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ARTICLE INFO ABSTRACT

This study aimed to calculate the Conversion Coefficients (CC) of Equivalent and Effective doses by air kerma
considering Total Body Irradiation scenarios with Varian linear accelerator with photon beams energy of 4, 6,
10, 15, 18, and 25 MV. The simulations were performed in the MCNPX code and the University of Florida (UF)
phantoms were used to represent exposed lying down adult patients in the AP, PA, RLAT, and LLAT irradiation
geometries. Lead attenuators were inserted in the scenarios for the preservation of organs of risk and their
contribution were analyzed for CC. For most counts, the statistical uncertainty was approximately 5%. For the
gonads, CC values for the male phantom decreased with the increase of energy in the AP geometry, which did not
occur for the female phantom. As the beam becomes more penetrating, the ovary absorbs more energy because
of its internal position. Considering the lung, an organ of risk in TBI, the insertion of the attenuators in the
scenarios caused the CC values to reduce by more than 30%. For organs and tissues such as skin and male
breasts, the attenuators caused the dose to increase. As for the active bone marrow, which is the TBI target tissue,
it was not possible to obtain a good estimate for CC at 15, 18, and 25 MV due to a limitation of the method used
to calculate the dose in the bone areas. Nevertheless, for lower energies the CC values for the marrow were valid.
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1. Introduction

Due to the biological risks associated with exposures to ionizing
radiation, the International Commission on Radiological Protection
(ICRP) sets dose limits to prevent these effects from being manifested,
such as tissue reactions or stochastic effects (ICRP, 2007). Although
dose limits do not apply to medical exposures, the equivalent and ef-
fective doses calculation allows the assessment of the probability of
deterioration and death. This is relevant for estimating risks in Total
Body Irradiation (TBI) treatments. This type of radiation therapy is used
for patients diagnosed with leukemia, Hodgkin's lymphoma, and other
diseases that require bone marrow transplantation (Van Dyk et al.,
1986).

In TBI procedures, the target tissue is the active bone marrow,
which is responsible for the production of blood cells. The purpose of
the treatment is to destroy the marrow and decrease the immune re-
sponse of the patient so that rejection is avoided. For this to be
achieved, the entire body of the patient is exposed to a beam of
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photons, usually of high energy, seeking to achieve dose uniformity of
approximately 10%, while preserving risky organs, such as the lungs
(Van Dyk et al., 1986).

Thomas et al. (2001) analyzed the effects of TBI in adult patients
and observed pulmonary complications in 19% of the cases due to
patient position and/or beam energy. These effects were more present
in patients treated in dorsal and ventral decubitus using a beam of
15MV compared to patients irradiated laterally with a beam of 9 MV.
However, the authors did not study which of these two parameters was
the predominant one for the appearance of these complications.

Quast (1987) reported physical and technical aspects of TBI,
showing that beam geometry also interferes with dose distribution. It
was observed that lateral irradiation does not result in good dose uni-
formity; therefore, the anteroposterior and posteroanterior irradiation
are adopted more frequently.

In this sense, the use of human anatomical models associated with
radiation transport codes allows the determination of protection
quantities for TBI scenarios (Chakarova et al., 2013; Yao et al., 2012;
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Corns et al., 2000). Although the Equivalent and Effective doses are not
measurable, it is possible to obtain them using Conversion Coefficients,
which are normalized by air kerma, commonly determined by mea-
suring the amount of ionization produced by the photon beam in air
(ICRP, 2010).

Thus, this study aimed to calculate Conversion Coefficients of
Equivalent and Effective doses using air Kerma for TBI computational
scenarios using the MCNPX (version 2.7.0) radiation transport code and
the University of Florida (UF) adult male (UFHADM) and female an-
thropomorphic phantoms (UFHADF) in the vertical position. For these
scenarios, our interest was to evaluate the variations in the Conversion
Coefficients for Varian linear accelerator spectra (maximum energies of
4, 6, 10, 15, 18, and 25 MV), irradiation geometries, and the influence
of the use of irradiation attenuators for the preservation of some regions
of the body.

2. Materials and methods

The TBI computational scenarios were simulated in the MCNPX
radiation transport code version 2.7.0 (Pelowitz, 2011). We used the
University of Florida anthropomorphic computer phantoms for male
(UFHADM) and female (UFHADF) adults in vertical position (Lee et al.,
2007, 2010). The characteristics of these phantoms are shown in
Table 1. They are classified as BREP (boundary representation) because
they are created from computed tomography images with image en-
hancement by the NURBS platform (Xu and Eckerman, 2010). The
definition of the internal structures of the phantoms follows the re-
commendations of the ICRP 89 (ICRP, 2002), which guarantees a good
approximation with the reference phantoms (ICRP, 2010).

The estimated energy deposited in the organs was counted from the
tally *F8 (MeV/particle) of the code. The energy deposited by photons
and electrons was considered, disregarding the kerma approximation.
These results were divided by the mass of each organ and multiplied by
the factor 1.6x1071%, which converts MeV/g to J/kg, to calculate the
average absorbed dose. As in the UF phantom the segmentation of the
bone structures is not represented in detail (Lee et al., 2007, 2010), the
dose estimation in the Active Bone Marrow and Endosteum in the
spongy bone sites and medullary cavities was performed from a con-
version method (ICRP, 2010). In these structures, the fluence of photons
was calculated using tally F4 (MeV/cm?/particle) and the card dose-
response functions (DE/DF) of the code was used to convert the energy
absorbed to dose (ICRP, 2010).

For the simulations, the reliability of the estimates depended on the
reliable geometric representation of the computational scenario, the
physical model and, in addition to other factors, on the number of
"histories" defined in the MCNPX (Pelowitz, 2011). For the relative
error to be considerable, a total of 10® photons histories were executed.

The following Varian linear accelerator beams were used: 4, 6, 10,
15, 18, and 25 MV (Sheikh-Bagheri and Rogers, 2002). For the sce-
narios, the source of photons was defined as punctual and emits par-
ticles isotropically along the x-axis at a solid angle specified by field size
and focal length (Soto-Bernal et al., 2017). The beam was collimated by
a lead window (11.3 g/cms) as shown in Fig. la. The photons and
secondary particles that interact with the collimator structure are not
followed in the simulation in order to reduce computational time. The
linear accelerator structure shown in the figure is only representative.

Table 1
Characteristics of the UF phantom.
UFHADF UFHADM
Height 164.7 cm 175.8 cm
Slices 549 586
Lines 166 194
Columns 104 104

139

Radiation Physics and Chemistry 159 (2019) 138-146

In the scenarios, the phantoms were positioned at 400 cm from the
source (Lamichhane et al., 2016; Ganapathy et al., 2016), which re-
presents the distance established up to the sagittal plane of the phantom
(Chakarova et al., 2013; Bailey et al., 2015). Irradiation was carried out
in the anteroposterior (AP), posteroanterior (PA), left lateral (LLAT),
and right lateral (RLAT). The area (180 x 60 cm?) of the field at this
distance was maintained the same for the male and female phantoms.

The height at which the phantoms are positioned on the z-axis is
defined so that the source is centered approximately at the navel height,
where the dose is prescribed in TBI procedures (Lavallee et al., 2011;
Bailey et al., 2015). Following Chakarova et al. (2013) the patient
should be kept within 100 cm of the walls to avoid backscatter con-
tributions in this type of procedure.

According to the recommendation 17 of the AAPM, some regions of
the body such as head, neck, thorax, legs, and feet need the use of at-
tenuators for radiation shielding (Van Dyk et al., 1986). These objects
were modeled as rectangular cells following the thicknesses mentioned
in the publication and size according to the organs of the phantoms
used in the scenarios, as shown in Fig. 1. According to Narayanasamy
et al (2016), the positioning of the attenuators is made in an acrylic
holder (1.19 g/cmg), 1.3 cm thick, placed 16 cm apart from the patient.
In order to evaluate the contribution of this to the Conversion Coeffi-
cients, all scenarios were modeled with and without these structures.

The results obtained for the average absorbed dose are replaced in
Eq. (1) for the calculation of the Equivalent dose. As for photons and
electrons, which were the simulated particles, the values of the radia-
tion weighting factors (wg) are numerically equal to one, the result
obtained for the absorbed dose (Dryg) has the same value as the
equivalent dose (Hr).

Hr = Z WrDrr
R (€]

These quantities were calculated for both the male H¥ and the fe-
male phantom Hf, which allowed the calculation of the effective dose
(E), using Eq. (2).

M F
B- sz[u]
= 2 @

As recommended by ICRP 116 (ICRP, 2010), the measurable
quantity calculated for the normalization of results was the air kerma.
This quantity is estimated in the MCNPX in an air cell of 0.6 cm?,
100 cm from the source by using tally F6 (Me V/g/particle), which
considers the kerma approximation.

3. Results and discussion

For most of the results, the statistical uncertainty was approximately
5%. In smaller organs or tissues, counts became more imprecise, less
than 10%, which is considered a non-significant error (X-5 Monte Carlo
Team, 2003). The source particles interacted less with these structures,
thus increasing the relative error in the estimate and consequently the
standard deviation (ICRP, 2010). It is important to emphasize that in
MCNPX, the standard deviation is given by the product of the mean
times the relative error (Pelowitz, 2011).

Fig. 2 shows the results obtained for air kerma per incident particle
as a function of the maximum energy of the photon spectra used in the
simulations. Air kerma presents a strong dependence on the increase of
beam energy, as analyzed by Ounoughi et al. (2015) for X-rays. These
values were used to normalize the Equivalent and Effective doses, al-
lowing the results to be presented in the form of Conversion Coefficients
(CQC), thus eliminating the dependence of the particles from the source
for which the quantities in the MCNPX are normalized (X-5 Monte Carlo
Team, 2003).

Due to the anatomical distinctions between the UFHADM and
UFHADF phantoms, the most discrepant percentage differences
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Fig. 1. Comparison between the (a) visualization in Moritz software of the simulated computational scenario and (b) a real TBI scenario (Mesa et al., 2010).
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Fig. 2. Air kerma as a function of the maximum energy of the photons spectra
of Sheikh-Bagheri and Rogers (2002).
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between the CCs of the Equivalent Dose per air kerma H/K,, occurred
for the breasts and gonads. In the AP projection, these organs are more
exposed, absorbing more energy and causing the CC to be superior to
those obtained for the other projections. Fig. 3 shows the CC for the
gonads when assuming the AP and PA projections. For the UFHADM
phantom, the CC decreased with energy due to the increase of the
kerma. However, an opposite behavior was observed for the CC of the
UFHADF phantom (Fig. 3a). As the beam becomes more penetrating,
the secondary particles will deposit energy at a greater depth. Ovaries
absorb a larger dose of energy because they are positioned more in-
ternally. When the attenuators were inserted in the scenario, the most
significant percentage difference in the CC for the UFHADM phantom
was 18.4% for the 25MV beam. This shielding is performed by the
influence of the attenuator that was positioned over the region of the
legs.

For the PA geometry, all CCs for both phantoms showed increasing
behavior (Fig. 3b). The insertion of attenuators caused a reduction of
the coefficients of less than 5% for the UFHADM phantom and the
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Fig. 3. H/K, Conversion Coefficients for the gonads in the irradiation geo-
metries (a) AP and (b) PA. Curves named as UFHADM* and UFHADF* refer to
scenarios using attenuators.

differences are irrelevant for UFHADF. The phantom body plays the
role of the shielding for the gonads in this irradiation geometry.

As expected, female breasts have higher CC values than male breasts
because of the larger volume. Only for the 4 MV beam, the percentage
difference between the CC for UFHADF and UFHADM assumed a
minimum value of 2%. For higher energies, the coefficients decreased
due to the increased kerma. This is more expressive for the UFHADM
phantom because the more energetic the beam becomes, the less energy
is deposited in superficial organs such as the breasts, reaching a dif-
ference of 34.2% in relation to the female for the 25 MV beam. ICRP
(2010) points out that the energy of the photons and the depth of the
organs of the body are important parameters that influence the values
of the Conversion Coefficients.

There was a change in the behavior of the CC values in the AP
geometry when the attenuators were inserted in the scenario (Fig. 4).
The maximum percentage differences occurred for the 4 MV beam,
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Fig. 4. H/K, Conversion Coefficients for the breasts in the AP irradiation

geometry.

Radiation Physics and Chemistry 159 (2019) 138-146

which was 24% for the male phantom and 17% for the female one. The
decrease in CC was more significant for the male phantom because
attenuators of the same thickness (0.9 cm) were used in both cases. The
attenuators caused the lower energy radiation to be filtered, leading to
the hardening of the beam and causing more external organs to absorb a
lower dose. Thus, shielding affects more the male breasts because they
have a smaller volume. The percentage difference between the CCs for
the UFHADF phantom became smaller with energy increase, reaching a
minimum difference of 1% for the 25MV beam. The influence of
shielding became even less significant for the UFHADF phantom in the
lateral geometries. Although Lee et al. (2010) evidenced that female
breasts in the UF phantoms were remodeled to have a more asymme-
trical shape, and the CC for RLAT and LLAT remained constant.

For the lungs, CC values increased for all irradiation geometries
with increasing photon beam energy. The internal region of the lungs of
the UF phantoms, where the photons interact, is filled with a material
with a density of 0.33g/cm®, according to the recommendations of
ICRP 89 (2002). The shielding causes the CC to reduce by approxi-
mately 30%, reaching greater percentage differences for lateral pro-
jections (up to 36% for RLAT). The phantom arms lead to a partial
attenuation of the radiation in this organ because they are positioned
adjacent to the body (Mesa et al., 2010).

Attenuators were positioned in front of the head (0.4 cm thick) and
neck (0.48 cm thick) regions, which leads to the reduction of CC to the
thyroid and salivary glands. For the thyroid, CC values decreased by
more than 30% for the lateral irradiation geometries. Since the organ is
more exposed in the AP projection, the CC values are higher. Under
these exposure conditions, the CC for the male phantom showed a
minimum percentage difference of 2% for the 10 MV beam, which was
not the case for the female phantom. This is because in the UFHADM
phantom the thyroid, in addition to having a larger volume of 19.1 cm?,
which increases the area of interaction, it is positioned closer to the
anterior end of the body, as shown in Fig. 5a (Lee et al., 2010). In the
UFHADF phantom, there was a thicker layer of adipose tissue, as shown
in Fig. 5b, which causes the thyroid to absorb less energy because it is
positioned at a greater depth in the body and suffers more influence

Adipose Thyroid

Skin

Adipqse Thyroid Skin

Fig. 5. Image J visualization of a cut in the axial plane of the phantoms (a)
UFHADM and (b) UFHADF.
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Fig. 6. H/K,  Conversion Coefficients of the UFHADM phantom for (a)
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Fig. 7. H/K, Conversion Coefficients of the UFHADM phantom for skin. The
curves named AP*, PA*, LLAT* and RLAT* refer to scenarios using attenuators.

from the attenuators.

For the salivary glands, the presence of the attenuators in the sce-
nario leaded to larger percentage differences for the lateral irradiation
geometries. The calculated dose for this tissue includes the sum of the
results obtained for the sublingual, submandibular and parotid glands;
the parotid glands have a larger volume and are positioned laterally

Radiation Physics and Chemistry 159 (2019) 138-146
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tors.

(Lee et al., 2010). For the AP projection, a condition in which the
sublingual glands are most affected by the shielding, the differences in
the CCs showed maximum values of 14% for UFHADM and 19.3% for
UFHADF when considering the 4 MV beam. Jones et al. (1992) points
out that the reduction of salivary flow and loss of salivary protection,
which leads the patient to have pre-disposition to dental caries, are
tissue reactions manifested in patients treated by TBI.

For endosteum and active bone marrow, the Conversion Coefficients
presented similar behaviors, with maximum values for the 10 MV beam
decreased with increasing kerma for both female and male in all geo-
metries of irradiation (Fig. 6). As mentioned by El-Khatib et al. (1992),
bone dose reduction is an undesirable effect in TBI since target tissues
are located within it, concluding that 18 MV beams would be more
suitable for treatment. However, the CC for the scenarios with the 15,
18 and 25 MV showed few variations compared to those obtained for
the 10 MV beam due to the response functions used for dose estimation
in these structures. The coefficients provided by the ICRP provided
dose-flow conversion factors with maximum energy of up to 10 MV

Fig. 8. Visualization in the Moritz software of Mesh tally for the phantom UFHADM in the RLAT projection.
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(ICRP, 2010).

For skin, CC valued showed decreasing behavior (Fig. 7). The pre-
sence of the attenuators and the acrylic carrier increases the probability
of interaction of the photons by the photoelectric effect, leading to the
increase of the dose in the skin due to released secondary particles
(Narayanasamy et al., 2016; Linares et al., 2017). The CCs assumed
similar values of approximately 0.04 Sv/Gy, even with the change in
irradiation geometry and source.

As the lead attenuators were positioned near the head, neck, thorax,
feet and legs regions, the CC of some organs were practically not in-
fluenced by their presence in the computational scenario, such as:
Bladder, Colon, Stomach, Liver and gonads (except in the AP projection,
as already discussed). Fig. 8 shows an image of the exposure scenario
obtained with the MCNPX mesh tally. The function was associated with
the PEDEP command to estimate the energy deposited for any type of
particle considering the kerma approximation in the region of interest
(Pelowitz, 2011).

The Conversion Coefficients of the effective dose per air kerma
E/K,, are shown in Fig. 8. For scenarios with a beam of up to 10 MV, the
CCs showed increasing behavior, where they reached their maximum
value for all geometries of irradiation, as shown in Fig. 8a. For higher
energies, the effective dose growth is compensated by the growth of the
kerma, with values close to 0.06 Sv/Gy for the AP and PA geometries
and 0.05 Sv/Gy for the lateral ones. In general, CCs were higher for AP/
PA, as already observed in CCs of equivalent dose per air kerma. In
addition, the organs that contribute the most to the effective dose,
because of their radiosensitivity, absorb more doses in the AP/PA
projections, as compared to the active marrow, colon, lung, breasts, and
remaining tissues (ICRP, 2007). In this study, the weight factors of the
organs/tissues classified as remnants were reweighted since the dose
was not calculated in the lymph nodes.

When the attenuators are inserted in the scenario, as shown in
Fig. 9b, the percentage differences between the CCs decrease with in-
creasing energy. For the 25 MV beam, the CC became only 4% lower for
the AP geometry. The major influences of the attenuators were reflected
in the CC for the lateral geometries, for the 4 and 6 MV beams, where
they became approximately 16% lower than those shown in Fig. 9a.

As one of our objectives was to provide the equivalent and effective
dose CCs per air kerma for TBI scenarios, in Tables 2 and 3 all CCs are
presented, in addition to those not explicitly discussed for scenarios
without attenuators.

4. Conclusions

For the exposure conditions adopted in this study, the Conversion
Coefficients of equivalent dose per kerma suffered a strong dependence
of the source energy, beam projection and distribution of the organs in
the body. Therefore, the anatomy of the phantoms had great influence
on the results. For example, considering the CC conversion of the
thyroid, the values for the female phantom were affected by the pre-
sence of a thick layer of adipose tissue, which was not the case for the
male phantom.

As for dose delivery in the target tissue, many authors recommend
the use of high-energy beams for bone marrow ablation. However, it
was not possible to observe that the calculated CCs for this organ re-
flected a more realistic behavior for the spectra above 10 MV by lim-
iting the dose response functions used for dose estimation at the bone
sites. Despite this, the method provided good results for the 4, 6 and
10 MV beams.

As expected, the presence of the attenuators leaded to reduction of
CC of most of the organs in front of which the lead blocks are posi-
tioned. For superficial organs/tissues, such as the male breasts and the
skin, the shielding leaded to increased CC.

The Conversion Coefficients of the effective dose per air kerma were
higher for the AP irradiation geometry due to the fact that the more
radiosensitive organs presented a high-energy absorption (breasts, for

Radiation Physics and Chemistry 159 (2019) 138-146

example). When the attenuators were inserted in the scenarios these
coefficients showed a decrease for all irradiation geometries, even
though the organs of the abdominal and pelvic region were not influ-
enced, as evidenced by the Mesh Tally.
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