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ABSTRACT

Background: Previously, the physical dose-enhancement factor (DpnysEF) enhancement was
introduced. However, the dose enhancement considering the biological effectiveness was
not shown.

Purpose: The aim of the current study was to evaluate the biological dose-enhancement
factor (DyioEF) by the dose rate and to compare the DpyysEF and the Dy EF in Lipiodol for
liver Stereotactic Body Radiation Therapy (SBRT).

Materials and methods: Flattening-filter-free (FFF) 6-MV (6MVX) and 10MVX beams were deliv-
ered by TrueBeam. A virtual inhomogeneity phantom and a liver SBRT patient-treatment
plan were used. The DypyEF and lineal energy distribution (y) distribution was calculated
from Monte Carlo simulations. Using a microdosimetric-kinetic (MK) model that is esti-
mated based on the linear-quadratic formula for Lipiodol using human liver hepatocellular
cells (HepG2), the biological dose and biological dose enhancement factor (D EF) were
calculated. The dose rate in the simulation was changed from 0.1 to 24 Gy/min.

Results: The Dy;joEF (DR:2Gy/min) and DpnysEF with 10MVX FFF beam were 23.2% and 19.1% at
maximum and 12.8% and 11.1% on average in the Lipiodol. In the comparison of the Dy;,EF
between 0.1-24 Gy/min, the Dy;oEF was 21.2% and 11.1% with 0.1 Gy/min for 6MVX and 10
MVX, respectively. The Dy;,EF was larger than DEF for the 6MVX and 10MVX FFF beams. In
clinical cases with the 10MVX FFF beam, the Dy;EF and DppyEF in the Lipiodol region can
increase the in-tumor dose by approximately 11% and 10%, respectively, without increasing
the dose to normal tissue.

This work was presented at the 59th Annual meeting of the American Association of Physicists in Medicine.
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Conclusions: The lower-energy and higher-dose-rate beams were contributed to the biological
dose. The Lipiodol caused the enhancement of the physical dose and biological effective-

ness.

Advances in knowledge: The biological dose enhancement (Dy;oEF) should be considered in
the high-density material such as the Lipiodol.
© 2019 Greater Poland Cancer Centre. Published by Elsevier B.V. All rights reserved.

1. Background

Gold Nano-Particle (GNP) is useful for the tumor to be sensitive
to damage by dose enhancement.’ The dose enhancement
with GNP can be achieved by using a material of a high
atomic number.” Recently, radiobiological experiments for
dose enhancement were performed with low-energy X-rays.>*
Monte Carlo (MC) simulations have been used to analyze
the dose enhancement in radiation therapy.”® Our previous
study reported the dose enhancement in Lipiodol (Guer-
bet, Villepinte, France) irradiated by a 10-MV X-ray (10MVX)
flattening-filter-free (FFF) beam.’ Lipiodol, which was used
for tumor seeking in trans-arterial chemoembolization, has
been used for liver cancer. The removal of the flattening
filter decreases beam attenuation and also increases dose
enhancement because the FFF beam includes a large num-
ber of low-energy photons compared with the flattening-filter
(FF) beamn.'©

Although the analysis of the physical dose (Dppys) enhance-
ment was introduced, the dose enhancement considering the
biological effectiveness was not shown. For photon therapy,
Joiner et al. reported that damage to the tissue or cells with
photon irradiation depends on the photon energy and dose
rate.!’ The relative biological effectiveness (RBE) variation
with photon energy was observed in the previous studies.'®*?
Our previous study investigated the relative biological effec-
tiveness (RBE) using FF and FFF beams for 6-MV X-ray (6MVX)
and 10MVX beams.'* It revealed that RBE varies owing to
the flattening filter and the photon energies. The other study
reported that the experiment on the RBE variation was per-
formed for the RBE of killing Human Salivary Gland (HSG)
tumor cells irradiated with 6 MVX and 200 kVX beams.'> How-
ever, they could not calculate the dose distribution and only
considered the photon energy.

Hawkins et al. developed the microdosimetric kinetic (MK)
model which can predict the SF of cells from the physical dose
by a domain that is a subcellular structure for any kind of
radiation.’® Inaniwa et al. calculated the biological dose dis-
tribution for carbon-ion beams.” They showed the difference
of the dose distribution due to the effects of delivering a frac-
tioned dose by using the MK model. The dose delivery time
depended on the dose rate (DR) and patient re-set up time.
Cell killing is decreased with the fraction time because of sub-
lethal damage repair (SLDR).' Inaniwa et al. concluded that
when the dose delivery time was prolonged to 30 min or more,
it was largely influenced in carbon-ion radiotherapy. However,
these calculation techniques were not used for photon ther-
apy. Additionally, there is no paper regarding how DR affects
dose enhancement.

2. Aim

In this study, we calculated the biological dose distribution
with and without Lipiodol for 6MVX and 10MVX FFF beams.
The biological dose enhancement (D, EF) was evaluated and
the effects of the Dy EF due to DR for photon therapy were
revealed.

3. Methods and materials
3.1.  Physical dose calculation with MC

A TrueBeam linac (Varian Medical Systems, Palo Alto, USA) for
FFF beams of 6MVX and 10MVX was modelled. The compo-
nents of linac’s head are proprietary and the direct simulation
cannot be performed. Varian provides IAEA-compliant phase-
space files that were simulated using the GEANT4 MC code,
located just above the secondary X/Y collimator. Therefore,
we modelled the phase-space files below the secondary colli-
mator using BEAMnrc, which is an important special-purpose
code built on the EGSnrc platform.’® These phase-space files
scored at a source-to-surface distance (SSD) of 70 cm are used
as a source in the Particle and Heavy lon Transport Code Sys-
tem (PHITS) calculation. The dose calculation and biological
effect were calculated using PHITS.'® The historic numbers of
the photons were 2.0 x 108 in BEAMnrc and 2.0 x 10° in PHITS,
respectively. The grid size for the dose-calculation was 2.0 mm.
The energy cut-off for electrons and photons were set to
0.7 MeV for electrons kinetic plus rest energy and 0.01 MeV for
photons. The validation of MC calculations was performed by
comparing them with the measurements. The percent depth
dose (PDD) curve was obtained using a CC04 (IBA Dosimetry,
TN, USA) chamber for a 10 x 10 cm? field.

For the dose calculations, a virtual phantom and clini-
cal patient Computed Tomography (CT) image were created.
The virtual inhomogeneity phantom was created with a
water-equivalent phantom (20 x 20 x 20 cm?) where Lipiodol
(3 x 3 x3cm?) was inserted at a depth of 5.0cm (Fig. 1). The
cross-section data and physical density of Lipiodol, each
milliliter of which contains 480 mg/mL of Iodine organically
combined with the ethyl esters of fatty acids of poppy-seed
oil, were assigned on PHITS with EGS incorporated.”’ The Lip-
iodol has a physical density of 1.28 g/cm?. The field size of the
beam was set to 5 x 5cm? at SSD=90cm.

The clinical patient CT scan was performed during expi-
ratory breath holding in a CT scanner (Lightspeed RT16, GE
Healthcare, Little Chalfont, UK). Breath holding was coordi-
nated in the expiratory phase with Abches (APEX Medical,
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Fig. 1 - Geometric scheme of virtual phantom without Lipiodol (left) and with Lipiodol (right) located at a depth of 5.0cm in

a water-equivalent phantom (20 x 20 x 20 cm?3).

Tokyo, Japan), which allows patients to control their respi-
ratory motion. The scanned CT image had slice thickness of
1.25mm and slice interval of 1.25mm. The CT image, struc-
ture, and plan data were exported to our in-house system
with MATLAB (The MathWorks, Natick, MA), which operated
and translated the data into the format for MC calculations.
Then, the patient was represented in a digitized box with the
same geometry as the scanned CT image. This box preserves
the spatial location of the original CT voxel, Hounsfield unit
(HU), and structure data. The material assignment for the Lip-
iodol was performed with the structure of Lipiodol, which was
already contoured in the treatment-planning system Eclipse
(Varian Medical Systems, Palo Alto, USA). The materials with-
out Lipiodol were assigned with the conversion of the CT value
to the materials using the same method as the Acuros XB (AXB)
algorithm in Eclipse. The tumor volume enhanced by resid-
ual Lipiodol and the dynamic CT in treatment planning CT
were defined as the Gross Tumor Volume (GTV). The margin
of the Clinical Target Volume (CTV) and a Planning Target Vol-
ume (PTV) were added, typically 5mm around the GTV and
5-8 mm, which includes the respiratory motion reproducibil-
ity and setup error. The clinical plan with eight beams (four
coplanar and four non-coplanar beams) was used.

3.2.  Lineal energy distribution

PHITS used a mathematical function that expresses the micro-
dosimetric probability densities (PDs) as a function of LET of
ionizing particles, energy and the charge to calculate the PDs
in a macroscopic matter within a reasonable computational
time. The lineal energy (y) distribution is the quotient of the
energy deposited into a volume of interest. The y distribution
is deposited by ionizing radiation in the microscopic sites that
causes lethal lesions of DNA.?! The y distribution with 6-MV x-
ray beam was calculated using the T-SED function of PHITS.??
For the y distribution, the simulation model was created with
a track structure simulation. The domain size was assumed
to be composed of spherical sites with diameters from 1nm
to 1pm. An analytical function was developed based on this
result. Thus, the domain size in the current study was 0.5 um
for the calculation of lineal energy distribution. Subsequently,

Table 1 - Radiobiological characteristics of HepG2
described with parameters derived from the

dose-survival curves fitted with a standard L.Q model
and incomplete repair model referenced by Zheng
et al.z3

Parameters Values
a(Gy™) 0.118
B(Gy™) 0.038
/B (Gy) 31

Ty, (min) 22

the dose-mean linear energy yp was calculated using the lin-
ear energy y as follows:

_ S ¥*f (y)dy _ [ yd(y)dy
[yfydy  [d(y)dy

yD 1

where f (y) is the PD of the lineal energy and d (y) is the dose
distribution of the lineal energy.

3.3. Survival fraction with physical dose and cell
parameters

The ag is the proportionally factor to D [Gy~!] and fo is the
proportionality factor to D? [Gy—?] which are obtained by the
survival fraction in the LQ model. Table 1 shows the cell
parameters of the HSG tumor cells and the calculated yp val-
ues for the 6-MV x-ray beam, which was the dose-mean lineal
energy, referenced from a previous study.”®> According to their
transformations, the relation between the dose and cell SF
can be deduced by solving the rate equations for the num-
ber of potentially lethal lesions (PLLs) and lethal lesions (LLs)
are classified into four categories: (1) irreparable lethal lesion
(LL) that emergesemerge at constant rate a through first-order
process; (2) converted to LLs through second-order process; (3)
repaired at constant rate c through first-order process; (4) per-
sisting for a length of time t,, after which it becomes lethal and
unrepairable. The constants a and ¢ were derived in a previous
study.' Moreover, this previous study assumed that the PLL


https://doi.org/10.1016/j.rpor.2019.10.006

684

REPORTS OF PRACTICAL ONCOLOGY AND RADIOTHERAPY 24 (2019) 681-687

== 6MVX FFF_Measurement
X

X BMVX FFF_MC

o
=4
1=

i
i,
AT
g,

LT
B
%

PDD (%)

1200

- .. 10MVX FFF_Measurement
100.0

800 | x 10MVX FFF_MC

RET
600 4" "’Jnx,‘,,
i
’Mm,n,ﬁf )
400 iy

200

0.0 0 150

10.
Depth (cm)

200

100
Depth (cm)

200

Fig. 2 - Validation of MC-calculated PDD curves compared with the measurement with the chamber for FFF beam of 6MVX

(left) and 10MVX (right).

repair rate, which was defined as (a +c), was obtained by the
DNA repair half-time T/, of HepG2.>

In2

a4+ c= —=—.
T12

2
The SF in the MK model can be calculated as'’

- (0’04';,{%17/30) Dphys *F/S()DphySQ
d

SF=e 3)

where, F is the Lea-Catcheside time-factor, which is given by?*

F=

[(a+0T+e @ _1] )

(a+c)*T?

where T is the total treatment time. The T is calculated by
dividing the Dypys by the dose rate (DR) that is 0.1-24 Gy/min
in this study.

3.4.  Biological dose calculation with MC

The Dy;, was calculated using the following equation from the
study of Inaniwa et al."/

\/aop? — 4InSFDphysﬂ

28

(%)

where the Dy,ys Was calculated for the 6MVX and 10MVX FFF
beams. Dy, depends on the SF, which is the negative of the
natural log of the survival fraction at the 10% survival level.
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The Dy, is calculated with the dose rate (DR) between 0.1 and
24 Gy/min.

4, Results

4.1. The validation of MC

Fig. 2 shows the comparison of the measurement and the
MC-calculation in the water phantom for 6MVX and 10MVX
FFF beams. The step size of the chamber measurements was
2mm. The calculated dose beyond the build-up point agreed
with the measurement within 1.0%.

Fig. 3 shows the physical dose-enhancement factor
(DpnysEF) and biological dose enhancement factor (Dy;oEF). All
the PDDs of the physical and biological doses were normal-
ized to 100% at dmax for each beam. DEF represents the ratio
of the deviation of D,y deposited with Lipiodol and the Dy
deposited without Lipiodol divided by the Dppys deposited
without Lipiodol. Dy, EF represents the ratio of the deviation
of the Dy;, deposited with Lipiodol and the Dy;, dose deposited
without Lipiodol divided by the Dy;, dose deposited without
Lipiodol. In Fig. 3, Dy, was calculated using DR =2 Gy/min. The
DpnysEF and Dy EF at the center of the Lipiodol region (depth
6.5cm) were 17.0% and 20.8% for the 6MVX FFF beam, and
10.5% and 11.4% for the 10MVX FFF beam, respectively. The
average difference between DyppysEF and Dy,;oEF was 3.8% and
1.0% for 6MVX and 10MVX FFF beams, respectively.

Fig. 4 shows the Dy;,EF calculated with DR =0.1-24 Gy/min.
There was a small difference within 1% between the Dy;,EF
values with DR =0.5-24 Gy/min for both 6MVX FFF and 10MVX

20 ® D, EF
35 0 DyioEF (2Gy/min)
30

. 25

0 S

23
. oo ennen,,

6.5 7
m

Fig. 3 - The Dy;,y (closed squares) and Dy;, (open circles) with DR=2 Gy/min at 5-8 cm for 6MVX (left) and 10MVX FFF (right)

beams.
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Fig. 4 - The Dy},EF (closed squares) and Dy;,EF (open circles) with DR=0.1-24 Gy/min at 5-8 cm for 6MVX FFF (left) and

10MVX FFF (right) beams.

FFF beams. On the other hand, the average difference between
DR=0.1Gy/min and 0.5-24 Gy/min was 1.8% for 6 MVX FFF and
1.3% for 10MVX FFF beams, respectively. This difference was
larger for the 6MVX FFF beam than for the 10MVX FFF beam.

Fig. 5 shows the physical and biological dose distributions
with 2 Gy/min in the axial plane for a clinical case of liver SBRT.
The dose distributions were normalized by the prescription
dose. The red region indicates dose greater than 90% in the
figure. This region volume is larger in the physical dose dis-
tribution with Lipiodol than that without Lipiodol. Comparing
the physical dose distribution with the biological dose distri-
bution with 2Gy/min, the red washed region indicates that
dose greater than 90% was larger for the Dy, with 2 Gy/min.

Fig. 6 shows the lateral dose profile of the physical and
biological dose distributions with and without Lipiodol in the
isocenter plane. The average DppysEF and Dy;oEF in GTV were
6.0% and 8.1%. The Dy;,EF was larger than DppyEF in the
Lipiodol-uptake region.

5. Discussion

Our previous study reported the DppysEF in the Lipiodol region
for a 10MVX FFF beam. The Dy;,EF with 2 Gy/min was larger
than DppysEF for both 6MVX and 10MVX FFF beams. The rela-
tion between the RBE and DEF is not nonlinear, and RBE may
depend not only on the total energy deposited but also the spa-
tial pattern of radiation-induced ionizations.?>~?” The previous

Physical dose without Lipiodol

Physical dose with Lipiodol

study reported SF and RBE data showing dose enhancement
with AuNPs.?® Herold et al. reported the RBE and tumor-control
probability (TCP) enhancement with the high-Z material.?
However, the RBE indicated the biological effects, but the dose
evaluation considering the biological effects should be used in
clinical applications. In the current study, the Dy;,EF was cal-
culated by varying the dose rate derived from MK model. The
DyioEF was larger than DppygEF, which could indicate that the
tumor region containing the Lipiodol is expected to increase
the local control biologically. Further study of the TCP calcu-
lation is needed.

Lohse et al. showed that clonogenic survival is statistically
reduced if the total dose is delivered with a higher dose per
pulse.*932 Thus, the high-dose-rate beam might reduce cell
survival by an increase in DNA damage induction, especially
an increase in double-strand breaks (DSB) that arise after irra-
diation because of their impact on genome stability and cell
survival. From the results of the current study, the difference
in the Dy EF was very small, within 1.0% at 0.2-24 Gy/min for
both the 6MVX and 10MVX FFF beams. On the other hand, the
difference of the DbioEF at 0.1 Gy/min and 0.2-24 Gy/min was
over 1.0% for both the 6MVX and 10MVX FFF beams. Therefore,
a higher biological dose enhancement is expected through the
use of a high dose rate of more than 0.2 Gy/min.

Herold et al. reported that an increased biologically effec-
tive dose could be produced by gold microspheres suspended
in cell culture or distributed in tumor tissue exposed to kilo-
voltage photon beams.?® Ferrero et al. also reported that the

T HEHETTAL ®RL AR
o
Y
o

=
o
o

Dy, with Lipiodol
D/R= 2Gy/min

Fig. 5 - The physical dose distribution without Lipiodol (left), with Lipiodol (center), and biological dose distribution at
DR =2 Gy/min (right) for 10MVX FFF beam using clinical patient CT.
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Fig. 6 - Comparison of the physical dose profile (left) and biological dose profile with 2 Gy/min (right) with and without

Lipiodol for 10MVX FFF beams.

model suggests an RBE and TCP enhancement when lower
energies are used in the presence of GNPs.>? For the difference
between the 6MVX and 10MVX beams, the same trend was
found as the difference between Dy;,EF and DppysEF from the
comparison of the 6MVX FFF beam that included lower pho-
ton energies and the 10MVX FFF beam that included higher
photon energies.

However, there were two limitations to the current study.
One was that biological experimental data with Lipiodol can-
not be obtained. However, Zygmanski et al. reported that
predictions of a theoretical SF are possible by employing a
model of X-ray-induced damage in the dose-enhancement
regions.>* Therefore, it is possible to calculate the biologi-
cal dose in the presence of Lipiodol from the theoretical SF
and physical dose. The other was the arrangement of Lip-
iodol molecules and tumor cells. The molecule-size-based
calculation was not performed in the current study. Lecht-
man et al. reported that the photon source energy and the
size of the high-Z material influence the spatial distribution
of the energy deposited around the high-Z material.>> Thus,
electrons lose their energy over a larger distance and can
cross-fire between cells, but they can still cause significant
DNA damage. The future work of this study is focused on con-
sidering the microscopic spatial relationship between Lipiodol
and cells.

6. Conclusions

The current study evaluated the biological dose enhancement
for Lipiodol. The lower-energy and higher-dose-rate beams
were contributed to the biological dose. The Lipiodol caused
the enhancement of the physical dose and biological effective-
ness.
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