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ARTICLE INFO ABSTRACT

Positron emission tomography (PET) has revolutionized the diagnosis of cancer since its conception. When
combined with computed tomography (CT), PET/CT performed in children produces highly accurate diagnoses
from images of regions affected by malignant tumors. Considering the high risk to children when exposed to
ionizing radiation, a dosimetric study for PET/CT procedures is necessary. Specific absorbed fractions (SAF)
were determined for monoenergetic photons and positrons, as well as the S-values for six positron emitting
radionuclides (*1C, N, !8F, %8Ga, 82Rb, 1°0), and 22 source organs. The study was performed for six pediatric
anthropomorphic hybrid models, including the newborn and 1 year hermaphrodite, 5 and 10-year-old male and
female, using the Monte Carlo N-Particle eXtended code (MCNPX, version 2.7.0). The results of the SAF in
source organs and S-values for all organs showed to be inversely related to the age of the phantoms, which
includes the variation of body weight. The results also showed that radionuclides with higher energy peak
emission produces larger auto absorbed S-values due to local dose deposition by positron decay. The S-values
for the source organs are considerably larger due to the interaction of tissue with non-penetrating particles
(electrons and positrons) and present a linear relationship with the phantom body masses. The results of the S-
values determined for positron-emitting radionuclides can be used to assess the radiation dose delivered to
pediatric patients subjected to PET examination in clinical settings. The novelty of this work is associated with
the determination of auto absorbed S-values, in six new pediatric virtual anthropomorphic phantoms, for six
emitting positrons, commonly employed in PET exams.
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1. Introduction patients with different structures (Zaid and Xu, 2007) and bodies with

structural variations due to the breathing process (Xie and Zaid,).

Positron emission tomography (PET) has been revolucionary in the
diagnosis of cancer. When combined with computed tomography (CT),
PET/CT performed in children produces a diagnosis of high accuracy
on the images of regions affected by malignant tumors. Considering the
high risk for children when exposed to ionizing radiation, a dosimetric
study for PET/CT procedures is necessary (Xie et al., 2013).

The first dosimetry study using computational simulations utilized
the MIRD Phantom (Medical Internal Radiation Dose), produced by
Fisher and Snyder (1967). From this moment, with the development of
tomography and computational techniques, the structure of the virtual
anthropomorphic phantoms has been improved, allowing studies in
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Doses in the internal organs of patients are expressed as a
function of the cumulative activity and of the S-values (mGy/
MBq.s), as the MIRD method. The aim of this study is to determine
the specific absorbed fractions (SAF) for monoenergetic photons
and positrons, as well as the S-values for six positron emitting
radionuclides, and 22 source organs. The study was conducted for
six pediatric virtual anthropomorphic phantoms, including the
newborn and 1 year hermaphrodite (Casssola et al., 2013), 5 and
10-year-old male and female (deMeloLima et al., 2011), using the
Monte Carlo code (MCNPX) version 2.7.0 (Pelowitz, 2011). A study
with pediatric anthropomorphic phantoms was also carried out in
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Table 1
Main characteristics of the pediatric virtual anthropomorphic phantoms utilized in this
work.

Pediatric phantom Mass (kg) Height (cm) Matrix® BMI (kg/m?)
Newborn (NB) 3.55 50.50 135x99x361  14.00
1 Year-old (1-Y) 10.25 76.00 190x135%x543 17.70
5 Years-old-male (M5) 19.46 109.13 284x143x780 16.34
5 Years-old-female (F5) 19.43 109.13 284x143x780 16.32
10 Years-old-male (M10) 32.86 138.11 353x157x987 17.22
10 Years-old-female (F10) 32.80 138.11 353x157x987 17.20

2 columnxlinexslice.

the work of Xie et al. (2013), for several positron-emitting radio-
nuclides, but employing anthropomorphic pediatric hybrid models,
which are different of those employed in this work. The irradiation
scenarios considered patients lying on a bed inside a PET/CT room.

2. Materials and methods
2.1. Virtual anthropomorphic phantoms

In this work, we utilized a pediatric phantom series, including the
reference newborn, 1, 5, and 10-year-old male and female models, for
radiation dosimetry calculations. They were built utilizing MESH (set
of vertices, edges and faces that define the object shape in 3D computer

a)lb).c)
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graphic) (Casssola et al., 2013; deMeloLima et al., 2011). These
phantoms were developed by the Radiation Dosimetry Group/Federal
University of Pernambuco, Brazil, and they have more than 100 organs
and segmented tissues, which make them very useful for computational
dosimetry. Some important characteristics of the pediatric virtual
anthropomorphic phantoms used in this work, such as weight, height,
dimensions of the matrix and body mass index (BMI), are presented in
Table 1.

The MIRD method (Medical Internal Radiation Dose), Pamphlet
No. 21 (Bolch et al., 2009) shows the absorbed dose rate at a target
organ (r7) due to a source organ (rs) from Eq. (1):

D(ry, 1) = Z LY —
< (€Y

where Z(,S,,) is the cumulative radionuclide activity in the source organ
and S, is the S-value expressed in terms of the fraction of the
energy emitted by the source-organ deposited in the target organ.

The results of the doses to the internal organs of patients are
expressed as a function of administered activity. Careful choices of
source organ inside of the virtual anthropomorphic phantoms are
needed to determine these doses, as well as a detailed description of the
sources in the computational scenarios (Stabin, 2008).

To determine the S-values and the specific absorbed fractions (SAF)
for positron emitting radionuclides in target organs, we used Egs. (2)
and (3), respectively (Bolch et al., 2009):

Fig. 1. Irradiation MCNPX PET scenarios: (a) Newborn (NB) (b) 1 year-old (1Y) (c) 5 years-old male (M5) d) 10 years old male (M10).
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Fig. 2. SAF for the pediatric virtual anthropomorphic phantoms (a) Brain (b) Total Body.
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Fig. 3. Auto absorbed S-values in the newborn and 1-year-old pediatric virtual anthropomorphic phantoms.
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Fig. 4. Auto absorbed S-values in M05 and M10 male virtual anthropomorphic phantoms.
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In the Eq. (2), A; and ¢(r; < 1, E,, 1) are the emission energies and
fractions of absorbed energies by the target organs, respectively. M, ,)

is the mass of the target organ. The fractions of absorbed energies
described by Eq. (3) depend on the energy emitted by the target organ
(Er)) and on the energy emitted by the source organ (Eg).

Fig. 1 shows the PET irradiation scenarios, with images of pediatric
anthropomorphic phantoms used in this study. The phantoms were
positioned lying on a bed, composed of three layers: carbon fiber +
polyethylene, polyethylene and metallic alloy.
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Fig. 5. Auto absorbed S-values in the FO5 and F10 female virtual anthropomorphic phantoms.
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2.2. Monte Carlo simulations conditions

The Monte Carlo code used in this study was the Monte Carlo
N- Particle — eXtended MCNPX (Pelowitz, 2011).

In the simulations, we considered the transport of photons and
electrons, due to positron annihilation in the source organs. The
positron emission spectra were available from the RADAR system for
the following radionuclides: ®F, !'C, ¥N, %0, %Ga, and ®*Rb
(Eckerman and Endo, 2008).

In this study we used Eq. (4) to determine the S-value in the organs
of interest, given in units of mGy/MBq.s:

*
Tally 'F8 | 602k — 04)
T @

S(rT<—rS,t) =

where Tally *F8 is a MCNP card, that may provide the energy
distribution in a cell. It is analogous to a radiation detector. Each
history will deposit its energy, and it will be separated in channels. Its
units are given in units of energy (MeV). This energy was deposited in
the target organs, where M, is the mass of the target organ [kg] and
1.602E-04 is the conversion constant from MeV to Joule (J),
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considering the unity to the activity (MBq) and the unity to absorbed
dose (mGy). The doses for PET/CT vary with the administered radio-
nuclide activity and the parameters used in the CT scan. In this case,
the administered activity is in MBq range and absorbed dose in mGy.

The results of auto-absorbed S-values obtained in this work were
compared to literature results (Stabin and Siegel, 2003;Wayson et al.,
2012), for the same positron emitting radionuclides.

In the simulations the positron emitter was homogenously dis-
tributed in the source organs. For all computational calculations, 107
initial particles were simulated. This parameter provided statistical
uncertainties below 5% for the S-values in the internal organs of the
virtual anthropomorphic phantoms.

3. Results and discussion

The results of SAF are shown in Fig. 2. Here, we present only the
results of the brain and the whole body as regions of high absorption of
radiopharmaceuticals. The other organs showed variations in the
curves of the SAF similar to variations to the brain and the total body.

It may be observed that the results of specific fractions of photons
absorbed in the brain, Fig. 2(a), and total body, Fig. 2(b), are analogous
to those presented by Stabin and Siegel (2003), since the masses of
these regions are similar, and the differences in their shapes do not
significantly affect these results. It can also be noted that moderate and
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high photon energy above 0.511 MeV in the pediatric phantom, cross
the structure bodies depositing less energy. For doses due to positron
emitters, photons with well-defined energy (0.511 MeV) are produced,
and the variations observed in SAF can be neglected. For energies
below 0.511 MeV we found differences up to 50% when compared to
the literature (Stabin and Siegel, 2003).

The SAF values present small increases, in relation to those of
Stabin and Siegel (2003), due to the geometrical proximity of the
organs, more realistic than those from mathematical phantoms (em-
ployed in the work of Stabin and Siegel (2003)). The mathematical
phantoms present organs with a higher separation (which is also less
realistic). Simular variations where found by Stabin et al. (2012); Xie
et al. (2013), for the SAF, when comparing mathematical phantoms
and NURBS-based phantoms.

The results of auto absorbed S-values are shown in Figs. 3, 4 and 5
for newborn, 1-year, 5-years and 10-years old virtual anthropomorphic
phantoms, respectively.

The results obtained in this study are in agreement with the values
obtained by Wayson et al. (2012), as shown in Fig. 6.

The 82Rb produces the highest S-values for source organs due to its
higher energy positron emission.

The obtained S-values showed to be dependent on the resolution
and size of the voxel corresponding to (6.63x6.63x6.63) cm® utilized
by Wayson et al. (2012) and (1.4x1.4x1.4) cm?® utilized in this study.

Similar conclusions were observed in literature (Xie et al., 2013),
using a virtual anthropomorphic phantom with voxel resolution of
(1.8x1.8x3.0) cm®. The ratios of the S-values found in the literature
(Stabin and Siegel, 2003; Wayson et al., 2012) vary between 0.21 and
2.32. These differences could be attributed to the differences between
the model geometry using mathematical equations, and based voxel
structures (Wayson et al., 2012). Similar results were obtained in other
publications (Xie et al., 2013; Belinato et al., 2014).

In the MIRD Pamphlet No. 11 (Snyder et al., 1975) the S-values of
photons with energies above 0.100 MeV in source organs are propor-
tional to the mass of the organs raised to the power of two-thirds (m*?).
In the UF-NCI hybrid phantoms, to radionuclides (*'C, ®F, %8Ga, 82Rb,
13N), more than 70% of the S-values are the result of the positron
interactions (Xie et al., 2013). To organs far from the source,
considering 11, 18F or %8Ga, more than 80% in of the S-value results
are due to photon annihilation (0.511 MeV). Therefore, increasing the
BMI of the virtual anthropomorphic phantoms, the contribution of
photons to the S-values becomes higher, and that of positrons becomes
lower (Xie et al., 2013; Wayson et al., 2012; Belinato et al., 2014). This
aspect needs to be discussed more carefully in order to estimate the
contribution of each type of radiation in the S-value results, especially
in pediatric virtual anthropomorphic phantoms.

Fig. 7 shows the auto absorbed S-values in total-body for each
pediatric phantom and radionuclide. The S-values present higher
values, for radionuclides with higher energy emissions for all phantoms
studied. For '8F and %2Rb, for example, the average energies of
positrons are 0.206 MeV and 1.09 MeV, respectively.

For all radionuclides, the S-values, at the source organs, decrease
with the increase of the body mass, as presented in Fig. 8, for some
source organs.

4. Conclusions

The results of the SAF in source organs, and S-values for all organs,
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were inversely related to the age of the phantoms, which includes the
variation of body weight. The results also showed that radionuclides,
with higher energy peak emission, produce higher auto absorbed S-
values due to local deposition of energy by positron decay. The S-values
for the source organs are considerably larger due to the interaction of
tissue with non-penetrating particles (electrons and positrons) and
have a linear relationship with the masses of the bodies. The results of
the S-values determined for positron-emitting radionuclides can be
used to assess the radiation dose delivered to pediatric patients
subjected to PET examination in clinical settings.
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