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INTRODUCTION

ABSTRACT

Background: This study aims to investigate voxel-level dose calculation methods and
improve its calculation efficiency in nuclear medicine that can consider animal-specific
heterogeneous tissue compositions and radiopharmaceutical biodistributions
simultaneously. Materials and Methods: The voxelized mouse phantom was
constructed from real mouse CT images and simulated using the Monte Carlo GEANT4
code. According to the dynamic PET images of real mouse, the real distribution of
radiopharmaceutical activity was set in the Monte Carlo simulation. The sampling
method to improve the calculation efficiency was proposed. Two voxel-level dose
calculation methods were implemented in this study. The average absorbed dose in
vital target organs and the tumor was calculated by the proposed voxel-level dose
calculation methods and the traditional MIRD method respectively. The results of the
average absorbed dose calculated by the two methods were compared. Based on the
voxel-level dose calculation method, the three-dimensional dose distribution in organs
and the tumor was obtained and evaluated. Results: The relative difference of average
absorbed dose between the two voxel-level dose calculation methods was mostly less
than 10%. The sampling method proposed to improve calculation efficiency for the
voxel-level dose calculation can decrease the calculation time by ~34% with less
deviation. Conclusion: The results confirmed that the voxel-level dose calculation
methods proposed in this study allow for more accurate and efficient assessment of
the internal radiation dose.

corresponding voxel size. Establishing the database
of S-values for various radioactive nuclides with a

Dosimetry is of critical significance for evaluating
therapeutic effectiveness and toxicities during clinical
and preclinical targeted radionuclide therapy (TRT)
(1. Small animals, particularly the mouse, have been
increasingly used in preclinical research to develop
novel radiopharmaceuticals for treatment and
diagnosis of human illness (. Traditionally, Medical
Internal Radiation Dose(MIRD) schema was used to
estimate absorbed dose in small animals 3), which
was based on organ-level S-values. However, the
shortcoming of this approach is that it does not
consider patient- or animal-specific tissue and
radioactivity distribution (4).

To address the drawback of the organ-level MIRD
schema, voxel-based dosimetry methods have been
suggested, including the dose point kernel (DPK) and
voxel S-value (VSV) 5-8). The VSV requires tabulated S
-values for each radioactive nuclide with the

variety of voxel dimensions has a huge workload,
which is yet not available. In addition, another
method that can be used for internal radiation dose
assessment is Monte Carlo(MC), which is currently
considered to be a most accurate method in the field
of dose assessment because it simulates the detail
transportation process of particles in objects (© 10),
Based on the animal phantoms, specific absorbed
fractions, S-values and absorbed doses of several
radionuclides have been calculated by the use of MC
software, such as EGS, MCNP, GAMOS, GATE, etc.
(11-13), However, as is known, long simulation time is
the limit for MC method. Thus, shortening the time of
Monte Carlo simulation is also a matter of concern
(14),

This study aims to explore the GEANT4-based
approach to estimate the dose distribution
considering animal-specific or patient-specific
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heterogeneous tissue compositions and
radiopharmaceutical biodistributions simultaneously,
and propose a method for improving the calculation
efficiency.

MATERIALS AND METHODS

Animals

The mouse of 8 weeks old, weighing 17.71 g,
implanted with breast cancer cells under its armpits,
was used in this study. The license for the use of
experimental animals is syxk (Su) 2015-0014 issued
on 2015. The breeding conditions were 12 hours light
and dark alternation, free drinking and feeding at the
MITRO Biotech Co., Ltd. The volume of the tumor in
the mouse is about 0.607 cm3 for this study after two
weeks growth. Radiopharmaceutical used in this
study was 89Zr- Her2 Monoclonal antibody targeting
breast cancer cells (produced by the MITRO Biotech
Co., Ltd). The mouse was scanned by small animal
PET/CT scanner (SNPC-103, Pingseng, China) for 10
min at 2 H, 24 H, 72 H, 140 H, 214 H, 336 H and
504 H after intravenous injection (IV) of
radiopharmaceutical via its tail vein, as the figure 1
illustrated.

2H A4H 7:H 140H 214H 336H Sl4H
Figure 1. The coronal PET/CT image at various time points
after injection of radiopharmaceutical which is the middle slice
of all images.

Activity calculation

All the PET images were reconstructed by the iter-
ative algorithm, which incorporates the correction for
attenuation, scatter, and decay. The resolution of re-
constructed images is 0.6667x0.6667x0.6 mm3 and
the size of whole image matrix is 150x150x212. The
three dimensional activity map in the mouse were
acquired according to equation (1):

U=m-SV+b 1

Where m is Rescale Slope (which is different in
each image slice), SV is the Pixel intensity Value, b is
rescale intercept and U(Bq)is units of value after
conversion(3),

Activities of each organ was estimated by organ
segmentation with the segmentation module of 3D
Slicer (version 4.2.0), which is an open source
software platform for medical image informatics,

image processing, and three-dimensional

visualization (15-17),

Methods to estimate preclinical dosimetry

The preclinical dosimetry was calculated by the
Monte Carlo toolkit Geeant4 (version 10.05.p01),
which has been widely used for medical dosimetry
(18), The physics list used in this research involved
“G4DecayPhysics”, “G4RadioactiveDecayPhysics” and
“G4EmStandardPhysics”. The mouse geometry for
dose calculation was constructed based on the CT
images. Tissues were divided into 25 materials based
on the Schneider method, which converts the
Hounsfield Unit (HU) value to material density and
elemental composition(®®). The resolution of the
reconstructed geometry is 0.43x 0.43 x 0.6 mm3. The
number of simulated histories were 1x108 in all
cases.

In order to consider the realistic activity
distributions in organs and tumors during the
process of calculating doses with GEANT4, two
methods (Method 1 and 2) to estimate preclinical
voxel-based dosimetry with PET/CT imaging of the
mouse was implemented in this study. Besides, the
organ-level dosimetry using MIRD schema (Method
3) was also performed for comparison.

[ Obtaining radiopharmaceaticals activity |
distribution using the mouse PET images
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Figure 2. Process of methods estimating preclinical dosimetry
at voxel-level.

In the Method 1, the primary particle is sampled
with the probability of the radioactivity in each voxel.
In this method, the activity value in each voxel was
normalized by the total activity in the mouse to ob-
tain the probability of emitting particles at each
voxel. The primary particle is distributed uniformly
in one specific voxel. With that, the dose deposition of
each voxel in the phantom can then be calculated
through the Monte Carlo simulation.

Different from method 1, method 2 samples the
primary particle uniformly over the whole mouse
where the radioactivity existed, however, the primary
particle will be attributed with a weight, which is as-
sociated with the radioactivity in each voxel. In the
Primary Generation class file of GEANT4, the source
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was assumed to emit uniformly in the total mouse
phantom. Through the particle gun, the probability of
emitting a source particle in the sampled voxel was
assigned to the particle as the particle weight. The
primary particle and its secondary particles shared
the same weight. The dose deposition of each voxel in
the phantom can then be multiplied the weight to
obtain the reasonable dose distribution in voxel level.
This method is proposed for shortening the
calculation time for the voxel-level dosimetry.
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Emitting radiation from Emitting
radionuclide inside the =]  position

pelont distribution distributes
I uniformly
]
Assign weight
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relevant to
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deposition denosition
: I
I Dase=F, Dosesr., xWelght | I Dose=Y, Dose ey XWeight I
M1 Mz

Figure 3. The process of two methods estimating preclinical
voxel-based dosimetry.

In Method 3, the mean absorbed doses of each
organ were calculated by Monte Carlo simulation
with parameters extracted from the same PET/CT
images based on MIRD schema for comparison with
the results of M1 and M2. In this method, the primary
particle was sampled uniformly inside the source
organ. The mean absorbed dose (D) in the target
organ (Y was calculated using the equation (2).
Activity (A) in the source organs (Ys) was obtained
from the PET image-based biodistribution data and
the S-values(S (Ys—Yt)) was calculated by GEANT4.

D((Ys=>Y)=AxS((Ys—> Y1) (2)

Data processing and dose evaluations

From the GEANT4 program, the voxel-based three
-dimensional distribution of dose rate was obtained.
By multiplying the dose rate map and corresponding
cumulative activity, the dose was obtained. The data
processing and statistics was performed by MATLAB
(version R2015b).

In order to quantitatively evaluate the difference
of the average absorbed dose calculated by different
methods, the parameter of relative difference was
defined as equation (3):

Pas ~ Doz 3 000 (3)
'D.M'Z

relative difference =

RESULTS

Activity of each organ
Combined with organ target information, the total

activity of organs at 2 H was shown in figure 4. The
results showed that the lung exhibited the highest
activity (2.4x10° Bq), followed by skeleton (2.2x105
Bq), liver (2.2x105 Bq), heart (1.2x105 Bq), tumor
(7.3x104 Bq) , and kidney (2.6x10% Bq) .
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Figure 4. Activity of organs of the mouse at 2 H.

Average absorbed dose of target organs

Figure 5 shows the mean dose of the selected
organs (i.e. heart, lung, liver, skeleton kidney) and the
tumor estimated by GEANT4 MC simulation at 2 H.
Among absorbed dose results obtained by M1, the
lung exhibited the highest absorbed dose (0.0055
mGy MBq-1), followed by liver (0.0048 mGy MBq-1),
heart (0.0045 mGy MBq!) , kidney (0.0023 mGy
MBq-1) , tumor (0.0021 mGy MBq-!) and skeleton
(0.0019 mGy MBq-1) .Meanwhile, among absorbed
dose results obtained by M2, the liver exhibited the
highest absorbed dose (0.0051 mGy MBq-1), followed
by heart (0.0050 mGy MBq-1) ,lung (0.0049 mGy
MBq-1), tumor (0.0023 mGy MBq-1), kidney (0.0022
mGy MBq!) and skeleton (0.0019 mGy
MBq-1) .Similarly, among the results calculated by
M3, the lung illustrated the highest absorbed dose
(0.013 mGy MBq1!) , followed by liver (0.011 mGy
MBq-1) , heart (0.093 mGy MBq-1) , tumor (0.040
mGy MBqg-1) and skeleton (0.021 mGy MBq-1).
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Figure 5. Average absorbed dose of organs obtained by three
methods.
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Figure 6. Relative difference between estimated by M1, M2
simulation .The positive values indicate that the absorbed
dose values of M1 were larger than those of M2.

As shown in the figure 6, among the percentage
differences between M1 and M2, lung illustrates the
largest gap (10.00%), followed by heart (-9.97%),
tumor (-7.80%), brain (-5.86%), skeleton (3.56%),
liver (-3.71%). Kidney illustrates the smallest gap
(-1.11%). The average relation difference is 5.9% for
all considered organs.
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Figure 7. DVH of organs and tumor in the mouse calculated

by M1 (a) and M2 (b).

0

Three-dimensional dose distribution of target
organs

As shown in figure 7, due to heterogeneous tissue
compositions and activity distributions, the dose
distribution in the tumor and organs of mouse is
uneven, and the degree of unevenness in the lung is
the highest, indicating that it is necessary to take

tissue compositions and activity distributions into
consideration. Besides, the unevenly distributed three
-dimensional dose distribution makes internal
dosimetry evaluation and the estimation of the
treatment effect of TRT more comprehensive and
precise. Furthermore, after obtaining the DVH map, it
is possible to calculate the TCP (tumor control
probability) and NTCP (normal tissue complication
probability) of the internal radiation treatment plan,
and evaluate the curative effect from the biological
effect rather than the physical dose.

Calculation time and uncertainties of three
methods

For each simulation, it was repeated 5 times to get
the deviation, which is the variance of the average
absorbed dose of the target organs and tumor
between each simulation result. As is illustrated in the
table 1, the average calculation time and result
deviation of M2 are the least, with consuming-time
4.8 H and variance of absorbed dose of the tumor and
target organs in the mouse less than <0.1%,
compared with M1 and M3. Thus, it is obviously that
M2 has a significant decline in computational time,
making the Monte Carlo simulation more effective.

Table 1. Average Calculation time and uncertainties of three

methods.
M1 M2 M3
Consuming-time 7.2H 4.8 H 10.9H
Variance of the mean dose| <1% <0.1% <5%

Application for dose calculation in radionuclide
therapy

The example of using the Monte Carlo simulation
for radionuclide therapy in terms of the dosimetry
and furthermore the treatment efficacy was
presented in the radiopharmaceutical development
stage. This result is of course not directly applicable
for human patients, but the methods is possible to be
used for human patient imaging and therapy.
Meanwhile, it is reasonable to show the necessarily of
considering  animal-specific or patient-specific
heterogeneous tissue compositions and activity
distributions simultaneously. 177Lu were taken as the
example of the labeled radioisotope as they are the
popular labeled radionuclides for treatment in recent
years. When the labeled radionuclide is 177Lu, it was
assumed that the biological distribution of
radiopharmaceuticals in mice remained similar,
which might provide some insights for the
radionuclide selection of drug development. The
absorbed dose and three-dimensional dose
distribution of organs and the tumor in mouse were
compared by M1 and M2 while 177Lu are used as the
labeled radionuclides.
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Figure 8. Average absorbed dose of organs obtained by three
methods.

Figure 8 illustrated that the average absorbed
dose of organs and the tumor calculated by M1 and
M2 while the labeling radionuclide is 77Lu at the
same amount of medicine injection. The difference in
average absorbed dose calculated by M1 and M2 is
generally less than 10%. The consumed simulation
time of M1 is 8.2 H, while that of M2 is 4.8 H. The
difference in simulation time between M1 and M2 is
nearly 41%. As estimated in figure 9, the dose
histogram of the organ dose distribution calculated
by M1 and M2 is consistent.
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Figure 9. DVH of organs and the tumor in the mouse
calculated by M1 (a) and M2 (b) when labeling radionuclides is
177
Lu.

DISCUSSION

This study aims to investigate voxel-level dose
calculation methods in nuclear medicine and propose
a new sampling technique, which intends to improve
the calculation efficiency of Monte Carlo dose

calculation. As illustrated in table 1, the voxel-level
dose calculation method with the new sampling
technique (i.e. M2) consumed much less time than
the conventional voxel-level dose calculation method
(i.e. M1) and reduced the uncertainty of the dose
results. The dose results of M1 and M2 are slightly
different with imaging radionuclides, which might be
mainly due to the statistical error of the Monte Carlo
calculation. For radionuclide therapy application, the
average absorbed dose result of M2 is still very close
to M1, while the simulation time of M2 is 41% less
than that of M1 with less deviation. The reduction of
time mainly comes from difference of source
sampling methods. In traditional methods, the
rejection method is often used for source sample
which limits the efficiency to some extends (%10, On
the other hand, the uncertainty of dose in the organs
with lower activity could be reduced by the
uniformed sampling method comparing traditional
methods, e.g. M1. The results indicate that the
proposed method can be used for efficiency
improvement with enough accuracy in voxel-based
dosimetry of internal irradiations.

The results also showed that the conventional
method based on MIRD formula overestimates the
absorbed dose of tumor. Taking a comprehensive
look at the differences between M1, M2 and M3 of all
cases, the relative difference is 59% and the min
absolute value is 12%, showing the huge gap of
absorbed dose between the two novel methods
estimating preclinical voxel-based dosimetry using
PET/CT imaging of mice and traditional MIRD
method, manifesting necessity and importance of
the consideration into animal-specific or patient-
individualized three dimensional tissue and
radioactivity distributions (1% 20), Arun Gupta et al.
compared the absorbed dose with voxel-level
dose calculation for normal mice from
18F-fluorodeoxyglucose (18F-FDG) based on GATE MC
simulation and the organ-level dose estimation with
image-based dosimetry by MIRD schema ). The
percentage differences is about -22.4% for liver
comparing the voxel-based absorbed dose calculated
by GATE MC and organ-level estimation by MIRD
schema. This is comparable to the result in this work,
however, there are differences which comes from
different mouse model and drug etc.

However, this study has several limitations.
Firstly, although M2  achieved significant
improvement in computational efficiency, it still
takes several hours, making it difficult to apply in
clinic daily practice. For the purpose of reducing the
time required for calculation, parallel processing can
be used in the future. Also, in recent years, there have
been related studies that have introduced artificial
intelligence into the prediction of three-dimensional
radiation doses (21, greatly reducing the time
required for dose assessment. In the next step, we
will try to use the internal radiation dose obtained by
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M2 as a training sample set, introducing deep
learning into the evaluation of the three-dimensional
internal radiation dose. Secondly, there were some
deviations in the delineation of target organs and
tumors, resulting in slightly different dose results.
The method of automatically and accurately
delineating the target volume also needs further
exploration.

CONCLUSION

Two voxel-based dose calculation methods of
radiopharmaceutical internal radiation based on
GEANT4 were implemented. A new sampling
technique to improve the calculation efficiency of
Monte Carlo dose calculation was proposed. The
results confirmed the feasibility of the proposed
methods and that radiopharmaceutical
biodistributions significantly affect the accuracy of
internal radiation dose assessment.
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