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ARTICLE INFO ABSTRACT

Three-dimensional internal dosimetry is increasingly used in planning Trans-Arterial Radio-Embolization
(TARE) of HepatoCellular Carcinoma (HCC). Among the existing calculation approaches, Monte Carlo (MC)
TARE simulation is the gold standard. Aim of this work was to carry out a retrospective study of clinical cases of TARE
Monte Carlo to compare the performances of different computation approaches. We developed a procedure exploiting
ggﬁ?& GAMOS (GEANT4-based Architecture for Medicine-Oriented Simulations) MC. Three dimensional absorbed dose

maps, dose profiles and Dose Volume Histograms (DVHs) were produced for liver through MC simulations and
convolution method implemented in STRATOS software. We compared the average absorbed doses with results
of Medical International Radiation Dose (MIRD) approach.

For most patients, a reasonable agreement was found, with relative differences in mean doses within
(—20.2%, +15.6%) for MIRD vs. MC and (—12.1%, +7.6%) for STRATOS vs. MC. Discrepancies can mainly be
related to the gamma-rays contribution, more precisely taken into account in MC.

For one patient we evaluated through MC simulation a lung dose of about 2 Gy coming from pulmonary shunt
(96%) and from irradiation from liver (4%), with values up to 4.5 Gy near liver-lung interface.

3D dosimetry for TARE treatments can be satisfactorily carried out with convolution methods as long as VOIs
of regular shape are considered. MC simulations are more appropriate for VOIs where the contribution from
gamma-rays has to be carefully taken into account. The absorbed dose distribution in presence of relevant tissue
inhomogeneities can be assessed accurately by means of MC simulations only.

Keywords:
Internal dosimetry

1. Introduction

Internal dosimetry plays a growing role in planning and monitoring
nuclear medicine therapies [1]. Thanks to more and more precise
methodological approaches, also relying on higher quality imaging
data, the uncertainties in results are shrinking, leading to a better
precision in dosimetric estimates and, finally, to a closer relationship
between dosimetric indicators, biological effects, and clinical outcomes
[2-5].

In order to estimate the uneven distribution of radiation absorbed
doses in organs and tissues where the radiopharmaceutical uptake is not
uniform, three dimensional internal dosimetry approaches, based either
on the convolution of voxel S factors or absorbed dose point-kernels,

were developed [6-9]. Both methods, however, can suffer from two
limitations potentially leading to some degree of inaccuracy. First,
usually they assume an uniform (often unitary) material density, ne-
glecting the remarkable differences between human tissues, such as
inflated lungs, soft tissue and bone [10,11]. Nevertheless, some Authors
developed convolution methods in heterogeneous media [12]. Sec-
ondly, due to computation requirements, the convolution is generally
truncated to a limited range around the calculation point, so that the
contribution of deep-penetrating radiations (gamma-rays) is neglected
above a certain distance; in the voxel S factors approach is usually equal
to five voxels [13].

In order to overcome these limitations, some researchers and groups
set up Monte Carlo (MC) simulation tools able to input transmission and
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emission tomography data to get information about the tissue density
and radionuclide source distributions within patient's body [14-22].

Among nuclear medicine therapies, Trans-Arterial Radio-
Embolization (TARE) of HepatoCellular Carcinoma (HCC) is a therapy
increasingly used to treat patients with primary or secondary hepatic
malignancies. To find a good compromise between therapy effective-
ness and patient safety, high accuracy internal, patient-specific dosi-
metry is needed for planning the treatment.

In the present work, we carried out a retrospective study on clinical
cases of TARE of HCC. For seven patients we set up a MC internal do-
simetry procedure exploiting the user-friendly package GAMOS
(GEANT4-based Architecture for Medicine-Oriented Simulations) in
order to estimate the absorbed dose distribution in liver and sur-
rounding organs. Particular attention was focused on lungs whose ir-
radiation originates from °°Y-microspheres delivered through pul-
monary shunt and external irradiation from liver.

2. Materials and methods

We retrospectively performed a dosimetric study of seven clinical
cases of TARE of HCC. For this type of treatment, a preliminary diag-
nostic procedure had been carried out to study the distribution of the
99Y-labelled glass microspheres in liver and the potential shunt in lungs,
by means of “™Tc macroaggregated albumin (Tc-MAA) administration
and scintigraphic imaging.

In detail, patients potentially enrolled for TARE treatment of HCC
undergo multi-phase abdominal contrast-enhanced CT, for lesion loca-
lization. Then the angio-scintigraphic procedure consists of *™Tc-MAA
administration followed by a planar (antero-posterior) whole body
imaging for lung shunt evaluation and by abdominal SPECT acquisition.

SPECT images were acquired using 120 projections (3 degrees an-
gular step), each made of 128 x 128 pixels, energy window of 15%, and
reconstructed through iterative OSEM algorithm into cubic voxels,
4.664 mm side. Philips BrightView Dual Head gamma camera equipped
with low energy, general-purpose collimators was used for planar and
SPECT acquisitions.

Since the MAA induces embolization (without hemodynamic con-
sequence) and stop in the capillaries where they are delivered, the ef-
fective decay time of that particular radiopharmaceutical coincides
with the physical decay time, as no biological clearance occurs.

In these conditions, the dose to the soft tissue target can be calcu-
lated as [23,24]:

Ag
D= 49.67-; a
where the absorbed dose, D, is in Gy, the administered activity, Ao, in
GBq and the target mass, m, in kg. Eq. (1) is based on the MIRD schema
for radiopharmaceutical dosimetry [25], assuming a homogenous ac-
tivity distribution and a complete, local energy deposition within the
target. In the treatment planning phase, the activity to be administered
was calculated by Eq. (1) to deliver a therapeutic dose of 120-140 Gy to
the target lobe, depending on the clinical state.

Concerning the Monte Carlo dosimetry, we defined a procedure in
GAMOS 5.2.0 [26], a user-friendly interface of the GEANT4 code
[27-29].

GAMOS allows using CT images in DICOM format as input to define
a geometrical, voxelized phantom reproducing patient morphology. To
this aim, GAMOS converts CT DICOM images in a logical volume.
Voxel-specific density is determined through a bi-linear relationship
with Hounsfield Units (HU), then five intervals of density identify the
different chemical compositions of materials (air: 0.0-0.1 gem ~3; lung:
0.1-0.85 gem ™ 3; adipose tissue: 0.85-0.94 gem ™ 3; soft tissue: 0.94-1.2
gem 35 bone: > 1.2 gem ™ ®). The number of materials was properly
chosen to take into account the main density inhomogeneities of the
human body in the thoraco-abdominal districts.

The voxelized phantom was placed, in the GAMOS reference system,
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according to the position information included in the DICOM file
header. This phantom includes Volumes Of Interest (VOIs) representing
organs or lesions. We registered and segmented the SPECT-CT images
using the IMALYTICS Research Workstation (Philips) [30]. The con-
touring was carried out by an experienced operator (the same for all the
patients considered in this study). The defined VOIs were: Liver, Liver
Perfused, Healthy Liver, Healthy Liver Perfused, and Lesion. Liver and
Lesion were manually segmented on contrast-enhanced CT (arterio-
graphic phase), while Liver Perfused was segmented on SPECT using a
thresholding method. Healthy Liver was then obtained by logically
subtracting Lesion from Liver, whereas Healthy Liver Perfused resulted
by logically subtracting Lesion from Liver Perfused.

As a result of the segmentation, a DICOM RTSTRUCT file was pro-
duced and passed to GAMOS for the definition of the structures in the
voxelized phantom.

Concerning the °°Y distribution, the total number of radionuclide
decays occurring in a voxel indexed by (ij,k), i.e. the Time-Integrated
Activity (TIA), can be evaluated as [31]:
A = Al )
where AJ¥ is the fraction of administered activity reaching the (i,j,k)
voxel and t is the physical decay time of the nuclide.

Due to the proportionality between activity and time-integrated activity
maps, SPECT data where used to model the radionuclide distribution, using
the generator class named GmGenerDistPositionInVoxelsFromFile.

Radiation emissions were simulated according to the RadioactiveDecay
module of GEANT4 [32], whose models are based on the Evaluated Nu-
clear Structure Data File (ENSDF) [33,34].

Concerning the physics interaction models, we adopted the para-
meterizations of the electromagnetic interactions optimized for low
energies, as implemented in the GmEMEXxtendedPhysics package [32]
which by default uses the Livermore low energy electromagnetic phy-
sics model and enables the atomic de-excitation. In order to accurately
sample the spatial distribution of energy deposition, we set a range cut
of 50 um, significantly shorter than the voxel dimension, corresponding
to an energy cut of about 15keV for electrons in soft tissue.

108 events per simulation were generated to achieve statistical un-
certainties (20) associated to the presented results below 5%. No var-
iance reduction method was used.

Many information was retrieved as output of MC simulations.
Firstly, we evaluated average absorbed doses in the VOIs and compared
the results with the ones estimated by Eq. (1).

Further, 3D absorbed dose maps were obtained scoring the energy
deposition in the whole voxelized phantom and used to build absorbed
dose profiles and absorbed Dose Volume Histograms (DVHs) in selected
VOIs.

The same distributions were evaluated also by means of a con-
volution method implemented in the software STRATOS, available on
IMALYTICS Research Workstation, and compared with the results of
MC simulations.

Through a dedicated protocol for TARE, STRATOS computes TIA
maps from SPECT and convolutes it with a pre-loaded matrix of voxel S-
factors. The influence of such factors and of time-integration methods
on dosimetric calculations was studied in a previous article, also for *°Y
therapies [35].

For one of the seven patients (patient #5), for which a whole body
CT was available, we defined two additional VOIs, Right Lung and Left
Lung, to perform MC dosimetry. This patient exhibited an attenuation
corrected lung shunt fraction of 2%, supposed equally distributed be-
tween both lungs. MC simulations considered this activity as uniformly
distributed within lung volumes; consequently, lung doses resulted
from a contribution coming from internal uptake due to pulmonary
shunt and from another contribution related to the external exposure
from liver.
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Fig. 1. (left) An axial CT slice of patient #2 showing upper liver and lungs; (right) the same slice of the GAMOS segmented phantom, where the grey levels represent
the different materials: A: air; B: lung; C: adipose tissue; D: soft tissue; E: bone.

Table 1

Average radiation absorbed doses to the structures (VOIs). Comparison between MC, Eq. (1), and STRATOS results. Relative per cent differences are reported, taking

MC results as reference.

Dwc (Gy), emmp (%), estratos (%)

Liver Liver Perfused Lesion Healthy Liver Healthy Liver
Perfused
1 29.4 136.0 150.4 8.1 83.0
-31 2.1 0.1 —14.4 -9.3
-2.8 -15 -1.6 -7.6 —6.4
2 94.2 126.2 213.3 43.0 65.4
-2.0 4.3 1.5 -0.5 0.5
3.3 4.6 5.5 6.9 7.6
3 63.3 130.3 150.0 13.3 45.2
-2.0 0.5 0.4 —20.2 -3.8
1.1 2.1 2.7 0.8 3.9
4 44.6 140.1 222.4 17.4 83.2
—-2.6 -39 6.1 —-12.8 -35
-0.8 2.8 3.9 -12.1 2.4
5 52.8 133.0 137.0 10.1 76.0
-0.7 7.8 2.8 —-16.5 —-3.2
2.5 5.2 5.8 1.8 1.2
6 49.4 117.1 173.3 24.1 61.1
—-54 11.3 -3.1 -9.7 —-8.1
—-5.7 -3.5 —-2.5 —-8.5 -5.0
7 56.3 105.3 229.2 44.3 81.4
3.9 15.6 6.8 -1.1 1.8
-1.0 3.5 -0.5 1.9 3.5
emirp range (%) (—5.4, +3.9) (-3.9, +15.6) (-3.1, +6.8) (-20.2, —0.5) (=93, +1.8)
estrATOS Tange (%) (=57, +3.3) (=3.5, +5.2) (—2.5, +5.8) (-12.1, +6.9) (—6.4, +7.6)

3. Results

In Fig. 1, the result of GAMOS conversion of CT images to a seg-
mented phantom is reported, clearly identifying five materials: air,
lung, adipose tissue, soft tissue and bone.

Table 1 reports, for all patients, the average absorbed doses to the
five liver structures and the relative per cent differences of doses from
Eq. (1) and from STRATOS with respect to MC results, indicated as
evmrp and egrratos, respectively.

For most patients, a reasonable agreement between the three ap-
proaches was found; we estimated relative per cent differences within
the ranges (—20.2%, +15.6%) for MIRD vs. MC and (—12.1%, +7.6%)
for STRATOS vs. MC, respectively. The highest relative difference be-
tween absorbed doses estimated with Eq. (1) and MC simulations can be
observed in Healthy Liver, where low values are registered.

In Table 2, masses of the considered liver structures are reported.

In Fig. 2(a), a SPECT-CT fusion image is shown with superimposed
VOI contours. The corresponding dose maps are presented in panels (b)
and (c), as obtained with MC simulations and STRATOS, respectively,
for patient #2. In Fig. 3 the DVHs of the five structures are shown as

Table 2
Mass (g) of the structures (VOIs).

Patient # Liver Liver Lesion Healthy Healthy Liver
Perfused Liver Perfused

1 1266.3 239.5 189.1 1074.4 51.1

2 2200.6 1562.6 633.3 1581.2 929.8

3 1744.4  792.3 639.1 1119.9 153.2

4 2853.0 9189 369.0 2479.4 542.5

5 2520.6  900.3 837.8 1706.2 76.3

6 2851.0 969.7 484.7  2466.2 485.0

7 2225.7 1040.6 169.7  2063.9 879.9
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Fig. 2. (a) The fusion of CT and SPECT slices with VOI contours (green: Liver; blue: Liver Perfused; yellow: Lesion) for patient #2; the corresponding absorbed dose
(Gy) map estimated with MC simulations (b) and STRATOS (c), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

evaluated with these two approaches, for patient #6. DVHs of Healthy
Liver Perfused for this patient exhibit the most relevant differences
between the two calculation methods.

Dose maps and DVHs for the other patients are reported in
Supplementary Materials.

For this patient, as a result of prescribing an average absorbed dose
of 130 Gy to the Liver Perfused, which includes both lesions and the
perfused part of the healthy liver, absorbed doses ranging from 20 to
about 400 Gy were recorded in that volume. The whole Lesion receives
at least 60-80 Gy, with about 30% of the volume absorbing more than
200 Gy. On the contrary, Healthy Liver exhibits a sharply decreasing
DVH, with about 70% of its volume receiving less than 10 Gy and a few
voxels with more than 100 Gy.

These outcomes confirm the treatment activity, decided on the basis
of the comparison of average absorbed doses with the constraints de-
rived by the clinical experience [26], i.e. Dyeaithy Liver < 60 Gy,
80 < Duyiver rert. < 150 Gy, and expecting a higher efficacy in regions
where Diesion > 200 Gy.

Finally, Fig. 4 shows the obtained dose map in the case of the only
patient for which a whole body CT was available (patient #5); in par-
ticular, we report the dose map in one transversal slice next to the
upper border of liver, where a maximum absorbed dose of about 4.5 Gy
can be assessed. Table 3 reports the contributions to lung average ab-
sorbed dose coming from self (pulmonary shunt) and cross (liver —
lung) irradiations. A mean absorbed dose to lungs of 2 Gy was esti-
mated; about 4% of this dose is due to irradiation from perfused liver.

4. Discussion

For most patients, our results reveal a fair agreement between MC
simulations and convolution calculations.

In particular, the relative per cent differences estimated for mean
absorbed doses are within the range (—20.2%, +15.6%) for MIRD
approach vs. MC simulations and within the range (—12.1%, +7.6%)
for STRATOS convolution vs. MC simulations.

Concerning the comparison MIRD approach vs. MC simulations, for
the VOI Liver an excellent agreement (—5.4% < eymrp < 3.9%) was
obtained for all patients and MIRD approach underestimates average
absorbed doses for all the patients, except for patient #7. The most
relevant differences can be observed in mean absorbed doses to the
Healthy Liver, due to long-range irradiation from gamma-rays origi-
nating from the neighbouring perfused regions.

Analysing the comparison between STRATOS software and MC si-
mulations in terms of mean absorbed doses, the agreement is very sa-
tisfying providing relative per-cent errors up to 6% for all the patients
in Liver, Liver Perfused and Lesion.
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Regarding the comparison between the DVHs obtained by the two
calculation approaches, the hollow-shaped Healthy Liver Perfused ex-
hibits a broader distribution of absorbed doses as shown in Fig. 3, at-
tributable to gamma-rays contribution. Looking to the DVHs of the
other cases provided in Supplementary Materials, the same behaviour is
found also for patients #3 and #7, while the other four cases show a
satisfactory agreement. These differences are attributable to the patient
specific shape of Healthy Liver Perfused.

The discrepancies observed in DVHs for the Healthy Liver Perfused
are not directly reflected to the mean absorbed dose. Indeed, as re-
ported in Table 1, for patients #3-6-7, the relative differences between
average absorbed doses estimated by MC simulations and STRATOS
software are within + 5% for Healthy Liver Perfused.

Our results compare well with those reported by other research
groups. Hashkin et al. [22] carried out a similar comparison using
Geant4 and a mathematical adult human phantom according to the
MIRD Pamphlet 5 [36] considering three types of tissues (bone, soft
tissue and lung). They reported relative differences up to 11% between
the two methods, MC simulations and calculations performed with Eq.
1.

Also Petitguillaume at al. [21] reported a study based on a retro-
spective analysis of 10 clinical cases and using the OEDIPE software
[37] for modelling the voxelized phantom and MCNPX code [38] for
MC simulations. Relative differences between MC simulations and Eq.
(1) of mean absorbed doses to tumour and non-tumour liver higher than
20% are reported when considering also the cross-fire effects.

As the same Authors point out, the most relevant contribution to the
internal dosimetry of TARE treatments coming from such studies is the
assessment of the absorbed dose distribution in lungs. We find that
absorbed doses up to twice the average values can be reached near the
base of right lung, i.e. in proximity to the liver/lung interface.

A further improvement of accuracy in dose evaluation might come
from a scanner-specific CT calibration. This can be achieved by means
of density-to-HU conversion function segmented by a stoichiometric
method such as the one described in [39].

However, it is to be explicitly pointed out that the limited spatial
resolution of SPECT scanners, affected both by intrinsic limitations in
gamma camera resolution and by reconstruction algorithms and filters,
leads to a blurred 3D estimation of TIA distribution. Such blurring
implies a spill-out of counts from intensely uptaking regions and a re-
versed effect of spill-in through colder areas, leading to partial volume
effects when, as in TARE treatments, a VOI segmentation is carried out.
The recovery of partial volume effect can be more effectively applied
when active volumes can be associated with morphologic volumes in
high-resolution morphologic imaging (CT), as in the case of whole
Liver. On the contrary, when an active volume is segmented from
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Fig. 4. (a) A CT slice of the segmented phantom (patient #5) showing the lungs above liver and (b) the corresponding absorbed dose map in Gy.

Table 3
Average radiation absorbed doses to the lungs of patient #5.
LEFT RIGHT
Lung shunt (%) 1.00 1.00
Dose from pulmonary shunt (Gy) 2.07 2.05
Dose from Liver Exposure (Gy) 0.0017 0.0902
Diot (Gy) 2.07 2.14

SPECT imaging, as in the case of Liver Perfused, the diffuse gradient of
uptake is further smoothed by the low resolution of scanner. For these
reasons, some Authors have questioned about the opportunity to apply
a convolution calculation approach to derive 3D dosimetry, when low-
resolution 3D TIA maps are to be used as input, supporting the thesis of
a 3D dosimetry based on Local Energy Deposition (LED) of electrons in
source voxels [24]. In this framework, MC approaches like ours, even if
biased by the same limitation of low-resolution 3D source distribution,
have — with respect to convolution methods - the advantage of correctly
propagating long-range radiations (gamma-rays) and of accurately ac-
counting for differences in tissue densities and compositions.

Finally, one has to bear in mind that a pre-therapeutic dosimetry
based on a diagnostic angio-scintigraphy with °°™Tc-MAA will differ
from the actual dose distribution delivered, in a separate and sub-
sequent interventional procedure, by °°Y-microspheres [40].

5. Conclusions

The Monte Carlo simulation of radiation transport and interaction is
the most accurate method for evaluating the radiation absorbed dose
distribution in internal radiotherapies with radionuclides, and can give
a valuable contribution in the direction of providing three-dimensional
dosimetry in nuclear medicine treatments. We developed a procedure
exploiting GAMOS and tested our method on clinical cases of TARE of
HCC, comparing our results with those obtained using other calculation
methods.

3D absorbed dose maps, absorbed dose profiles and absorbed Dose
Volume Histograms were produced, highlighting the importance of
such data, in particular at the interface between tissues of different
density and composition.

For most patients, we found a good agreement between MIRD

approach, convolution method (as implemented in the STRATOS soft-
ware) and MC simulations; some discrepancy was observed for VOIs for
which the contribution from gamma-rays has to be carefully modelled
and taken into account.

MC simulation allowed us to estimate mean absorbed dose to lungs,
which exhibits maximum values in proximity of the liver-lung interface.

We can conclude that 3D dosimetry for TARE treatments of HCC can
be satisfactorily carried out with convolution methods as long as VOIs
of regular shape are considered. MC simulations are more appropriate
for VOIs where the contribution from gamma-rays has to be carefully
taken into account. Nevertheless, the absorbed dose distribution in
presence of relevant tissue inhomogeneities can be assessed accurately
by means of MC simulations only.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ejmp.2019.07.024.
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