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ABSTRACT
Background: Intraoperative Irradiation Therapy (IORT) refers to the delivery of

radiation during surgery and needs the computed- thickness of the target as one of the
most significant factors.

Objective: This paper aimed to compute target thickness and design a radiation
pattern distributing the irradiation uniformly throughout the target.

Material and Methods: The Monte Carlo code was used to simulate the ex-

perimental setup in this simulation study. The electron flux variations on an electronic
board’s metallic layer were studied for different thicknesses of the target tissue and
validated with experimental data of the electronic board.

Results: Based on the electron number for different Poly Methyl Methacrylate
(PMMA) phantom thicknesses at various energies, 6 MeV electrons are suitable to determine the target thickness. Uniformity in radiation and corresponding time for each
target were investigated. The iso-dose and percentage depth dose curves show that
higher energies are suitable for treatment and distribute uniform radiation throughout
the target. Increasing the phantom thickness leads to rising radiation time based on the
radiation time corresponding to these energies. The tissue thickness of each section is
determined, and the radiation time is managed by scanning the target.

Conclusion: Calculation of the thickness of the remaining tissue and irradiation
time are needed after incomplete tumor removal in IORT for various remaining tissues.
The patients should be protected from overexposure to uniform irradiation of tissues
since the radiation dose is prescribed and checked by an oncologist.
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Introduction

ntraoperative Radiation Therapy (IORT) is a specific method that
may transfer sufficient and monotonous high-dose radiation to the
tumor bed during surgery [1-4]. This treatment method decreases
local recurrence risk, and healthy tissue receives a minor dose due to its
localized radiation [5,6]. The physician’s serious effort is impressively
sending an intensive dose to the desired tissue while decreasing damage
to healthy tissues surrounding the region of interest [7,8]. Today, mobile
electron accelerators prepare new investigative fields for IORT [9].
The international society of intraoperative radiation therapy (ISIORT)
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reports that 20% of patients under IORT treatment are men, and the rest are women, with an
average age of 60 years [10]. IORT is a convenient way of enhancing the colon and rectal cancer dose [11], suggested as a confident
selection of treatment for a patient with regressive rectal cancer [12]. In addition, IORT,
combined with chemotherapy and External
Beam Radiation Therapy (EBRT) with the
aim of dose escalation, improves the chance
of overall survival and controls disease [13].
Also, IORT, along with EBRT, creates the best
control rate for soft-tissue sarcoma (STS),
which is better for local toxicity [11]. In addition, the accomplished investigations offer
IORT as a secure alternative to whole breast
radiotherapy (WBRT) [14-16].
One of the most common methods in IORT
is Intraoperative Radiation Therapy with Electrons (IOERT) [17], in which the electrons are
emitted with various energy ranges generated
by mobile electron accelerators [2,18]. Furthermore, IOERT can adjust the treatment indicator due to the direct imagination capability
of tumor volume [19,20]. In addition, Accelerated Partial Breast Irradiation (APBI) employs
IOERT for low-risk breast cancers [21].
Some essential features of IORT, such as
eliminating the gap between surgery and radiation therapy, reducing radiation-induced toxicity [22], and using an applicator to remove
normal tissues from the irradiation regions,
led to many studies on this treatment. Protection systems, such as shielding disks, cause the
protection of underlying tissues from irradiation [23-25]. However, the required treatment
time for IORT is lesser than external beam radiation therapy (EBRT) [26,27]; the IORT is
more cost-effective than the EBRT [28-30]. In
addition, the IORT adjusts the radiation to the
tumor tissue and declines local effects in inoperable cancers [31], diminishing the renewed
cancer risk [32].
The high accuracy in measurements of the
target tissue thickness, determining the primary electron energy, can modify the IORT funcII

tion. Moreover, the thickness of target tissue
with unacceptable is measured using a needle [33]; intraoperative ultrasound is another
method to specify the thickness [2,15,23]. A
novel electronic board was designed to determine the thickness of target tissue based on
measuring the electron flux at the board with
an accuracy better than the others [5]. This
study aimed to investigate a method to compute the thickness of target tissue in the IORT
routine. Radiotherapists can calculate a good
irradiation time based on the obtained thickness of the target tissue.

Material and Methods

Various simulated components were investigated in this simulation study, such as a 31.5
cm2 circular electronic board composed of
16 pixels. In addition, a Monte Carlo simulation was also conducted using a Poly Methyl
Methacrylate ( PMMA) phantom and various
electron energy sources with Monte Carlo NParticle Transport (MCNP) code.
Electronic board
The electronic board’s accumulated electron
can determine the target tissue’s thickness.
Then, according to transferring the current
from the board to an amplifier, recording, and
processing the resulting signal, the desired information can be extracted. This system consists of two separate sections: 1) the electrical
circuit in the path of electron irradiation acting
as a sensor, and 2) the computer software analyzes data.
Each board pixel had a metal plate, detecting the electron flux with the thickness of 33
µm, 90% Tin,7% Copper, and 3% PVC. Each
pixel with its circuit amplified the signal with
a Bipolar Junction Transistor (BJT) transistor.
In addition, the microcontroller for this circuit
was from the DSPIC (Digital signal peripheral
interface controller) family. The metal plate of
each pixel of the board absorbed the flux of
electrons and then converted it into its corresponding signals. The amplitude of this signal
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was different for each thickness of the target.
The outcome of the board was recorded and
processed using executable software that connects to a computer via a USB port [5]. The
electronic board image is shown in Figure 1.
Shielding disk
A protecting disk was used for the healthy
tissues placed behind the disk from radiation
and removed sensitive tissue from the beam. A
double-format layer is a usual type of shielding disk. The initial layer minimized the backscattered radiations with low atomic number
(z), and the underneath layer absorbed the
high-energy electrons with high-z [20,34]. In
this simulation, the shielding disk was composed of a 3 mm PMMA as a low-z layer and
a 3 mm stainless steel as a high-z layer.
Phantoms
In this research, different tissues were selected for phantom simulation. The simulation
was conducted with the same phantom since
the electronic board outcome was obtained using PMMA phantom with 1.190 g/cm3 density.
In the next step, three tissue phantoms are simulated: tumor, soft, and adipose tissue.
Monte Carlo Simulation
Monte Carlo (MC) is a good and robust
technique to present electron flux distribution

for different target thicknesses and radiation
transportation simulation [14]. The MC code
simulating various factors, such as heterologous materials, back scattered events, and
beam-hardening [35] is one of the accurate
computational techniques in medical and radiation physics fields and the treatment planning processing [36]. In addition, the results
of MC code were used for validating treatment
problems in radiotherapy fields [34].
The current study aimed to investigate the
capability of an electrical system for measuring the thickness of the target tissue exposed
to radiation. The flux received by the metal
layer of the electronic board was proportional
to the amplitude of the board signals in different thicknesses. In the MC code, tally f2
can compute the flux or counts of electrons for
every target thickness and energy. The dose
rate and the radiation time are calculated using
Equations 1 and 2.
ϕ ( count / cm ) × E ( MeV ) ×1.6 ×10 − 13 ( J / MeV ) × S ( cm )
D =
(1)
 Kg 
ρ
 × ( sd ) (cm )
 cm 
2

2

3

3

T = D measured / D calculated

(2)

In Equation (1) φ is the rate of electron flux,
E is the electron energy, S is the surface exposed to radiation, ρ is the phantom density,
and d is the phantom thickness. The Dmeasured in

Figure 1: Designed electronic board a) behind of board and b) front of the board (Reproduced
from Yazdani MR et al. Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors, and Associated Equipment. 2017;855: 32-7. [5])
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Equation 2 is the amount of required dose for
treatment of the target.

Results
Mont-Carlo calculation of thickness and validation by the electronic board result
The MC simulation results for different
PMMA phantom thicknesses are shown in Figure 2 and Table 1 for all nominal energies. The
outcome of the electronic board, which was
experimentally obtained using a LIAC (linear accelerator) mobile accelerator in Khatam
Hospital, Tehran, Iran was illustrated in Figure
3 and Table 2 to validate the simulation findings. This accelerator, equipped with a PMMA

applicator with 0.5 (cm) thickness, worked in
π/2 mode at 2.998 GHz and included 19 cavities with a 92.5 (cm) length. The magnetron
producing the radiofrequency power for this
accelerator was MG6090. The simulation and
experiment results show an identical manner
and reasonably good agreement.
Figure 4 presents the electron count for various tissues: adipose, soft, and tumor in 6 MeV
energy. According to the results, there were no
significant differences among different tissues.
Time determination for uniform
target irradiation
Four Iso-dose curves of 6, 8, 10, and 12 MeV
energies were constructed for a target thickness of 2.5 cm (Figure 5) to achieve a uniform

Figure 2: Monte Carlo simulation results for
various electron source energies

Figure 3: Electronic board outcome for Poly
Methyl Methacrylate (PMMA) phantom

Table 1: Electron counts of Monte Carlo simulation for different thicknesses and energies

Table 2: Electron count of an electronic
board for different thicknesses and energies

Thickness
(cm)
0.5
1
1.5
2
2.5

IV

Energies (MeV)
6
8
10
MeV MeV
MeV
65
53.75
47.6
70
55.28
49.62
51.15 54.48
49.2
22
47.4
44.72
10
38.03
37.86

12
MeV
43.74
45.25
45.3
42.78
38

Thickness
(cm)
0.5
1
1.5
2
2.5

6
MeV
81.48
74.51
50.5
19.25
7

Energies (MeV)
8
10
12
MeV MeV
MeV
49
45.5
42
53.85 46.19 43.1237
53.44
46.8
43.23
49.96 45.37
42.81
41.38 42.91
42.92
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dose distribution in treatment by electron radiation. However, the electrons with lower energy have a non-uniform dose distribution; the
dose is more uniformly distributed at higher
energies along with the thickness of the target.
In addition, the percentage depth dose (PDD)
curves also confirm this behavior (Figure 6).
The dose rate and radiation time were calcu-

Figure 4: Electron flux for three types of tissues in 6 MeV energy

lated using Equations 1 and 2, respectively. In
Table 3, the simulation and experimental radiation time are reported, and Figure 7 reveals
the radiation time of various target thicknesses
for three energies (8, 10, and 12 MeV).

Discussion

In the first treatment step by IORT, the thickness of the target tissue has to be measured [33]
using the emerged electron flux from the target
tissue instead of a needle [5]. In this study, the
MC simulation was used due to the the importance of code for simulating and exploring the
beam interactions [36] and its accuracy in the
treatment planning [34].
The results of MC simulation (Figure 2) and
electronic board output (Figure 3) show that
the electron count varies for different electron energies by changing the tissue thickness.
For higher energies, these variations are small
compared to 6 MeV electrons.
Figure 4 illustrates the simulation for different types of target tissues, in which can be

Figure 5: Iso-dose distribution for different energies in 2.5 (cm) of the target tissue. A) iso-dose
for 6 MeV electron, B) iso-dose for 8 MeV electron, C) iso-dose for 10 Mev electron, and D) isodose for 12 MeV
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only one type of tissue in the radiation due to
unnoticeable differences in electron count for
various tissues. Therefore, the depth of target
tissue as an important factor of IOERT [5] was
precisely calculated by scanning the target using a pencil beam, and electron flux emerged
from the target.

Figure 6: The percentage depth dose (PDD)
at different electron energies

After determining the target thickness, a radiation pattern distributing the dose uniformly
throughout the target tissue must be designed.
Figure 5 shows that electrons with higher energy are better in treatment. Due to the different thicknesses of the target tissue, the right
energy for treatment [37] and the irradiation
time are managed.
In this study, a dose prescription of 21 Gy
(Dmeasured) for a breast tissue with 2 (cm) thick
irradiated in 104 s with 8 MeV electrons was
used as a reference for a uniform treatment
since the typical maximum thickness is about
2.5 (cm). First, the PMMA was considered
equivalent to the tissue, and then the amount
of dose rate was computed using Equation 1 to
calculate the irradiation time of different tissue thicknesses.
Therefore, the dose rate for various phantom
thicknesses can be calculated for each energy.
The radiation time can be derived from Equa-

Table 3: Dose and radiation time for different thicknesses of Poly Methyl Methacrylate (PMMA)
phantom and energies
Dose (GY/second)
Energy (MeV)

8

10

12

VI

Thickness (cm)
0.5
1
1.5
2
2.5
0.5
1
1.5
2
2.5
0.5
1
1.5
2
2.5

Time(second)

experiment

simulation

experiment

simulation

0.807
0.403
0.269
0.202
0.161
1.01
0.504
0.336
0.252
0.202
1.211
0.605
0.403
0.303
0.242

0.899
0.462
0.303
0.198
0.13
0.941
0.483
0.326
0.234
0.158
1.097
0.567
0.378
0.268
0.19

26.02
52.1
78.1
104
130.4
20.8
41.7
62.5
83.33
104
17.34
34.7
52.1
69.31
86.8

23.36
45.45
69.31
106.06
161.54
22.32
43.48
64.42
89.74
132.91
19.14
37.04
55.55
78.36
110.53
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Figure 7: Radiation time vs. phantom thickness for different electron energies. A) calculated
radiation time from simulation data and B) empirical radiation time.
tion 2 for all thicknesses and energies. In Table
3, the radiation time for five selected thicknesses is reported for different electron energies, and the radiation time for each arbitrary
thickness can be estimated by using Figure 7.
The radiation time was presented using both
simulation and experimental methods. According to Figure 7 and Table 3, the simulation results have an acceptable agreement.
According to Figure 7, the time of radiation
can decline with decreasing the target tissue
thickness and be predicted for different thicknesses. Therefore, a decision-making system
can be proposed for this LIAC accelerator. In
the first step, the thickness of the target based
on the pixel was determined and in the second step, the system read the radiation time
of this thickness for selected energy. After
the predicted time, the electronic board gives
feedback to the accelerator head to move and
check the next pixel.
Therefore, the electrical board signal amplitude would almost be the same at each depth,
and the dose would be uniformly distributed in
the target tissue using this diagram.

Conclusion

In IOERT, the geometry of the target tissue
changes when the surgeon operates on the patient and removes the tumor. Therefore, no
information is given about the thicknesses of
J Biomed Phys Eng

the target tissues. This study introduced a new
technique for determining the thickness of target tissue in IOERT. An MC simulation was
performed to confirm the electrical board’s results; therefore, an electrical board’s response
can measure the thicknesses of the possible remaining section of tissue using a 6 MeV electron pencil beam. Treatment time and uniformity in dose distribution throughout the target
can be achieved using measured thicknesses
with higher energy electrons. All parts of the
target are simultaneously irradiated regardless
of the remaining tissue depth in the IORT, resulting in the radiation oncologist finding out
the target tissue thicknesses under irradiation
and avoiding long time irradiation of the target
with lower thicknesses.
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