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Abstract
Background: High‑radiation therapeutic gain could be achieved by the modern technique of 
microbeam radiation treatment  (MRT). The aim of this study was to investigate the dosimetric 
properties of MRT. Methods: The EGSnrc Monte Carlo  (MC) code system was used to transport 
photons and electrons in MRT. The mono‑energetic beams  (1 cm  ×  1 cm array) of 50, 100, and 
150 keV and the spectrum photon beam  (European Synchrotron Radiation Facility  [ESRF]) were 
modeled to transport through multislit collimators with the aperture’s widths of 25 and 50 μm 
and the center‑to‑center  (c‑t‑c) distance between two adjacent microbeams  (MBs) of 200 μm. The 
calculated phase spaces at the upper surface of water phantom (1 cm × 1 cm) were implemented in 
DOSXYZnrc code to calculate the percentage depth dose  (PDD), the dose profile curves  (in depths 
of 0–1, 1–2, and 3–4 cm), and the peak‑to‑valley dose ratios  (PVDRs). Results: The PDD, dose 
profile curves, and PVDRs were calculated for different effective parameters. The more flatness 
of lateral dose profile was obtained for the ESRF spectrum MB. With constant c‑t‑c distance, an 
increase in the MB size increased the peak and valley dose; simultaneously, the PVDR was larger for 
the 25 μm MB (33.5) compared to 50 μm MB (21.9) beam, due to the decreased scattering photons 
followed to the lower overlapping of the adjacent MBs. An increase in the depth decreased the 
PVDRs (i.e., 54.9 in depth of 0–1 cm). Conclusion: Our MC model of MRT successfully calculated 
the effect of dosimetric parameters including photon’s energy, beam width, and depth to estimate the 
dose distribution.
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Introduction
Radiation therapy can be used to treat 
many types of cancer either alone or 
in combination with other treatments. 
More than half of all cancer patients 
will require radiation therapy as part of 
their treatment.[1,2] The main purpose of 
radiotherapy is to deliver the maximum 
dose to the tumor and minimum dose to the 
surrounding healthy tissues.  Using the small 
irradiation fields of modern radiotherapy 
techniques, such as intensity‑modulated 
radiation therapy,[3] boron neutron capture 
therapy,[4] and stereotactic radiosurgery,[5,6] 
reduced the dose delivered to surrounding 
healthy tissues. This, as a consequence, 
increases the radiation therapeutic efficacy. 
Decreasing the field size to microscale and 
producing the parallel beams compared to 
those applied in aforementioned techniques 

are very interested subjects. Moreover, 
some tumors such as glioblastoma 
are radioresistant due to low tumor 
oxygenation  (hypoxia), and high dose is 
needed to ablate them.[7,8] Furthermore, since 
it promotes cancer cell spreading (invasion) 
into the healthy brain tissue to evade this 
adverse microenvironment,[8] delivering 
high‑dose values to target volume in glioma 
radiotherapy is limited by the high risk 
of damage to the adjacent healthy tissues, 
especially in children.[9,10] As known in the 
literature, the side effects depend on the 
volume of irradiated brain tissue and the 
delivered dose values.[11] Hence, decreasing 
the irradiated volume of the healthy 
brain tissue could be useful for reducing 
the side effects. Curtis has shown that 
complication of healthy tissue to radiation 
damage induced by microscopically thin 
beams is negligible.[12] Microbeam radiation 
therapy  (MRT) is based on what is known 
as the dose–volume effect; the smaller the 
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field size, the higher the tolerance of the healthy tissue.[12] 
The cranial malignancies have been reported as an ideal 
target for MRT. The findings from the literature suggest that 
head‑and‑neck sites will be optimal scenarios for MRT.[13,14]

In MRT, using multislit collimator, the highly directional 
and high‑flux synchrotron radiation is built by an array 
of parallel X‑ray microbeams  (MBs, from 25 to 75 μm 
beam width) with a center‑to‑center  (c‑t‑c) distance of 
100–400 μm. The used X‑ray energy spectrum from 
the synchrotron source ranges from 50 to 500 keV.[15‑17] 
Theoretically, the parallel radiation shows a sharply dose 
drop‑off at the edge of each beam‑let to limit the delivered 
dose only to the target volume. High‑flux radiation from 
MRT facility allows delivering of high level of dose (>100 
Gy) in a short time that makes it possible to avoid spreading 
of the dose by tissue movement. The sparing effect of the 
healthy tissues by different parameter setups for MRT was 
reported in several preclinical investigations, and some 
mechanisms such as the poor regenerative capacity of 
tumoral vessels,[18‑24] in‑field bystander effects related to 
cellular migration, and the communication of stress factors 
between the peak and valley regions,[25,26] were discussed. 
Experimental dosimetry for MRT has been remained a 
challenging task due to the need for high spatial resolution 
dosimeter at high‑dose gradient in edges of beamlet and 
the need for nonsaturated dosimeter to measure high 
dose delivered inside beamlet.[27‑30] Monte Carlo  (MC) 
calculations are not limited by mentioned complications 
and have been successfully used by some investigators to 
study different properties of MRT.[15,17,31‑34]

Recently, accurate cross‑sections and techniques for 
low‑energy electron interactions have been integrated 
into earlier versions of EGS4 code to improve the 
accuracy of radiation transport down to 1 keV that 
is essential for dose calculation at the μm scales 
in MRT.[35] Instantly, the implementation of some 
single‑particle electron tracking results in better dose 
calculation as compared to previous techniques of the 
continuous beam slowing model. Selecting the accurate 
physical dosimetric properties such as the peak‑to‑valley 
dose ratio (PVDR) and the exact value of high dose of 
several hundred Gray (Gy) depended to X‑ray beam 
spectrum, the c‑t‑c distance, the irradiation field size, 
the beam width, the tissue composition, and the depth 
of tumors. These parameters are essential for a correct 
dose assessment to establish an optimal treatment plan 
in the clinical MRT practices. In this study, using the 
EGSnrc‑based MC user codes, the effect of different 
parameters on dose distribution such as energy of 
photon, depth, and beam width of MRT was studied.

Materials and Methods
In this study, the radiation transport calculations were 
carried out using EGSnrc‑based MC user codes, 
6BEAMnrc, and DOSXYZnrc.[35] Radiation transporting 

through collimator and dose calculation in phantom were 
performed using BEAMnrc and DOSXYZnrc, respectively. 
Considering the energy range of the used photons in MRT, 
the most significant interaction mechanisms were Compton 
scattering and photoelectric absorption. Directional 
bremsstrahlung splitting was used as one of the variance 
reduction techniques. The MC’s parameters are set to 
ECUT  =  521 keV, PCUT  =  1 keV, AE  =  521 keV, and 
AP  =  1 keV, where ECUT and PCUT are lower energy 
threshold for electron and photon transport and creation, 
respectively; the ECUT was set to 50 keV for collimator 
module to save the calculation time. These low AE 
and AP values allow simulation of more delta ray and 
bremsstrahlung production, respectively, which result in 
more accurate estimation of energy loss straggling. All 
calculated doses were reported in terms of cGy/incident 
electron.

Microbeam radiation treatment source model

The lead collimator with a surface of 1 cm  ×  1 cm, a 
thickness of 2 cm, 25 μm, or 50 μm a microarray of 
air apertures, and a fixed c‑t‑c distance of 200 μm was 
simulated by component module of MESH to produce 
array of rectangular planar beams. This arrangement 
resulted in the MB planar arrays of 50 single beams. The 
mono‑energetic planar beams of 50, 100, and 150 keV were 
used. The photon source with dimensions of 1 cm  × 1 cm 
was positioned at 5 cm distance from the top surface of 
the collimator. Furthermore, to mimic a really produced 
beam by synchrotron, the X‑ray spectral distribution was 
extracted from the ESRF medical beam line  (ID17),[36] 
with an energy bin resolution of 5 keV  [Figure  1]. This 
spectrum with a mean energy of 107 keV contains a small 
fraction of photons with energies above 300 keV. A  total 
of 109 histories were used to reach a statistical uncertainty 
better that 0.5%.

Figure 1: X‑ray spectrum of European Synchrotron Radiation Facility ID17 
medical beam line, with a 16‑mm‑thick aluminum filter
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Dose calculation

The phase space  (PS) file for calculating all dose 
distributions in the rectangular water phantom with 
dimensions of 10 cm  ×  10 cm  ×  20 cm was generated at 
the underlined surface of the collimator located 17 cm away 
from the upper surface of phantom. The PS file contains each 
particle’s type, direction, energy, and position and was used 
as a source to calculate dose distributions. The PS particles 
were recycled up to 20  times for each dose calculation. 
The percentage depth dose  (PDD) data were obtained in 
the central axis of each MB. The voxel dimensions along 
the central axis were chosen as 1 mm  ×  1 mm  ×  2 mm to 
compromise between resolution needed in the region of 
high‑dose gradient and computational time to obtain the 
acceptable accuracy. The lateral dose profiles were obtained 
in three depths 0, 1, and 3 cm in water phantom. These 
dose values scored in voxels with 1 mm  ×  2 μm  ×  1 cm 
dimensions. All values were normalized to the maximum 
value on the central axis of MB.

Results
Source model validation

As shown in Figure  2, the calculated depth dose and 
lateral dose profile were calculated for a planar source 
using the energy spectrum of ESRF medical beam 
line  (ID17)[36] and compared to the data from Siegbahn 
et  al.[37] The difference between our calculated PDD and 
lateral dose profile with corresponding data reported 
by Siegbahn et  al.[37] was  <1.5% that is better than 22% 
reported by Bräuer‑Krisch et al.[27]

The calculated PDD curves

The calculated depth dose curves for mono‑energetic X‑ray 
beams of 50, 100, and 150 keV and X‑ray spectrum of 
ESRF for beam width of 50 μm are shown in Figure 3. All 
calculated doses were normalized to the maximum dose 
of 150 keV beam to distinguish low‑level discrepancies, 
especially in the valley region. In Table  1, the percentage 
dose reductions in depth for a beam width of 50 μm were 
compared to the absorbed dose on phantom’s surface.

The calculated lateral dose profiles

The vertical axes for some lateral dose profiles are 
presented on a logarithmic scale to illustrate the difference 
between the curves. The calculated lateral dose profile for 
the ESRF ID17 spectrum with c‑t‑c microbeam spacing of 
200 μm and microbeam width of 25 μm was depicted in 
Figure 4. Figure 4a and b shows the calculated lateral dose 
profiles for seven arrays of microbeams and the central 
microbeam array, respectively.

To investigate the effect of beam’s energy on the lateral 
dose distribution, the lateral dose profiles are investigated 
and depicted in Figure 5.

Variation of lateral absorbed dose profiles with depths is 
evaluated and shown in Figure 6.

The effect of different beam widths  (25 and 50 μm) on 
dose distribution is calculated and presented in Figure 7.

The calculated PVDRs for 1 cm × 1 cm field size depended 
to different studied parameters of MRT are summarized in 
Table 2.

Discussion
As shown in Figure  2, the difference between our 
calculated PDD and lateral dose profile with corresponding 
data reported by Siegbahn et al.[37] was better than 1.5%.

All calculated PDD curves show the descending trend with 
depth in the phantom primarily due to the attenuation of 
primary photons.[33‑34,36,37] As can be seen in Table  1, the 

Table 1: Percentage dose reduction in depth compared 
to the absorbed dose on phantom’s surface for a beam 

width of 50 μm
Photon energy 
(keV)

Depth (cm)
4 (%) 7 (%)

50 52.9 75.9
100 43.6 65.9
150 40.0 61.6
ESRF spectrum 40.7 62.1
ESRF – European Synchrotron Radiation Facility

Figure 2: (a) The calculated depth dose and (b) lateral dose profile from full simulated spectrum curves for planar beam. The center‑to‑center microbeam 
spacing was 400 μm and the microbeam width was 50 μm

ba
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slope of absorbed dose for the lower energy MB is smaller; 
instantly, for 50 keV beam, delivered dose in the depth of 
4 cm was 47.1% of surface dose, while it was 60% for 
150 keV beam. This is expected due to the higher range of 
more energetic photon beam.

As can be seen from Figure  4a and b, the dose is 
maximal at the center of each MB and decreases toward 
the edges for each separate MB; the dose flatness on 
the profile within the central 80% of the beam width is 
about 10%.

From Figure  5, the dose drops immediately after the edge 
of the beam in the valley region. This decreased dose is 
clinically crucial to keep dose delivered to the healthy 
tissue under tolerances. This deep fall‑off of dose is 
mainly due to lack of primary photons to reach the valley 
regions which are located in the shadow of lead blocks of 
collimator. An increase in the energy of photons increases 
the level of dose in the peak region and at closer distances 
from beam’s edge and also decreases the gradient of dose 
fall‑off, predominately due to electrons from the Compton 
scattering. For farther distances  (>22 μm), the absorbed 

dose of the ESRF X‑ray spectrum is higher than the dose 
resulted from the higher monochromatic MB of 150 keV. 
This could be explained by the fact that the ESRF X‑ray 
spectrum includes no negligible contribution of photons 
with energy higher than 150 keV to produce more scattered 
photons into the valley region at farther distances. The 
Compton scattering and photoelectric effect have an 
opposite behavior at different energies. Consequently, a 
combination of the two following mechanisms determine 
absorbed dose in the valley region:  (1) the electrons 
resulting from the Compton scattering deposit their energy 
in the closer distances from the beam edge as compared to 
the electrons from photoelectric effect[36] and (2) an increase 
in the energy of incident photon increases the probability 
of Compton scattering while decreases the probability 
of photoelectric effect. These results were also reported 
by Slatkin et  al.,[31] Stepanek et  al.,[32] Spiga et  al.,[33] 
and Siegbahn et  al.[37] Siegbahn et  al. studied dosimetric 
properties of MRT  (using the ESRF spectrum and 
mono‑energetic MB of 100 keV) by PENELOPE MC code 
and MOSFET dosimeters. Their results, after suppressing 
Compton scattering, showed that the photoelectric effect 
does not contribute fundamentally to shape the dose profile; 
however, it has a small contribution at adjacent distance 
from the beam’s edge. Shutdown the transportation of 
secondary electrons in separate calculations resulted that 
valley dose was created by electrons scattered from the 
peak region.

According to Figure 6a, dose values was decrease with 
depth. The dose difference between the peak and valley 
regions becomes smaller by penetrating of photons in 
deeper depths due to decrease of the primary photon fluence 
in target volume located at peak regions and increase the 
fluence of scattered photons received by the valley regions. 
Considering dose delivery of several hundred Gy in MRT, 
the increase dose in the valley region from these scattered 
photons could be a crucial obstacle to obtain the acceptable 
therapeutic ratio. From Figure 7, although the peak dose is 
higher for the larger beam’s width  (50 μm) as a preferred 
result to deliver high‑dose rate, at the same time, the dose 

Figure 3: The calculated depth dose curves for 1 cm × 1 cm planar beam 
at different mono‑energetic beams (50, 100, and 150 keV) and European 
Synchrotron Radiation Facility ID17 spectrum

Figure 4: Lateral dose profile for the European Synchrotron Radiation Facility ID17 spectrum for (a) the central microbeam array and for (b) seven arrays 
of microbeams. The center‑to‑center microbeam spacing was 200 μm and the microbeam width was 25 μm

ba
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absorbed in the valley region would be increased due to the 
increasing contribution from the scattered MBs.

Conclusion

Our MC model of MRT successfully calculated the 
dosimetric parameters such as energy of photon, beam 

width, and depth in phantom to estimate the dose 
distribution. The PVDR increases with energy of photons 
and decreases with depth and beam width.
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Table 2: Calculated peak‑to‑valley dose ratios for 
1 cm × 1 cm field size of the mono‑energetic photons 
of 50, 100, and 150 keV and European Synchrotron 

Radiation Facility X‑ray spectrum planar microbeams 
with the fixed center‑to‑center of 200 μm, beam widths of 
25 and 50 μm at depths of 0‑1, 1‑3, and 3‑4 cm inside the 

water phantom
Microbeam 
width (μm)

Depth 
(cm)

Energy of photon (keV)
50 100 150 ESRF spectrum

25 0‑1 44.4±0.4 54.8±0.5 69.4±0.5 27.9±0.4
1‑2 32.9±0.4 44.0±0.4 54.6±0.4 24.8±0.4
3‑4 28.4±0.4 39.8±0.7 49.4±0.4 23.7±0.4

50 0‑1 17.7±0.5 28.9±0.4 42.1±0.4 22.7±0.3
1‑2 14.5±0.4 22.5±0.4 32.8±0.4 19.4±0.3
3‑4 12.8±0.5 20.3±0.4 29.4±0.4 12.9±0.3

ESRF – European Synchrotron Radiation Facility

Figure  5: Comparison of the calculated lateral dose profiles for the 
mono‑energetic microplanar beams (50, 100, and 150 keV) and the European 
Synchrotron Radiation Facility ID17 spectrum X‑ray microbeam. The 
center‑to‑center of 200 μm and the beam width of 25 μm were used. All 
calculated doses were normalized to the maximum dose of 150 keV beam

Figure 6: Comparison of the calculated lateral dose profiles in depths of 0–1, 1–2, and 3–4 cm for photon’s energy of 100 keV and beam width of 25 μm. 
Dose distributions were normalized to (a) the maximum value of the profile at depth of 0–1 cm (to highlight difference of peak doses), (b) their maximum 
values, separately (to highlight difference of valley doses)

ba

Figure 7: Comparison of the lateral dose profiles on the central axis of the planar microbeam with beam widths of 25 and 50 μm for the photon energy 
of 100 keV and for the center‑to‑center of 200 μm. Dose distributions were normalized to  (a) the maximum value of dose profile for beam width of 
50 μm (to highlight difference of peak doses) and (b) their maximum values, separately (to highlight difference of valley doses)
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