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Abstract: The objective of this study was
to evaluate the uncertainties due to the
displacement of the occupationally exposed
individual (IOE) in a full-body counter using
the MCNP6 Monte Carlo code. The whole
body counter (CCI) of an in-house dosimetry
laboratory was modeled in MCNP6. The adult
male ICRP reference phantom (RCP_AM)
was positioned within the CCI at sixteen
different positions along the longitudinal
axis of the model at 5 cm intervals. The
detection efficiency was evaluated at each
position for monoenergetic photons of 100,
300, 500, 1,000, 1,500 and 2,500 keV. Two
biodistribution configurations were simulated:
source uniformly distributed in the soft
tissues or lungs of the RCP_AM. In each case,
the position with the highest efficiency was
considered a reference for in vivo monitoring,
and the error of the other positions in relation
to the reference was calculated. Greater
efficiency was found in the center of the
abdomen in the lumbar spine region (P11)
for soft tissue sources. Shifts of up to 10 cm
from the RMP resulted in differences of less
than 2.5% for all energies tested, except for
2500 keV, where the differences were less than
5%. In cases with a source in the lungs, IOE
positioning errors were greater. Errors of less
than 5% were observed only in the 5 cm band
around the monitoring reference position,
which was located over the sternum (P5),
except for 100 keV photons, for which errors
reached 6%. It was possible to conclude that
errors due to displacement in the longitudinal
axis will depend on biodistribution and must
be greater when the activity is concentrated
in a specific organ. Other biodistributions
must be studied in the future, as well as errors
arising from displacements of transverse axes.
Keywords: Internal Dosimetry; Incorporation;
Full Body Counter; Monitoring uncertainties.

INTRODUCTION

Internal dosimetry makes it possible to
calculate doses in occupationally exposed
individuals (IOE), individuals in the general
population and even in other living beings,
due to the incorporation of radioactive
materials (ICRP, 2015; Li, 2018; Paquet, 2022;
Paquet et al., 2016).

An important step in calculating the
compromised absorbed doses in the organs
and the compromised effective dose is the
determination of the activity incorporated
by the individual through bioassays. Indirect
(or in vitro) methods can be used to estimate
incorporated activity. The vast majority of these
methods consist of determining the activity
excreted in urine or feces and the subsequent
correlation between the amount excreted and
the amount incorporated. Another alternative
is to use direct methods (or in vivo counting).
In these cases, detectors (usually scintillators
or semiconductors) are positioned to quantify
and qualify photon emissions originating
directly from the human body or from
specific organs such as the thyroid, liver and
lungs (Breustedt, Giussani and Nofike, 2018;
Desorgher et al., 2022; Paquet, 2022).

In vivo counting procedures, in general,
are quick and convenient and have good
accuracy for estimating the activity present
in the body at the time of monitoring (ICRP,
2015). However, they can only be applied
in cases of contamination by radionuclides
that emit radiation that passes through the
body and interacts with the detector, such as:
gamma rays, X-rays and annihilation photons
(Desorgher et al., 2022; ICRP, 2015).

The main uncertainties in
measurements are associated with count
statistics, Type A, and Type B uncertainties.
The latter are mainly related to the anatomical
variations in the shape and size of the
human body, the variation in radioisotope
biodistribution, the level of background, and
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the positioning of the detector in relation to
the body (Bouville, 2009; Breustedt, Giussani
and Nof3ke, 2018; Desorgher et al., 2022).
Previous work has already evaluated
several of these sources of uncertainty in in
vivo monitoring systems (Bouville, 2009;
Desorgher et al., 2022; Fonseca et al., 2014;
Mendes et al., 2016; Zhang, Mille, and Xu,
2008). This work proposes to evaluate the
uncertainties arising from the displacement
of the longitudinal axis of the occupationally
exposed individual (IOE) in a bed-type
full-body counter installed in the Internal
Dosimetry Laboratory of a Brazilian Nuclear
Institute. As this type of CCI is commonly
used for in vivo measurements, the results of
this study may be useful to other laboratories.

MATERIALS AND METHODS

The Whole Body Counter (Figure 1A) of
the CDTN Internal Dosimetry Laboratory
was modeled on the MCNP6.1 code (Goorley
etal,, 2013). The simulated CCI geometry was
developed and validated for local background
simulations in previous work and can be seen
in Figure 1B (Pacheco, 2023). In this study,
the ICRP reference male phantom, RCP_AM,
(ICRP, 2009) was simulated in the supine
position inside the CCI and the counting
efficiency was evaluated at 16 different points,
in the longitudinal axis, spaced every 5 cm
(Figure 1C).

The chemical composition and tissue
density of RCP-AM were defined according
to ICRP Publication 110 (ICRP, 2009). In
the case of the CCI structures, including the
lead shields and the 8”x4” Nal(Tl) detector,
information on composition and density can
be found in the work of Pacheco (2023) and
in the Compendium of Material Composition
Data for Radiation Transport Modeling
(Pacheco, 2023; PNNL, 2021).

Two types of source distribution
were modeled to emulate radioisotopes

incorporated into the body: i) source
uniformly distributed in the soft tissues
of the RCP_AM; and ii) source uniformly
distributed in the lungs. This choice of
biodistributions reflects two contamination
conditions commonly evaluated in in vivo
systems. Positions P1 to P11 were evaluated
for the source distributed in the lungs and
positions P5 to P16 for the source distributed
in soft tissues. Monoenergetic photons of
100 keV, 300 keV, 500 keV, 1000 keV, 1500
keV and 2500 keV were simulated in the
two biodistribution configurations and for
each of the defined positions. A total of 138
cases were executed. This way, it was possible
to evaluate the counting efficiency as a
function of energy for different positions of
the phantom, considering the two proposed
biodistributions.

Secondary particle transport was taken
into account with Mode P E. The MCNP6.1
standard libraries for photon and electron
transport were used (mcplib84 and el03,
respectively). Likewise, the energy thresholds
(cutoffs) for radiation transport used were
also the code standards (1 keV) for photons
and electrons.

The FO8:p tally was used to evaluate the
energy distribution of photon pulses occurring
in the sensitive volume of the Nal(Tl) detector.
The pulses were counted in 1,024 energy bands,
incremented by 3 keV (e08 0 1e-5 0.003 1022i
3.072). This increase was used to emulate the
configuration used in the NalI(TL) detector of
the in vivo system used in practice, which has
1024 channels. The counting efficiency was
calculated from the number of pulses counted
in the channel corresponding to the energy
of the photons simulated at the case source,
per photon emitted at the source. For example
for a 100 keV photon source, the number of
pulses in bin #33 (99 keV to 102 KeV) per
emitted photon was considered.

The number of stories of photons emitted
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Figure 1: (A) LDI/CDTN whole body counter (CCI). (B) Image of the Vised® software showing the

CCI simulation implemented in the MCNP6 Code. (C) Image adapted from the MCNP plot mode

demonstrating the range of positions, in the longitudinal axis of the CCI, in which the RCP_AM phantom
was simulated to evaluate the efficiency.




at the source that were followed (NPS) was
2.0E6 for cases with sources in the lungs and
1.0E7 for cases with the source distributed
in soft tissues. Relative errors of less than 2%
were expected for these NPS.

At the end of the simulations, the point of
maximum efficiency for each biodistribution
was considered the Reference Position for
Monitoring (PRM = 0 cm) and the efficiency
values as a function of energy at these points
were plotted on graphs considering the two
types of biodistribution. Graphs of efficiency
versus PRM distance and error in relation
to maximum efficiency points were plotted.
The error in relation to the reference point
for monitoring was calculated according to
Equation 1, below:

Error = [(Efp; — Efpgu)/Efpru] - 100 (1)

where, Ef, is the efficiency at point Pj,
which ranged from P, to P for the lung
source and P5 to P16 for the soft tissue source;
and EfPRM is the efficiency at the reference
point for monitoring, PRM, obtained for each
type of biodistribution.

The PRMs for each type of biodistribution
were plotted on a representative figure of
the in vivo system studied to help position
the IOE in the future. From these points,
error ranges smaller than 5% and 10% due
to the positioning of the IOE, represented by
the RCP_AM phantom in this study, were
estimated and represented in the figures.

RESULTS AND DISCUSSIONS

LDI CCI simulations were run. The
computational time (CT) of each simulation
with the source in soft tissues ranged from 288
min to 1855 min, using only one processor
core. In cases of source in the lung, the
CT ranged from 105 min to 448 min. This
difference was mainly due to the higher NPS
used in cases with the source in soft tissues. The

computational effort increased proportionally
to the photon energy in both types of source
distribution. Relative errors (RE) were less
than 1.5% in all results. In soft tissue source
simulations, the average ER was 0.6% and, for
the lung source, 1.0% considering all points
and all simulated energies.

The points at which the highest efficiencies
observed, considering the source
distributed in the soft tissues and lungs, were
P, and P, respectively. In simulations with
the source in soft tissues, the highest efficiency
was 4.11E-03 pulses/photon observed for 300
keV photons, as shown in Figure 2A.

With the source distributed in the lung, the
highest efficiency was 8.21E-03 pulses/photon,
also for an energy of 300 keV (Figure 2B).
Experimental and computational studies have
demonstrated that the maximum counting
efficiency for Nal(T1), 8"x4” used in in vivo
monitoring systems is observed in the range
of 300 keV (Ferreira et al., 2023; Paiva et al.,
2016 ; Santos, 2012). The counting efficiencies
for the source distributed in the lungs were
1.8 to 2.0 times higher than the efficiencies
obtained for the source distributed in the soft
tissues for energies of 2500 keV and 300 keV
respectively.

The efficiency curves as a function of
distance from the PRM were obtained for the
source distributed in the soft tissues (Figure
3A) and showed a flatter profile than the
curves obtained for the source distributed in
the lungs (Figure 3C). This fact was expected,
since the source is concentrated in a smaller
volume when distributed in the lungs.

Likewise, a steeper drop in efficiency is
expected as the detector moves away from the
point of highest efficiency, as seen in Figures
3A and 3C.

The flatter profile of the efficiency curves as
a function of displacement in the longitudinal
axis was reflected in a zone of 29 cm with
positioning errors smaller than 5% and 45
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Figure 2: Maximum detection efficiency as a function of energy obtained for simulations of uniformly
distributed sources in soft tissues (A) and lung (B). In the case of soft tissues, the maximum values were
obtained at point P11. Point P5 showed greater efficiency considering the source in the lungs
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Figure 3: Detection efficiencies as a function of the position of the RCP_AM model within the CCI for
various photon energies obtained in simulations of uniformly distributed sources in soft tissue (A) and
lung (C). Graphs of efficiency differences as a function of distance from the estimated PRM for simulated
sources in soft tissues (B) and lungs (D) were also included. The blue arrows indicate the area whose
positioning errors in the longitudinal axis are less than 5% and the green arrows indicate the area with

errors less than 10%.




cm with errors smaller than 10%, considering
all photon energies evaluated and the source
distributed in soft tissues (Figure 3B). Such
zones were wider for 100 keV and 300 keV
photons. It must also be noted that 10 cm
shifts of the PRM resulted in differences of
less than 2.5% for all tested energies of the
female reference phantom, except for 2500
keV (3.4%).

In the case of the lung, however, the zones
were much more restricted: 10 cm for errors
smaller than 5%, and 16 cm for errors smaller
than 10% (Figure 3D). Errors smaller than 5%
were only found for distances smaller than 5
cm from the PRM. Unlike what was observed
with sources distributed in soft tissues, for
sources in the lung, the zones were wider for
photons of higher energies such as 1500 keV
and 2500 ke V.

The locations of the points of highest
counting efficiency (PR) can be seen in Figure
4.In cases of sources distributed in soft tissues,
the abdomen/lumbar spine region (P11)
presented the highest detection efficiency for
photons of all ranges of energy evaluated, as
can be seen in Figures 4A and 4B. In practical
terms, for positioning the IOE at the time
of monitoring, it can be established that the
detector must be positioned in the abdominal
cavity without its cranial end exceeding the
rib region.

For sources distributed in the lung, point
P5, located over the lungs (Figures 4C and
4D) showed greater efficiency. Based on the
results of this work, it can be stated that a good
landmark for positioning the detector on the
IOE is the base of the neck. In this case, the
cranial end of the detector must be positioned
at the base of the neck.

In general, it was observed that the
detection efficiency varied considerably for
the two different biodistributions studied. This
fact was evidenced in other works (Desorgher
et al., 2022; Lamart et al., 2009; Mendes et

al., 2019) demonstrating the importance of
studying theinfluence of biokinetic parameters
on detection efficiency and, fundamentally, on
calculations of compromised effective dose.

CONCLUSOES

Uncertainties due to positioning errors in
the longitudinal axis of the occupationally
exposed individual (IOE) in a bed-type
whole-body counter were evaluated taking
into account photons from 100 keV to 2500
keV and two biodistribution possibilities.

The most efficient positions were found for
the detector positioned over the abdominal
cavity for the soft tissue source and over the
external bone for the lung source.

The efficiency of the system in PRM was
1.8 to 2.0 times greater for the source in the
lung compared to the source distributed in
all soft tissues. This fact emphasizes the need
to adapt specific counting geometries when
a high concentration of activity is found in a
specific organ or tissue.

Differences in CCI efficiency were
considered low when the source was
established in soft tissue: displacements of 10
cm resulted in differences of less than 2.5%.
The same cannot be said when the source is
defined in the lungs. In these cases, errors
greater than 3.0% must be expected for
positioning errors of 5 cm or less.

The results of this study point to
the importance of understanding and
individualizing the biokinetic parameters
of incorporated radionuclides, as well as
knowing the specific efficiency of each in vivo
counting system for different biodistributions.
Other biodistributions for specific organs
must be studied in the future, as well as errors
arising from displacements of the transverse
axis.
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Figure 4: Reference points for monitoring uniformly distributed sources in soft tissues (A and B) and

sources distributed in the lungs (C and D). The blue arrows indicate the area whose positioning errors on
the longitudinal axis are less than 5% and the green arrows indicate the area with errors less than 10%. The

dotted circles represent the projection of the detector on the body.
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