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Personalized dosimetry with high accuracy is becoming more im-
portant because of the growing interest in personalized medicine
and targeted radionuclide therapy. Voxel-based dosimetry using
dose point kernel or voxel S-value (VSV) convolution is available.
However, these approaches do not consider the heterogeneity of
the medium. Here, we propose a new method for whole-body
voxel-based personalized dosimetry in heterogeneous media with
nonuniform activity distributions—a method we refer to as the
multiple VSV approach. Instead of using only a single VSV, as found
in water, the method uses multiple numbers (N) of VSVs to cover
media of various density ranges, as found in the whole body. Meth-
ods: The VSVs were precalculated using GATE Monte Carlo simu-
lation and were convoluted with the time-integrated activity to
generate density-specific dose maps. CT-based segmentation
was performed to generate a binary mask image for each density
region. The final dose map was acquired by the summation of N
segmented density-specific dose maps. We tested several sets of
VSVs with different densities: N = 1 (single water VSV), 4, 6, 8, 10,
and 20. To validate the proposed method, phantom and patient
studies were conducted and compared with the direct Monte Carlo
approach, which was considered the ground truth. Finally, dosime-
try on 10 patients was performed using the multiple VSV approach
and compared with the single VSV and organ-based approaches.
Errors at the voxel and organ levels were reported for 8 organs.
Results: In the phantom and patient studies, the multiple VSV ap-
proach showed significant decreases in voxel-level errors, espe-
cially for the lung and bone regions. As the number of VSVs
increased, voxel-level errors decreased, although some overestima-
tions were observed at the lung boundaries. For the multiple VSVs
(N = 8), we achieved a voxel-level error of 2.06%. In the dosimetry
study, our proposed method showed greatly improved results com-
pared with single VSV and organ-based dosimetry. Errors at the
organ level were —-6.71%, 2.17%, and 227.46% for single VSV,
multiple VSV, and organ-based dosimetry, respectively. Conclu-
sion: The multiple VSV approach for heterogeneous media with
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nonuniform activity distributions offers fast personalized dosim-
etry at the whole-body level, yielding results comparable to those
of the direct Monte Carlo approach.
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Dosimetry in nuclear medicine, or internal dosimetry, is im-
portant for evaluating radiation dose distributions of therapeutic or
diagnostic radiopharmaceuticals inside the body. Internal dosim-
etry has become more important in recent years because of the
growing interest in personalized medicine and targeted radionu-
clide therapy (/). For risk—benefit assessment of radiopharmaceu-
ticals in clinical applications, more accurate dosimetry techniques
may be required.

Internal dosimetry is widely conducted using the method
proposed by the MIRD committee of the Society of Nuclear
Medicine and Molecular Imaging (2—4). Traditionally, the MIRD
approach was an organ-based dosimetry technique and provided
dose distributions for the general population, whereas the latest
MIRD approach was recently applied to tissues at suborgan or
even cellular levels (5). The organ-based MIRD dosimetry ap-
proach uses organ-level S-values, which represent mean absorbed
doses to target organs per unit activity in source organs. The lim-
itations of this approach are that it assumes a uniform distribution of
activity in organs and does not consider patient-specific anatomy.

Hence, to consider the nonuniform activity distributions in organs,
voxel-based dosimetry techniques have been suggested, including
the dose point kernel (DPK) (6,7) and voxel S-value (VSV) ap-
proaches (8). The DPK is the radial absorbed dose distribution
around an isotropic point source in a homogeneous water medium;
it is the most widely used voxel-based dosimetry approach (9-13).
The VSV is the voxel-level approach of the organ-based MIRD
schema; sources and targets are defined as voxels, and the voxel-
level S-value is calculated in the water medium. The VSV ap-
proach has an advantage over DPK in that there is no need for
central processing unit (CPU)—intensive conversion of spheric co-
ordinates to Cartesian coordinates over the target volumes (§8).
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However, the VSV approach requires tabulated S-values for each
isotope with the corresponding voxel size. In the conventional
single VSV approach, the voxel dose (Dyoxer) 1s calculated by con-
voluting the time-integrated activity (A) with the water-medium—
based VSV, aer as shown below:

Dyoxely = A®VSVyuer = Y Avoxel; X VSViuier (voxel; « voxel;).
i=0

Eq. 1

However, the medium heterogeneities are not considered in
either the DPK or the VSV approach; thus, in general, applicable
cases are limited to lesions in homogeneous tissue media such
as liver cancer. Previous studies noted the errors in dose calcu-
lations when using DPK methods without considering medium
heterogeneities (/4,15).

The direct Monte Carlo approach is a voxel-based dosimetry
technique that accounts for heterogeneous activities and medium
distributions. Up to now, the direct Monte Carlo approach, which
tracks particles generated by Monte Carlo engines and calculates
deposited energies at the voxel level, can provide an accurate dosi-
metric estimate depending on the accuracy of the applied models
(16,17). However, the direct Monte Carlo approach requires extensive
computational resources and time.

In this study, we propose a fast and new voxel-based dosimetry
that can be applied not only to heterogeneous activities but also to
heterogeneous media. The proposal is to use multiple VSVs to
cover media of various density ranges, as found in the whole body.
Multiple VSVs of various densities acquired from Monte Carlo
simulation are used to create dose maps with CT-based segmen-
tation. For validation, the multiple VSV approach was used on a
digital phantom and whole-body PET images and compared with
the direct Monte Carlo approach. Finally, we performed whole-
body dosimetry studies using dynamic patient data and com-
pared the proposed approach with the organ-based and direct
Monte Carlo approaches.

MATERIALS AND METHODS

Subjects and PET/CT Procedure

This study retrospectively used the patient datasets (4 female and 6
male subjects) acquired in one of our previous studies (/8). Dynamic
PET/CT images were acquired after an intravenous injection of °8Ga-
NOTA-RGD. The detailed imaging protocol was described by Kim
et al. (/8). The Institutional Review Board of Seoul National Univer-
sity Hospital approved the study, and all subjects gave written in-
formed consent. Three-dimensional (3D) regions of interest for 8
organs—gallbladder, heart, kidneys, liver, lungs, pancreas, spleen, and
stomach—were manually drawn on CT images.

Direct Monte Carlo Approach: Setup for GATE Monte
Carlo Simulation

The Geant4 Application for Emission Tomography (GATE) v.7.0
Monte Carlo simulation toolkit was used for the direct Monte Carlo
approach and VSV precalculation (/9,20). Many previous publica-
tions have already validated the dosimetric accuracy of the GATE
toolkit (20-22). The standard electromagnetic physics package of
Geant4 v.9.6.3 (23) was used to simulate particle and photon interac-
tions. Acquired CT and PET images were modified to have the same
matrix and pixel size and were used as the input. CT images were used
to simulate the voxelized phantom, and Hounsfield units were converted
into a 3D density map with corresponding elemental compositions
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based on a previously published database (24). PET images were used
to simulate voxelized ®3Ga source distributions. The “DoseActor” mech-
anism in GATE was used for dose calculation (20).

The simulation was conducted using an in-house computing cluster
with a 60-core CPU and 80 GB of random-access memory. Because of
the long simulation time and extensive computational cost of the com-
plete simulation, the simulation was performed for 5% of the scan du-
ration while guaranteeing statistical uncertainties of 0.1% at the voxel
level. The direct Monte Carlo approach using the GATE toolkit was
considered the ground truth.

Multiple VSV Approach

In the first step of the multiple VSV approach, VSVs of various
densities and elemental compositions were precalculated with the GATE
toolkit (Table 1 and Supplemental Table 1; supplemental materials are
available at http:/jnm.snmjournals.org). The %3Ga point source was located
at the center voxel, and 103 primary particles were generated. The voxel
size was 2.67 X 2.67 X 5 mm?, which was the same as the PET pixel
size. The VSV kernel size was set to 101 x 101 x 51. The kernel size
was determined to sufficiently cover the dose range to avoid underes-
timation of the absorbed dose, because %Ga is a diagnostic radioisotope
25).

Second, density-specific dose maps, D; (where k = 1, ..., N, and
N is the number of VSVs of different density ranges used) (mGy),
were estimated by convoluting the PET time-integrated activity map,
A (MBg-s), with each N VSV, (mGy/MBg:s). Figure 1, step 2 shows
an example in which N is 4. The basic assumption here is that most
organ energy depositions arise from self-absorption.

Third, CT-based segmentation was performed. For each density range,
binary mask (BM,) images (BM; = 1: dy = d = dj+1; BMy = O:
otherwise) were generated as in Figure 1, step 3. Consequently, each
density-specific N dose map was multiplied by the corresponding binary

TABLE 1
Densities of Simulated Multiple VSVs

Medium Density (g/cm?3)
Air 0.00129
Medium 1 0.1
Lung 0.26
Medium 2 0.3
Medium 3 0.4
Medium 4 0.5
Medium 5 0.6
Medium 6 0.7
Medium 7 0.8
Medium 8 0.9
Water 1.0
Medium 9 1.1
Medium 10 1.2
Medium 11 1.3
Bone 1.42
Medium 12 1.5
Medium 13 1.6
Medium 14 1.7
Medium 15 1.8
Medium 16 1.9
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and dense bone (d = 1.6 g/cm?) were in-

STEP 1: Generation of multiple VSVs (ex) N = 4 (air, lung, water, bone)
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Final results N = 10 and 20 as detailed in Table 2.
Implementation of the Proposed
Method: Phantom and Patient Studies
As a validation step, the multiple VSV ap-
proach was implemented on the digital phan-
tom and real patient images. The 3D digital
phantom was simulated as in Figure 2A using
the GATE toolkit with 3 different media (lung,
water, and bone) with the unit activity distribu-
tion. Multiple VSV (N = 4) and single VSV

Dy X BM,,

0.00:

(N = 1) approaches were implemented and
compared with the ground truth.
mGy) Moreover, the multiple VSV approach with

different numbers (N) of VSVs was imple-
mented on 80 patient PET datasets and com-
pared with the direct Monte Carlo approach
to evaluate dosimetric accuracy on more so-
phisticated medium distributions. Errors at
the voxel level are reported as absolute and
relative differences for 8 organs and repre-
sented as 3D difference maps over the whole

FIGURE 1.

mask image, and the final 3D dose map (D) was generated by summation
as in Equation 2.
N

= ) (A®VSVy) x BM;.
k=1

N
D= ) Dy xBM; Eq. 2
k=1

By increasing the number of VSVs, we expect to reduce errors in dose
estimation by reducing the number of mismatched media. We tested the
proposed approach while changing the number of incorporated VSVs
(N): N = 1 (conventional water-based VSV approach, single VSV), 4, 6,
8, 10, and 20. Tables 1 and 2 summarize the media and densities for each
set of VSVs. For the N = 1 case, single VSV approach, the medium was
water. For the N = 4 case, the simplest case of the multiple VSV
approaches, air, lung, water, and bone were selected as the 4 media. For
the N = 6 case, fat (d = 0.9 g/cm?) and bone marrow (d = 1.2 g/cm3)
were included, and for the N = 8 case, dense lung (d = 0.4 g/cm?)

TABLE 2
Media Used in the Various Sets of VSVs

No. of VSVs Media

Water
Air, lung, water, bone
Air, lung, water, bone, medium 8, medium 10

o o ~ =

Air, lung, water, bone, medium 3,
medium 8, medium 10, medium 13

10 Air, lung, water, bone, medium 3, medium 5,
medium 8, medium 10, medium 13, medium 15

20 All
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body.

Multiple VSV approach with N = 4. VSVs of different densities were precalculated
using GATE simulation (step 1). Density-specific dose maps were acquired by convoluting PET
time-integrated activity maps with corresponding VSVs (step 2). Each density-specific dose map
was segmented into corresponding density regions using CT-based binary mask images (step 3).
Final dose map was acquired by summing segmented density-specific dose maps (step 4).

Whole-Body Patient Dosimetry Study
Finally, whole-body dosimetry studies were
performed using the multiple VSV approach and
compared with direct Monte Carlo and organ-
based dosimetry using OLINDA/EXM software
(4). Ten dynamic patient PET/CT datasets were used to conduct
dosimetry studies. Dose maps were acquired at each time point using
different dosimetry approaches, and time-integrated energy deposi-
tions per voxel were calculated by multiplying time-integrated dose
by voxel mass. Absorbed doses
for each organ were calculated
by summing time-integrated en-
ergy deposition within the regions
of interest and subsequently divid-
ing by the organ masses of the Oak
Ridge National Laboratory styl-
ized phantoms for a fair compari-
son with organ-based dosimetry
(4). The organ-based dosimetry re-
sults were previously published by

A

Voxel size: 2.67x2.67x5 mm?

Kim et al. (18). Matrix size: 101x101x51
B
RESULTS 2 — Directome Garc
< BE06 O e N=1
Phantom Study %ﬁ_m \ N=4
Dose profiles were generated § 0 i ______
from the phantom as shown in § e
Figure 2B. The multiple VSVap- | 2 2 g | water | Bone
proach with N = 4 agreed well SR " " "
with the direct Monte Carlo ap- Pixel index (a.u.)
proach for lung, water, and bone
media, whereas the single VSV FIGURE 2. (A) Simulated digital

phantom anatomy. (B) Results of
phantom study. Absorbed dose pro-
files along lung, water, and bone
media were calculated by direct
Monte Carlo, single VSV, and 4-VSV
approaches. a.u. = arbitrary units.

approach (N = 1) agreed only
for water. However, we observed
a slightly false estimation at the
lung-to-water boundary. The
error occurred because we
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images and compared with the direct
Monte Carlo and single VSV approaches.
The representative coronal dose maps of
1 patient in Figure 3A clearly show that
dose estimation at the lung regions im-
proved dramatically with the multiple
VSV approach. When the number of
VSVs (N) was increased, the dose maps
13 better resembled the ground truth, espe-

w
m

(ixa/o) esop paguosqy &'

(N=20)

8 cially at the lung boundaries. Figure 3B
g shows the dose profiles for each method
2 along the left-lung/liver/kidney border
§‘ and the left-lung/bone/right-lung border,
= 0“" with the background black-and-white im-

ages representing the corresponding me-
dium densities along the profiles. In the

FIGURE 3.

performed VSV kernel convolution over the whole body, suppos-
ing that the total body is comprised of media of the same
densities as shown in step 1 of Figure 1, on the assumption
that most organ doses are contributed from self-absorption.
Hence, for low-density media such as lungs, doses will be
overestimated because the amount of self-absorption decreases,
and this situation is especially noticeable at the lung boundaries.
However, this false estimation was observed within only 1-2 voxels
(~4 mm).

Patient Study
The multiple VSV approach was performed with different numbers
of VSVs (N = 4, 6, 8, 10, and 20) on 80 static patient PET/CT

(A) Dose maps acquired using direct Monte Carlo, single VSV (N = 1), and multiple
VSV approaches (N = 4, 6, 8, 10, and 20). (B) Two dose profiles drawn on coronal slices.

soft-tissue regions, all VSV approaches
showed similar results and matched the
direct Monte Carlo approach well. In the
lung regions, the single VSV approach
resulted in great underestimation, whereas the multiple VSV
approach was better.

To quantitatively evaluate the accuracy of our proposed method,
we calculated relative and absolute differences at the voxel level.
They are presented as 3D maps in Figure 4 and Supplemental
Figure 1, and relative differences are reported in Supplemental
Table 2. In Figure 4, our proposed method shows prominently
better results than the single VSV approach. For multiple VSV
approaches with N > 6, difference maps showed enhanced re-
sults at the patient whole-body level, with large improvements at
the lung boundaries and bones. Overestimation was observed at
the lung boundaries, but this was decreased when larger numbers
of VSVs were used. Furthermore, we observed underestimation in

N=6 N=8

(%) @doualayp aAnejoy

-4E-4

10

N= N=20

(1xAjh9) eousisyip s)njosqy

FIGURE 4. Errors at voxel level represented as relative (A) and absolute (B) differences. Difference maps were generated for single VSV and

multiple VSVs (N = 4, 6, 8, 10, and 20).
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FIGURE 5. Plot of patient study results. Voxel dose percentage differ-
ences are reported for 8 different organs and whole body. Mean per-
centage differences of each method are indicated as boxes, and SDs
are indicated as whiskers.

regions of low radioactivity because of statistical uncertainty. The air
cavity regions showed the worst results.

From the difference maps, organ-level voxel dose errors were
reported as relative differences for 8 organs and the whole body
(Fig. 5). The multiple VSV approach showed results similar to but
better than those of the single VSV approach for most organs and
the whole body. The multiple VSV approach achieved a voxel dose
percentage difference of under 5% for most organs. With multiple
VSV (N = 20), an average voxel dose percentage difference of
0.80% was achieved for the 8 organs.

Whole-Body Dosimetry in Patients

Our multiple VSV approach was successfully implemented and
showed good results in both phantom and patient studies. Moreover,
whole-body dosimetry using our proposed method was shown to be

feasible. As a final step, we performed whole-body patient dosimetry
using the multiple VSV approach and compared it with direct Monte
Carlo and organ-based dosimetry.

Table 3 summarizes the results for organ dose percentage dif-
ference averaged over 10 patients for all VSV approaches (N =
1,4, 6,8, 10, and 20), and the organ-based approach. Moreover,
as representative results, organ dose percentage differences in
the single VSV, the multiple VSV (N = 8), and the organ-based
results were compared (Fig. 6). Among the 3 methods, the mul-
tiple VSV approach using 8 VSVs showed the best results: errors
at the organ level were —6.71%, 2.17%, and 227.46% on average
for the single VSV, multiple VSV (N = 8), and organ-based
dosimetry results. Because the organ-based approach does not
take into account personalized patient anatomies and heteroge-
neous activity distributions, we observed large differences and SDs
for that approach. In particular, the pancreas showed the largest
organ dose percentage difference, because the mass of the manu-
ally segmented pancreas differed most from the OLINDA/EXM
phantom. By excluding the pancreas, we observed an average
difference of 16.07%.

DISCUSSION

Voxel-based dosimetry has several advantages over conven-
tional organ-based dosimetry. We can calculate dose information
more accurately for an individual because voxel-based dosimetry
uses real patient anatomies and activity distributions. In addition,
because the dose information is given in the form of a 3D image, the
whole-body dose distribution can be visualized more conveniently,
and the dose—volume histograms for the targets can be assessed
using heterogeneous dose information.

Several groups have suggested fast voxel-based dosimetry
approaches based on the DPK or VSV. One approach is to use
correction factors for heterogeneous tissues and media. Loudos
et al. (26) suggested using medium-specific dose absorption factors
derived from the water DPK and CT images. Voxel-based dose
correction was applied using medium-specific dose absorption fac-
tors. Dieudonné et al. (27) performed voxel-level density correction
for heterogeneous tissues in abdominal regions using a correction

TABLE 3
Whole-Body Patient Dosimetry Results
No. of VSVs
Site 1 4 6 8 10 20 Organ-based approach
Gallbladder wall -0.03 0.24 0.60 0.60 0.57 0.49 7.24
Heart wall -3.96 -0.23 1.08 0.91 0.11 -0.24 38.54
Kidney 1.78 1.78 2.40 2.40 2.40 2.40 -3.86
Liver 1.41 1.58 1.65 1.69 1.63 1.45 -18.08
Lung -52.85 16.28 16.72 7.64 4.29 0.53 23.43
Pancreas 1.08 1.18 1.37 1.37 1.36 1.35 1707.15
Spleen 1.50 1.76 2.05 2.14 2.01 1.94 25.07
Stomach wall -2.60 -0.18 0.66 0.65 0.25 -0.29 40.16
Average -6.71 -2.80 -3.32 217 1.58 0.95 227.46
Average (excluding Pancreas) -7.82 3.03 3.60 2.29 1.61 0.90 16.07
— . _ VSV approach - direct Monte Carlo
Data are organ dose percentage difference ( = direct Monte Carlo x 100 [%]).
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FIGURE 6. Whole-body dosimetry results for 10 patients. Organ dose
percentage differences are reported for single VSV, multiple VSV (N =
8), and organ-based dosimetry results.

factor consisting of the ratio of tissue density to voxel density.
However, this approach has not been validated for highly heteroge-
neous regions. Another approach, recently suggested by Khazaee
Moghadam et al. (28), applied tissue-specific DPKs, whereas the
previous methods used only the water DPK. In the study of Khazaee
Moghadam et al., DPKs for various media (such as bone, lung,
adipose, and breast) were implemented in the mathematic Zubal
phantom (29) and compared with the water DPK and direct Monte
Carlo methods for several isotopes. The results showed improve-
ment over the conventional water DPK method. However, that study
was not performed on real patient data, which have highly compli-
cated medium heterogeneities.

In this study, we developed a fast voxel-based dosimetry method
that is applicable in heterogeneous media and at the whole-body

TABLE 4
Computation Time for 3D Dose Map Acquisition Using
4 CPU Cores and 16-GB Random-Access Memory

Computation Relative
Method time (h) time
Direct Monte Carlo 235.20 1
Direct Monte Carlo 4,704.03 20
(complete
simulation)
Single VSV (N = 1) 0.17 0.00074
Multiple VSV (N = 4) 0.69 0.00295
Multiple VSV (N = 6) 1.04 0.00443
Multiple VSV (N = 8) 1.39 0.00591
Multiple VSV (N = 10) 1.74 0.00738
Multiple VSV (N = 20) 3.47 0.01476
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level using multiple VSVs. The multiple VSV approach was
implemented using 5 sets of different VSVs (N = 4, 6, 8, 10, and
20) on a digital phantom and real patient images and compared with
the direct Monte Carlo approach to validate its dosimetric accuracy.
As shown in Figures 3 and 4, our proposed method agreed well with
the direct Monte Carlo approach. The multiple VSV approach had
significantly better results than the single VSV approach, especially
for organs—such as lungs and bones—that are more dense or less
dense than tissues. When the number of VSVs was increased, errors
at the voxel level decreased overall (Fig. 4). When the number of
VSVs was larger than 6, the voxel-level errors were similar. Use of
multiple VSVs with N = 20 showed the best average voxel dose
percentage difference, 0.80%, in organ evaluations.

Some false estimates were observed at the lung boundaries. In our
proposed method, the basic assumption was that most organ doses are
contributed from self-absorption, and hence the boundaries in organs
of low density, such as the lung, were overestimated. However, this
false estimation in lung boundaries existed for only 1-2 voxels. More-
over, lung regions have large motion artifacts, and because our in-
terest in lung dosimetry is mainly tumors located inside organs, false
estimation at the lung boundaries may not be a significant problem.

Finally, we performed whole-body dosimetry using the mul-
tiple VSV approach and compared it with single VSV, direct
Monte Carlo, and organ-based dosimetry. We showed that the
multiple VSV approach realizes personalized dosimetry at the
whole-body level with high accuracy. Compared with the ground
truth, the multiple VSV approach with N = 8 showed an error of
2.17% at the organ level. When we used multiple VSV with N =
20, the results were comparable to those of the direct Monte Carlo
approach. Organ-based dosimetry showed large errors, indicating
that it is not adequate for personalized dosimetry.

Despite all the advantages of the direct Monte Carlo approach, it
suffers in that it requires extensive computation resources. Our
proposed method required significantly less computation time. Table
4 shows the computation time required to acquire a single dose map
while using 4 CPU cores and 16 GB of random-access memory.
Even when we used multicore CPUs to reduce the simulation time,
the direct Monte Carlo approach took 235.2 h to generate a single
dose map. By comparison, the multiple VSV with N = 8 took a
much shorter time, 1.39 h, for VSV precalculation and VSV kernel
convolution with the PET time-integrated activity map. Therefore,
using the multiple VSV approach, we can conduct fast dosimetry and
visualize dose maps at the whole-body level with good dosimetric
accuracy. The proposed method will be helpful in personalized med-
icine and targeted radionuclide therapy. Further studies are required
to find the proper VSV kernel size depending on the emission type
and the energies of the various radionuclides.

CONCLUSION

In this paper, we have proposed a new voxel-based dosimetry
approach using multiple VSVs that is applicable to heterogeneous
media. Our proposed multiple VSV approach was successfully
implemented in a patient dosimetry study and showed results
comparable to those of the direct Monte Carlo approach, with the
advantage of dramatically reduced dose calculation time.
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