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Abstract

Purpose: The interruption time is the irradiation interruption that occurs at sites
and operations such as the gantry, collimator, couch rotation, and patient setup
within the field in radiotherapy. However, the radiobiological effect of prolonging
the treatment time by the interruption time for tumor cells is little evaluated. We
investigated the effect of the interruption time on the radiobiological effectiveness
with photon beams based on a modified microdosimetric kinetic (mMK) model.
Methods: The dose-mean lineal energy yp (keV/um) of 6-MV photon beams was cal-
culated by the particle and heavy ion transport system (PHITS). We set the absorbed
dose to 2 or 8 Gy, and the interruption time (t) was set to 1, 3, 5, 10, 30, and
60 min. The biological parameters such as ag, fo, and DNA repair constant rate
(@ + c) values were acquired from a human non-small-cell lung cancer cell line (NCI-
H460) for the mMK model. We used two-field and four-field irradiation with a con-
stant dose rate (3 Gy/min); the photon beams were paused for interruption time ~.
We calculated the relative biological effectiveness (RBE) to evaluate the interruption
time’s effect compared with no interrupted as a reference.

Results: The yp of 6-MV photon beams was 2.32 (keV/um), and there was little effect by
changing the water depth (standard deviation was 0.01). The RBE with four-field irradiation
for 8 Gy was decreased to 0.997, 0.975, 0.900, and 0.836 t = 1, 10, 30, 60 min, respec-
tively. In addition, the RBE was affected by the repair constant rate (a + c) value, the greater
the decrease in RBE with the longer the interruption time when the (a + c) value was large.
Conclusion: The ~10-min interruption of 6-MV photon beams did not significantly
impact the radiobiological effectiveness, since the RBE decrease was <3%. Never-
theless, the RBE'’s effect on tumor cells was decreased about 30% by increasing the
60 min interruption time at 8 Gy with four-field irradiation. It is thus necessary to

make the interruption time as short as possible.
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1 | INTRODUCTION

When photon beams irradiate cells, the cells’ DNA is damaged,
affecting the cells’ life and death. Some damaged cells can recover
from the damage, via sublethal damage repair (SLDR).%? SLDR begins
within minutes after photon-beam irradiation and completes within
4-6 hrs.>? With SLDR, lessening photon beams’ cell-killing effect on
relative biological effectiveness (RBE) may be possible by increasing
the irradiation dose-delivery time.>* The dose-delivery time's effects
on radiobiological effectiveness were evaluated with single-field pho-
ton beams and a microdosimetric kinetic (MK) model:>? the surviv-
ing fraction (SF) was increased by prolonging the dose-delivery time,
and the relative biological effectiveness was decreased.®

Fractionated irradiation with multiple-field is used clinically to
cover radiation targets with the prescribed dose but prevent toxicity
to surrounding normal tissues.!! When multiplefield irradiation is
applied, the prescribed dose is not administered consecutively; there
is an interruption time (an interval between radiation fields) used so
that irradiation interruption occurs at several sites/operations, for
example, the gantry, collimator, couch rotation, and patient reposi-
tioning within each field.12"1* Unlike single-field photon beam irradia-
tion, treatment times are prolonged by interruption times.

The modified MK (mMK) model considers various irradiation

1517 and better estimates the SF at

methods with photon beams
higher radiation dose range compared to the MK model. With the
mMK model, the SF of more clinically relevant conditions can be
better estimated due to the fractionated irradiation. SLDR’s effects
during interruption times on the RBE have been studied using the
mMK model, as a method similar to those used previously, especially
for particle therapy.'®2! Few studies have examined the effects of
multiple-field photon beam irradiation with interruption times on the
RBE. Since photon therapy is more commonly used than particle
therapy, such data may have a great impact. We evaluated the inter-
ruption time’s effect on radiobiological effectiveness by setting sev-
eral interruption times between multiple-field photon beams, using
the mMK model.

2 | METHODS

2A |
PHITS

Monte Carlo simulations calculated by the

Monte Carlo simulations code the particle and heavy ion transport
code system (PHITS) and can deal with photons, electrons, positrons,
neutrons, and heavy jons.?>2> We used PHITS ver. 3.02 and the
International Atomic Energy Agency phase-space file of the Varian
TrueBeam linear accelerator (Varian Medical Systems, Palo Alto, CA,
USA) to calculate the dose-mean lineal energy yp of 6-MV photon
beams. The below phase-space files were made using BEAMnrc,
which is built on the EGSnrc platform.2® We transferred these
phase-space files created by BEAMnrc to the PHITS system to calcu-
late the dose distribution. The irradiation geometry default settings
were used for the PHITS calculations with 90-cm SSD, 20 cm x 20
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cm field size (Fig. 1), with a 10-cm-deep measurement point, 3-cm

calculation width in the water-equivalent phantom, and 0.5-pm

domain radius. The dose-mean lineal energy yp>>2° was calculated
as:
£
Y:T (1)
_ JY*f(y)dy _ [yd(y)dy
Yp = = (2)
[yf(y)dy — [d(y)dy
where ¢ = the energy deposited in a domain, | = mean chord length,

y = lineal energy, f(y) = the lineal energy’ probability density, and d
(y) = the lineal energy’ dose distribution.

The dose-mean lineal energy yp of 6-MV photon beams was cal-
culated as a function of y-yd(y): Eq. (2). We used the average yp
value obtained by simulating the calculations of the SF and biological
effectiveness in the mMK model.

2.B | The SF and RBE calculations for interrupted
6-MV photon beams using the mMK model

The mMK model considered various irradiation schemes with photon
beams.!” The equation that determines the mMK model is:

N 2 N-1 N
—1,S= Y [(a0+7Bo)Dn+5oD?| +2 3 ¥ {ﬁo[ewmmchm”Dan

n=1 n=1m=n+1
(3)
=22, (4)
prry

D=DT (5)

In2
(@+c)=-—= (6)

T2

The D, (Dy,) is defined the absorbed dose in ny, (my,) field at a
regular interval [Gy], and oo, Po, and (a + c) are cell-dependent con-
stants. The parameter is the domain’s density, and ryq is the domain’
radius (0.5 pm). The yp is the dose-mean lineal energy [keV/um], -D
is the dose rate [Gy/min], and T is the dose-delivery time [min]. The
potentially lethal lesions (PLL) repair rate of the cell-specific value
(@ + c) indicates the constant rate of DNA repair equated with the

first-order rate 2728

which we calculated using the DNA repair
half-time T1/,.27?® We defined the interruption time of each field as
T, [min]. We used the biological parameters of the human non-small-
cell lung cancer cell line NCI-H460 to determine the mMK model
parameters. King et al. reported the biological parameters op and fo
using an linear-quadratic (LQ) model.?’ Each of the DNA repairs
occurred at a different rate constant, and the DNA repair time was
calculated using the DNA repair half-time T1,,.2%! Figure 2 illus-
trates four-field photon beams using the mMK model, considering
the photon beams’ interruption time. Figure 2 also shows that the
deformed Eq. (3) can be considered the interruption time (min) for
both the linac pulse interval and each field interval. We calculated
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the SF and RBE using the mMK when the interrupted photon beams
had two-field and four-field irradiation. The NCI-H460 cells’
absorbed dose varied at 2-8 Gy. The cells were irradiated with the
absorbed dose D, at the constant dose rate -D (3 Gy/min). The irra-
diation was interrupted for a specified time (t;). Second, the
absorbed dose D, was irradiated at the constant dose rate -D (3 Gy/
min). The cells’ absorbed dose was D1 at this constant dose rate; the
irradiation was interrupted for a specified time (tp). Third, the
absorbed dose D5 was irradiated at the same constant dose rate; the
irradiation was interrupted for 5. Finally, the absorbed dose D4 was
irradiated at the same constant dose rate. The summed values of
interruption times 71, were 1, 3, 5, 10, 30, and 60 min. We divided
the absorbed dose into two for the two-field irradiation and into
four for the four-field irradiation

The RBE of the interrupted photon beams was defined using the
instantaneous irradiation (tr = 0) with no interruption of the photon
beams, as a reference (Eq. 7).18323% Other cell-specific values (a + c)
(1.0 and 2.0) were used to assess the DNA repair date (a + c) values’
effects on the RBE.

-1
o - [252] - (vaf—o”ﬁrosfoafo) =

Dr 2ﬂ7:0 Z/j
7)

3 | RESULTS

3.A | The interruption time’s effects on the SF with
two- and four-field irradiation in the mMK model

The relationships between the measured position’s depth in the
water-equivalent phantom and the yp are illustrated in Fig. 3. Chang-
ing the water depth hardly affected the yp value; we thus averaged

Domain radius = 0.5 uym

Monte Carlo calculations with 6-MV

photon beams. The domain radius was
0.5 pm in the 3-cm-wide measurement
region in a water-equivalent phantom.

the yp over a 10-13-cm depth range. Table 1 lists the yp average
and standard deviation values for photon beams. Figure 4 illustrates
the various interruption times’ effects on the SF with two- and four-
field irradiation. The SF was higher with the interruption time's
increase in both irradiation types. The difference between SFs with
four-field irradiation was emphasized with interruption times at 10,
30, or 60 min. The interruption time's effect was greater as the
absorbed dose rose.

3.B | The interruption time’s effect on the RBE
with two- and four-field irradiation

Figure 5 shows the RBE of 6 MV photon beams in the two- and
four-field irradiations and different interruption times. With two-field
irradiation, the RBE was decreased to 0.998, 0.997, 0.993, 0.990,
0.987, and 0.973 for interruption times T =1, 3, 5, 10, 30, and
60 min with 2 Gy, and 0.997, 0.992, 0.985, 0.981, 0.975, and 0.921
with 8 Gy, respectively. With four-field irradiation, the RBE was
decreased to 0.998, 0.996, 0.991, 0.987, 0.950, and 0.918 with
2 Gy, and 0.997, 0.992, 0.983, 0.975, 0.900, and 0.836 with 8 Gy,

respectively.

3.C | Relationship between the DNA repair
constant rate (a + c) and the RBE with various
interruption times

Figure 6 reveals that the RBE value depended on the DNA repair
constant rate (a + ¢) with T = 10 and 60 min in four-field irradiation.
Table 2 summarizes the relationship between the repair constant
rate and the RBE at 2 and 8 Gy with various interruption times.
Notably, the RBE was affected by the repair constant rate value: the
larger the (a + c) and the longer the interruption time, the greater
the RBE decrease.
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TasLe 1 Calculation parameters for the mMK model obtained
using NCI-H460 cells.

Parameter Value

o (Gy™) 0.21 +0.16
Bo (Gy™) 0.07 + 0.03
a+c(h? 0.46

Yo 2.34 £ 001
p (g/em®) 1.00

rg(um) 0.5

D (Gy) 2,8

-D (MU/min) 300

Field number 2,4

T (min) 1,3, 5, 10, 30, 60

4 | DISCUSSION

We evaluated the RBE of 6-MV photon beam irradiation with inter-
ruption times calculated from the SF using the dose-mean lineal
energy yp and the mMK model. The dose-mean lineal energy yp was
calculated by the PHITS, and the yp was scarcely affected by chang-
ing the water depth. We thus conclude that the irradiation field’s
depth with various interruption times has no effect on the RBE.

\—Y—}

linac pulse interval

D,: absorbed dose [Gy]
7. interruption time [min]

The irradiation applied in radiotherapy can be interrupted due to
a linear accelerator's mechanical problems, sometimes for a long
term.3* Moreover, irradiation techniques such as a respiratory gating
system used to attain tumor control for lung cancer require a large
absorbed dose per fraction, a protracted dose-delivery time, and a
long interruption time.2®!* Figure 5 provides the results of our cal-
culation of the interruption times’ effects on the RBE. A several-min-
utes-long interruption had no significant effect on the RBE within
3%, but a >10% reduction of the RBE occurred when the 8-Gy four-
field irradiation was interrupted for 30 or 60 min. With a >30-min
longer interruption time resulted in a large RBE difference or cell SF
difference caused mainly by SLDR. It may thus be necessary to
shorten the photon beams’ interruption as much as possible, since
the RBE was decreased by prolonging the interruption time. Based
on these results, we speculate that a prescribed dose taking the
interruption time into account is required when a long irradiation
interruption (>30 min) occurs.

We used NCI-H460 cells to calculate the interruption time’s
effect. The RBE value was dependent on cell-specific values (a + c)
of the DNA repair constant rate t = 10 and 60 min; Fig. 6), and the
RBE was affected by the cell-specific value (a + c); the larger that
this value was, the greater the decrease in RBE was (Table 2). The
RBE was maximum decrease about 30% under the condition of the

60 min interruption time, four-field irradiation, and largest (a + )
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values at 8 Gy in this study (Table 2). The cell-specific value of the
DNA repair indicates the recovery from tumor sublethal damage,
depending on the tumor-cell type.3® Further studies were necessary
to evaluate how the interruption time affect search type of tumor
cell.

Kawahara et al. evaluated the RBE with various interruption
times and two-field irradiation for human salivary gland tumor
cells.3® The RBE of 8 Gy with a 10-min interruption was decreased
by ~4.0%;3¢ that is a large reduction compared to the lung cancer

cells examined herein. It is thus necessary to more accurately

Absorbed dose [Gy]

(@) and T = 60 min (b) (four-field
irradiation).

evaluate the interruption time's effects for each tumor-cell type, to
simulate clinical conditions.

Several study limitations should be addressed. We simulated the
interruption time’s effects by using an mMK model and tumor-cell
parameters derived from in vitro experiments. It is necessary to ver-
ify the SF and RBE calculated and derived using the measured val-
ues. We evaluated the interruption time's radiobiological effect
considering only the tumor SLDR, since the mMK model considered
only SLDR. Other repair phenomena such as potentially lethal dam-

age repair and repopulation were not considered. The relevance of
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TaBLE 2 The effect of RBE as a function of the cell-specific repair
rate (a + c) for 2 and 8 Gy with various interruption time using two-
and four-field irradiation.

Interruption time (min)

1 3 5 10 30 60
(a+c)=1.00
2 Gy
Two-field  0.999 0997 0995 0990 0973 0951
Four-field 0.997 0991 0986 0973 0.934 0.899
8 Gy
Two-field 0998 0994 0990 0981 0948 0.905
Four-field 0.994 0.983 0972 0948 0.870 0.796
(@ + c) =2.00
2 Gy
Two-field 0998 0994 0990 0981 0951 0.920
Four-field 0.994 0.983 0973 0951 0.899 0.865
8 Gy
Two-field 0996 0989 0.981 0964 0905 0.841
Four-field 0.989 0.967 0948 0905 0.796 0.722

tumor hypoxia and tumor reoxygenation occurring during the inter-

ruptions to the RBE was not evaluated.

5 | CONCLUSIONS

The ~10-min interruption of 6-MV photon beams did not signifi-
cantly impact the radiobiological effectiveness, since the RBE
decrease was <3%. Nevertheless, the RBE’s effect on tumor cells
was decreased about 30% by increasing the 60 min interruption time
at 8 Gy with four-field irradiation. It is thus necessary to make the
interruption time as short as possible. With a long interruption time,

an escalation of the prescribed dose may be necessary.

REFERENCES

1. Elkind MM, Sutton H. Radiation response of mammalian cells grown
in culture. Repair of X-ray damage in surviving Chinese hamster cells.
Radiat Res. 1960;13:556-593.

2. Elkind MM. Repair processes in radiation biology. Radiat Res.
1984;100:425-449.

3. Shibamoto Y, Ito M, Sugie C, Hiroyuki O, Masaki H. Recovery from
sublethal damage during intermittent exposures in cultured tumor
cells: Implications for dose modification in radiosurgery and IMRT.
Int J Radiat Oncol Biol Phys. 2004;59:1484-1490.

4. Sugie C, Shibamoto Y, Ito M et al. Radiobiologic effect of intermit-
tent radiation exposure in murine tumors. Int J Radiat Oncol Biol
Phys. 2006;64:619-624.

5. Hawkins RB. A statistical theory of cell killing by radiation of varying
linear energy transfer. Radiat Res. 1994;140:366-374.

6. Hawkins RB. A microdosimetric-kinetic model of cell death from
exposure to ionizing radiation of any LET, with experimental and
clinical applications. Int J Radiat Biol. 1996;69:739-755.

7. Tobias CA, Blakely EA, Ngo FQH, Tracy C, Yang H. The repair-misre-
pair model of cell survival. In: Meyn RE, Withers HR, eds. Radiation
Biology in Cancer Research. New York: Raven; 1980:195-230.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

WILEY—22

Hawkins RB. A statistical theory of cell killing by radiation of varying
linear energy transfer. Radiat Res. 1994;140:366-374.

Kawahara D, Nakano H, Ozawa S et al. Relative biological effective-
ness study of Lipiodol based on microdosimetric-kinetic model. Phys
Med. 2018;46:89-95.

Nakano H, Kawahara D, Ono K, Akagi Y, Hirokawa Y. Effect of
dose-delivery time for flattened and flattening filter-free photon
beams based on microdosimetric kinetic model. PLoS One. 2018;13:
e0206673.

Pajonk F, Vlashi E, McBride WH. Radiation resistance of cancer stem
cells: The 4 R’'s of radiobiology revisited. Stem Cells.
2010;28:639-648.

Bai S, Li G, Wang M et al. Effect of MLC leaf position, collimator
rotation angle, and gantry rotation angle errors on intensity-modu-
lated radiotherapy plans for nasopharyngeal carcinoma. Med Dosim.
2013;38:143-147.

Smyth G, Bamber JC, Evans PM, Bedford JL. Trajectory optimization
for dynamic couch rotation during volumetric modulated arc radio-
therapy. Phys Med Biol. 2013;58:8163-8177.

Oh SA, Yea JW, Kim SK, Park JW. Optimal gating window for respi-
ratory-gated radiotherapy with real-time position management and
respiration guiding system for liver cancer treatment. Sci Rep.
2019;9:4384.

Matsuya Y, Ohtsubo Y, Tsutsumi K et al. Quantitative estimation of
DNA damage by photon irradiation based on the microdosimetric-ki-
netic model. J Radiat Res. 2014;55:484-493.

Matsuya Y, Tsutsumi K, Sasaki K, Date H. Evaluation of the cell
survival curve under radiation exposure based on the kinetics of
lesions in radiation to dose-delivery time. J Radiat Res.
2015;56:90-99.

Matsuya Y, Tsutsumi K, Sasaki K et al. Modeling cell survival and
change in amount of DNA during protracted radiation. J Radiat Res.
2017;58:302-312.

Inaniwa T, Kanematsu N, Suzuki M, Hawkins RB. Effects of beam
interruption time on tumor control probability in single-fractionated
carbon-ion radiotherapy for non-small cell lung cancer. Phys Med
Biol. 2015;60:4105-4121.

Inaniwa T, Suzuki M, Furusawa T et al. Effects of dose-delivery time
structure on biological effectiveness for therapeutic carbon-ion
beams evaluated with microdosimetric kinetic model. Radiat Res.
2013;180:44-59.

Manganaro L, Russo G, Cirio R et al. A Monte Carlo approach to the
microdosimetric kinetic model to account for dose rate time struc-
ture effects in ion beam therapy with application in treatment plan-
ning simulations. Med Phys. 2017;44:1577-1589.

Takei H, Inaniwa T. Effect of irradiation time on biological effective-
ness and tumor control probability in proton therapy. Int J Radiat
Oncol Biol Phys. 2019;105:222-229.

Sato T, lwamoto Y, Hashimoto S et al. Features of particle and
heavy ion transport code system (PHITS) version 3.02. J Nucl Sci
Technol. 2018;55:684-690.

Sato T, Kase Y, Watanabe R et al. Biological dose estimation for
charged-particle therapy using an improved PHITS code coupled
with a microdosimetric kinetic model. Radiat Res.
2009;171:107-117.

Sato T, Furusawa Y. Cell survival fraction estimation based on the
probability densities of domain and cell nucleus specific energies
using improved micorodosimetric kinetic models. Radiat Res.
2012;178:341-356.

Sato T, Hamada N. Model assembly for estimating cell surviving frac-
tion for both targeted and nontargeted effects based on microdosi-
metric probability densities. PLoS One. 2014;9:e114056.

Rogers DW, Walters B, Kawrakow |, BEAMnrc users manual.
National Research Council of Canada Report PIRS-0509(A) revL.
Ottawa, Canada: NRCC; 2016.



2 | WILEY

27.

28.
29.

30.

31

NAKANO ET AL.

Brenner DJ, Hlatky LR, Hahnfeldt PJ, Huang Y, Sachs RK. The linear-
quadratic model and most other common radiobiological models
result in similar predictions of time-dose relationships. Radiat Res.
1998;150:83-91.

Brenner DJ. The linear-quadratic model is an appropriate methodol-
ogy for determining isoeffective doses at large doses per fraction.
Semin Radiat Oncol. 2008;18:234-239.

King RB, Hyland WB, Cole AJ. An in vitro study of the radiobiologi-
cal effects of flattening filter free radiotherapy treatments. Phys Med
Biol. 2013;58:83-94.

Hyland WB, McMahon SJ, Butterworth KT et al. Investigation into
the radiobiological consequences of pre-treatment verification imag-
ing with megavoltage X-rays in radiotherapy. Br J Radiol.
2014;87:20130781.

Bewes JM, Suchowerska N, Cartwright L et al. Optimization of tem-
poral dose modulation: comparison of theory and experiment. Med
Phys. 2012;39:3181-3188.

32.

33.

34.

35.

36.

Okamoto H, Kanai T, Kase Y et al. Relation between lineal energy
distribution and relative biological effectiveness for photon beams
according to the microdosimetric kinetic model. J Radiat Res.
2011;52:75-81.

Okamoto H, Kohno T, Kanai T et al. Microdosimetric study on influ-
ence of low energy photons on relative biological effectiveness
under therapeutic conditions using 6 MV linac. Med Phys.
2011;38:4714-4722.

Faught JT, Balter PA, Johnson JL. An FMEA evaluation of intensity
modulated radiation therapy dose delivery failures at tolerance crite-
ria levels. Med Phys. 2017;44:5575-5583.

Polo A. High-dose-rate and pulsed-dose-rate brachytherapy for oral
cavity cancer and oropharynx cancer. J Contemp Brachytherapy.
2009;1:216-223.

Kawahara D, Nakano H, Saito A et al. Dose compensation based on
biological effectiveness due to interruption time for photon radiation
therapy. Br J Radiol. 2020;93:20200125.



