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Abstract

Background: The purpose of this study was to develop a rapid, reliable, and efficient tool for three-dimensional
(3D) dosimetry treatment planning and post-treatment evaluation of liver radioembolization with 90Y micro-
spheres, using tissue-specific dose voxel kernels (DVKs) that can be used in everyday clinical practice.
Materials and Methods: Two tissue-specific DVKs for 90Y were calculated through Monte Carlo (MC) sim-
ulations. DVKs for the liver and lungs were generated, and the dose distribution was compared with direct MC
simulations. A method was developed to produce a 3D dose map by convolving the calculated DVKs with the
activity biodistribution derived from clinical single-photon emission computed tomography (SPECT) or po-
sitron emission tomography (PET) images. Image registration for the SPECT or PET images with the corre-
sponding computed tomography scans was performed before dosimetry calculation. The authors first compared
the DVK convolution dosimetry with a direct full MC simulation on an XCAT anthropomorphic phantom. They
then tested it in 25 individual clinical cases of patients who underwent 90Y therapy. All MC simulations were
carried out using the GATE MC toolkit.
Results: Comparison of the measured absorbed dose using tissue-specific DVKs and direct MC simulation on
25 patients revealed a mean difference of 1.07% – 1.43% for the liver and 1.03% – 1.21% for the tumor tissue,
respectively. The largest difference between DVK convolution and full MC dosimetry was observed for the
lung tissue (10.16% – 1.20%). The DVK statistical uncertainty was <0.75% for both media.
Conclusions: This semiautomatic algorithm is capable of performing rapid, accurate, and efficient 3D do-
simetry. The proposed method considers tissue and activity heterogeneity using tissue-specific DVKs. Fur-
thermore, this method provides results in <1 min, making it suitable for everyday clinical practice.

Keywords: dosimetry, Monte Carlo simulations, radioembolization, tissue-specific DVK, Yttrium-90

Introduction

Primary liver cancer is the sixth most common malig-
nancy globally, with very high mortality rates.1 Ac-

cording to the 2018 Global Cancer Statistics, liver cancer was
ranked as the third most common cause of cancer death
worldwide.2 The most prevalent primary liver malignancy is

hepatocellular carcinoma,1 while less frequent primary liver
neoplasms are cholangiocarcinomas, angiosarcomas, and
leiomyosarcomas.3 Secondary hepatic metastases, such as
liver metastasis from metastatic colorectal cancer, are also
common.4 Despite the latest advances in oncology treat-
ments, liver cancer continues to be a therapeutic challenge for
physicians.5 The management of primary liver cancer is
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usually interdisciplinary and involves, among other methods,
surgical resection, transarterial embolization (TARE), liver
transplantation, systemic chemotherapy and immunotherapy,
and novel targeted therapies, such as the multiple kinase in-
hibitor sorafenib.5

TARE is an attractive therapeutic method, especially
when it comes to nonresectable liver cancer.4,6 TARE is
based on the preferential blood supply of liver malignancies
by the hepatic artery, whereas normal liver is mainly
perfused by the portal vein (almost 70%), allowing for intra-
arterial treatments to specifically target tumors, while spar-
ing normal liver parenchyma.7,8 This method involves the
injection of a radioactive agent targeting the liver malig-
nancy, thus limiting systemic irradiation and protecting the
remaining healthy liver tissue.4,6 Some of the most frequently
used radioisotopes are b--emitters, such as 90Y and 166Ho.4

TARE is an effective, well-tolerated treatment with a
favorable profile of side-effects as shown by large clinical
trials.9,10 However, pretreatment dosimetry is not currently
optimized in a standardized and individualized manner. The
suggested liver doses for TARE have been reported to vary
between 80 to 150 Gy.11,12 Yet, in selected patients (Child-
Pugh A, unilobar disease, sufficient hepatic reserve), an
absorbed dose exceeding 150 Gy to the treated liver lobe
accompanied by a total mean liver dose of 150 Gy was well
tolerated. It is postulated that dose heterogeneity allows for
regional liver regeneration from low-dose regions in the
normal liver parenchyma. In any case, the target is to
maximize tumor dose beyond tumoricidal threshold, while
minimizing the absorbed dose to organs at risk.

In daily clinical practice, the commonly used methods
are not necessarily needed to evaluate the absorbed dose,
but to prescribe the activity distribution. They are either
based on the calculation of the total body surface area
method6 or on the Partition Model method.13,14 The body
surface area method is a semiempirical model that is based
on the tumor load and liver volume, without considering
tumor heterogeneity and type.13 Partition Models are based
on the hypothesis of a homogenous energy distribution in
the tumor tissue and a homogenous energy distribution
in the nontumor liver tissue.7 Both methods, as part of
TARE treatment, are used to assess the lung-shunt fraction
through 99mTc-macroaggregated albumin (99mTc-MAA)
scans to calculate the lung-absorbed radioactivity.7 How-
ever, both models fail to provide a highly accurate per-
sonalized dosimetry because tissue heterogeneity and,
more importantly, activity heterogeneity are not taken into
account.

TARE treatment planning is based on the differentiation
between the vascular compartments of the lungs, tumor, and
healthy liver parenchyma, assuming that the radiation up-
take is homogeneously distributed in each tissue. Specifi-
cally, the partition model is based on the calculation of the
T/N ratio, which stands for the microsphere distribution
among the tumorous and normal liver regions of interest.
However, the fact that the microsphere distribution is sig-
nificantly heterogeneous within the healthy and tumorous
hepatic tissue (e.g., due to the presence of necrotic areas,
previous therapeutic attempts with chemoembolization
treatments as well as variable flow dynamics within the liver
parenchyma) is hereby neglected. Accurate dosimetry should
occur in the form of heterogeneous point sources, or voxel

sources in three-dimensional (3D) case, which emit beta
particles without neglecting the spatial distribution of the
absorbed radioactivity dose.15

In recent years, several dosimetry estimation models
have been developed to achieve high-accuracy personalized
dosimetry, such as Monte Carlo (MC)-based simulation
models, dose-point kernel (DPK) convolution,6,16–18 and
dose voxel kernel (DVK) convolution, which uses the voxel-
level S-value method.19 In addition, recent studies have
successfully investigated the use of convolution super-
position methods20 and discrete-ordinates or grid-based
Boltzmann solvers (GBBS) as a viable alternative to MC
simulations for voxel-level absorbed dose calculation in
nuclear medicine.21 However, the former technique has not
be tested yet on electron-emitting nuclides while the latter
requires high computational time. Further studies have de-
veloped advanced mathematical simulations of the liver
structures to assess the dosimetry at the microscopic scale.11

In the direct MC approach, an accurate dosimetric cal-
culation of the radiation uptake at the voxel level can be
provided by accounting for multiple parameters, such as the
differentiation in activity distribution and medium proper-
ties. However, this method can be significantly time con-
suming,22 making it difficult to use in routine clinical
practice. On the other hand, DPK convolution methods may
speed up the absorbed dose calculation. DPK methods cal-
culate the energy deposition of an isotropic activity source
in a uniform medium, using MC simulations.22,23 However,
the inability to provide accurate energy deposition estimates
in heterogeneous mediums is a severe limitation of this
dosimetry approach.22 Widely used DPK methods cannot
take density heterogeneity into account and treat the human
body as a water- or soft tissue-equivalent medium.24–28 Sev-
eral methods addressing this problem have been reported.
Dieudonné et al.29 proposed a simple density-correction
method for soft tissues. However, lung tissue was not taken
into consideration for density correction and the technique
was applied only on a single test case. Mikell et al.30 proposed
the combination of density correction with the local deposition
(LD) method, taking into account different tissue hetero-
geneities. This method was evaluated on several clinical cases.
Despite the fact that a very good agreement with direct MC
simulations was reported for soft tissue (&5%), the accuracy
deteriorated significantly for lung tissue (&17%–20%).

The purpose of this study was to develop a rapid, reliable,
and efficient tool for 3D dosimetry treatment planning and
post-treatment evaluation of liver radioembolization with 90Y
microspheres, using tissue-specific DVKs that can be used in
everyday clinical practice. The proposed algorithm incorporates
the multiple DVK approach, in which the dose is considered to
be distributed around a voxel source instead of a point source.31

The algorithm was validated against a direct MC simulation
using an anthropomorphic XCAT phantom as a medium32,33

and was tested in 25 clinical cases, either in pretreatment 99mTc-
MAA single-photon emission computed tomography (SPECT)/
computed tomography (CT) scans or in post-treatment 90Y
microsphere-positron emission tomography (PET)/CT scans.
The proposed technique considers tissue heterogeneity and
nonuniform activity distribution, which allowed us to mini-
mize current dosimetric limitations. With the proposed al-
gorithm, the authors established a patient-specific and highly
accurate dosimetric calculation protocol for TARE.
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Materials and Methods

GATE MC simulation toolkit

The simulations of this study were performed using the
GATE (v8.0) MC simulation toolkit34–36 and the well-
validated general-purpose Geant4 (v4.10.5) toolkit.37,38

GATE is a reliable toolkit for MC simulations that are re-
lated to particle transport in nuclear medicine. It can effi-
ciently simulate voxelized and analytical phantoms and a
wide range of predefined or customized particle-emitting
sources.36 All simulations were performed using the
‘‘histogram’’-type source model of Geant4, and the gener-
ated kernels used in this study were previously and exten-
sively validated by members of the authors’ research team39

by being compared to other MC codes. The 90Y continuous
beta spectrum ranged from 0 to 2.2 MeV, with a mean en-
ergy of 0.9337 MeV and a half-life of 2.67 d (64.1 h).39,40

The physical processes were simulated using the
‘‘emstandard_opt3’’ model, which is designed for any
application that requires more accurate electron and ion
tracking. All of the physical processes were included in the
simulation, namely positron annihilation, gamma conver-
sion, Bremsstrahlung, electron ionization, multiple scat-
tering, radioactive decay, and Rayleigh and Compton
scattering.36 The kinetic energy range was set between
0.1 keV and 10 GeV, and the number of bins for the Lambda
tables (DEDXBinning) and the mean energy loss on a given
step (LambdaBinning) were set at 220. The parameter
‘‘electronStepLimiter’’ was also used to simulate the non-
linear electron track more accurately and was set at 1.0 mm.

DVK calculations

A nonmonoenergetic uniform 90Y voxel source with
isotropic emission was simulated at the center of a homo-
geneous spherical medium, placed in a void environment.31

The emitted particles deposited their energy uniformly in-
side the sphere. A 3D dose map was generated using the
‘‘DoseActor’’ option of GATE, where the deposited energy
is stored in MeV units per particle. The parameter ‘‘ste-
pHitType’’ was also used to randomly deposit the energy of
the hits along the dose map.

DVKs for two different materials (liver and lungs) were
generated. The authors simulated 2 · 109 primary events to
achieve an adequately low statistical uncertainty. The ma-
terial composition of various tissue types in GATE was
accurately defined by the user (the material density, con-
stituent elements, individual abundances, and atomic num-
ber). If the material was described as a mixture of elements,
then the relative combinations of these elements were de-
fined, including their mass fractions, as shown in Table 1.

Due to the fact that 90Y b particle range in water is
11 mm,7 the chosen radius of the spherical medium for the
liver DVK (qliver ¼ 1.06 g/cm3) was set to 11.5 mm, safely
assuming that the emitted energy from 90Y is deposited
inside of a sphere with radius equal to 11.5 mm. Due to the
lower density of the lung (qlung¼ 0.26 g/cm3), the b particle
range is increased and the emitted energy is deposited in a
larger volume. However, during the experiments, the au-
thors observed that the deposited energy at distance >11 mm
from the 90Y source does not remarkably differ as beyond
that distance, it is close to zero. For this reason, the authors

have also used a sphere with radius 11.5 mm for the lung
DVK to improve the computational efficiency of the algo-
rithm. In addition, for a sphere with radius 44.5 mm for lung,
the computational time was almost 50 min, while when us-
ing a sphere with 11.5 mm, they were able to reduce the
computational time to <1 min. The DVKs voxel size was set
at 1x1x1 mm3 to match the resolution of the ‘‘electro-
nStepLimiter,’’ ensuring that at least one interaction will
occur in each voxel.41 The dimensions of the generated dose
maps were 23 · 23 · 23 mm3 for all the media used in this
study. The influence of the DVK size was not evaluated in
this project, but was taken into account on the basis of the
results reported in the literature.42–44 Increasing DVK size led
to decreasing deviation relative to MC simulations. In this
study, every DVK was a cube that consisted of 12.167 voxels,
with a voxel size of 1 mm3, to further minimize this deviation
as much as possible; this led to more accurate results without
neglecting the expense of computation time.42–44

MC simulations and DVK convolution

MC simulation and anthropomorphic model. To validate
simulation efficacy, the authors compared these results re-
garding the absorbed dose in the tumor, liver, and lung
tissue against a direct full MC simulation (ground truth)
using an anthropomorphic XCAT phantom32,33 (Fig. 1).

An XCAT adult male phantom was generated, which was
171 cm high, including the whole body-torso (without arms
and legs). The phantom was segmented into seven different
tissue types (i.e., spleen, pancreas, bones, lungs, liver, kid-
ney, and tumor), and the rest of the body was considered
water-equivalent tissue. The phantom consisted of 351 ·
351 · 351 voxels, with a voxel size of 1 · 1 · 1 mm3, to
achieve adequately high accuracy. Inside the liver, a
spherical tumor of 4.3 cm radius was designed, which cor-
responded to 19.25% of the total liver volume.

Table 1. Tissue Characteristics in the GATE

Monte Carlo Simulation Toolkit

Organ
Density
(g/cm3) Element

Mass
fraction Z A (g/mol)

Liver 1.06 Hydrogen 0.102 1 1.010
Carbon 0.139 6 12.01
Nitrogen 0.030 7 14.01
Oxygen 0.724 8 16.00
Sodium 0.002 11 22.99
Phosphor 0.003 15 30.97
Sulfur 0.003 16 32.066
Chlorine 0.002 17 35.45
Potassium 0.003 19 39.098

Lungs 0.26 Hydrogen 0.103 1 1.010
Carbon 0.105 6 12.01
Nitrogen 0.031 7 14.01
Oxygen 0.749 8 16.00
Sodium 0.002 11 22.99
Phosphor 0.002 15 30.97
Sulfur 0.003 16 32.066
Chlorine 0.003 17 35.45
Potassium 0.0023 19 39.098

Body 1.00 Hydrogen 11.2 1 1.01
Oxygen 88.8 8 16.00

A, molar mass; Z, atomic number.
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A total activity of 3 GBq of 90Y was prescribed to the
liver, assuming that there was no extrahepatic leakage or
lung shunting. A theoretical treatment plan was simulated
with a tumor-to-normal liver ratio (RT/N)7 equal to 20.77.
Based on Ho et al.,45 in 71 clinical cases, the RT/N ranged
from 2.06 to 18.07, slightly below ours. Also, in the study of
Manalang et al.46 that concerned 47 patients, RT/N ranged from
0.8 to 22.3. The RT/N was determined by using Equation (1):

RT=N ¼
ATumor GBqð Þ=MTumor Kgð Þ
ALiver GBqð Þ=MLiver Kgð Þ (1)

where A is the activity and M is the mass corresponding to
the tumor and the normal liver. This resulted in a distribu-
tion of 2.6 GBq to the tumor tissue and 0.4 GBq to the
normal liver tissue. The 3D dose map was converted from
MeV in Gy units using Equation (2). The results are shown
in Table 2.

Dose Gyð Þ¼ Voxel Value MeVð Þ · 1:602 · 10� 13 J=MeVð Þ
Voxel Volume cm3ð Þ · Density · 10� 3 Kg=cm3ð Þ

(2)

DVK convolution methods

As described above, an alternative method was used to
perform image-based dosimetry, other than direct MC
simulation; the dose in the region of interest was estimated

by convolving a DVK with the activity decay map of the
patient (SPECT or PET images). Basically, a DVK is a cube
of voxels; the mean dose distribution of a certain radionu-
clide (90Y in this study), as it randomly disintegrates, is
deposited around the central voxel of the cube. In this study,
the authors’ method was compared and validated against a
direct MC simulation, which was considered the ground
truth for the dosimetric results. The medium used for the
simulations was the anthropomorphic XCAT phantom.32,33

Every voxel of the activity map was convolved with its
corresponding homogeneous tissue-specific equivalent tis-
sue DVK. The advantage of this method is that it takes
tissue heterogeneities into consideration and therefore leads
to better dosimetric results. The voxel classification of the
activity map was determined on the basis of its corre-
sponding co-registered CT and will be explained and de-
scribed analytically below (Segmentation Methods section).

Nonetheless, in the case of treatment with radio-
embolization with 90Y microspheres, activity heterogeneity
is also a critical issue. Therefore, an image preprocessing
step was added to the original activity map. A new pro-
portional map was created on the basis of the original ac-
tivity map by dividing all voxels with the total activity
injected to the phantom. In this way, an activity percentage
scaling (APS) map was created, in which each voxel was the
correspondent proportion of the total activity of the original
activity map. This new map practically depicts the activity
distribution ratio among all organs and is used by the al-
gorithm for convolving each DVK with its corresponding

FIG. 1. 3D (left) and axial view (right) of the anthropomorphic XCAT phantom used to validate the authors’ technique.
3D, three dimensional.

Table 2. Monte Carlo Simulation-Absorbed Dose for Each Organ of Interest

and Its Corresponding Statistical Uncertainty

Organ
Absorbed dose
(Gy) on MC

Uncertainty
(%)

Absorbed dose
(Gy) on DVK

Difference (%),
MC vs. DVK

Tumor 335.8685 0.45 327.7851 2.41
Liver 19.81 1.99 21.1483 6.32
Lungs 0.6793 36.96 1.1083 38.71

For comparison, the DVK-absorbed dose and the differences between the two approaches are also presented.
DVK, dose voxel kernel; MC, Monte Carlo.
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organ (DVKT). A comparison was made by performing
convolution with the DVKT against a direct full MC simu-
lation. The algorithm’s workflow is shown in Figure 2.

The formula used to measure the total absorbed dose,
using any method of DVK convolution, is described in
Equation (3):

D x, y, zð Þ ¼
1

k
APS � DVKspecific tissue

� �
x, y, zð Þ (3)

¼ 1

k
+

x¢+y¢+z¢APS x¢, y¢, z¢ð Þ

� �
DVKspecific tissue x� x¢, y� y¢, z� z¢ð Þ,

where k is 90Y decay constant.
For the tested simulations in real clinical scenarios, APS

was defined as the biodistribution of the 90Y derived from
the patients’ SPECT or PET scans. This was performed to
account for the activity and tissue heterogeneity, not only
among the different human organs but also within the tissue
of each organ individually. The results are shown in Table 3.

Statistical uncertainties

The statistical uncertainties of the MC simulations were
calculated using the formula in Equation (4), and the results
are presented in Table 2:

Dk ¼+N

i
dk, i

Sk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N� 1

+n

i
d2

k, i

N
�

+n

i
dk, i

N

� �2
 !vuut

ek ¼ 100 ·
Sk

Dk

(4)

where ej is defined as the statistical uncertainty at pixel k,
N is the total number of primary events in the simulation,
and dk,i is the deposited energy from the primary event i in
pixel k. The dose differences were calculated using
Equation (5).

Dif ¼ Da�Dbj j
max Da, Dbð Þ

� �
· 100% (5)

Clinical dataset

To further evaluate their proposed convolution method, the
authors tested a similar approach using clinical patient data.
For this purpose, the authors randomly selected 25 patients
from the University Hospital of Patras Oncology Department,
who had been treated for hepatocellular carcinoma, other
types of primary liver cancer, or secondary hepatic metastases
with 90Y radioembolization treatment. Eleven of these patients
were assessed on the basis of their pretreatment 99mTc-MAA
SPECT/CT scans, and 14 on the basis of their post-treatment
90Y microsphere-PET/CT scans. As far as the patient pool is
concerned, 22 patients were male and three were female,
while their mean age was 72 years, ranging from 61 to 79
years. All steps of this study were made in accordance with
the ethical guidelines of the Declaration of Helsinki and were
approved by the University Hospital of Patras Institutional
Review Board, while an informed consent for data collection,
processing, and analysis was obtained from the selected pa-
tients. The injected radioactivity of 90Y ranged from 1.26 to
4.76 GBq. The SPECT/CT images were obtained within
30 min and PET/CTs within 2 h of the radionuclide injection.

Segmentation methods

The APS were automatically co-registered to their corre-
sponding CT images using their header files. Since SPECT
images have a different spatial resolution than CT images,
the latter were resampled to match the voxel size of the
former through bicubic interpolation for both full MC sim-
ulations and tumor delineation.

The tumors and organs of interest were classified by a mul-
titask algorithm to efficiently minimize the number of param-
eters needed for accuracy. The classification or segmentation of
the organs of interest from the CT image was determined by the
high differences of Hounsfield Unit (HU) values. The tumor and
lungs were segmented by the algorithm in all clinical cases.
Automatic segmentation of the liver was not feasible with this
approach; thus, it was thus segmented manually.

FIG. 2. Example of the algorithm workflow: (A) 99mTc MAA pretreatment SPECT/CT image of the patient, (B) the
proportional map showing the distribution of the nuclide, and (C) the dose calculation map. 99mTc-MAA, 99mTc-
macroaggregated albumin; CT, computed tomography.
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Table 3. Monte Carlo Simulation-Absorbed Dose for Each Organ of Interest

and Its Corresponding Statistical Uncertainty

Patient
Statistical

uncertainty (%) Tissue
Absorbed dose

(Gy) on MC
Absorbed dose
(Gy) on DVK Difference (%)

1 1.78 Tumor 199.8128 199.1886 0.30
Liver 21.6279 21.9617 1.52

2 1.42 Tumor 290.4235 290.7012 0.09
Liver 31.3623 31.3906 0.09
Lung 2.5116 2.8386 11.52

3 1.40 Tumor 174.5687 174.5873 0.01
Liver 17.3899 17.3169 0.42

4 1.68 Tumor 102.1638 101.3359 0.81
Liver 18.6016 18.5811 0.11

5 1.88 Tumor 107.1458 106.9215 0.21
Liver 15.4844 15.5983 0.73

6 0.43 Tumor 373.3700 364.7201 2.31
Liver 99.0576 98.9883 0.07

7 2.52 Tumor 121.7031 121.4826 0.18
Liver 29.9040 29.8472 0.19

8 1.49 Tumor 154.2820 153.3401 0.61
Liver 19.2483 19.3470 0.51

9 1.76 Tumor 79.3002 78.8744 0.53
Liver 11.1991 11.2249 0.23

10 1.22 Tumor 285.3204 286.4580 0.39
Liver 9.6104 9.5306 0.83

11 1.09 Tumor 424.5679 420.5524 0.95
Liver 26.0027 25.9533 0.19

12 1.96 Tumor 67.7919 67.5545 0.35
Liver 13.7749 13.8150 0.29

13 1.62 Tumor 275.7993 285.0843 3.25
Liver 13.7749 13.8150 5.22

14 1.84 Tumor 104.0677 107.2832 2.99
Liver 15.3299 15.8334 3.18

15 0.72 Tumor 117.2602 116.5418 0.61
Liver 16.7168 16.6934 0.14
Lung 3.1827 3.4833 8.63

16 0.67 Tumor 167.4505 173.7298 3.61
Liver 15.6526 16.3303 4.15

17 0.79 Tumor 30.519 30.5159 0.02
Liver 4.9698 4.8688 2.03

18 1.09 Tumor 134.3458 132.8456 1.11
Liver 9.3537 9.3518 0.02
Lung 2.6819 2.2229 10.39

19 1.62 Tumor 52.3376 54.5747 4.09
Liver 20.1100 20.7534 3.16

20 1.26 Tumor 48.2147 48.9021 1.41
Liver 7.4929 7.3543 1.85
Lung 1.9543 2.1537 9.26

21 0.93 Tumor 103.6596 103.1419 0.49
Liver 7.9464 7.3543 0.84

22 0.63 Tumor 204.7306 204.1467 0.29
Liver 17.6190 17.7129 0.53

23 0.75 Tumor 144.5098 144.0873 0.29
Liver 20.0726 20.0786 0.03

24 0.62 Tumor 176.6595 177.2919 0.36
Liver 9.6666 9.6405 0.27
Lung 2.2356 2.5121 11.01

25 0.63 Tumor 254.6144 253.6959 0.37
Liver 28.7574 28.7401 0.06

The first 14 patients underwent a 90Y post-treatment PET/CT scan, and the remaining 11 patients underwent a 99mTc MAA pretreatment
SPECT/CT scan.

99mTc-MAA, 99mTc-macroaggregated albumin; CT, computed tomography; DVK, dose voxel kernel.
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The automatic tumor delineation from the APS was de-
cided by applying a fixed threshold in the case of SPECT
images or by applying a threshold based on the Otsu method
in the case of PET images. The level or the method of
thresholding was not investigated in this study, but was
decided on the basis of already published literature.47–49

Threshold methods for tumor segmentation

As it is not possible to define a tumor area from a
SPECT/CT or PET/CT scan because of the poor contrast of
CT scans, a different approach was used to delineate the
tumor area on the basis of the activity map itself. By using
two different thresholding methods, a binary mask was
created. The latter was also co-registered with the CT scans,
and every voxel of the mask was classified according to the
previously described segmentation methods. The registra-
tion was used to ensure that all of the voxels concerning the
tumor area would be convoluted with the correct DVKT.

For the SPECT images, a fixed threshold was set to 42%47

of the maximum voxel value. This method was used because
of its simplicity and widespread use.47,48

For the PET images, a fixed threshold did not result in
accurate segmentation of the tumor; therefore, the Otsu
method was used, since it was reported to produce more
accurate results49; this was confirmed by the nuclear medi-
cine physicians. With this method, the threshold value is
adapted and automatically decided on the basis of the his-
togram voxel values of the image.

Before applying the DVKs, the authors performed image
preprocessing of their clinical data. To match the DVKs’
voxel size, all images were re-sampled to a 1 · 1 · 1 mm3

voxel size with various interpolation methods to achieve
minimum loss, especially in the case of the activity atten-
uation maps where all the activity/counts had to be pre-
served. The activity attenuation images (SPECT or PET)
were linearly resampled. Their corresponding CTs and the
aforementioned binary mask (i.e., tumor tissue) were re-
sampled through bicubic and nearest neighbor interpolation,
respectively.

In the proposed algorithm, the authors alleviated the
limiting homogeneous medium or activity distribution as-
sumption of the DVK method by performing a convolution
between the absorbed activity percentage and the corre-
sponding tissue-specific DVK for each tissue or organ of the
human body and by using a semiautomatic, nontime-
consuming, and precise dosimetry model.

Results

DVK statistical uncertainty

A total statistical uncertainty of <1.6% was achieved for
all simulated DVKs. Up to a 7.5-mm radius, the statistical
uncertainty was <0.75% for all media. The associated sta-
tistical uncertainty at each voxel along the sphere was <6%.

Validation of DVK technique vs GATE MC dosimetry

The designed DVKs were validated against a direct full MC
simulation. As previously mentioned, a total of 3 GBq 90Y
was injected into the liver of an XCAT anthropomorphic
phantom with the following distribution pattern: 2.6 GBq in
the tumor area and 0.4 GBq in the rest of the liver tissue, with

no extrahepatic or lung shunting. From the extracted energy
distribution map, they calculated the absorbed dose in each
organ of interest using Equation (2). The absorbed dose in
each organ and the corresponding statistical uncertainty for a
simulation with &5 · 109 primary events are presented in
Table 2. The two critical tissues, liver and tumor, provided a
statistical uncertainty of <2%.

The total number of simulated primary events N was
calculated using Equation (6), as they assumed that there
was no lung or extrahepatic shunting and that 90Y was lo-
cated only in the liver and tumor tissue:

A Bqð Þ¼N ·
T1=2
ln 2

A Bqð Þ¼ k� 1 · N

N ¼ A Bqð Þ
k s� 1ð Þ (6)

where A is the total prescribed activity, T1/2 is the 90Y half-
life, and the decay constant k of 90Y is 3.008 · 10-6$s-1.

The material of the designed tumor was set as liver
equivalent (primary tumor conditions). Deposited doses in
the liver and the tumor, as measured from the direct MC
simulation, were 19.81 and 335.87 Gy, respectively. The
comparison between the DVKT and the MC simulation re-
vealed a 2.41% difference for the tumor tissue and 6.32%
for the liver tissue. More specifically, the calculated doses
using DVKT were 21.1483 and 327.7851 Gy for the tumor
and liver tissue, respectively. As far as the lungs are con-
cerned, the measured difference was 38.71%. However, the
statistical uncertainty in this case was as high as 36.96%;
this may be attributed to the physical properties of the lungs,
which mainly consist of air, and the source, which mainly
emits electrons, being distant from the lungs.

Consequently, the tissue-specific DVKs were constantly
close to the MC simulation results, as shown in Table 2. In
particular, the comparison of the results was shown to be
accurate in the tumor and the liver, where uncertainties are
minimal. This encouraged us to test the algorithm using real
patient data.

Clinical evaluation

The authors applied the developed algorithm to 25 clin-
ical cases of patients diagnosed with liver tumors. The ab-
sorbed dose was calculated by taking into account the
different tissue and activity heterogeneities. Every slice of
the SPECT or PET images was registered with its corre-
sponding CT slice to determine the activity distribution in
the organs of interest. The APS in the tumor, liver, and lungs
in 11 99mTc MAA pretreatment SPECT/CT and in 14 90Y
post-treatment PET/CT images was convolved with the
corresponding DVKT. A comparison was made by per-
forming convolution with the DVKT against a direct full MC
simulation in every individual case.

In isolated patients, because of the location of the liver
tumor (e.g., in the inferior liver compartments), the absorbed
lung radioactivity was insignificant (<1 Gy). In those cases,
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lung dose measurements were considered unnecessary. The
differences in dose distributions for every patient case and in
each tissue (liver, lungs, and tumor), as well as the statistical
uncertainty, are shown in Table 3.

The comparison between the DVKT and the MC simu-
lation revealed a mean difference of 1.03% for the tumor
and 1.07% for the liver, with a standard deviation of –1.21%
and –1.43%, respectively. In lung tissue, in cases where the
dose was significant and needed to be measured, the mean
difference between MC and DVK approaches was calcu-
lated to 10.16% – 1.20. These results demonstrate the con-
sistency and accuracy of the authors’ method in both SPECT
and PET images. The agreement between MC and DVKT

appears to be better and more consistent when the authors
applied their method in the clinical dataset, even though in
both cases, they used the exact same parameters during the
calculations (e.g., same energy spectra and same resolution).
This was something to be expected for two main reasons: first,
because of high differences in statistical uncertainties, and
second, and more importantly, due to how the authors have
decided the DVKs to distribute the convoluted activity.

More specifically, as far as the lung’s case is concerned,
succeeding on a very low statistical uncertainty (measuring
only the tails of betas) in an anthropomorphic phantom,
especially with such high-resolution settings (351 · 351 · 301),
it is extremely difficult and it would had consumed ex-
tremely high computational time (the authors estimate more
than a month) in contrast to the real clinical data where the
statistical uncertainty for DVK convolution was <1.6%. It is
worth noting that the observed accuracy deterioration was
significant only for the lung tissue. As far as in liver’s and
tumor’s case are concerned, that is not the issue, as they
succeeded a statistical uncertainty as low as in the DVKs. In
case of liver and tumor, not only the testing in the authors’
real clinical data showed better results but also more con-
sistent. These differences could be explained on how the
convoluted activity is distributed. In the authors’ case, dur-
ing the convolution process, they chose for the source voxels
to collapse their activity to the voxel centroid. In the study
with the anthropomorphic phantom, the activity was set only
to the tumor and to the liver. This means that the peripheral
liver voxels will convolute with no ideal boundaries (voxels
not applicable to convolve). The same explanations apply
for almost 1/4 of the peripherally tumor voxels.

Discussion

In this study, the authors developed a fast voxel-based
algorithm that uses two DVKs, depending on the tissue of
interest. It was initially validated by direct MC simulation
on an anthropomorphic XCAT phantom and then tested on
clinical data. This approach facilitates the estimation of the
absorbed dose to healthy tissue and the tumor, in reference
to SPECT- or PET-derived activity maps. The dosimetric
results of the authors’ approach are in good agreement with
those of the direct MC simulation, with the advantage of a
faster calculation. In particular, while each MC simulation
was conducted within 5 d, the authors’ approach reduced the
execution time to <1 min per patient.

As promising as it may be, there is no standard dosimetric
procedure for radioembolization therapy using 90Y micro-
spheres. Evidently, the failure to differentiate between the

tumor and the healthy liver tissue leads to the unavoidable
classification of simple and conventional methods as safety
planning rather than as treatment planning.30

A direct MC simulation approach, despite its dosimetric
accuracy, is difficult to implement in clinical practice be-
cause of the increased computational time. In contrast, the
DVK convolution method is less complicated to implement
and is able to speed up the dosimetric calculations. Alter-
native approaches that aim to provide accurate dose calcu-
lation with high efficiency have been reported in the
literature. Dieudonné et al. proposed a simple density-
correction method when applying the DVK method. Density
correction was applied to soft tissue without including lung
tissue.29 The authors investigated the effect of density cor-
rection on dose calculation using three different clinical
cases. Each case corresponded to a different radionuclide
(131I, 177Lu, and 90Y microspheres). The density-corrected
DVKs were compared with direct MC simulation. Their
approach differed from MC results in liver tumorous area
for -3.6% and -1.3% for the healthy area, respectively, for
131I, and 0.8% for both tumorous and healthy liver for 90Y
microspheres. For the 177Lu dataset, they reported a differ-
ence of -0.9% for the liver area. Mikell et al., in a more
extensive study, evaluated the impact of using soft-tissue
kernel with density correction (SKD), soft-tissue kernel
(SK), and the LD method when applied to pretherapy 90Y
SPECT/CT images.30 They compared those different methods
against a direct MC simulation considering tumor, healthy
liver area, and the right lung. They reported that SKD, SK,
and LD were within 5% difference compared to MC for tumor
and healthy liver area, while LD and SKD overestimated the
dose in the right lung on average by 17% and 20%, re-
spectively. They found that using simple SK, the absorbed
dose in the lung is significantly underestimated (up to 60%).

An alternative method to replace MC simulations in
nuclear medicine for voxel level-absorbed dose calculations
has also been reported by Mikell et al.21 They used the
GBBS method with additional angular discretization con-
cerning the 90Y. Differences between the GBBS and MC
were similar to that seen among other MC codes. The
drawback of their method is the high computational de-
mands (up to 24 CPU cores and 60 GB of RAM). Sanchez-
Garcia et al.50 implemented a collapse cone superposition
method that was implemented and validated for the do-
simetry with photon emissions. Although their research was
tested only for radionuclides emitting monoenergetic pho-
tons, their algorithm was able to achieve up to 97% accuracy
compared to direct MC simulations, while taking into ac-
count tissue density heterogeneity. The technique has a few
limitations: (1) only a mean absorbed dose can be assessed,
(2) the human body is mainly soft tissue and water, and (3)
energy distribution variations are not considered.51 In this
study, the mean difference, as determined by comparing
DVKT with MC simulation, alleviates these limitations. The
mean dose difference in the lung tissue was 10.16%. Smaller
variations were found for the liver’s DVKs (mean, 1.07%).
Moreover, personalized patient data, such as the anatomical
morphological characteristics of the source and target tis-
sues, were adequately assessed.52

Apart from considering the dosimetric aspects, an ideal
treatment plan should be able to standardize a method for
segmenting its compartments. Although the segmentation of
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surrounding healthy tissues, as well as that of the tumor, is
important in voxel-based dosimetry, the importance is in-
dicative of the total absorbed energy and not of the exact
calculation of the latter.30 When it comes to accurately
calculating absorbed radiation during a standard selective
radiation session, the limited literature data mostly concern
the liver tissue.29 However, dosimetry is also crucial in the
treatment of the lungs because lung-absorbed radiation is
one reason for reduced activity delivery.30

To address these limitations, the proposed algorithm
uses SPECT/CT or PET/CT image registration based on
the CT HU and can segment the lungs efficiently. How-
ever, there is a need to standardize the segmentation of the
tumor area. A convenient method would be to extract the
volume-of-interest area from the diagnostic CT or mag-
netic resonance imaging image and register it as the pre-
therapy SPECT/CT. However, because of the difference in
patient positioning or breathing-related artifacts, mis-
alignment between the anatomical delineations and the
SPECT reconstruction may occur.6 A threshold cutoff
value of ‡42% was applied to the SPECT images, while
the Otsu method was used for the PET images. These
methods were selected because of their efficiency, sim-
plicity, and wide use in tumor segmentation. In addition,
the liver is a common metastatic organ for many tumors,
such as colorectal, pancreatic, breast, and lung carcino-
mas. Using a tissue-specific DVK will give even better
dosimetric results.53 Finally, the algorithm was tested in
25 clinical cases with various liver tumors.

Using 11 99mTc MAA pretreatment SPECT/CT and 14
90Y post-treatment PET/CT images, the authors calculated a
mean dose difference of 1.07% – 1.43% and 1.03% – 1.21%
between the direct MC simulation and DVKT for the liver
and tumor tissue, respectively. The corresponding differ-
ences between DVKT and MC simulation for lung tissue
were 10.16% – 1.2% in cases in which the absorbed doses
occurred >1 Gy. To the authors’ opinion, there are not many
more things to do in the liver tissue, but to research ap-
proaches and decrease the error on calculated doses to the
lung tissue, and perform all calculations in less time.

The main limitation of the suggested algorithm is not
related to dosimetry, but rather to its poor performance with
respect to liver segmentation. Future studies should focus on
optimizing the algorithm to provide a complete treatment
plan that can be transferred to everyday clinical practice.
With the addition of the auto-segmentation process, this
algorithm would simplify the planning process without the
need of supercomputers, while minimizing the computation
time. The suggested approach would require <2 min of
computational time to provide a complete treatment plan in
a clinical environment.

Conclusions

In this study, the authors present a multimodal, image-
based dosimetry approach for fast, accurate dose calculation
in patients undergoing TARE therapy. This algorithm offers
the advantage of considering both tissue and dose hetero-
geneities, as well as the individualized patient-specific ana-
tomic parameters of the source and target tissues. The applied
computational characteristics and the used assumptions al-
lowed us to achieve a good compromise in the calculation

time and an accurate estimated absorbed dose. This approach
can optimize the treatment planning procedure, which will
eventually result in improved overall patient survival.
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