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Abstract 

Purpose:  Clinical trials have yielded promising results for 177Lutetium Prostate Specific 
Membrane Antigen (177Lu-PSMA) therapy in metastatic castration resistant prostate 
cancer (mCRPC) patients. However, the development of precise methods for inter-
nal dosimetry and accurate dose estimation has been considered ongoing research. 
This study aimed to calculate the absorbed dose to the critical organs and metastasis 
regions using GATE 9.0 Monte Carlo simulation (MCS) as a gold standard to compare 
the OLINDA 1.1 and IDAC 2.1 software.

Material and Methods:  This study investigated absorbed doses to different organs 
in 9 mCRPC patients during their first treatment cycle. Whole-body planar images 
were acquired at 1 ± 0.5, 4 ± 0.5, 24 ± 2, 48 ± 2, 72 ± 2, and 144 ± 2 h post-injection, 
with SPECT/CT images obtained at 24 ± 2 h. Absorbed doses were calculated for five 
organs and the entire metastasis regions using GATE, OLINDA, and IDAC platforms. The 
spherical method was used to determine and compare the absorbed doses in meta-
static regions and undefined organs in OLINDA and IDAC Phantom.

Results:  The organ-absorbed dose calculations produced by GATE were consistent 
with those obtained from OLINDA and IDAC. The average percentage differences 
in absorbed dose for all organs between Monte Carlo calculations and the estimated 
from IDAC and OLINDA were -0.24 ± 2.14% and 5.16 ± 5.66%, respectively. There 
was a significant difference between GATE and both IDAC (17.55 ± 29.1%) and OLINDA 
(25.86 ± 18.04%) in determining absorbed doses to metastatic areas using the spherical 
model.

Conclusion:  The absorbed dose of organs in the first treatment cycle remained 
below tolerable limits. However, cumulative absorbed doses should be considered 
for the administered activities in the next cycles of treatment. While Monte Carlo, 
IDAC, and OLINDA results were aligned for organ dose calculations, patient-specific 
dosimetry may be necessary due to anatomical and functional changes. Accurate dose 
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estimation for undefined organs and metastatic regions using the spherical model 
is significantly influenced by tissue density, highlighting the value of CT imaging.

Keywords:  Prostate cancer, 177Lu-PSMA, IDAC, OLINDA, GATE, Dosimetry

Introduction
Prostate cancer, the second most common cancer, is considered the fifth leading cause 
of death worldwide [1, 2]. Prostate-cancer patients are mostly treated with different 
methods, such as radiopharmaceutical 177 Lutetium-prostate-specific membrane antigen 
(177Lu-PSMA-617) for metastatic castration-resistant prostate cancer (mCRPC) [3, 4]. 
The application of 177Lu-PSMA-617 has been studied in various areas, including treat-
ment response, optimal activity prescription, internal dosimetry, and the identification 
of critical organs [5–23].

To accurately determine absorbed doses in target organs, internal dosimetry requires 
careful consideration of various factors, including imaging protocols, quantification 
methods, and dosimetric approaches. Violet et al. [13] used the Medical Internal Radia-
tion Dose (MIRD) method for the estimation of absorbed dose, while the Monte Carlo 
Simulation (MCS) approach was regarded as ground-truth/reference for patient-spe-
cific dosimetry and verification of other dosimetry approaches. Despite the accuracy of 
Monte Carlo methods, they are time-consuming.

There are several dosimetry programs that reduce calculation time in the field of inter-
nal dosimetry, which are based on standard phantoms and predefined Specific Absorbed 
Fractions (SAFs).The Organ Level Internal Dose Assessment EXponential Modeling 
(OLINDA/EXM) software, widely used in diagnosis and treatment procedures, calcu-
lates the absorbed dose based on MIRD equations. Marin et al. [24] used the OLINDA/
EXM software version 1.0 to compute absorbed doses for Organs at Risk (OAR) in 177Lu 
peptide receptor radionuclide therapy. Similarly, Song et al. [25] estimated the effective 
dose of organs for a new radiotracer of 99mTc-IDA-D- [c (RGDf K)]2 using OLINDA/
EXM 1.1 software in healthy volunteers. The Internal Dose Assessed (IDAC-Dose2.1) 
as open-source software for the dosimetry program was provided by the International 
Commission on Radiological Protection (ICRP) and calculates the absorbed dose based 
on ICRP 133 and 107 publications. Sandgren et al. [26] determined the effective organ 
doses from the injection of [68Ga] Postate-Specific Membrane Antigen (PSMA) in pros-
tate cancer patients using IDACDose2.1 software and also employed the MCS to calcu-
late the absorbed dose to the eye lenses from the lacrimal glands, which are not defined 
in the ICRP phantom as a source. Finocchiaro et al. [27] compared the performances of 
three dosimetry methods in specific phantoms and Peptide Receptor Radionuclide Ther-
apy (PRRT) patients using the OLINDA program for organ level dosimetry and Matlab 
base software (VoxelMed) and Monte Carlo code (RAYDOSE) for voxel level dosimetry. 
Lore Santoro et al. [28] calculated the mean absorbed dose to the OARs, such as liver, 
kidney, and spleen using a new commercial dosimetry workstation (PLANET® Dose) 
and compared the dosimetric results with the “Dosimetry Toolkit + OLINDA” software 
as a reference after peptide receptor radionuclide therapy with [177Lu]Lu-DOTA-TATE.
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This study aimed to compare the performance of IDAC-Dose and OLINDA programs 
with an MCS reference standard by determining absorbed doses to normal organs and 
metastatic regions in patients treated with 177Lu-PSMA-617.

Material and methods
Dataset

In the present study, 9 patients diagnosed with mCRPC, mean age 72 years (range 
51–80), participated after providing written consent forms. The internal dosimetry 
was performed in the first treatment cycle, and the average injected activity was 6520 
MBq for 177Lu-PSMA-617 ranging from 4329 to 7400 MBq. The acquisition of 177Lu 
distribution was performed on a Single-photon Emission Computerized Tomog-
raphy/ Computerized Tomography (SPECT/CT) Dual Head Discovery 670 DR GE. 
The whole-body planar images were also acquired using a Medium-energy General-
purpose (MEGP) collimator at 6-time points (1 ± 0.5 h, 4 ± 0.5 h, 24 ± 2 h, 48 ± 2 h, 
72 ± 2 h, and 144 ± 2h) after radiopharmaceutical injection (Fig. 1). The SPECT/CT 
scans (2- or 3-bed positions) were acquired at 24 ± 2 h after injection. Figure 2 shows 
the whole body images taken at different time points. The whole-body planar and 
SPECT acquisitions were based on a 177Lu imaging protocol, photopeak at 208 keV 
(width 20%), and two additional scatter windows at 177 and 240 keV with 10% energy 
width (typical clinical imaging conditions). The SPECT data were reconstructed using 
an Ordered Subset Expectation Maximization (OSEM) algorithm with 4 iterations 
and 10 subsets, incorporating attenuation correction based on a 120 kVp, 200 mAs 
CT scan. Additional corrections for scatter (Triple Energy Window), dead time [29], 

Fig. 1  An overview of the workflow followed in this study (CDR = collimator-detector-response—
RR = resolution recovery—PVC = partial volume correction)
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collimator-detector response, background (for whole-body images), and partial vol-
ume effects (using NEMA Phantom) were applied (Fig. 1) [29–32]. Additionally, the 
images were reconstructed using the Q. Metrix software.

Dosimetry

Quantitative analysis and organ segmentation were performed using the 3D-slicer ver-
sion 4.10.0. The Regions/Volumes of Interest (ROI/VOI) were drawn on the whole-body 
planar scans and SPECT-CT images to determine the activity concentration and volume 
of kidneys, liver, submandibular glands, parotid glands, lacrimal glands, and metastases 
for each patient. The time-activity curves were obtained for each region, and cumula-
tive activity was calculated in terms of MBq-h for each source organ. The time-activ-
ity curves and the cumulative activity were defined using MATLAB version 2018b and 
biexponential fitting method for region-level curve fitting. The absorbed dose of the 
organs and metastases were computed using the Monte Carlo GATE code version 9.0 as 
a reference to compare the outcomes of the OLINDA 1.1 and IDAC 2.1 dosimetry soft-
ware. While both programs can perform organ-level dosimetry, a spherical model was 
used for dosimetry of undefined organs (submandibular, parotid, and lacrimal glands) 
and metastatic lesions due to their irregular anatomy, varying mass density, and non-
uniform radiopharmaceutical distribution. In the current study, the sphere module was 
used to calculate the absorbed dose to the submandibular glands, parotid glands, lacri-
mal Glands, and 64 metastasis lesions, including 58 bone metastases (skeletal), 2 lym-
phatic nodes, and 4 lung metastases in 7 patients. OLINDA assumed a uniform density 
of 1 g/cm3 for all spheres, while IDAC used tissue-specific densities. For lung, lymph, 
and bone metastases, IDAC employed densities of 0.382 g/cm3, 1.03 g/cm3, and 1.108 g/
cm3, respectively. Salivary and lacrimal glands in both programs had a density of 1.03 g/
cm3 as recommended by IDAC. Notably, IDAC additionally incorporated patient-spe-
cific phantom salivary glands for dose calculations of submandibular and parotid glands, 
alongside the spherical model. The patient’s CT images were used to convert Hauns-
field Unhit (HU) to density using the Schneider table (setting a tolerance threshold at 
0.01 g/cm3) in the GATE environment. The voxel size for the MCS was assumed 2.21 
mm3, corresponding to the half of voxel size in the SPECT images (4.42 mm3). For the 

Fig. 2  The whole body images taken at 6 time points
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Beta and Gamma particles, the electron range threshold was set to 0.1 mm. The total 
number of simulations was 107, wherein the mean number of particles was 100 million 
for each simulation (ranging from 50 to 150 million). The total number of particles was 
10

10 without parallel processing. The relative statistical uncertainty was 1.85% and 0.58% 
to compute the absorbed dose for the organs and the metastases, respectively. Cross-
absorption dosimetry was limited to the liver and kidneys due to the absence of defined 
structures representing metastases, salivary, and lacrimal glands in standard OLINDA 
and IDAC phantoms.

Evaluation

The Monte Carlo simulation (GATE 9) served as the reference standard for absorbed 
dose calculations. OLINDA and IDAC software performance was evaluated by calcu-
lating the mean and standard deviation of relative errors. Relative differences between 
GATE and IDAC (RD-G-I), GATE and OLINDA (RD-G-O), and GATE and spheri-
cal models within OLINDA (RD-G-S–O) and IDAC (RD-G-S-I) were quantified using 
Eqs. 1–4, as follows:

Results
Tables  1 and 2 present the estimated absorbed dose (Gy) and dose per administered 
activity (Gy/GBq) in the kidneys and liver for the nine patients using GATE 9, OLINDA 
1.1, and IDAC 2.1 platforms.

(1)RD - G - I (%) =
DOSEIDAC − DOSEGATE

DOSEGATE
× 100

(2)RD - G - O (%) =
DOSEOLINDA1.1− DOSEGATE9

DOSEGATE9
× 100

(3)RD - G - S - I (%) =
DOSESphere − IDAC − DOSEGATE

DOSEGATE9
× 100

(4)RD - G - S - O (%) =
DOSESphere − OLINDA− DOSEGATE

DOSEGATE
× 100

Table 1  Comparison of self-absorbed dose (Gy) and self-absorbed dose per administrative activity 
(Gy/GBq) in the kidney estimated by GATE (reference), IDAC, and OLINDA, as well as relative 
differences (RD%)

The mean absorbed dose and dose per unit administered activity (Gy(Gy/Bq)) to the kidneys calculated by GATE, OLINDA, 
and IDAC were 2.33 (0.36), 2.3 (0.35), and 2.29 (0.35), respectively. The largest difference between GATE-OLINDA and GATE-
IDAC was −3.29% and −3.54%, respectively, in patient number one, who had one active kidney

Kidneys

GATE
(Gy)

GATE
(Gy/GBq)

OLINDA
(Gy)

OLINDA 
(Gy/GBq)

IDAC
(Gy)

IDAC
(Gy/GBq)

%RD G-O %RD G-I

Mean ± SD 2.33 ± 0.79 0.36 ± 0.12 2.3 ± 0.77 0.35 ± 0.11 2.29 ± 0.77 0.35 ± 0.11 −1.46 ± 0.87 −1.9 ± 0.81
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Absorbed doses to the lacrimal glands of seven patients were calculated using the 
spherical model in both OLINDA and IDAC. A comparison of these results with GATE 
simulation data is presented in Table 3.

The mean absorbed dose and dose per unit administered activity (Gy(Gy/Bq)) to the 
lacrimal glands calculated by GATE, OLINDA and IDAC were 18.06 (2.82), 20.53 (3.22), 
and 18.66 (2.91), respectively. The relative difference between GATE and IDAC (3.33%) 
was smaller than that between GATE and OLINDA (13.41%), which likely stems from 
the differing mass densities used for spherical calculations: 1 g/cm3 in OLINDA versus 
1.03 g/cm3 in IDAC, with the latter being closer to the actual tissue density..

Tables 4, 5 summarize the mean absorbed dose and dose per unit administered activ-
ity (Gy(Gy/Bq)) calculated for salivary glands, including parotid and submandibular 
glands of the 9 patients using GATE 9, OLINDA 1.1, and IDAC 2.1 platforms. For sub-
mandibular and parotid glands, IDAC employed both a spherical model (S-IDAC) and 
ICRP phantom salivary glands (IDAC), while OLINDA relied solely on a spherical model 
(S-OLINDA).

There was better agreement between GATE simulation and IDAC’s spherical model 
(RD: -0.9%) for parotid gland absorbed dose compared to the ICRP phantom (RD: 
-2.97%) or OLINDA’s spherical model (RD: 4.51%). Discrepancies between spherical 
models may be attributed to differences in mass density, while deviations between GATE 
and the ICRP phantom likely stem from variations in salivary gland positioning.

Spherical model comparisons revealed better agreement between GATE and IDAC 
(RD: 2.77%) than GATE and OLINDA (RD: 10.71%), likely due to differences in assigned 
mass densities. For salivary glands, submandibular gland estimates from the ICRP phan-
tom aligned closely with GATE results (RD: 0.42%), potentially due to more accurate ana-
tomical representation compared to parotid glands. The average percentage difference 
in organ absorbed doses (kidneys, liver, lacrimal, parotid, and submandibular glands) 

Table 2  Comparison of self-absorbed dose (Gy) and self-absorbed dose per administrative activity 
(Gy/GBq) in the liver estimated by GATE (reference), IDAC, and OLINDA, as well as relative differences 
(RD%)

The mean absorbed dose and dose per unit administered activity (Gy(Gy/Bq)) to the liver calculated by GATE, OLINDA and 
IDAC were all 0.59 (0.09), 0.59 (0.09), and 0.59 (0.09), respectively, showing that a strong agreement likely stems from the 
liver’s large size and homogenous composition

Liver

GATE
(Gy)

GATE
(Gy/GBq)

OLINDA
(Gy)

OLINDA 
(Gy/GBq)

IDAC
(Gy)

IDAC
(Gy/GBq)

%RD G-O %RD G-I

Mean ± SD 0.59 ± 0.15 0.09 ± 0.02 0.59 ± 0.15 0.09 ± 0.02 0.59 ± 0.15 0.09 ± 0.02 0.48 ± 1.05 0.71 ± 1.14

Table 3  Comparison of self-absorbed dose (Gy) and self-absorbed dose per administrative activity 
(Gy/GBq) in the lacrimal glands estimated by GATE (reference), sphere- IDAC, and sphere-OLINDA, as 
well as relative differences (RD%)

Lacrimal glands

GATE
(Gy)

GATE
(Gy/GBq)

S-OLINDA
(Gy)

S-OLINDA
(Gy/GBq)

S-IDAC
(Gy)

S-IDAC
(Gy/GBq)

%RD 
G-S–O

%RD G-S-I

Mean ± SD 18.06 ± 3.45 2.82 ± 0.43 20.53 ± 4.51 3.22 ± 0.59 18.66 ± 3.64 2.91 ± 0.46 13.41 ± 5.6 3.33 ± 1.01
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between Monte Carlo calculations and IDAC and OLINDA estimates was − 0.24 ± 2.14% 
and 5.16 ± 5.66%, respectively.

Dosimetry of metastases area

In this study, the absorbed doses of 64 metastatic lesions (T) in 7 patients (P1, P2, P3, P5, 
P6, P7, and P8), including 58 bone metastases, 2 lymph node metastases (T-P6-N1 and 
T-P7-N11), and 4 lung metastases (T-P1-(N1-N4-N5-N7)) were calculated with an aver-
age volume of 14 cm3 (3 cm3 – 112.57 cm3). Table 6 presents the mean absorbed dose 
and dose per unit administered activity (Gy(Gy/Bq)) calculated using GATE 9 and the 
sphere model of OLINDA 1.1, and IDAC 2.1 software.

The mean absorbed doses of metastases calculated by GATE, OLINDA and IDAC 
per administered activities were 3.21, 4.06 and 3.58 Gy/GBq, respectively. There is bet-
ter agreement between GATE—IDAC (RD: 17.55%) in comparison to GATE—OLINDA 
(RD:25.86%). The highest and lowest difference between GATE simulation and dose 
estimation by OLINDA and IDAC was observed between GATE-IDAC (RD: 142.16%) 
and GATE-OLINDA (RD: − 3.14%) in patient number one, who had lung metastases. 
Regarding bone metastases, the biggest dose difference (RD: 62.97%) was observed 
between GATE and OLINDA in patient number 7 (T-P7-N3).

Results of cross‑absorbed dose

The results of the cross-absorbed dose between the kidneys and liver are summarized 
in Table 7. Mean percentage differences of 32.68% and − 17.78% were observed between 
the IDAC and OLINDA methods versus reference MCS using GATE.

Discussion
The current study investigated absorbed doses to organs and metastatic regions in 
nine-mCRPC patients. GATE Monte Carlo simulations served as a reference for com-
paring dose estimates from IDAC and OLINDA software. The calculated liver dose of 
0.09 Gy/GBq demonstrated strong agreement with both OLINDA and IDAC (< 1% rela-
tive difference). This finding is consistent with those of Xue et al. [33], machine learning 
based mean liver dose of 0.067 ± 0.035 Gy (range: 0.019–0.151). A study by Rosar et al. 
[23] using IDAC2.1 reported a mean liver dose of 0.10 ± 0.05 Gy/GBq. In comparison, 
Shozo Okamoto and colleagues using the IDAC2.1 computational program, the average 
computational dose of liver was 0.10 ± 0.05 Gy/GBq and in other studies conducted by 
Okamoto et  al. [7] and Prive et  al. [34] based on MIRD calculations, liver doses were 
determined as 0.12 ± 0.06 Gy/GBq and 0.8 Gy (range 0.6–1.1 Gy), respectively. Accord-
ing to Peters et  al. [35] study, based on the MIRD formulation, the liver dose was 
obtained in the range of 0.06–0.14 Gy/GBq. Moreover, Violet et al. [13] computed the 
dose of different organs at the voxel level with the average liver dose 0.1  Gy/GBq. A 
review of various studies indicates consistent liver dose estimates, likely attributed to the 
liver’s large size, uniform tissue composition, and minimal density fluctuations.

In the present study, regarding the absorbed dose of the kidneys, the average dose cal-
culated by IDAC and OLINDA are in agreement with each other and with GATE. In the 
study of Xue et al. [33], the calculated kidney dose is in the range of 0.236–1.041 Gy/GBq, 
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Table 6  Comparison of self-absorbed dose (Gy) and self-absorbed dose per administrative activity 
(Gy/GBq) for the 64 metastatic lesions estimated by GATE, OLINDA Spheres, and IDAC Spheres, as 
well as percentage differences (%RDs)

Number Metastases GATE
(Gy)

GATE
(Gy/GBq)

OLINDA
(Gy)

OLINDA
(Gy/GBq)

IDAC
(Gy)

IDAC
(Gy/GBq)

% RD G-O %RD G-I

1 T-P1-N1 2.87 0.45 2.78 0.44 6.95 1.09  − 3.14 142.16

2 T-P1-N2 9.76 1.53 8.34 1.31 7.4 1.16  − 14.55 −24.18

3 T-P1-N3 3.18 0.5 4.14 0.65 3.69 0.58 30.19 16.04

4 T-P1-N4 4.24 0.67 4.44 0.7 10.08 1.58 4.72 137.74

5 T-P1-N5 3.05 0.48 2.81 0.44 6.73 1.06  − 7.88 120.66

6 T-P1-N6 10.62 1.67 12.42 1.95 10.99 1.73 16.95 3.48

7 T-P1-N7 2.57 0.41 1.54 0.24 3.72 0.59  − 40.08 44.75

8 T-P1-N8 4.96 0.78 6.62 1.04 5.34 0.84 33.47 7.66

9 T-P1-N9 3.39 0.53 4 0.63 3.56 0.56 17.99 5.02

10 T-P1-N10 5.02 0.79 6.12 0.96 4.99 0.78 21.91  − 0.6

11 T-P1-N11 2.83 0.44 3.66 0.58 3.24 0.51 29.33 14.49

12 T-P2-N1 72.59 10.33 89.56 12.74 79.83 11.36 23.38 9.97

13 T-P2-N2 14.83 2.11 20.81 2.96 18.73 2.66 40.32 26.3

14 T-P2-N3 60.45 8.6 73.66 10.48 64.7 9.2 21.85 7.03

15 T-P2-N4 50.1 7.25 69.4 9.87 55.31 7.9 38.5 10.4

16 T-P2-N5 33.35 4.74 44.18 6.29 39.19 5.58 32.47 17.51

17 T-P2-N6 25.4 3.61 40.21 5.72 33.58 4.78 58.31 32.2

18 T-P2-N7 18.31 2.6 25.06 3.57 22.05 3.14 36.87 20.43

19 T-P2-N8 73.18 10.41 89.62 12.75 76.03 10.82 22.47 3.89

20 T-P2-N9 13.28 1.89 19.09 2.72 15.67 2.23 43.75 18

21 T-P2-N10 12.49 1.78 16.27 2.32 13.2 1.88 30.26 5.68

22 T-P3-N1 6.65 1.06 9.86 1.57 8.81 1.4 48.27 32.48

23 T-P5-N1 18.55 2.64 23.9 3.4 20.76 2.95 28.84 11.91

24 T-P5-N2 41.65 5.92 48.92 6.96 42.97 6.11 17.45 3.17

25 T-P5-N3 21.28 3.03 26.68 3.8 23.29 3.31 25.38 9.45

26 T-P5-N4 17.62 2.51 21.37 3.04 18.81 2.68 21.28 6.75

27 T-P5-N5 27.57 3.92 32.87 4.68 29.19 4.15 19.22 5.88

28 T-P5-N6 18.31 2.61 23.73 3.38 20.4 2.9 29.6 11.41

29 T-P5-N7 28.77 4.09 33.39 4.75 29.96 4.26 16.06 4.14

30 T-P5-N8 21.06 3 26.93 3.83 22.75 3.24 27.87 8.03

31 T-P5-N9 29.48 4.19 39.41 5.61 31.78 4.52 33.68 7.8

32 T-P5-N10 23.28 3.31 30.63 4.36 25.61 3.64 31.57 10

33 T-P5-N11 7.4 1.05 9.76 1.39 8.36 1.19 31.89 12.97

34 T-P5-N12 30.81 4.38 36.7 5.22 34.88 4.96 19.21 13.21

35 T-P5-N13 20.32 2.89 26.93 3.83 24.82 3.53 32.53 22.15

36 T-P5-N14 21.85 3.11 27.27 3.88 23.69 3.37 24.81 8.42

37 T-P6-N1 19.66 3.02 13.87 2.13 12.65 1.94  − 29.45  − 35.66

38 T-P6-N2 15.28 2.35 21 3.23 18.92 2.91 37.43 23.82

39 T-P6-N3 35.13 5.39 46.05 7.07 41.17 6.32 31.08 17.19

40 T-P6-N4 17.32 2.66 24.88 3.82 22.23 3.41 43.65 28.35

41 T-P6-N5 60.3 9.26 80.8 12.41 70.85 10.88 34 17.5

42 T-P6-N6 17.36 2.67 25.33 3.89 22.49 3.45 45.91 29.55

43 T-P7-N1 54.78 8.41 60.4 9.28 56.13 8.62 10.26 2.46

44 T-P7-N2 41.28 6.34 38.81 5.96 32.45 4.98  − 5.98  − 21.39

45 T-P7-N3 35.75 5.49 58.26 8.95 52.12 8 62.97 45.79

46 T-P7-N4 24.99 3.84 33.67 5.17 28.14 4.32 34.73 12.61

47 T-P7-N5 13.25 2.03 17.84 2.74 14.59 2.24 34.64 10.11

48 T-P7-N6 29.08 4.47 37.22 5.72 32.44 4.98 27.99 11.55

49 T-P7-N7 36.12 5.55 41.68 6.4 37 5.68 15.39 2.44

50 T-P7-N8 14.14 2.17 20.4 3.13 17.51 2.69 44.27 23.83

51 T-P7-N9 4.16 0.64 5.71 0.88 5.09 0.78 37.26 22.36

52 T-P7-N10 20.94 3.22 26.7 4.1 24.52 3.77 27.51 17.1

53 T-P7-N11 13.02 2 15.04 2.31 13.54 2.08 15.51 3.99
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and the average kidney dose is higher than that in this study. Rosar et al. [23] reported 
a mean kidney dose of 0.54 ± 0.28 Gy/GBq using IDAC2.1. Okamoto et al. [7] and Prive 
et  al. [34], employing MIRD calculations, determined renal doses of 0.72 ± 0.21  Gy/
GBq and 4.3 Gy (range: 3.1–6.1 Gy), respectively. According to the study of Peters et al. 
[35], the kidney dose has been obtained in the range of 0.21–0.88 Gy/GBq. Also, in the 
study of Violet et al. [13], the average kidney dose has been determined to be 0.39 Gy/
GBq, which is close to the present study. Kidney dose estimates varied across studies, 
potentially influenced by kidney size, function, and imaging/analysis techniques. Lacri-
mal gland doses, determined using the spherical model in IDAC and OLINDA, showed 
better agreement between IDAC (2.91 Gy/GBq) and GATE (2.82 Gy/GBq) compared to 
OLINDA (3.22  Gy/GBq). The latter aligned more closely with MIRD-based estimates 
from Okamoto et al. [7] (3.8 Gy/GBq) and Violet et al. [13] (3.78 Gy/GBq).

In the study of Violet et al. [13], using the Voxel base method, the calculated dose 
was about ten times lower (0.36 Gy/GBq-By expanding contours around of lacrimal 
gland pluse1to 2  cm) than the MIRD method. As mentioned before, the difference 
between the results of OLINDA, GATE, and IDAC can be due to the difference in 
density determination and gland shape. Tables  4 and 5 present better agreement 
between IDAC and GATE for parotid gland dose estimates using the spherical model 
and for submandibular gland dose estimates using the phantom standard model. This 
correlation suggests similarities in mass densities and shapes between the models and 
actual gland anatomy. In this regard, the estimated dose of parotid and submandibu-
lar glands by Rosar et al. [23] (2021), which used CT images to determine tissue den-
sity in the IDAC spherical model, is 0.81 Gy/GBq and 0.72 Gy/GBq, respectively. The 
ICRP phantom’s salivary gland models were used to estimate parotid and submandib-
ular gland doses. Results for the submandibular gland showed better agreement with 
the reference (GATE) data, possibly due to the closer anatomical correspondence 
between the phantom and patient anatomy for this gland. Prive et  al. [34] reported 
salivary gland doses ranging from 1.2–5.9 Gy using MIRD, aligning with our GATE 
results (2.7–5.9  Gy). Okamoto et  al. [7] calculated a parotid gland dose of 0.55  Gy/
GBq using OLINDA/EXM, consistent with our findings. However, the same study 

T, P, and N stand for metastasis, patient, and number of each metastasis in each patient, respectively

Table 6  (continued)

Number Metastases GATE
(Gy)

GATE
(Gy/GBq)

OLINDA
(Gy)

OLINDA
(Gy/GBq)

IDAC
(Gy)

IDAC
(Gy/GBq)

% RD G-O %RD G-I

54 T-P7-N12 18.85 2.9 26.97 4.14 22.34 3.43 43.08 18.51

55 T-P8-N1 32 4.44 37.43 5.19 33.72 4.67 16.97 5.38

56 T-P8-N2 9.99 1.38 12.71 1.76 11 1.52 27.23 10.11

57 T-P8-N3 17.81 2.47 21.39 2.97 18.98 2.63 20.1 6.57

58 T-P8-N4 18.4 2.55 21.79 3.02 19.86 2.75 18.42 7.93

59 T-P8-N5 23.25 3.22 29.33 4.07 25.01 3.47 26.15 7.57

60 T-P8-N6 8.01 1.11 9.98 1.38 8.34 1.16 24.59 4.12

61 T-P8-N7 11.96 1.66 15.77 2.17 13.2 1.83 31.86 10.37

62 T-P8-N8 18.81 2.61 26.31 3.65 20.7 2.87 39.87 10.05

63 T-P8-N9 16.84 2.33 25.12 3.48 20.97 2.91 49.17 24.53

64 T-P8-N10 14.07 1.95 20.49 2.84 18.34 2.54 45.63 30.35

Total Mean ± SD 21.94 ± 16.5 3.21 ± 2.4 27.78 ± 20.66 4.06 ± 3.01 24.32 ± 17.78 3.58 ± 2.59 25.86 ± 18.04 17.55 ± 29.1
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reported a submandibular gland dose of 0.64 Gy/GBq, higher than our GATE results 
(RD: 25%) but closer to OLINDA estimates (RD: 9%). Peters et  al. [35] reported a 
median salivary gland dose of 0.50 (0.15–1.28) Gy/GBq using MIRD formalism.

Violet et  al. [13], study using SPECT imaging calculated mean doses of 0.58  Gy/
GBq and 0.64 Gy/GBq for parotid glands and 0.44 Gy/GBq and 0.67 Gy/GBq for sub-
mandibular glands using voxel technique and MIRD sphere model methods, respec-
tively. These results align with GATE and OLINDA findings. Also in the study of Xue 
et al. [33], the salivary gland dose was calculated 0.57(0.15–1.87) Gy/GBq, which is in 
agreement with the average calculated dose of GATE and IDAC for the parotid gland 
and that of OLINDA for the submandibular gland (RD < 1%).

The most significant discrepancy in absorbed dose for metastatic regions occurred 
between GATE and IDAC calculations for patient one’s lung metastases, likely due to 
differences in lung density input. In bone metastases (58 metastases), the results of 
GATE(3.42  Gy/GBq) were less than IDAC (3.81  Gy/GBq-RD = 12.23%) with a better 
agreement with OLINDA (4.37 Gy/GBq-RD = 29.58%). IDAC bone metastasis dose esti-
mates are more closely aligned with GATE due to its use of a higher tissue density (1.108 
g/cm3) compared to OLINDA (1.0 g/cm3). Lenz et  al. [36] reported a − 21% to + 56% 
dose difference between GATE 8.2 and OLINDA spheres for bone lesions in mCRPC 
patients, consistent with our findings of -14.55% to + 62.97% between GATE 9.0 and 
OLINDA.

The average dose of bone metastases calculated by Rosar et  al. [23]using the IDAC 
spherical model was equal to 1.68 Gy/GBq, which is lower than the present study. Oka-
moto et al. [7] calculated an average dose of 3.2 Gy/GBq for 93 metastases, aligning with 
our GATE result of 3.21 Gy/GBq. The study further divided metastases into bone (74 
areas), lung (3 areas), and lymphatic (8 areas), reporting doses of 3.4 Gy/GBq, 1.7 Gy/
GBq, and 3.2  Gy/GBq, respectively. While bone and lymph metastasis doses aligned 
with GATE (3.42 Gy/GBq and 2.51 Gy/GBq), lung metastasis dose was closer to IDAC 
(1.08 Gy/GBq).

In the Maffey-Steffan et al. [37] study, the dose of bone and lymphatic metastases in 
the first treatment cycle was calculated as 4.01 (1.10–13.00) Gy/GBq and 3.12 (0.7–8.7) 
Gy/GBq, respectively. For bone metastases, OLINDA results (4.37  Gy/GBq) aligned 
more closely with GATE than lymphatic metastases, in which discrepancies were larger, 
potentially due to sample size limitations. Peters et al. [35] reported a median absorbed 
dose of 2.07 Gy/GBq (range: 0.30–16.40 Gy/GBq) for 40 metastatic areas, highlighting 
the dose variability in these regions. In radionuclide therapy with Lu-177, there are few 
studies to determine the cross-absorbed dose, which can be due to its small amount 
compared to the self-absorbed dose (Sandström et al. [38]). The current study observed 
significant discrepancies between OLINDA, IDAC, and GATE results, potentially influ-
enced by the limited sample size. Grime et  al. [39] reported -40 ± 35% and -30 ± 31% 
differences between Monte Carlo and OLINDA calculations for kidney-to-liver and 
liver-to-kidney cross-doses, respectively, in a study of six patients using an approxi-
mated Lu-177 biological half-life. Limitations of this study included workflow disrup-
tions, a small patient cohort, and heterogeneous metastatic distribution.
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Conclusion
Organ doses remained below tolerable limits in the first treatment cycle [40, 41]. How-
ever, the cumulative absorbed dose must be considered for subsequent treatments. 
While Monte Carlo, IDAC, and OLINDA generally agreed on organ dose estimates, 
patient-specific dosimetry may be necessary due to anatomical and functional changes. 
Accurate dose estimation for undefined organs and metastatic regions using the spheri-
cal model is significantly influenced by tissue density, highlighting the value of CT 
imaging.
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