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Abstract Computational methods in nuclear medicine therapy can be very useful for estimating the external dose in non-routine
situations when conventional dosimeters may be inadequate or unavailable. Monte Carlo techniques provide the most accurate
approach when it comes to model complex scenarios, but they are time and machine resource consuming. In this work we explore
the alternative of using two fast and interactive deterministic codes, RESRAD-BUILD and MicroShield, primarily designed for
radiation protection purposes, to calculate the dose in small, simple accidental scenarios, and benchmarked them with two Monte
Carlo simulation tools, MCNP6 and Geant4. The absorbed dose rate in air computed by RESRAD-BUILD and compared to
MicroShield showed a mean ratio of 1.01 £ 0.04 for Lu-177 and 0.99 +0.04 in the case of a point source and within 25% for an area
source. When compared to MCNP6 and Geant4, the results revealed an overall agreement among the codes, showing a deviation
below 30% in most cases, with a few exceptions that are discussed. We also propose a preliminary approach for easy modeling of
patient’s organs to calculate the external dose from routine therapies with deterministic methods. The suitability and limitation of
these models are presented and discussed for some common applications.

1 Introduction

The integration of computational dosimetry with more advanced methods of computer simulation, artificial intelligence and computer
vision can provide new approaches to near real-time computational dosimetry [1]. These approaches rely on vision tools to track the
movements of workers, which are then integrated into computed radiation field maps. By using computational methods to calculate
the dose in air for typical accident scenarios, and reconstructing the position of the worker’s body in time and space, it is possible
to calculate the dose as the worker moves through the radiation field. The potential of this approach is that it can provide tools for
real-time dosimetry of workers, especially when conventional dosimeters—active or passive, normally used for monitoring—are
unresponsive, inadequate or simply considered uncomfortable to wear. Real-time computational dosimetry is therefore a tool that
can complement, but not necessarily replace, passive or active dosimeters.

The well-known limitation of passive dosimeters is that they do not allow the conditions and time of an acute event, such as an
accident, to be traced. Active dosemeters, on the other hand, have advantages such as direct measurement of dose, and an alarm
if a dose threshold is exceeded. However, both types of dosimeter provide the dose at a single point on the surface of the body
and are inadequate where the worker’s body is inhomogeneously or partially exposed or where the source is shielded by obstacles.
Real-time computational dosimetry has the ability to reconstruct a realistic exposure scenario that includes sources, obstacles and
person bodies, and to calculate the dose at different points on the body surface. These features are particularly important for dose
estimation in non-homogeneous exposure scenarios and can provide a more accurate dose to sensitive organs.

An early application of real-time computational dosimetry in the hospital environment was the estimation of personnel dose in
interventional radiology procedures [2] and could be extended to situations where conventional computational dosimetry has already
been well established, such as for medical rescuers treating contaminated victims during radiation emergencies [3] or for rapid dose
estimation in industrial radiation accidents [4]. In our laboratory, we are developing an application to reconstruct the external dose to
healthcare workers during accidents and near-misses in nuclear medicine departments [5, 6]. Real-time computational dosimetry is
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well suited in these cases because both interventional radiology and nuclear medicine present different scenarios of non-homogeneous
worker exposure.

One of the critical aspects of this type of approach is the time required to calculate the radiation maps. These are typically
calculated using Monte Carlo codes, which are time-consuming for both the machine and the operator. Artificial intelligence could
be used to speed up Monte Carlo dose calculations, but these techniques are not yet widely available for use or operation by everyone.
Alternatively, deterministic codes, which are faster than Monte Carlo, could be used to calculate radiation maps when it is necessary
to quickly simulate new scenarios within real-time computational dosimetry systems. We therefore calculated dose rates using two
deterministic codes, RESRAD-BUILD [7] and MicroShield (Grove Software) [8], and compared the results with Monte Carlo codes
(Geant4 and MCNP6) as benchmarks. The verification of RESRAD-BUILD with the MCNP®6 transport code is already available
for high energy gamma emitters such as Co-60 and Mn-54 [9]. Several works have also compared the MicroShield code with Monte
Carlo methods in the design and calculation of radiation shielding [10, 11]. In this work, two radioactive isotopes were considered
that are particularly relevant for their use in nuclear medicine therapy, namely I-131 and Lu-177.

In this work, the codes were tested on simplified small accident scenarios, such as the dropping of an iodine tablet (simulated
by a point source) and a liquid spill (simulated by an area source) in the absence or presence of a patient (simulated by a phantom
MIRD) without internal radioactivity. Routine therapy scenarios with a patient treated as a radiation source were also considered, as
anuclear medicine therapy accident is likely to occur in the presence of a patient. In addition, a radiation map describing an accident
should also include external exposure due to radioactivity in the patient’s body.

2 Methods and materials
2.1 Scenarios

The comparison between the codes was made considering first two simplified accident scenarios that may occur in a protected room for
nuclear medicine therapy that are the fall and the spillage of a material containing radioactivity (e.g., spillage of radiopharmaceutical
solution during administration, accidental leakage of urine from the bag, vomiting of the patient, dropping of an iodine tablet). These
scenarios were simulated as a point source (to describe the dropping of the tablet) and an area source (the spillage of a fluid) of I-131
or Lu-177, two common radionuclides used for radiopharmaceuticals in nuclear medicine. The maximum beta electron energy for
Lu-177 is about 497 keV and for I-131 about 606 keV, corresponding to an extrapolated beta range in air of about 1.3 and 1.7 m,
respectively [22].

In the second place, standard therapy scenarios, where the source is a patient’s organ with no accidental event, were simulated.
Thyroid and stomach for I-131 and stomach, liver and spleen for Lu-177 were considered, respectively, as some of the organs in
which these radionuclides are most concentrated [12, 13].

All the simulations were performed considering a 4 x 4 square meter room (walls, floor, ceiling bed and the other possible
structures in the room were not simulated).

RESRAD-BUILD and MicroShield were tested in the point source and the area source scenarios and, as a preliminary approach,
for standard therapy scenarios (i.e., considering a patient’s organ as a source). Monte Carlo codes were used as a benchmark for
deterministic codes. The reason for using two Monte Carlo codes is that both were used with restrictions to manage the computation
time. A summary of all the simulations performed is shown in Table 1.

2.2 Geant4

Geant4 [14-16] is a free object-oriented software package written in C + + for the simulation of the passage of particles through the
matter. The room was simulated as a square cube filled with air, completely voxelized with 2-cm side cubic voxels, as a compromise
between the cost of computational resources and a good granularity of dose distributions. The isotopes’ sources were located inside
both some organs of the phantom and in an external volume to simulate the different scenarios described in 2.1. The electromagnetic
physics was simulated by activating the package “G4EmPenelopePhysics,” while the radioactive decay physics was activated using

Table 1 Exposure scenarios Scenario Radionuclide Source type Organ source
considered for each radionuclide

Accidental dropping of a pill on the bed 1-131 Point -

Accidental vomiting on the bed 1-131 Area -

Standard therapy 1-131 Volume Thyroid, stomach

Accidental spillage from a syringe on the bed Lu-177 Point -

Accidental rupture of the urine bag on the floor Lu-177 Area -

Standard therapy Lu-177 Volume Stomach, spleen, liver
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“G4Radioactivation.” Once the selected isotope is set as primary particles, Geant4 internally simulates its decay using its internal
data tables. By this method the result is the cumulative dose rate from the electron and photon components; therefore, in this work
Geant4 results were used as a benchmark of the deterministic results only for distances from the source higher than the extrapolated
range of the beta decay, where the electron component is null. For I-131, beta emission was described by six maximum energies,
with the two more intense at 606 keV (89.6%) and 334 keV (7.2%), while the main peaks of the gamma spectrum considered were
364.5 keV (81.7%), 637 keV (7.1%) and 284 keV (6.1%). For Lu-177, beta emission was described by four maximum energies,
with the two more intense at 497 keV (79%) and 384 keV (9%), while the main peaks of the gamma spectrum considered were
208 keV (11%) and 113 keV (6.4%). The cuts limits were set to 0.1 mm for all the simulated particles (electron, proton, positron and
gamma). The number of primary stories was set in each scenario so as to give stable results and will be reported in figure captions.

2.3 MCNP6

MCNP6 (Monte Carlo N—Particle Transport Code System) [17] is a multi-purpose transport code that can treat different particles
as neutrons, photons, electrons, ions and other elementary particles in three-dimensional complex geometries.

In our simulations the dose was computed inside air spheres of 5 cm diameter with centers spaced 10 cm. The contribu-
tion from photons and beta electrons was calculated separately. Therefore the photon component of the dose rate (herein called
MCNP6_photons) was used for comparison with the deterministic codes, whereas the total beta electron and photon (herein called
MCNP6) was used as a comparison with Geant4. The isotopes’ decay was simulated by generating the electrons and the gamma
particles according to their energies and abundance in the isotopes’ emissions. Both the radioisotopes of interest emit photons and
beta, which were treated separately. In the case of I-131, the main 18 energy peaks of the gamma spectrum were considered, with a
calculated mean spectrum energy of 378 keV. Since a beta continuous spectrum is not acceptable in standard MCNP6 syntax, beta
emission was discretized in 44 bins, from 1 to 568 keV. The mean energy of the resulting spectrum was 177 keV. In the case of
1771y, the main photon emissions of 113 keV (6.4%) and 210 keV (11%) were considered. The beta spectrum was approximated as
a discrete source of 20 bins, from 12.5 keV to 484.7 keV with a mean energy of 133 keV. The number of primary stories was 4 x
107 for photons and 3.5ex108 for electrons. The population percent standard deviation was calculated by the code and was of the
order of (or less than) 5% for both radionuclides. This value was used as the uncertainty associated with the absorbed dose rate in
the air spheres.

2.4 RESRAD-BUILD

RESRAD-BUILD is part of the RESRAD family of codes, developed at Argonne National Laboratory [7]. The code uses pathway
analysis to evaluate radiation exposure and associated risks. RESRAD-BUILD is a deterministic code designed to model radionuclide
release and transport in indoor environments for the evaluation of the potential radiological dose and risk incurred by an individual
(human receptor) who works or lives in a contaminated building. The code enables to set building parameters (e.g., size of the room),
receptor parameters (e.g., midpoint location), source parameters (e.g., location of centroid of source, geometry and radionuclide
concentration) and provides four geometries to characterize a radiation source: point, line, area and volume, in which radionuclides
are homogeneously distributed (CAPTIONS Fig. 1). The geometry can be set as circular or rectangular for area and parallelepiped
or cylindrical for volume sources. The code has a user-friendly interface and takes up a short computational time (less than 1 min
in most of the simulations performed).

Two direct external exposure models based on the geometrical type of sources are used in RESRAD-BUILD. The model for point
and line contamination is a dose integral method. The model for area and volume sources is based on an infinite slab source, with
correction factors, estimated using the point-kernel method, to account for the geometry and finite dimensions of actual sources.

The output is expressed in terms of the effective dose. To compare the results with the other computational methods used in
this work, the effective dose rate was converted into absorbed dose in air. The orientation of the receptor has an impact on the
effective dose. Therefore, considering that in most situations the receptor is moving around and is not in a fixed position facing the
source, RESRAD-BUILD uses the external dose conversion factors from absorbed dose in air to effective dose (Sv/Gy) for rotational
orientation taken from ICRP-74 [18]. In rotational geometry, the body is irradiated by a parallel beam from a direction orthogonal
to the long axis of the body, which rotates at a uniform rate around the long axis. Even if a more recent ICRP Publication, ICRP-116
[19] has updated these factors, in the range of gamma energies emitted by Lu-177 and I-131 the differences between ICRP-116 and
ICRP-74 are generally less than 1%. Therefore, RESRAD-BUILD effective dose was converted into absorbed dose in air by using
ICRP-116 dose conversion factors. We assumed a mean yield-weighted energy of 173 keV for Lu-177 photons, corresponding to a
conversion factor of 0.81 and an energy of 364 keV for I-131 photons, corresponding to a conversion factor of 0.86.

2.5 MicroShield
MicroShield is a commercial software from Grove Engineering, Inc. [8], for photon/gamma ray shielding and dose assessment. It

is widely used for designing shields, estimating source strength from radiation measurements and minimizing exposure to people.
MicroShield is fully interactive, allowing the definition of geometry and source in a simple interface (Fig. 2). It uses the point-kernel
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Fig. 1 Geometry of the room (4 m side) used for RESRAD-BUILD simulations. The area (left) and volume (right) sources are shown. Three receptors at
0.5, 1 and 1.5 m from the source center are also shown

Fig. 2 Example of a geometry for
a circular area source (left) and a
parallelepiped volume source with y

a shield of water material (right) Y

used in MicroShield, indicating ‘

the reference axis used for the ¢

simulations. The orange circles in pA .

the figure on the right indicate the 7 Ny X
7 X

calculation points

method for assessing the absorbed dose in air for each radionuclide, taken from different radionuclide transformation databases
including the ICRP-107, which is the one used in calculations [20]. The photon energies have been grouped in 20 bin intervals, with
main energies of 208 keV (11%) and 113 keV (6.4%) for Lu-177, and 400 keV (82%) and 600 keV (7.4%) for I-131.

In this work MicroShield was used to simulate small accident scenarios and test standard therapy scenarios simulations as a
second deterministic code. The dose in air computations was carried out in the same geometries and at the same locations as those
used for the RESRAD-BUILD code.

2.6 Patient and organ simulation

When using Monte Carlo codes, the patient is simulated with the Medical Internal Radiation Dose (MIRD) Committee phantom,
which is a heterogeneous mathematical representation of the human body.

In this work we used the male adult model centered within a parallelepiped of air with the dimensions of the room. For Geant4,
the MIRD phantom was based on the ‘human-phantom’ of the Geant4 advanced examples. The materials of the different organs
simulated in the MIRD phantom were “G4_TISSUE_SOFT_ICRP,” “G4_BONE_COMPACT_ICRU” and “G4_LUNG_ICRP” with
the given densities except for the lung material for which 0.386 g/cm> was used. In MCNP6, the MIRD anthropomorphic male
model is a part of the given standard libraries.

With RESRAD-BUILD and MicroShield, the patient’s organs as sources of gamma radiation were simulated by simple paral-
lelepiped volume sources of Lu-177 or I-131 to model thyroid, spleen, stomach and liver (CAPTIONS Figs. 1 and 2). Between each
source and the human receptor, a shield of water was placed to emulate the tissues surrounding the organs. All the parallelepiped
sizes and shield thicknesses were chosen to match organ dimensions and location in the MIRD phantom as much as possible.

A counterclockwise reference system was used in all codes. Where the phantom is present, this reference system is centered in
the phantom with the Z-axis as the phantom central axis extending from the feet to the head, as shown in Fig. 3. The same reference
system was used for the simulations of the area source without the phantom, but in these cases centered in the area source (Figs. 1
and 2).

A summary of the main parameters used in this paper for the four codes is given in Table 2.
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Fig. 3 Front (left part of the
figure) and top (right part) view of
the male MIRD phantom with the
spill of water as a source. The
neck and the outer layers of the
head and trunk are not shown. The
counterclockwise reference
system used in this paper is shown

Y

Table 2 Main parameters used for Software Output dose quantity ~ Dose target Organ simulation
the four codes in this paper

Geant4 Air kerma 2-cm side cubic voxels MIRD phantom based on the
human phantom of Geant4
advanced examples

MCNP6 Air kerma 5-cm-diameter spherical voxels =~ MIRD anthropomorphic male
model
RESRAD-BUILD  Effective dose Midpoint of receptor Simple geometric sources

(point, rectangular or circular
area, parallelepiped or
cylindrical volume)

MicroShield Absorbed dose in air ~ Point in air Simple geometric sources
(point, rectangular or circular
area, parallelepiped or
cylindrical volume)

2.7 Reported dose quantities and associated uncertainties

Regardless of the output dose quantities of the codes, the results will be given in terms of absorbed dose rate in air per unit of activity
(WGy/h/GBq), as a function of the radial distance, r, from the center of the source (unless otherwise stated in the text). In the text
we will use the short-term “dose rate” to refer to this quantity and we will use D(r).

The comparison between D(r) computed by the different codes will be discussed as dose rate ratios. For example with respect
to MCNP6, the dose rate ratio, DRR(r), was calculated using the following expression:

DRR(r) = _Deode(r) (1)

Dyienps(7)

The uncertainty in DRR(7), u, will be calculated by the propagation rule:

u?>(DRR(r)) =

u(Dcodel(r)) ? + u(DcodeZ(r)) )2 (Dcodel(r))2 )

Dcodel (r) DcodeZ (r) DcodeZ (r)

The uncertainty in the MCNP®6 dose rate, u(DMc NP6 (r)), was 5% of the dose rate, as explained in 2.3. For Geant4, the number
of primary histories was chosen to give stable results for most scenarios. In cases where the scatter of the data was high (e.g., when
the phantom body caused radiation absorption), the standard deviation calculated from ten adjacent points was used to represent the
uncertainty associated with the dose rate. No uncertainty was associated with the deterministic RESRAD-BUILD and MicroShield
codes.
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Fig. 4 Profile of dose rate as a function of the distance from the point source for Lu-177 (left) and I-131 (right)

Table 3 Comparison of dose rate in the point source geometry for Lu-177 and I-131 at different distances from the source, calculated by Geant4, MCNP6.
RESRAD-BUILD and MicroShield

Lu-177 1-131

025m 055m 10m 1.7m 20m 25m 30m 35m 025m 055m 10m 1.7m 20m 25m 3.0m 35m

Code Air dose rate [1Gy/h/GBq]

Geant4 87,464 12,079 196 2 14 0.8 0.5 0.4 161,026 17,140 1172 265 140 84 59 43
MCNP6 88,857 15,508 359 1.3 095 06 0.4 0.3 220,667 25,171 2477 102 12 7.8 54 4.0
MCNP6_photons48.0 14.7 3.8 1.3 095 0.6 0.4 0.3 843 187 51 18 12 7.8 54 4.0
Resrad Build 53.7 16.9 43 1.5 1.1 0.7 0.5 0.4 843 174 532 189 137 9.0 6.4 4.9
MicroShield 54.5 18 43 1.5 1.1 0.7 0.5 0.4 885 183 553 192 139 9.0 6.2 4.5
3 Results

The results of the dose rate, obtained by the four codes, will be here described for the three scenarios introduced above: point source,
area source and organ source. A comparative analysis of the results will be discussed later in Sect. 4.

3.1 Point sources

The values of the dose rate as a function of the distance from the point source were computed for Lu-177 and I-131 radionuclides
(Fig. 4). For I-131, the dose rate was also calculated by using the equation given in IAEA1162 [21]. Since the differences between
the dose profiles are not evident in the graph, for easier reading of data, we report in Table 3 the dose rate obtained at eight specific
distances from the source (from 0.3 m to 3.5 m).

The curves of the deterministic methods complied with the inverse square distance law. From Table 3, the maximum deviation
between RESRAD-BUILD and MicroShield was 5% regardless of the distance from the source, whereas the average deviation with
MCNP6_photons was 6% (with a maximum deviation of 20%). The agreement between Geant4 and the results of the deterministic
codes for distances greater than the extrapolated electron range from beta decays was within+ 10% (see Sect. 4 for discussion).

For distances close to the source, the dose rate calculated by Geant4 and MCNP6 is affected by the beta electron contribution.
Although the beta contribution is not taken into account in the calculation with RESRAD-BUILD and MicroShield, it is here reported
for completeness. The electron component of the dose rate is zeroed at a distance from the source of about 1.5 and 2.0 m for Lu-177
and I-131, respectively. This is close to the extrapolated range of betas for the maximum electron energy of about 497 keV (Lu-177)
and 606 keV (I-131) [22]. In the curves by MCNP6 the electron component is zeroed at distances longer than Geant4. However, it
is beyond the scope of the present work to investigate such a discrepancy.

3.2 Area sources (spill)
A spill of organic fluid (e.g., vomit, urine, blood) was simulated as an area disc-shaped source of water of 25 cm in diameter and

4 mm thick, positioned in the x—z plane of the reference system with the y-axis as the normal axis, perpendicular to the plane of the
source and passing through its center as shown in Fig. 2.
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Fig. 5 Profile of the dose rate as a function of the distance from the center of the area source (spill of water) along the x-axis for Lu-177 (left) and I-131
(right). The dose rate was calculated along the x-axis at a fixed y-coordinate value of 10 cm

Table 4 Dose rate generated by the area source for Lu-177 and I-131

Lu-177 1-131

0.25m 0.55 m 0.65 m 1.I15m 1.5m 0.25m 0.55 m 0.65 m 1.15m 1.5m
Code Air dose rate (WGy/h/GBq)
Geant4 5543 3374 143 4.08 1.72 10,058 1024.6 575.7 52.9 21.2
MCNP6 3617 296 132 3.7 - 6790 810 448 -
MCNP6_photons 54 11.2 7.8 2.2 - 749 158 110 33 -
RESRAD-BUILD 60.7 10.9 7.78 2.5 1.46 714 168 126 37.2 21
MicroShield 64 14.1 10.1 33 1.9 826 195 146 43.3 24.6

The dose rate was calculated along the x-axis with a fixed y-coordinate value of 10 cm. Distances are calculated from the y-axis passing through the center
of the source

Table 5 Dose rate generated by the area source at five distances from the midpoint of the patient, for Lu-177 and I-131

Lu-177 1-131

0.25m 0.45 m 0.65 m 1.05m 1.55m 0.25m 0.45m 0.65 m 1.05m 1.55m
Code Air dose rate (WGy/h/GBq)
MCNP6 112.3 21.3 55 14 0.7 82.7 43.6 14.6 1.8 1.3
Geant4 145 28.7 7.3 1.7 0.9 113 62.9 21.5 44 24

The dose rate was calculated with Geant4 and MCNP6 along a line parallel to the x-axis and 0.1 m above the plane of the source, with the phantom placed
between the source and the measurement point

The dose rate was calculated along the positive values of the x-axis with a fixed y-coordinate value of 10 cm (i.e., on a plane
placed 10 cm above the plane of the source) (Fig. 5, left Lu-177, right I-131).

Table 4 shows the data for specific distances along x-axis (between 0.25 and 1.75 m).

In Fig. 5, the data appear to be divided into two groups, with the MCNP6 and Geant4 codes showing higher dose rate values
than the deterministic dose rates, because of the contribution of electrons. The deterministic dose rate values are comparable to the
results obtained by the MCNPG6 code using only the photon energy spectrum (MCNP6_photons, in Fig. 5).

[-131 is known to induce nausea and vomiting in patients [23]. We then simulated a scenario with the area source on the bed, next
to the patient. The scenario included the patient (with no radioactivity in the body) between the source and the measurement point to
evaluate the difference in DRR due to radiation absorption or scattering from the patient’s body (Fig. 6, Table 5). For this purpose,
the same simulation of Fig. 5 was carried out for I-131 in the presence of a MIRD phantom, with the reference system centered
in the phantom. The geometric center of the area source was placed 0.4 m from the phantom center along the x-axis (Fig. 3). The
source was placed 0.1 m below the patient’s midplane (along the y-axis), and the simulation was carried out along the x-axis passing
through the patient’s midplane.

The computed dose rates by Geant4 and MCNP6 for 1-131 are shown in Fig. 6b. The sub-figure on the left shows the dose
distribution in the x—z plane computed by Geant 4 for a view of the patient from the back, so that the spill image appears on the
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right, in contrast to Fig. 3 where the patient was shown from the front. The sub-figure on the right shows the dose rate profiles.
The dose rate at positive distances along x-axis is that already shown in Fig. 5, while the dose rate at negative distances is that
affected by absorption by the patient’s body. We then simulated a similar scenario for Lu-177, this time placing the spill with the
same size, 0.4 m from the phantom center along the x-axis and 0.7 m below the patient’s midplane (along the y-axis), to reproduce
the accidental rupture of a urine bag on the floor, as shown in Fig. 6a, subfigure on the left. The effect of the absorbance from the
phantom on the dose distribution can be appreciated by computing the dose rate on a line cutting the patient’s midplane, that is 0.7 m
above the spill. However, to investigate dose rate values at the same distance from the source along the y-axis as for I-131, values
on a line 0.1 m above the spill have also been computed. The curves are shown in Fig. 6a.

On the negative abscissa in Fig. 6, and especially at distances greater than about 1 m, Geant4 shows a larger scatter than the
results obtained on the side of the spill. This is due to the presence of the phantom, which renders the number of Geant4 simulated
events insufficient at those distances from the source.

3.3 Organ sources

The third scenario involves the radionuclides being uniformly distributed in the organ of interest, using the MIRD phantom as
the patient in Monte Carlo simulations. The organs considered are spleen, stomach and liver for Lu-177 and stomach and thyroid
for I-131. Since the human body with deterministic codes can be modeled only by oversimplified geometries, this test has to be
considered as a preliminary step to investigate this approach that we carried out only with RESRAD-BUILD. Figures 7 and 8 show
the dose rate distributions for Lu-17 and I-131, respectively. The sub-figures on the left show a planar cross section of the volumetric
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dose rate calculated with Geant4 and, as in the area source scenario, with a view of the patient from the back. The cross section was
calculated at the level of the patient’s center plane that is 0.7 m and 0.1 m above the source plane, for Lu-177 andI-131, respectively.
The sub-figures on the right show the dose rate results of Geant4, MCNP6, RESRAD-BUILD and MicroShield, calculated along a
line parallel to the x-axis, cutting the planar section along the highest dose value; the dose rate distribution curves are centered in the
patient’s axis center. For the sake of clarity, Tables 6 and 7 indicate the dose rate values for various distances from the patient, taken
from the side where the organ is located (i.e., negative x-coordinates side for thyroid, stomach and spleen, positive x-coordinates
side for liver).

All 2D dose rate distributions from Geant4 (Figs. 7 and 8, left) show areas where no dose was calculated; these areas are generally
due to the phantom shield effect. To avoid this effect, it would be necessary to simulate a much larger number of primary events
(or to consider larger voxels), requiring much greater computational resources, especially in terms of computing time. The figures
on the right show the results obtained with Geant4 also inside the phantom. The 2 cm side of the voxels enables to appreciate the
increase in the dose rate in areas close to the source.

4 Discussion
4.1 Analysis of the results of MCNP6 and Geant4

Before comparing the results of the Monte Carlo and the deterministic methods, we analyzed the dose rate calculated by Geant4
and by MCNP®6 in the scenarios of point, area and organ sources.

For the point and the area sources, the electron component is the relevant contribution to dose rate when the distances are shorter
than the extrapolated range of beta electrons. In this range, the calculated dose rate is higher for MCNP6 than for Geant4. Figure 9
shows DRR(r) of the Geant4 dose rate to the MCNP6 dose rate for the area source (data from Table 4). The error bars represent
the combined uncertainty with coverage factor k = 1 [24]. In the graphs of Fig. 9, the Geant4 to MCNP6 DRR(r) was found to be
between —17% and + 20%. The deviations of six out of eight points were within the combined uncertainty.

A general agreement within the combined uncertainty can be observed between the results of the two Monte Carlo simulations
considering the MIRD phantom organs as sources (Fig. 10). Three distances from the center of the patient were considered, taken
from the side where the organ is located in the body. As already mentioned, Geant4 statistics were found to be insufficient for
high particle absorption, i.e., in the presence of higher body shielding. In addition, since Geant4 uses voxels of approximately 8
times smaller volume, chosen to obtain a higher-resolution image at higher dose rates, the scatter of the values is more pronounced
in Geant4 simulations than in MCNP6. However, the agreement between MCNP6 and Geant4 is confirmed when the statistics in
Geant4 are sufficiently high. This is the case of the water spill and the organ sources such as the spleen of Lu-177, Fig. 7a, and the
thyroid and stomach simulation of I-131, Fig. 8.

It should be noted that Monte Carlo codes were used in this work as benchmarks of the deterministic codes and a comparison
of the performances of Geant4 and MCNP6 codes was beyond the scope of the paper. Two Monte Carlo codes were chosen to
complement each other in the different scenarios, as both were used with limitations in this work. For example, it was decided to use
Geant4 with a high voxelization performed for the mixed electron and photon field. On the other hand, MCNP6 was more stable,
but the measurement volume was larger. The electron and photon components were treated separately. The above but, for reasons of
computational time, with a number of histories which, in a few cases, did not give a stable response. Furthermore, Geant4 was only
analysis of the Monte Carlo codes was then finalized to exclude significant systematic biases generated by the chosen computational
models and to decide under which conditions to use one or the other code to verify the results of the deterministic codes.

4.2 Analysis of the results of the deterministic codes against Monte Carlo codes

In the point-source model (Fig. 4 and Table 3), the mean value of the DRR(r) determined by RESRAD-BUILD to MicroShield for
distances from 0.25 m to 3.5 m was 1.01 £0.04 for Lu-177 and 0.99 +0.04 for I-131. The mean value of DRR(r) determined by
RESRAD-BUILD to MCNP6_photons was higher than 1; in particular, it was 1.1940.06 for Lu-177 and 1.09 £0.07 for I-131;
similarly, the DRR(r) of MicroShield to MCNP6_photons was 1.174+0.03 for Lu-177 and 1.10+0.04 for I-131. The dose rate
values calculated by Geant4 for distances shorter than 0.5 m were about three orders of magnitude higher than those calculated by
the deterministic codes, and then dropped to similar values at distances of 1.5 to 2 m, as expected because the deterministic codes
are only sensitive to the photonic fraction.

For the area source, Fig. 11 shows the DRR(r) of RESRAD-BUILD and MicroShield to MCNP6_photons for Lu-177 (left) and
1-131 (right). The mean values between 0.25 m and 1.15 m of DRR(r) values were: 1.13+0.17 (Lu-177) and 1.024+0.14 (I-131)
for MicroShield to MCNP6_photons and 0.90£0.07 (Lu-177) and 0.88 £0.12 (I-131) for RESRAD-BUILD to MCNP6_photons.
It is to be noted that MicroShield results regarding Lu-177 isotope are systematically higher (within 23%) than those computed
by RESRAD-BUILD and MCNP6_photons. Similar results are reported in literature [10, 25] and are probably due to the methods
MicroShield uses to compute attenuation and build-up factors in air. The differences between the deterministic codes could also be
due to additional aspects, including: the RESRAD-BUILD approximations for the radionuclide’s energy spectrum; the interpolation
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Fig. 7 Dose rate distribution on the x-z plane (left) computed by Geant4 and dose rate profile along the x-axis (right) for Lu-177 computed by Geant4,
MCNP6_photons, RESRAD-BUILD and MicroShield for three organs as a source of Lu-177: a spleen (Geant4 used 21,080 Mega primary particles);
b stomach (3000 Mega primary particles); ¢ liver (2000 Mega primary particles). The section of the dose distribution on the left was calculated at the patient’s
center plane. For the dose rate profiles on the right, the distances along the x-axis are taken from the patient’s axis center. The rectangular shape in the dose
distributions (left) is due to a computational artifact at the border between the box containing the phantom and the outer space
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Fig. 9 Geant4 dose rate to MCNPG6 dose rate ratio with distance along the x-axis from the center of the area source, for Lu-177 a and I-131 b. The error bar

represents the combined uncertainty with coverage factor k = 1

of point-kernel results for dose estimate in RESRAD-BUILD against the direct application of a traditional point-kernel method as
in MicroShield; and the usage of conversion factors from effective dose to air dose in RESRAD-BUILD, whose uncertainty and
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Fig. 11 Ratio of RESRAD-BUILD and MicroShield dose rate to MCNP6_photons dose rate, as a distance from the area source center, for Lu-177 (left) and
1-131 (right). The error bar is the combined uncertainty. The ratio of the RESRAD-BUILD to MicroShield dose rate is also shown

value depend on the energy (uncertainty from 2.5% to 15% for energy less 30 keV). It is worth to note that the conversion factors
are calculated for monoenergetic energy value; for broad spectrum energy, they should be calculated by integration over the whole
spectrum, and in presence of mixed electron and photon radiation field, they should be calculated adding the respective single
contributions [18].

Finally, in Fig. 12 we discuss the comparison between the DRR(r) of RESRAD-BUILD to MCNP6_photons with the organs
of the MIRD phantom as sources, considering three distances from the patient’s center, taken from the side where the organ is
located in the body (the data are shown in Figs. 7 and 8 and Table 6, 7). The deviations, averaged over organs and distance (Fig. 12),
between RESRAD-BUILD and MCNP6_photons were 1.3 +0.22 for Lu-177 and 0.89 +0.25 for I-131. This can be assumed as
an acceptable value considering the simplification of the organs carried out in RESRAD-BUILD, where the organs were simulated
as parallelepipeds surrounded by other simple geometries of watery materials to reconstruct the lateral dimensions of the MIRD
phantom. For the liver, the deviations between RESRAD-BUILD and MCNP6_photons dose rate were about 60%, probably due to
the complexity of the organ geometry, not easily to be modeled with the regular shapes allowed by the code. The dose rate from the
thyroid shows a tendency to decrease more rapidly, especially at longer distances. This is an unexpected result because the thyroid
is a relatively easy organ to simulate even with simplified geometries such as those of RESRAD-BUILD, the shielding effect of the
body (actually the neck) is small. This could be probably due to a change in the area factors used by RESRAD-BUILD to compute
the dose for finite sources as distance grows, due to the small thickness of the thyroid. An improvement would be a more refined
description of the volume sources, leading to a more accurate description of the geometry of the organ. When looking at the results
by MicroShield, the mean value over organs and distance of MicroShield to MCNP6_photons DRR (r) was 1.6040.13 for Lu-177
and 1.34+£0.13 for I-131, confirming the systematic deviation of about 30% between RESRAD-BUILD and MicroShield.

On the opposite side of the organ in MIRD phantom in Fig. 7a and ¢, corresponding to the spleen and liver scenarios at Lu-177,
the dose rate is significantly larger for RESRAD-BUILD than for MCNP6, probably for the limits of RESRAD-BUILD to reproduce
the absorption of the body around organs centered further from the patient’s axis.
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Table 6 Comparison dose rate 0.55m 1.05 m 1.55m

data for three Lu-177 organ

sources: spleen, liver and stomach Spleen  Stomach  Liver Spleen  Stomach Liver Spleen Stomach  Liver
Code Air dose rate (WGy/h/GBq)
MCNP6 15.8 13.9 13.1 3.6 3.1 3.1 1.5 1.4 1.3
Geant4 17 12.5 12.1 4 32 2.7 1.7 1.1 1.1
RESRAD-BUILD  20.7 19.1 21.8 43 4 5 1.6 1.6 2.1
MicroShield 21.8 20.3 22.5 5.4 5.2 52 2.4 23 23

Table 7 Comparison dose rate 0.25m 0.55m 1.05m 1.55m

data for two I-131 organ sources:

thyroid and stomach Thyroid Stomach Thyroid Stomach Thyroid Stomach Thyroid
Code Air dose rate (WGy/h/GBgq)
MCNP6 679 146.7 146 31.7 41.1 14.7 19
Geant4 767 165.8 133.2 40.6 38.4 13.5 21.4
RESRAD-BUILD 729 162.9 118.8 30.4 29.1 16.3 8.4
MicroShield 881 200 181 49.2 50 21.6 23

5 Conclusions

New opportunities for real-time dosimetry for workers are offered by advanced computational dosimetry and computer vision
methods, especially when conventional dosimetry is inadequate.

The accurate approaches based on Monte Carlo techniques are demanding on computing time and difficult to use for non-experts.
The faster although less accurate deterministic methods might be an alternative when radiation maps need to be created in a short
time, for instance in the occurrence of small accidents in nuclear medicine therapy rooms, as the ones described in the present work.

By using Monte Carlo simulation as benchmark, we analyzed the results of two deterministic codes (RESRAD-BUILD and
MicroShield) in scenarios of small accidents likely to occur in nuclear medicine therapy rooms with Lu-177 and I-131 radionuclides.
In all scenarios, the maximum deviation of the dose rate between the deterministic codes was within 4% for the point source and
within 25% for the area source and within &= 15% when compared to the Monte Carlo codes. Considering that the scope is to estimate
the external dose to workers in accidental situations, an uncertainty of this order is acceptable and comparable to the uncertainty in
conventional personal dosimetry. It is interesting to note that the simplified simulation of the organs carried out by RESRAD-BUILD
was in sufficient agreement (within 40%) with the more refined Monte Carlo simulations performed with the MIRD phantom.
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There is clearly room for improvement in simulation by the deterministic codes, as highlighted in the paper. The study could
be improved by increasing the number of histories in the Monte Carlo computations and by making the geometry of the volume
sources more refined in the deterministic codes.
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