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Prediction of Absorbed Dose to Normal Organs with Endocrine Tumors
for 1-131 by use of ®"TC Single Photon Emission Computed Tomography/
Computed Tomography and Geant4 Application for Tomographic

Emission Simulation

Abstract

Introduction: This study aimed to predict the dose absorbed by normal organs with
neuroendocrine tumors for "'T using single photon emission computed tomography/computed
tomography (SPECT/CT) images and Geant4 application for tomographic emission (GATE)
simulation. Materials and Methods: Four to 5 whole-body planar scan series, along with one
SPECT/CT image, were taken from four patients following °*’"Tc-hynic-Tyr*-octreotide radiotracer
injection. After image quantification, the residence time of each organ was calculated using the
image analysis and the activity time curves. The energy deposit and dose conversion (S-value)
were extracted from the GATE simulation for the target organs of each patient. Using the residence
times and S-values, the mean absorbed dose for the target organs of each patient was calculated
and compared with the data obtained from the standard method. Results: Very close agreement was
obtained between the S-value of the self-organ irradiation. The mean percentage difference between
the two methods (i.e. GATE and Medical Internal Radiation Dose [MIRD]) was 1.8%, while a
weak agreement was observed for cross-organ irradiation. The percentage difference between the
total absorbed doses by the organs was 2%. The percentage difference between the absorbed doses
obtained for tumors and three considered normal organs estimated by the GATE method was slightly
higher than the MIRD method (about 11% on average for tumors). Conclusion: Regardless of the
small difference between the obtained results for the organs and absorbed doses of the tumors in the
present study, patient-specific dosimetry by the GATE methods is useful and essential for therapeutic
radionuclides such as "*'T due to high cross-dose effects, especially for young adult patients, to ensure
the radiation safety and increase the effectiveness of the treatment.

Keywords: Geant4 application for tomographic emission, I-131, image base internal dosimetry,
patient-specific dosimetry, single photon emission computed tomography/computed tomography,
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administered to the tumors and minimize
the dose absorbed by the normal tissues.™!
In the therapeutic processes, widely used
radionuclides such as I-131 can be used for
the treatment of thyroid disease, Ra-223
for relieving and treatment of bone tumors,
Lu-177 for the treatment of neuroendocrine
tumors, and Y-90 for radioembolization.
In addition, radionuclides such as Tc-99m,
[-123, and T1-201 can be used in diagnostic
processes.*¥! One of the principal quantities
in patient-specific dosimetry calculations
is the absorbed dose, which is defined as
the energy absorbed per unit mass of the
interested tissue. The absorbed dose is

Introduction

Radionuclide therapy is a form of treatment,
in which a systemic dose of a radioactive
compound is administered to the patient to
deliver the radionuclides to the tumors and
damage their DNA. Compared with other
treatment methods, the advantages of this
method are the ability to directly transfer
the radiation dose to the tumors and
reduce the irradiation of normal tissues.!'*!
Owing to the ever-increasing application
of radionuclides in medical diagnosis and
treatment processes, a specific treatment
protocol should be designed by assessing
the absorbed dose to the tumors and
normal tissues to maximize the dose
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influenced by several factors, including the physical and
biological half-life of the radiopharmaceutical, the amount
of activity administration, the energy and frequency of the
radiation emitted from the source organ, and the amount
absorbed in the target organ. This quantity is dependent on
the shape, composition, and location of the target organ.!’

Biomedical half-life requires evaluating the biological
distribution of radiopharmaceuticals in the body, which
can be obtained through imaging techniques such as
positron emission tomography (PET), single photon
emission computed tomography (SPECT), or planar
scintigraphy. Furthermore, the shape and information
regarding the structure of the target regions could be
acquired through anatomical imaging modalities such
as computed tomography (CT) and magnetic resonance
imaging.' One of the most common methods of
calculating the dose absorbed by the patient is using the
dose conversion factor (i.e. S-value) and the proposed
formulation of the internal medicine dosing committee
in nuclear medicine (i.e. Medical Internal Radiation
Dose [MIRD]).'l Researchers have identified various
programs, such as the MIRDOSE program (or its higher
version, OLINDA), for internal dosimetry according to
standard phantoms in diagnostic and therapeutic processes
based on pre-calculated S-values.'>!¥! The MIRDOSE
program uses Cristy-Eckermans reference male and
female phantoms to calculate the S-values and the mean
absorbed dose of the target organs at the organ level for
different radionuclides.'¥ In the standard method, the
activity distribution in the source organ is considered
uniform, and the dose is uniformly deposited throughout
the target organ. However, the evidence indicates that in
the case of radionuclides, specifically in therapeutic types,
the biological effects of tumor response and the toxicity
of normal tissues are not properly predicted by the mean
absorbed dose. Moreover, the standard phantom approach
is not suitable to calculate the dose absorbed by the tumors,
where the anatomy of the patient’s normal organs is affected
by the tumor size, shape, and position in the patient. In
fact, although the self-dose of tumors can be calculated
as an example, the distribution of tumor doses from other
source organs of the body cannot be calculated, which is
unlikely for radionuclides with high energy photons such
as [-131.01517

The development of hybrid imaging technologies, such
as PET/CT and SPECT/CT, increased the capability of
performing patient-specific dosimetry diagnosis and therapy
using radionuclides by providing spatial and temporal
distribution of activity with anatomical information.!'82
Furthermore, in base Monte Carlo methods, it is now
possible to consider the precise geometry of the source
and target organs, as well as the heterogencities of
tissues within the body for each patient, with the help of
scintigraphy and anatomical images.?!) On the other hand,
the patient-specific dosimetry obtained from the images

of the patients, along with Monte Carlo calculations, is
not only useful for optimizing the prescribed activities
and increasing therapeutic efficiency but also they could
also be employed for creating the minimum-effective
dose and determining the dose-response relationship as
a basis for predicting clinical results.??! The examples of
Monte Carlo codes, which are commonly employed in
nuclear medicine and radiotherapy applications, include the
EGS,?] MCNP?Y and GEANT.[*2 Geant4 Application
for Tomographic Emission (GATE)®” is a simulation code
based on GEANT4,/?! dedicated mainly to nuclear medicine
processes. The reliability of this code is appropriate due to
better physical interaction and more validity.”®

Therefore, our goal in this study is to predict the dose
absorbed by normal organs with neuroendocrine tumors
for 1-131 using SPECT/CT images and GATE simulation.
To analyze the GATE simulation method and assess the
accuracy of dose calculations based on the patient images,
the results were compared with the most common tool in
this field.

Materials and Methods
Imaging of patients

A total of four patients, including two males and two
females, suspected of having neuroendocrine tumors, were
evaluated with **"Tc-hynic-Tyr*-octreotide imaging. The
demography of the patients, including their organ mass,
is listed in Table 1. In addition, MIRD standard phantom
data are available for comparison. After injecting each
patient with approximately 20-25 mCi of the radiotracer,
four to five whole-body scans were obtained over a
period of 1-24 h (time points = 1, 2, 5, 6, and 20 h).
The imaging was a Siemens device with a dual-head
gamma camera (made in the USA) and a low-energy
high-resolution collimator. Whole-body anterior (I,) and
posterior (1) views were obtained according to the routing
protocol employed in the clinic, including a 256x1024
matrix with a pixel size of 4.79 mm and a scan speed
of 20 cm/min. Furthermore, a SPECT scan was taken
over 180° (circular orbit) in 64 view/head and 20 S-frame
and was recorded in a 128128 matrix. CT scans were
obtained before the SPECT scan, with a 512x512 matrix
size using a tube voltage of 130 kV and a tube current of
25 mA to create attenuation maps and measure the body
diameter and internal organ boundaries.

Quantification of patients’ images

After reconstructing the images using the Ordered Subset
Expectation Maximization algorithm, isocontours were
drawn in the reconstructed images with a 40% threshold,
and the count density values in the source and target organs
were obtained for all patients.” A triple-energy window
technique was also employed to estimate the scatter. The
width of the photo-peak window was 15%, whereas the
widths of the upper and lower scattered windows were 7%.
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Table 1: Demographic information of 4 patients with information on medical internal radiation dose phantom and
organ selective mass

Patients and phantoms characteristics

Organ masses

Sex Age (years) Weight (kg) Height (cm) Kidneys Liver Spleen Thyroid
Patient 1 Male 27 61 164 220.3 1315.4 395.4 18
Patient 2 Male 42 84 179 308.6 2239.9 306.7 25
Patient 3 Female 64 73 155 266.1 1245.1 214.2 20
Patient 4 Female 63 53 158 280.4 1284.0 357.8 16
MIRD adult phantom Male - 73.7 167 299.0 1910.0 183.0 20
MIRD adult phantom Female - 56.8 157 255.0 1400.0 150.0 17

MIRD: Medical internal radiation dose

To rectify the attenuation in the target volume of interest,
based on the effective attenuation coefficient (u-value = 0.15
cm ~ ') obtained from CT images, MIRD was employed
according to pamphlet No. 16.5 To acquire the gamma
camera calibration factor (K) necessary for absolute
quantification, a planar scan is taken from a point source
with activity A in the air, followed by measuring the count
rate by summing the values of Y counts over a period of
time (d).?" The unit for K is cpm/MBq.

K=Y/Ad (Equation 1)

Using Equation 2, the absolute activity in the source and
target organs was calculated by correcting the counts in the
volumes of interest and dividing the result by the camera
calibration factor.

A()) R0 _Ro, () S (Equation 2)

K K.T

Where R . is the count rate corrected in the volumes
of interest and f is the self-absorption correction factor in
the source organ. (f = [(wjdj/2)/sinh(ujdj/2)]) where wj and
dj are the source region attenuation coefficient and source
thickness, respectively. The transmission factor for the
patients can be calculated using the diameter of their body
and the tissue linear absorption coefficient.

Calculation and plot of time activity curves

A hybrid planar/SPECT approach was used to plot the
time-activity curves. The first image from the whole-body
scans of each patient was selected, and regions with
significant uptake were manually drawn around each tumor,
where normal organs included the kidneys, liver, thyroid,
and spleen. Regions of Interest (ROIs) were created
automatically by applying a threshold of 40% to the
maximum pixel counts to be used in the clinical practice.
These two-dimensional ROIs were then manually registered
in the data from the corresponding regions in the remaining
whole-body scans at the following time points. After
background correction for anterior and posterior images,
the mean value for the corrected counts (i.e. (I,I))"?) was
employed to obtain the time-counts curve. The planar
image was used to determine the effective elimination
constant (4 ;). Then, using Equation 3, the effective half-life
of the region was calculated. By scaling each curve based

on the activity calculated from the SPECT (ASPECT)
images at the time of imaging (tSPECT), the cumulated
activity (A) was determined according to Equation 4.

T, =Ln (2)/A, (Equation 3)

A= ASPECT (exp (}\’cﬂ“ tSPECT)/ }\'cﬁ")

Predicted time-integrated activity coefficients (TIACs)
were calculated for "'I by assuming a pharmaceutical
labeled with the same radionuclides. These coefficients
would follow similar time-dependent bio-distribution as the
“mTc labeled tracer. According to the following equation,
the I-131 cumulated activity was corrected due to the
difference in the physical half-life of the imaging and
treatment radioisotope.*?!

_ (299 mpe A3y )t
Ay = Aggpr€

(Equation 4)

(Equation 5)

In this equation, A, (= Ln (2)/6) is the physical decay
constant of the *"Tc, (= Ln (2)/192.5) is the physical
decay constant for *'I, and t is the SPECT imaging time.
The residence time required to calculate the absorbed dose
on the organ scale is obtained by dividing the cumulated
activity by the injected activity for each source organ.

Calculating the absorbed dose with MIRDOSE software

The MIRD formulation has been proposed by the MIRD
Committee and is widely accepted for organ absorbed
dose calculations.® Based on this formulation, the
energy deposited from the source organ to the target
organ is obtained using the residence time determined
from scintigraphy images. The MIRDOSE program
Version 3.1 Michael Stabin (PhD) wrote the MIRDOSE 3.0
and 3.1. MIRDOSE was relied upon for a number of years
and was been used by thousands of medical, safety, and
regulatory professionals was used to calculate the mean
absorbed dose in different organs of the patient in terms
of mGy/MBgq. In addition, this program includes S-value
tables for radionuclides and various standard phantoms in
terms of mGy/MBqg-s. By entering the residence time for
the target organs, selecting "'l radionuclide, and selecting
the female or male reference phantom, the mean absorbed
dose is calculated using precalculated S-value, and the
absorbed dose is calculated using Equation 6.

D (r) =X ,A,50 «15,)  (Equation 6)
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In this equation, r, is the target organ, r, is the source organ,
and A is the time-cumulated activity in the source organ.
The mean absorbed dose of the target organ included the
self and cross-doses.

Calculate the absorbed dose with the Monte Carlo
computational code

The GATE Monte Carlo method is based on GEANT4
library datal®! for radiation transport calculations.
GATE is the only proprietary code available in the
field of nuclear medicine that includes the items of dose
distribution in the body.’¥ This method was employed
to estimate the absorbed dose of patients on the voxel
level. In this method, all patient input files are converted
to the interfile format, which is an acceptable format for
GATE. A set of SPECT/CT fused images of patients with
matrix dimensions of 128x128 and voxel dimensions of
479 mm x4.79 mm x4.79 mm were employed to define
the geometry, attenuation map, and spatial distribution of
the radiotracer. Approximately 100 million particles were
tracked in each period of the calculations, and finally, an
absorbed dose and a set of dose conversion factors were
obtained for each pair of source and target organs.

Estimated absorbed dose assessment

The estimation for the absorbed dose was performed
using the MIRDOSE. Moreover, the GATE computational
method was carried out using the comparison of S-value
and comparing the total absorbed dose of target organs and
tumors.

Comparing S-values

Based on standard MIRD phantoms and patient-specific
images, the S-values of MIRDOSE were compared with
the S-values of GATE in the GATE Monte Carlo method
to determine the percentage of relative difference (%RD).
The mass correction of S-values was performed to resolve
the mass difference between the organs of patients and
standard phantoms.

%RD _SMIRDOSE (rT <« rs) = SGatE (rT <~ rs) %100 (Equation 7)
SGATE (rT A rs)

It is noteworthy that the results obtained from the MIRD

method were considered as reference data.

Comparing the total absorbed dose reached by the
organs

It is noteworthy that the results obtained from the MIRD
method were considered as the reference data. Moreover,
the mean absorbed dose by normal and tumor organs,
obtained from GATE and MIRD for more accurate
assessment, were compared, and the percentage difference
between the two methods was obtained. Furthermore, self
and cross-dose contributions of each organ were considered
in comparison with tumor dose and normal organs. It
should be noted that the tumor dose in the MIRD method

is calculated using the sphere model and includes the
self-dose only.

Results
Time activity curves

As can be seen in Table 1, although the height and weight
of some patients were close to the MIRD phantom, the
mass of their organs was different. Typical examples of
organ time—activity curves obtained from planar images
of the right kidney, liver, thyroid, and spleen for the four
patients are demonstrated in Figure 1. Moreover, the
residence time obtained from the quantification of planar
and tomographic images for the source organs of these four
patients is listed in Table 2.

The percentage relative difference between S-values from
the GATE and MIRD methods for each pair of source and
target organs are expressed in Table 3. The mass correction
was performed for GATE method data, and it was
compared with the data from the MIRD. As can be seen,
the agreement between cross-absorbed S-values (i.e. when
the source and target organs are different) in GATE and
MIRD was very poor (ranging from — 43.8% to 78.6%).
However, a very close agreement was obtained between
self-absorbed S-values (i.e. when the source organ and the
target are the same) with an average percentage difference
of 1.8%. These discrepancy values for B'I were in
agreement with the values reported by Grimes and Celler.
351 As can be seen in that study, they evaluated six patients
undergoing whole-body and tomographic imaging and
employed the TIACs as the input of the OLINDA program
to determine the dose of the organs. Also, the predicted
residence times for "'l and '""Lu were assumed for the
radiopharmaceuticals labeled with these radionuclides
following the biological distribution of the *™Tc radiotracer
time. For "*'I radionuclide, they reported a mean difference
percentage of 2.3% for self-absorbed, and the S-value
difference ranges from — 38% to 105% for cross-adsorbed
between EGSnrc and MIRD method. In our study, the
determined mean percentage difference of S-values
between GATE and MIRD for self-organ irradiation
included S (spleen « spleen), S (Thyroid <« Thyroid),
S (kidney « kidney), and S (liver « liver), respectively,
and was equal to — 0.48, 0.2, 3.52, and — 3.72 (on
average — 1.88). It is also noteworthy that in the study

Table 2: Residence times of the selected source organs in

this study
Residence times (h)
Organ Patient 1 Patient 2 Patient 3 Patient 4
Kidneys 0.28 0.2 0.38 0.39
Liver 0.79 0.5 1.26 1.81
Spleen 1.81 0.3 0.6 1.85
Tumor - 0.06 0.22 0.05
Thyroid 0.013 0.019 0.017 0.03
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of Momennezhad et al.,®
self-organ irradiation of spleen, liver, and kidneys for *™Tc
radionuclide were — 6.3, 3.8, and — 0.5%, respectively.

the wvalues

The total dose of tumors and normal organs

reported for

In order to provide a more accurate comparison between
the results, the total dose of GATE and MIRD methods
for the four target organs (i.e. liver, kidney, thyroid, and
spleen), as well as a tumor with absorbed dose ratios in the

two methods are listed in Table 4. The mean dose absorbed
by the normal organs of the patients for the target organs
was estimated to be 0.15, 0.11, 0.43, and 0.13 mGyMBq,
respectively.

Figure 2 illustrates the GATE to MIRD absorbed dose ratio
for the four mentioned organs in all patients. Based on this
Figure, the estimated absorbed dose by the GATE method
for spleen tissue in patients 2 and 4, liver tissue in patient

Fraction of injected activity

Fraction of injected activity

0.04
q:] 0.15
0.03 right kidney g @
% E 01 1 liver
002 {66 OPAl# L Y OPA1l#
& opa2t & [ OPA2#
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Figure 1: Decay time activity data for some of the normal organs of the four patients

Table 3: Summary of percentage differences between 'l patient-specific S values (mGy/MBq.s) calculated by GATE
and MIRD methods for 4 patients

Percentage Patient 1 Patient 2 Patient 3 Patient 4
RD K S L T K S L T K S L T K S L T
Kidneys -6.8 9.7 476 786 -42 -378 -10.8 -21.7 -55 -7 -86 16 24 -194 -393 -328
Spleen 10 -1 645 -319 -373 -1 463 -219 -62 34 -19 256 ~-185 05 609 4.7
Liver 18.7 664 -58 304 -13 458 -14 289 -393 -22 42 -238 -393 596 -35 -2
Thyroid 614 -28.7 304 13 -438 -252 -304 0.6 158 279 -232 0.5 -29 52 22  -1.6
K: Kidney, L: Liver, S: Spleen, T: Thyroid, RD: Relative difference
Table 4: Organ dose calculatedfor1311 by GATE and medical internal radiation dose methods
Total dose (self-dose+cross-dose) (mGy/MBq)
Kidneys Liver Thyroid Spleen

GATE MIRD GATE MIRD GATE MIRD GATE MIRD
Patient 1 1.39E-1 1.80E-1 8.54E-2 9.03E-2 7.50E-2 7.36E-2 5.76E-1 5.83E-1
Ratio D, ./D, e 0.77 0.94 1.02 0.99
Patient 2 8.01E-2 8.48E-2 3.50E-2 3.33E-2 1.14E-1 1.07E-2 1.30E-1 1.25E-1
Ratio D, ./D, 1 0.94 1.05 1.06 1.04
Patient 3 1.82E-1 1.88E-1 1.41E-1 1.46E-1 1.21E-1 1.17E-1 3.45E-1 3.56E-1
Ratio D, ./D, e 0.97 0.97 1.03 0.97
Patient 4 1.88E-1 1.95E-1 1.97E-1 2.04E-1 2.03E-1 2.06E-1 6.64E-1 6.53E-1
Ratio D, ./D, e 0.96 0.96 0.98 1.02
Total dose (GATE) 1.47E-1 1.15E-1 1.28E-1 4.26E-1
MIRD: Medical internal radiation dose, GATE: Geant4 application for tomographic emission
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2, and thyroid tissue in patients 2, 1, and 3 were higher
than the MIRD method. The mean ratio of the adsorbed
doses estimated by GATE and MIRD for all organs of the
studied patients was 0.99, with a difference ranging from
0.77 to 1.06. The lowest agreement is related to the dose
adsorbed by the kidney tissue in patient 1.

The values for tumor mass and the estimated adsorbed
dose for the tumors of the considered patients are listed
in Table 5 using GATE and MIRD methods. As can be
seen, there is a significant difference between the total
dose absorbed by the tumor in the two methods studied.
However, a good agreement in self-dose was calculated
between GATE and MIRD methods with an average
difference of 3%. The mean relative difference percentage
of total tumor dose calculated by the GATE method and
MIRDOSE nodule module was 11% following mass
correction, which is in agreement with the study by
Grimes and Celler™ In that study, the error percentage
was reported as — 3.5% for self-absorbed and — 6% for
total dose. The negative sign in the error percentages in
this study was due to the subtraction of the calculated data
with the MCNP code from MIRD data. On the contrary,
the error percentage in the present study is obtained by
subtracting GATE data from MIRD, and thus, is positive.

Figure 3 illustrates the contribution of self-dose and
cross-dose to the tissues of the kidneys, liver, thyroid,
and spleen. The highest absorbed dose was related to the
thyroid self-dose due to its remoteness from other organs.
Since the cross-dose is fundamentally dependent on the

1.2

Q

3

(=]

©

w 0.8 - —

(%)

(o]

a H kidneys
= 06 - —

2 w liver
Fj

S 04 __ mthyroid
w

:‘ spleen
O 02 =

patient1 patient2 patient3 patient4

Figure 2: Ratio between Geant4 application for tomographic emission and
MIRDOSE absorbed doses for the four patients. No tumor was visible in
a single single photon emission computed tomography field of view for
patient 1

distance between the organs, more than 90% of the total
dose in all organs is self-dose. This value was in agreement
with the study by Rajendran et al.’”

In Sandstrom et al.*® study, the contribution of cross-dose
in the total dose was 2% for the kidneys of most patients,
and it was less than 10% for ""Lu radionuclide in almost
all patients. It is worth mentioning that in our study, the
contribution of the cross-dose for *!I radionuclide was
10%, which was higher than '"Lu. This difference can be
related to the gamma-ray energy of 364 kV emitted by "'l
with a higher probability (82%) in comparison with the
gamma-ray energy of 113 and 208 kV, with a respective
probability of 6.4 and 11% for ""Lu. In specific, lower
energy photons deposit more energy to their neighboring
source organs, while higher energy photons are less
attenuated and more likely to deposit their energy to the
target organs, which are farther from the source organs.

Discussion

In this study, the adsorbed dose and the dose conversion
factors for source and target organs of the four patients
were obtained using specific images. In general, there was
a very close agreement between the total organ dose from
the GATE and MIRD methods. Therefore, the relative
percentage difference between the total dose for the
patients in this study was 2% using two methods. As can be
deduced from the study by Sgouros et al.,’% the percentage
difference in the mean dose absorbed by the 15 patients
treated with *'1 was reported between 2% and 5%, which
was acquired with the help of the 3D-ID program and
the standard MIRD method. However, the percentage
difference in S-value in the cross-organ irradiation was

102%

100% -
98% -
96% -
94% -
92% -
90% -
88% -
86% -
84% - T T T T

Thyroid

1 cross-dose

u self-dose

kidneys liver spleen tumor

Figure 3: The percent contributions of self- and cross-doses

Table 5: Tumor mass, tumor doses for patients with pathologic uptake

Patient 1 Patient 2 Patient 3 Patient 4
Tumor numbered - 2 1 1
Tumor mass (g) - 47.54 24.45 18.08
GATE MIRD GATE MIRD GATE MIRD GATE MIRD
Self-dose (GATE) - - 6.36E-01 5.72E-01 1.01E+00 1.02E+00 2.89E-01 2.96E-01
Total dose - - 6.42E-01 5.67E-01 1.014E+00 1.02E+00 3.53E-01 2.96E-01

MIRD: Medical internal radiation dose, GATE: Geant4 application for tomographic emission
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weak in our study. Nonetheless, the detected relative
difference in S-value was between — 43.8% and 78.6%,
which was in agreement with the reported range differences
in the studies by Divoli et alP” and Momennezhad
et al'"® The S-value relative difference in the cross-organ
irradiation in the study of Momennezhad et al.l'8 for *™Tc
radionuclide with GATE method and MIRDOSE program
ranged from —28.9% to 98%. Moreover, in Divoli et al.,?”
the S-value of "' radionuclide with MCNP code and
MIRDOSE program has been reported between —51%
and 84%. Reviewing the absorbed dose values in our
study indicates that the contribution of cross-doses was
about 10% of the total dose, and the highest contribution
was related to the self-dose. However, there was a good
agreement between the total dose of GATE and MIRD for
the target organs of the patients.

In addition, Table 5 shows a significant difference between
the dose absorbed by the tumor in the two methods
employed. The mean difference percentage between the
total dose of the tumor (including self- and cross-dose)
by GATE and MIRDOSE program (using the sphere
model) was equal to 11% following mass correction.
This difference is due to the fact that the determined dose
absorbed by the tumors in the MIRDOSE program is less
than the GATE. Another reason for this percentage error is
that the contribution of the cross-irradiation was considered
in the GATE method, while the MIRDOSE program is
incapable of determining this contribution. Compared to
the Grimes and Celler™ study, this difference was lower by
approximately 6%, which could be related to the difference
in the volume of tumors examined (23 to 95 g compared to
18 to 47.5 g in the present study).

As shown in Table 4, the mean total dose per
unit (mGy/MBq) for kidneys, liver, spleen, and thyroid is
0.15, 0.11, 0.43, and 0.13, respectively. Analyzing the data
from the patients confirmed that the dose absorbed by the
spleen organ in patients 1 and 4 were lower than patients
2 and 3 with higher organ mass, and the dose absorbed by
the liver in patients 1 and 2 were lower with higher body
mass.

The reason for this is the inverse relationship between the
mass and dose conversion factors and the absorbed dose.
These values were in agreement with the Pandit-Taskar
et al™ study. They estimated the dose absorbed by the
organs of 33 patients treated with the'I-MIBG, which
were obtained from three whole-body planar scans over
a period of 2—6 days. Moreover, the dose absorbed by 14
organs was calculated using the OLINDA program. The
absorbed dose by kidneys, liver, spleen, and thyroid was
reported as 0.16, 0.48, 0.16, and 0.156, respectively.
Similar results have been reported by Kolbert et al.*!

The mean total dose for thyroid cancer patients treated with
BIT source using the 3D-ID program for the right kidney,
left kidney, liver, and spleen was 0.095, 0.1, 0.094, and

0.087, respectively. The estimated doses mentioned in the
two studies for the organs and the present study were close
to each other with acceptable uncertainty.

In fact, the actual weight of the patients, the size of their
body organs, and the distance between the organs differ
significantly from the volumes and distances described in the
standard models. For example, the size of the spleen in adult
patients varies from approximately 50 to 600 g, while the size
of the spleen in the standard adult MIRD phantom is 183 g.

The absorbed dose by the organ is inversely proportional to
its mass. Therefore, it can be concluded that the difference
in the dose absorbed by the liver and kidney in the present
study, and the study by Pandit-Taskar ef al.[40], may be
due to the use of phantom-based models to estimate the
absorbed dose. In another study,*?! the mean dose absorbed
by the liver and spleen was 0.21 and 0.47 (mGy/MBq)
using the 3D-ID program.

In another similar study, during the *™Tcl'® imaging with
the GATE method for the kidneys, liver, and spleen, the
dose absorbed was 0.021, 0.012, and 0.03 mGy/MBaq,
respectively. Therefore, it is concluded that the difference
in radionuclide type can provide different dosimetric results
since the results of the *Tc dosimetry are less than those of
the *'I. However, due to the limitations and unavailability
of thyroid cancer patients treated with low-prescribed
activity values of iodine-131, along with the problems
related to the iodine-131 image quantification, in this
study, *"Tc-hynic-Tyr*-octreotide images were employed
to investigate the biological distribution of radionuclide in
bodies of the patients. Nevertheless, the obtained results
are close to similar studies with acceptable uncertainty.

Conclusion

Patient-specific internal dosimetry, using the GATE Monte
Carlo program and based on a series of planar images
and SPECT/CT images of the patient, contains various
information, including tissue heterogeneities, nonuniformity
of the activity distribution, and the actual geometry of
the source and target organs in each patient. Despite the
small differences between the obtained results of the doses
absorbed by the organs and tumors in the present study,
patient-specific dosimetry using the GATE method is useful
and important for therapeutic radionuclides such as "'I
due to high cross-dose effects, especially for young adult
patients, to ensure the radiation safety and increase the
effectiveness of treatment.
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