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ABSTRACT: In this paper the feasibility study of using polyacrylamide gels as a brain equivalent
material has been performed. Thus, the parameters of mass energy absorption coefficient ("%),
mass stopping power (%), effective atomic number (Z.g), mass attenuation coefficient (‘%) and
absorbed dose delivered to polyacrylamide gel (D) were determined for this gel using analytical and
Monte Carlo methods and were compared with brain reference material. The calculation results
Hen Heft

o % Zeft, "y and D for polyacrylamide

gel and those for brain are 1.32%, less than 1%, less than 2%, less than 4% and less than 1%,

reveal that the relative difference between the calculated

respectively in therapeutic energy range. Consequently, like water, polyacrylamide gel can be also
used for designing and construction of head and neck phantoms applied for validation of medical
algorithms used in treatment planning systems. The advantage of using polyacrylamide gel as a brain
equivalent material in comparison to water is that this gel is a reliable X and gamma rays dosimeter
applicable for three dimensional dose distribution determination. Also, other advantages of this gel
are its low price, availability and forming it in different sizes and shapes. These properties of the
polyacrylamide gel make it beneficial as brain equivalent material in designing and construction of
head and neck phantoms.
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1 Introduction

Irradiation of head and neck using X-rays is known as one of the essential methods to treat the
cancers of this part of body. Any failure in this treatment method can lead to destruction or
deterioration of brain cells. So, in a radiotherapy procedure the effects of the radiation on the tumor
or cancer cells have to be enhanced while the damages of the healthy tissues have to be minimized.

In a radiotherapy procedure, before the irradiation, a three dimensional dose distribution is
required to calculate the absorbed dose delivered to tumor or cancer cells and the one received
by the health tissues. Treatment planning systems (TPS) calculate this three dimensional dose
distribution using different correction or model based algorithms [1-4]. Because of the essential
role of algorithms used by TPS, the validation of them has to be performed for different organs and
tissues using simulation or experimental methods [5-9].

The validation of the medical algorithms used by TPS in head and neck is one of the most
important issues in the clinical radiotherapy due to the presence of surface curvature, air cavities,
bony structure, inhomogeneous structure as well as vital organs such as brain in these regions of
human body [10-13]. Consequently, many investigations have been performed to validate different
algorithms in head and neck by constructing inhomogeneous head and neck phantoms [10, 12].
Different materials such as glass, human bone, plastic, polystyrene, Perspex, acrylonitrile butadiene



styrene, polycarbonate, polyurethane etc. have been used in construction of these phantoms [12—17].
Because the water can be considered to be a suitable substitute for brain [18], in head phantoms
manufactured by different researchers, water is applied as the brain. Although water is usually
utilized as a substitute for brain, it cannot be used as a dosimeter. So, in experimental measurements
in order to evaluate of the medical algorithms, the absorbed dose delivered to water has to be
determined using other dosimetry techniques such as ionization chamber, thermoluminescence
dosimeters, radiographic films etc.. The material of these dosimeters differs with water, so this
difference can influence dosimeter response and its accuracy [19]. Moreover, as mentioned above,
the medical algorithms employed in TPS calculated a three dimensional absorbed dose in the
irradiation of target region. Thus, in order to confirm the validation of these algorithms, the dose
distribution in three dimensional should be measured, accurately. The above dosimetry methods
can determine one or two dimensional dose distribution.

To overcome the challenges of the effect of surrounding medium on dosimeter response and
determination of three dimensional absorbed dose, a brain equivalent material applicable for three
dimensional dosimetry have to be used for the construction of head and neck phantom. To this
purpose, for different material, dosimetry properties and parameters such as mass energy absorption
coeflicient, mass attenuation coefficient, mass stopping power, effective atomic number and absorbed
dose delivered have to be investigated. One of the materials with reliable dosimetry properties used
for determination of three dimensional dose distribution is polyacrylamide gel. This gel has been
used as a gamma irradiation dosimeter since 1961 [20, 21]. In recent years, in order to improve the
dosimetry properties of polyacrylamide gel different impurities such as inorganic salts, magnesium
chloride, gold nanoparticle etc. were added to it [22-24].

The dosimetry properties of polyacrylamide gel, its price, availability, simple synthesis method
and fabrication in any shape and size may make it a suitable candidate for fabrication of phantoms.

Also, these dosimeters can easily be readout using magnetic resonance imaging (MRI), optical
and X-ray computed tomography (CT), Raman spectroscopy, and ultrasound [25-29].

To use this gel as brain, it has to be evaluated in term of mass energy absorption coefficient,
mass attenuation coeflicient, mass stopping power effective atomic number and absorbed dose
delivered to it.

So, the purpose of this work is to evaluate polyacrylamide gel as brain tissue equivalent material.
So, this material and some other materials such as water, PMMA, polyethylene, paraffin and
nylon were examined with respect to mass energy absorption coefficient (len/p), mass attenuation
coeflicient (u/p), mass stopping power (S/p) and effective atomic number (Z.g) in the therapeutic
energy ranges. The calculated values are compared with brain reference material given in ICRU
report 44 [30]. Further, the absorbed dose delivered to polyacrylamide gel and water were calculated
in 6MV and 18 MV radiation fields of Siemens Primus medical accelerator using Monte Carlo
simulations and were compared with absorbed dose delivered to brain reference material.

2 Materials and methods

To evaluate the polyacrylamide gel as a brain tissue-equivalent material in the therapeutic energy
interval Uen /p, /P, S/p and Z.g of this gel and other material have to be determined and compared
with reference to brain tissue. For calculating of these parameters knowing the elemental compo-



Table 1. The atomic composition (%) and mass density of investigated.

Material a ;:;lz 4 polyacrylamide PMMA Water Nylon 6/10 Paraffin Polyethylene
Density (g/cm?) 1.03 1.02 1.19 1.00 1.14 0.93 0.93

H 1.00x107! 1.00x107"  8.00x1072 1.10x107' 1.10x107! 1.50x10~' 1.40x107!

C 8.00x1072  8.00x1072  6.00x10"! - 6.80x10"! 8.50x10~' 8.60x107!
N 3.00x1072  3.00x1072 - - 1.00x107! - -
o) 7.90x107! 7.90x10°1  3.20x10°! 8.90x107! 1.10x107! - -
Na 1.80x1073 - - - - - -
Mg 2.00x10™* - - - - - -
3.50x1073 - - - - - -
S 1.80x1073 - - - - - -
Cl 2.40x1073 - - - - - -
K 3.10x1073 - - - - - -

sition of the material is necessary. The mass fractions of each element in investigated materials as
well as their mass densities are tabulated in table 1. It should be mentioned that the polyacrylamide
gel with concentration of 15% (W/V) was considered.

2.1 Analytical calculations

2.1.1 Calculation of mass energy absorption coefficient

To calculate the values of the mass energy absorption coefficient for polyacrylamide gel and other
materials given in table 1, this coefficient was taken from reference [31] for each element of
considered materials Using the mixture rule written in eq. (2.1), the mass energy absorption
coefficient was calculated for polyacrylamide gel and other materials.

HMen Hen
Fen) N0, (Hen 2.1
( p )Mat Z,-:w ( P )i @D

Where ("%) i, is the mass energy absorption coefficient of ith element in material and w; is the
weight fraction of ith element.

2.1.2 Calculation of mass stopping power of electrons

To specify the mass stopping power for electrons, the value of mass stopping power for electrons in
different materials was extracted from the NIST library [32]. Using these values, the mass stopping
power of materials for electron can be calculated as

5. -5n(8
P/ Mat i Pli

In this equation (%) i is the mass stopping power of ith element for electrons.



2.2 Calculation of effective atomic number

The effective atomic number of different material was specified employing the Auto-Z.g code [33].
This code can compute the effective atomic number as a function of energy as well as average and
spectral-weighted means. This code was developed using the Microsoft Visual Basic.NET in 2012
by Taylor et al.. To determine the effective atomic number of polyacrylamide gel and different
materials using this code, elements and the corresponding fractional components were imported to
code according to table 1.

2.3 Monte Carlo simulations

2.3.1 Calculation of the mass attenuation coefficient

The mass attenuation coefficients were calculated by using Beer-Labmert law expressed as:
I = Ipe™ (2.3)

Where Iy and I are the number of photons before and after attenuation, respectively. So, x is also the
thickness of the considered slab. To calculate the linear attenuation coefficient for different energies
in the therapeutic energy interval using eq. (2.3), Monte Carlo simulations were performed.

Monte Carlo simulations were done using MCNP.4C code [34]. Using the experimental setup
similar to the setup used in reference [18] a geometrical configuration was implemented. In various
energies, the different materials depicted in table 1 with different thickness were placed in the
geometrical configuration shown in figure 1.

330 cm

I E
g&
o
(=]
I, I

Figure 1. Schematic diagram of geometrical configuration used to determine the mass attenuation coefficient.

0.5 mm

In each thickness, the values of Iy and I were determined utilizing F2 tally. For a given material
in a known energy the values of —In ({—0) as a function of x were plotted, and the slop of the line
fitted to plot data was taken into account as linear mass attenuation coefficient. Using the density
of each material the mass attenuation coefficient was calculated.

2.3.2 Calculation of the absorbed dose delivered to the brain

The Absorbed dose delivered to polyacrylamide gel and water was calculated using MCNP.4C
code. To simulated the head, a computational Snyder head phantom [35] with its curved surfaces,
heterogeneous compositions and appropriate biological materials was modelled in the code. This
phantom consists of three ellipsoids corresponding to skin, cranium and brain as shown in figure 2.
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Figure 2. Schematic cross view of Snyder head phantom in y = 0 and x = 0 plane. The region (1), (2) and
(3) are skin, cranium and brain, respectively.

Also the mathematical model of the Snyder head phantom is expressed as:

)2 ()2 (Z_l) =1 2.4)
( 2 (9L) (8Z3)2:1 2:5)

(7x3) +(1g3)2+(szg)2:1 (2.6)

The equations (2.4), (2.5) and (2.6) represent brain-cranium boundary, cranium-skin boundary

O <

(6) +
X
o8

and skin-air boundary, respectively.

The simulations were performed in radiation fields of 6MV and 18 MV Siemens Primus medical
X-ray accelerators with X-ray spectrum similar to what is used in reference [36]. Also, the field size
and source to surface distance were 10x10 cm? and 100 cm, respectively. For each radiation field
the region which presents the brain (region 3 in figure 2) was filled with polyacrylamide gel, water
and brain-ICRU44 [30]. The absorbed dose delivered to each material was calculated in dosimetry
cell in the center of brain region using F4 tally. It should be mentioned that in MCNP simulation
no energy cutoff was considered.

3 Result and discussion

3.1 The mass energy absorption coefficient

The value mass energy absorption coeflicient of polyacrylamide gel and the other materials were
calculated using eq. (2.1). Also, the mass energy absorption coefficient of the brain reference
material was extracted from NIST data library [31].The ratio of mass energy absorption coeflicient
of polyacrylamide gel to brain is shown in figure 3. This ratio is also specified for other materials.
According to this figure, in the energy range of 1 to 3 MeV the mass absorption coefficient of
nylon and the brain are the same approximately. Further, in the rest of the energy range, the values
of the mass absorption coefficient of water and polyacrylamide are close to the mass absorption
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Figure 3. The ratio of mass energy absorption coeflicient of different materials to the brain. The solid line
shows the ratio of one.

coefficient of the brain. In other words, there is a relative difference less than 1.32% between the
mass absorption energy coefficients of the polyacrylamide gel and the brain.

3.2 The mass stopping power of electrons

Using eq. (2.2) the mass stopping power of electrons in material investigated in this paper was
calculated and the ratio of the mass stopping power of materials to the brain in the interested energy
range was specified. This ratio is depicted in figure 4.

Figure 4 shows that the values of the stopping powers ratio are in the interval of 0.97 and 1.05.
The variation of the stopping power ratio as a function of energy is smooth. The relative difference
between the mass stopping power of polyacrylamide gel and brain is less than 1%.

3.3 The effective atomic number

Using Auto Zeff code, the effective atomic number of different materials was calculated. The
obtained values are depicted in figure 5. In this figure, the effective atomic number of the brain is
also shown with a solid line.

As shown in this figure, the values of the effective atomic number of the brain are between
3.31 and 3.90 in the energy interval of 1 to 20 MeV. The relative difference of the effective atomic
number of water and polyacrylamide with the brain is less than 2% and 3%, respectively. It means
that the atomic composition of water and polyacrylamide is similar to the brain.

3.4 The mass attenuation coefficient

Using MCNP.4C code, for each material, in a known energy, the number of the incident photons
before attenuation (/p) and after attenuation (/) were determined with statistical uncertainty less than
0.01% with the number of histories about 3x10° particles using F2 tally for different thicknesses.
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Figure 4. The ratio of mass stopping power of different materials to the brain. The ratio of one is depicted
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Figure 5. Values of effective atomic number as function of energy calculated using Auto Z.g code.
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Figure 6. Variation of In(I/Iy) as function of thickness used to calculate effective attenuation coefficient in
different materials.

In figure 6, for the brain, water, polyacrylamide, PMMA, polyethylene, paraffin and nylon the
variations of —In(Z/Iy) as a function of the thickness in different energy are depicted.

For each material in a known energy showing in figure 6, the value of the linear effective
attenuation coefficient is determined. In order to calculate the uncertainty of the mass attenuation

coefficnt, the effective vaiance method was used to fitt the data [37]. Using this method the



uncertainty of mass attenuation coefficent was estimated (less than 1%) by taking into account
the statistical uncertaintiy of / and Iy. The ratio of the mass effective attenuation coefficient of
interested materials to brain was calculated as given in table 2.

Table 2. The ratio of the mass attenuation coefficient (cmz/g) of the interested materials to the brain.

Energy (MeV) Water Polyacrylamide Gel Paraffin Polyethylene Nylon PMMA
5 0.99 1.00 0.98 0.92 1.11 0.97
10 1.00 1.00 0.90 0.90 1.08 1.00
15 0.99 1.01 0.87 0.87 1.06 1.00
20 0.94 0.96 0.81 0.81 0.99 0.94

As shown in this table, the relative difference between the mass attenuation coefficient between
brain and polyacrylamide gel is less than 4%.

3.5 Calculation of delivered absorbed dose

According to the results of the previous sections, it can be concluded that polyacrylamide gel and
water are closer to brain reference material by considering the mass energy absorption coefficient,
mass stopping power, effective atomic number as well as mass attenuation coefficient. So, for Monte
Carlo simulations the region of the brain in the computational head phantom (region 3 in figure 2)
was filled with polyacrylamide gel and water. The absorbed dose in the dosimetry cell in the center
of brain was calculated with statistical uncertainty less than 1% the number of histories about
3x10% particles and was compared with absorbed dose delivered to the brain reference material.
The results of this comparison are shown in table 3.

Table 3. The values of absorbed dose in different materials in the 6 and 18 MV radiation fields of Siemens
Primus medical X-ray accelerator.

Absorbed Dose (mGy/emitted photon)
Material 6MV 18SMV
Brain 0.208+0.002 0.387+0.003
Polyacrylamide 0.208+0.001 0.386+0.002
Water 0.210+0.001 0.389+0.002

As shown in this table, the relative difference of the absorbed dose delivered to brain with
polyacrylamide gel and water is 0.00% and 0.96% in the 6MV radiation field, respectively. Fur-
thermore, this difference in the radiation field of 18MV is 0.26% and 0.52% for polyacrylamide gel
and water, respectively.

4 Conclusion

Inhead and neck phantoms, usually water is used as brain equivalent material. Although this material
is a suitable substitute for brain, it cannot be used as a dosimeter. So, in order to determine the



absorbed dose delivered to it different dosimeters such as ionization chamber, thermoluminescence
dosimeters, gaff chromic films etc. have to be used. The type of these dosimeters differs from water,
also these dosimeters cannot be used for determination of three dimensional dose distribution.
These issues are the major concerns in validation of the algorithms used for treatment planning
systems. In this study, a feasible study of using polyacrylamide gel as brain equivalent material
has been performed. The results reveals that the values of the mass energy absorption coefficient,
mass stopping power, effective atomic number, mass attenuation coefficient and delivered absorbed
dose of polyacrylamide gel and brain are close to each other. It means that similar to water, the
polyacrylamide gel can be also used as brain equivalent material in designing and construction
of head and neck phantoms. Polyacrylamide is known as a reliable dosimeter of X and Gamma
rays. Also, this material can be used for determination of the three dimensional dose distribution.
Consequently, in designing and construction of head and neck phantoms, polyacrylamide gel can
be used as brain equivalent martial applicable for determination of the three dimensional dose
distribution. Moreover, the price of polyacrylamide gel is low and it can be formed in different sizes
and shapes.
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