted 10 cm towards the feet and − 10 % when the source was 
moved 10 cm away from the torso, to + 10 % when the source was 
drawn 10 cm nearer to the operator and + 20 % when the source was 
shifted toward the operator’s head.

Table 5 
Results of the simulations for Cu-67: gamma contribution (MC k = 1 un
certainties in brackets). All results are reported in µGy/GBq.s or µGy/GBq, but 
Hp(3) in µSv/GBq.s or µSv/GBq.

Mean values of 
female and 
male models

Right eye 
lens 
absorbed 
dose 

Left eye lens 
absorbed 
dose

Dlens in the 
center of the 
forehead

Hp(3) in the 
center of the 
forehead

91.3 keV 
gamma (7 % 
yield) dose 
(µGy/GBq.s) 

5.05 × 10-4 4.93 × 10-4 6.23 × 10-4 6.55 × 10-4  

93.3 keV 
gamma (16 
% yield) 
dose 
(µGy/GBq.s) 

1.18 × 10-3 1.16 × 10-3 1.67 × 10-3 1.52 × 10-3

184.6 keV 
gamma (49 
% yield) 
(µGy/GBq.s) 

7.50 × 10-3 7.29 × 10-3 8.23 × 10-3 8.52 × 10-3

Dose for 15- 
minutes 
exposure 
(µGy/GBq) 

8.26 (2 %) 8.04 (2 %) 9.47 (1 %) 9.62 (1 %)

Table 6 
Dose to the thyroid due to gamma emissions of the radionuclide for a 
15 min exposure (MC k = 1 uncertainties in brackets).

radionuclide Total absorbed dose in thyroid 
for 15 min exposure (µGy/GBq)

Lu-177 2.30 (1 %)
Sc-47 8.27 (1 %)
Cu-67 8.77 (1 %)

Fig. 4. Simulated normalized absorbed eye dose for a 15 min practice.
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5. Conclusions

In the present work, the potential exposure to the thyroid and eyes of 
operators performing PRRT administrations has been evaluated using 
Monte Carlo simulations and occupational exposure measurements ob
tained in clinical practice. Three radionuclides were considered in the 
simulation model; Lu-177, Sc-47 and Cu-67. The model was validated 
against Lu-177 occupational exposure measurements obtained in clin
ical practice. While Lu-177 is currently widely used in PRRT, Sc-47 and 
Cu-67 are promising radionuclides with potential clinical applications. 
As expected, the dose to the lens of the eye is mainly due to the gamma 
radiation and is of the order of 2 µSv/GBq per patient for Lu-177 com
pounds and, due to the different energies and yields, about 8 µSv/GBq 
for both Sc-47 and Cu-67. The contribution to dose from the beta com
ponents of the decays is three orders of magnitude lower for all radio
nuclides studied. Similarly, the dose to the thyroid is dominated by the 
gamma emissions and was found to be a factor of 4 times higher for Sc- 
47 and Cu-67 than Lu-177. The simulations performed and validated 
here provide novel information for the clinically emerging radionuclides 
of interest and may be useful when deciding what radiation protection 
measures to implement.
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