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Abstract

Background: The objective was to enhance the biological compensation factor related
to irradiation interruption in a short time (short irradiation interruption) in hypoxic
tumors using a refined microdosimetric kinetic model (MKM) for photon radiation

therapy.

Material and methods: The biological dose differences were calculated for CHO-K1
cells exposed to a photon beam, considering interruptions of (1) of 0—120 min and pO,
at oxygen levels of 0.075-160 mm Hg. The interrupted dose fraction (IDF) was defined
as the percentage ratio of the dose delivered before short irradiation interruption to the
total dose, which ranged from 10-90%. The compensated dose was calculated based on

an IDF of 10-90% for a dose of 2—-8 Gy and oxygen levels of 0.075-160 mm Hg.



Results: The A with and without short irradiation interruption was more pronounced
with a higher dose and increased pO.. It exceeded 3% between IDF of 50% and either
10% or 90% and occurred more than 7 = 50 min at 0.075 mm Hg, 7 = 20 min at 3 mm
Hg, 7= 20 min at 8 mm Hg, 7 = 20 min at 15 mm Hg, t = 20 min at 38 mm Hg, and 7 =

20 min at 160 mm Hg. The dose compensation factor was greater at higher IDF rates.

Conclusion: The biological dose decreased with longer interruption times and higher
oxygen concentrations. The improved model can compensate for the biological doses at

various oxygen concentrations.

Advances in knowledge: The current study improved the dose compensation method
for the decrease in the biological effect owing to short irradiation interruption by

considering the oxygen concentration.

Key words: radiotherapy; microdosimetric kinetic model; hypoxia; interruption time;

dose compensation model

Introduction

Treatment techniques and dose delivery have improved in radiotherapy. Intensity-
modulated radiotherapy (IMRT) technique employs variable intensities across multiple
beams, leading to highly conformal dose distributions. IMRT often requires multiple
beams that increases treatment delivery time [1, 2]. Recently, the volumetric modulated
arc therapy (VMAT) technique has allowed treatment using one or two arcs [3]. This
technique reduces the dose delivery time in comparison with the IMRT technique.
Stereotactic radiosurgery (SRS) and stereotactic body radiotherapy (SBRT) involve a
large dose per fraction that requires a longer dose delivery time than conventional

radiotherapy. Recently, SBRT has been combined with a flattening filter-free (FFF)



beam that uses a nonuniform beam and can reduce the treatment delivery time [4, 5].

Prolonged delivery time affects radiobiological damage. Elkind et al. introduced
sublethal damage repair (SLDR) in which cell death tends to decrease with a longer
dose delivery time [5]. Nakano et al. reported a difference in dose delivery times
between FFF and flattened filter (FF) beams [6]. They simulated radiobiological
effectiveness using a microdosimetric kinetic model (MKM). In clinical treatments,
short irradiation interruptions can occur by increasing the interval between treatment
beams through couch rotations with noncoplanar beams, increasing the interval between
multiple beams, and unscheduled down-time (DT) with machine failures. These
interruptions can extend delivery time. We proposed a dose compensation method for
irradiation interruptions in a short time using the MKM [7]. However, in clinical
radiotherapy, the radiosensitivity of tumor cells decreased in the hypoxic region; this
plays an important role in malignant progression. Hall et al. reported that oxygen
concentrations below 20% induced radio-resistance [8]. Tinganelli et al. showed that the
cell survival curve changes depending on the period during which the cells are exposed
to hypoxic conditions [9]. Thus, the survival curve parameters should be fitted under
various oxygen conditions. However, this approach is inefficient. Therefore, the
development of a model that can determine the model parameters from the limited

experimental model parameters is required.

The current study improved the MKM by considering oxygen dose enhancement in
hypoxic tumors. Moreover, it was used to evaluate the biological dose by varying the

dose-delivery time in hypoxic tumors.

Materials and methods



Survival fraction in the MKM
The survival fraction of cells was modeled by Hakins et al. and Inaniwa et al. with the

MKM that used the dose by a domain of divided cell nucleus [10, 11]. It is defined as

follows:
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where Yp denotes the dose mean energy (keV/pm), and %o is the
proportionality factorto D [Gy'land Bo is the proportionality factor to D? [Gy 2]
that are obtained by the survival fraction in the LQ model. These parameters were used
for the CHO-K1 cells, which was listed in Table 1 [12]. Radius rq and density p of the
domain values were 0.23 pym and 1.0 g/cm?, respectively. Matsuya et al. modified the

MKM with the oxygen effect as follows:
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where D' denotes the dose corrected by the oxygen effect ratio. It is estimated using
the hypoxia reduction factor (HRF) that is the ratio of the doses for a specific iso-effect
under a given oxygenation condition compared with the condition at 21% O.. The HRF

is derived as follows:

HRF— mK+0,[c],
~ K+0,[c] (3)

where m is the maximum HRF, and K is the oxygen partial pressure at which the HRF is
half the maximum value. The values of m and K were 2.7 and 0.002, respectively, and
were fitted to the experimental data obtained by Paul-Gilloteaux et al. [13] O,[c] is the

oxygen level at 0.075 mm Hg (hypoxia that causes tumor death), 3 mm Hg



(radiobiological hypoxia), 8 mm Hg (pathological hypoxia), 15 mm Hg (physiological
hypoxia), 38 mm Hg (physoxia), and 160 mm Hg (normal atmospheric pressure) [14].

The D canbe expressed as follows:

D=4rE (4)

From Egs. (2) and (4), the survival fraction with the oxygen effect is as follows:

Yb D . D 2
a5 B grr P HRE (5)

pry

—InS=

where, the B is defined as follows:"*2

\cm]
—2{a+c\[,) (6)
e

(1_672Va+c\t,) —1+¢

_ 2B .
B_(a+c]2T2(’

where T denotes the delivery time during irradiation, and (a + c) represents the
potentially lethal lesion repair rate obtained by Matsuya et al [12]. Brenner et al.
assumed that the potentially lethal lesion repair rate was equivalent to the

primary rate A which was obtained by the DNA repair half-time T, [15].

Table 1. Calculation parameters. ao and B, are the proportionality factor to D [Gy™] and
the proportionality factor to D* [Gy™]. yp is the dose-mean lineal energy, and T}, is the

DNA repair half-time



Parameters Mean SD
G ( Gyl 0.175 0.023
Po ( Gy 0.033 _

Ty [min & 22 —

yp [keV/um] 2.32 0.04

Physical dose and lineal energy distribution in PHITS

The physical dose and linear energy with a TrueBeam linear accelerator (Varian
Medical Systems, Palo Alto, CA, USA) were obtained from the Monte Carlo calculation
code particle and heavy ion transport code system (PHITS). Varian provided the phase
space files above the jaw with a 6 MV X-ray beam; thus, the bottom of the secondary
jaw was modeled [12]. The dose calculation was performed with a grid size of 2 mm
and a photon history of 4.0 x 10° in the virtual water phantom (20 x 20 x 20 cm®). The
photon and electron cut-off energies were set to 0.01 MeV and 0.7 MeV, respectively.
The comparison of physical doses between the measurements and calculations was

within 1.0% [16].

Biological dose with and without short irradiation interruptions

Biological doses (Dyio) with and without short irradiation interruptions are computed as

follows [7, 11]:
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The number of short irradiation interruptions was one. D, denotes the physical dose
at the first irradiation, and D> denotes the physical dose at the second irradiation.

The total dose per fraction (D) was 2-8 Gy, as described in our previous study.”

D=D,+D, (10)
In this study, D was subdivided into D, and D, .Here, Di represented the
dose delivered before short irradiation interruption and D, signified the dose post-
interruption. To quantify the proportion of the dose at the point of short irradiation
interruption, we introduced the interrupted dose fraction (IDF). The IDF is calculated as

follows:

— Dl
IDF=—x 100 (11)

This fraction provided percentages, such as 10%, 30%, 50%, 70%, and 90%, indicating

the relative amount of the dose delivered before short irradiation interruption.

Coefficients B , B, , and B3  are defined as follows:
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where {: is the maximum time required for lethality and unrepairability. In a
previous study, the t,  for HSG tumors was 2.28 h [10]. Thus, the irradiation
interruption time (1) was varied to 0.1, 0.2, 0.3, 0.4, 0.5, 1, 2, 3, 4, 5, 10, 20, 30, 40, 50,
75,and 120 min. I1 and T: denote the delivery times at the first and second

irradiations, respectively. They are calculated using dose rate DR as follows:

Dl

'"=7R (15)
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In this study, a DR of 1.0 Gy/min was used. Using Egs. 5, 8, and 9, Dy;, with and

without short irradiation interruptions can be expressed as follows:

e
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The biological dose difference ( A ) is defined as follows:
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(19)

Dose compensating factor for the biological dose with short irradiation interruption

The biological dose with short irradiation interruption is corrected as follows:
(17)
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(21)
The dose compensating factor based on the biological effectiveness with short
irradiation interruption (fa) is obtained as follows:

wlo
_ Dl,phy

faaa= D, (22)
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Results
Validation of the MKM in survival fractions with different oxygen distributions
Figure 1 shows the validation of the survival curves by comparison with the

experimental data. The calculation was in good agreement with the measured data for

oxygen levels of 0%, 0.5%, and 20%.

1.E4+00 4
¢ Experiment (20% O,)

1.E-01 Experiment (0.5% O,)
c
.2
© O Experiment (0% O,)
@
£ 1E0
3 —Sim (20% 0,)
2
& 1.E-03 Sim (0.5% 0,)

: ‘ - - Sim (0% 0,)
1.E-04 - - _

0 10 20
Absorbed Dose (Gy)
Figure 1. Survival fractions in calculation with particle and heavy ion transport code

system (PHITS) and the experiment data

Biological dose difference for the short irradiation interruption

Figures 2(a), (d), (g), (j), (m), and (p) show the comparison of A between IDF
of 10%—90% for the D of 2 Gy at oxygen levels of 0.075, 3, 8, 15, 38, and 160 mm Hg,

respectively. The maximum A  occurred for the IDF of 50%.

The A exceeding 3%, which is typically used in dose distribution

measurements, between IDF of 50% and either 10% or 90% occurred more than T = 50
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min in the range of 0.075-160 mm Hg, t = 20 min in the range of 3—-160 mm Hg, T = 20
min at 8 mm Hg, T = 20 min in the range of 15-160 mm Hg, t = 20 min in the range of
38-160 mm Hg, and t = 20 min at 160 mm Hg.""® The maximum A between IDF of
50% and either 10% or 90% was 3.8% at 0.075 mm Hg, 6.2% at 3 mm Hg, 7.0% at 8
mm Hg, 7.3% at 15 mm Hg, 7.6% at 38 mm Hg, and 7.7% at 160 mm Hg. Figures 2(b),
(e), (h), (k), (n), and (q) show the comparison of A between IDF of 10%-90% for the D
of 4 Gy at oxygen levels of 0.075, 3, 8, 15, 38, and 160 mm Hg, respectively. The A at
more than 3% between IDF of 50% and either 10% or 90% occurred more than t = 20
min at 0.075 mm Hg, 7 = 10 min at 3 mm Hg, 7 = 10 min at 8 mm Hg, 7 = 10 min at 15
mm Hg, t = 10 min at 38 mm Hg, and 7 = 10 min at 160 mm Hg. The maximum A
between IDF of 50% and either 10% or 90% was 6.6% at 0.075 mm Hg, 10.2% at 3 mm
Hg, 11.4% at 8 mm Hg, 11.9% at 15 mm Hg, 12.2% at 38 mm Hg, and 12.4% at 160
mm Hg for the D of 4 Gy. Figures 2(c), (f), (i), (1), (0), and (r) show the comparison of A
between IDF of 10%—90% for the D of 8 Gy at oxygen levels of 0.075, 3, 8, 15, 38, and
160 mm Hg, respectively. The A at more than 3% between IDF of 50% and either 10%
or 90% occurred more than 7= 10 min at 0.075 mm Hg, 7 = 10 min at 3 mm Hg, 7= 10
min at 8 mm Hg, t = 10 min at 15 mm Hg, 7 = 10 min at 38 mm Hg, and t = 10 min at
160 mm Hg. The maximum A between IDF of 50% and either 10% or 90% was 10.7%
at 0.075 mm Hg, 15.1% at 3 mm Hg, 16.3% at 8 mm Hg, 16.7% at 15 mm Hg, 17.1% at
38 mm Hg, and 17.3% at 160 mm Hg. The A value was smaller for lower IDF and lower

dose. The maximum A occurred at the oxygen level of 160 mm Hg with 8 Gy.

Figure 3 shows the comparison of A at the oxygen levels of 0.075, 3, 8, 15, 38,
and 160 mm Hg with IDF of 50% for the D of 2-8 Gy. The A value was the smallest at

0.075 mm Hg. The A at more than 3% between 0.075 mm Hg and 3-160 mm Hg



13

occurred more than 4 min for the D of 2 Gy, 3 min for the D of 4 Gy, and 3 min for D of
8 Gy. The A value was higher for high oxygen levels. The A at oxygen levels of 3—160

mm Hg was within 2.2% for 2-8 Gy.



—_
)
-
-]

14

=
&

£x100 [%)
S

(d)2o

&

Ax100 (%)
s

(g) 0

£x100 (%)
ol
s

3

i

Ax100 [%)
S

(m)20

-
&

Ax100 (%]
w
s

,—
Ax100 (%) T
ol - ¥

» s i

(b)2o (c)2
2Gy, 0.075mmHg 5Gy, 0.075mmHg 8Gy, 0.075mmHg
15 15
%m g'm . . ® | O iDF=10% and 5%
3 3 ! o & O | roF=30%and 70%
. . . .5 0 ¢ OF=son
s . . s ° o ° 5 H @
o o o
g0t : : : 8%can o o o 2 ,00°
Hf oo ° ol #8° ] ﬁ ]
2 4 & 80 100 120 ) 20 4 6 8 100 120 ° 20 4 e 80 10 120
Interruption time (min) Interruption time (min) Interruption time (min)
(e)2 (f2o
2Gy, 3mmHg 5Gy, 3mmHg 8Gy, 3mmHg
15 15 ‘ ' [}
z z . ¢ ) ¢ ¢ O 10F=10% and 90%
gm . ’ ¢ gw . . ¢ $ 1DF=30% and 7o%
3 A T A . b ormson
. . . 2 e °
-t ° o ° 5 = ° H - o o o
8 ' o ] o B o000 @ @ ° ﬁa s © °
-} e 0@ o
8 ° [ ﬁ" o
_oﬁ % &% & 8 1 120 ° % & 80 100 120 ° W 6 8 100 120
Interruption time (min) Interruption time (min) Interruption time (min)
(h)o (i) 20
2Gy, 8mmHg 5Gy, 8mmHg 8Gy, 8mmHg
15 15 L] ¢ ¢
. -3 ]
z v o4z N
g0 . : ’ sl g8¥ L) 0 IDF=10% and 0%
. . 3 . : ® 3 . ° B 10F=30% and T0%
. : ° ° b oFeson
. o ® ° [ 5 o a
.5 ° 5 ° . o @ o
] 8 oo o o o 8 o0 ° ° : ’ ﬂu ° °
oo "® 0 ﬁo L
_oé % 4 & 8 1 120 ° % & 80 100 10 0 ® 4 6 80 10 120
Interruption time (min) Interruption time (min) Interruption time (min)
(k)20 (1)20
2Gy, 15mmHg 5Gy, 15mmHg 8Gy, 15mmHg
e b
15 15 . ,
F . LI . b ¢
glo N . > ® 1) glo : ° © I1DF=10% and 90%
. . o 3 L P 3 - $ 1DF=30% and Yo%
. ! ° ° ° . - O “ o o | ¥ oreson
8 ° N o L] : ] o @ e
. s N o o ° . 50 o © o o o
o
L B° @ ° 0 ﬁa 0 ﬁn
° 2 & @ 80100 120 ] 0 6 80 1 120 [ 0 4 e 80 1 120
Interruption time (min) Interruption time (min) Interruption time (min)
n)zo (0)20
2Gy, 38mmHg 5Gy, 38mmHg 8Gy, 38mmHg . '
15 15 ¢
. * s & ¢
£ * M E . ¢ 10F = 10% and 0%
.g-m ! v ¢ v g ° ° ¢ : 1DF = 30% and 70%
. . o| 3 a0 ° £l : ¢ ofeson
.« 5 ° o . a o
, =50 H H R . o H . oo ® o
8 g 0@ o
" o o o L] o o
_&n oo " L] ﬁc o ﬁ
° 20 4 & 80 1 120 [ % 4% € 80 100 120 [] ™ 4 6 8 100 120
Interruption time (min) Interruption time (min) Interruption time (min)
(qho (r)20
2Gy, 160mmHg 5Gy, 160mmHg 8Gy, 160mmHg ' '
15 15 L
. * s ) ®
£ vt b .o ®
§1o . 5 o [ §lﬂ N ° 0 OF=10%and 50%
. . L] : s a : §  1OF=30% and 70%
.t : ° ° o . . . . . o a o| ¢ OF=sm
N 8 o o°@ ° ° ° “ g ®
8 o © o ° o o ]
o @ ° 0 ﬁu o ﬁ
° 120 0 00 120 ° 120

40 0 80 1
Interruption time (min)

) [ 80
Interruption time (min)

a0 ) 80 100
Interruption time (min)

Figure 2. A when short irradiation interruption occurs with the IDF of 10-90% for

the D of 2 Gy, 5 Gy, and 8 Gy at oxygen levels of 0.075 (A-C), 3 (D-F), 8 (G-I), 15
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(J-L), 38 (M-0), and 160 (P-R) mm Hg
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Figure 3. A when the short irradiation interruption occurs at oxygen levels of 0.075,
3, 8, 15, 38, and 160 mm Hg with IDF of 50% for the D of (A) 2 Gy, (B) 5 Gy, and (C)

8 Gy
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Dose compensating factor with different fraction of the interrupted dose

Figure 4 shows faaa atl Gy/min for the D of 2-8 Gy at oxygen levels of 0.075, 3, 8,
15, 38, and 160 mm Hg. The faa  was larger with the A and dose per fraction.
Although the faia  was larger with a higher rate of IDF, the difference in the f ada
with IDF = 10% and 30% was within 3%. Similar to the relation of the oxygen
concentration and the A | the high concentration of oxygen had a higher fada . The

A at an oxygen level > 8 mm Hg was within 1.0% at each IDF and interruption time.



(a) (b) (e)
05 as 05
2Gy, 0.075mmHg 5Gy, 0.0T5mmHg &Gy, 0.075mmHg
0.4 04 0.4
03 03 0.3 L
& 3 3 L ' ! [
02 0z [} 1 i 0.2 1] .t '
1 ] ¢ . L] L] L - o ] L]
0.1 s b 3 2 E E a1 LI : o o S 2.1 s " e °
PR : & o E 5o *® - o o o o
E 2 oo o o & ) o o ‘ oo B
o o ] o o o 0.0 o
] 20 & ; 6 &0 100 120 [ o 40 6 B0 100 120 [ W 40 6 B0 120
oo_da U.U_ﬁ
{d) Interruption time (min) (e} Interruption time (min) (f) Interruption time (min)
05 0. 05¢
2Gy, 3mmHg 5Gy, 3mmHg 8Gy, 3mmHg P
0.4 04 0.4 -
s 03 ] b ¥ L] ]
0.3 03 .
"g 'j t H 4 .j 8 ‘ L]
02 ! bt e % E ' . ¢ e 0. . 5 6 0
r ! ! . L Eoa ® L. s o °
01 ] . " 01 - s © LSS B
' s oo @ ° ° AE o ® R s o ﬁu oo @ o o o
o000 a e o goaoff 0ol &2°
m_nﬁ FE ] &0 B0 100 120 o [ ) W0 130 [] ] 40 60 80 100 L0
Interruption time {min) Interruption time (min) Interruption time {min)
(g, (h) (g)u .
2Gy, BmmHg 3Gy, BmmHg 8Gy. BmmHg ; b b
0.4 0.4 04 b
b b
0.3 0.3 # $ 03 3 ¥
g g 3 o+ 4|3 bt
0.2 £ i b} 02 4 o ¥ 02 o EE
H . . e 5 o 5 LI
1 . M o -] @
0.1 E L : s o -3 & 0.1 2 N @ & 0.1 - O o o
_ﬁg s ; s o o ] o A; go8e® ° ° e - é: a@®® °
0.0 0.0 !
0 ] 4 60 B0 100 120 0 0 40 0 B0 100 120 0 0 40 &0 B0 100 120
0 Interruption time (min) (kzl Interruption time (min) o Interruption time {min)
J
0.5 5
2Gy, 15mmHg 5Gy, 15mmHg 031 8Gy, 15mmHg ; pood
04 0.4 . % 08 b ; ;
§
03 0.2 § 03 3 L)
02 8 4 4 02 v ! 02 [ LI
4 . " L] s ¢ LT
3 Eoe o1 8" s ® 01 A
- -] . -
o1 I - & o & 8, . . . . .
A'g;““u ° ° ° Mﬁgnnun ° ‘ ° uo£"nuu
o0 2
o ko 40 L] 80 e 120 L] o] & a0 10 [1] 100 120
Interruption time {min} Interruption time {min) Interruption time (min}
), ™, ©
2Gy, 3BmmHg 5Gy, 38mmHg 031 8Gy, 3BmmHg y I
0.4 04
04 ]
PO I | & g bt
0.3 0.3 1] 83 ] L]
£ R ? ¥ [ 3 "
0z 13 4 b4 02 by ™ oz P o e
) p ! ' . L) R P : . L0
£ " * & L] 01 ] fo® ‘ : ° °
“'1£=:°o° o .A:unun . . . 0.1 :nuau . . o
§oooan o o o o © on =]
0.0/ d ? . ) } ] 00 .
( ’ mlnte:lr’uptlo:otlme?rnin] e ¢ a0Intl.'l:l?upl‘«i:::'tirnl?a{'c‘rn'rnl 1o ! Immpttu:otimeal?-nin}m e
pgs (@) (r)
2Gy, 160mmHg 5Gy, 160mmHg 05{ 8Gy, 160mmHg f 5 $
0.4 0.4 os b
b LI ) b 4 L
03 03 ] L]
§ g 5 # ' '] [] i 0.3 .
= 0.2 I ! 3 ‘! a2 b o ! ha L o 5 ]
3 3 " L] L] L o -] -] 02 L o &
tat ' o 01 ' o ° e N
=] L L4 o
0.1 : : Lo 0 & . @ . . . . 0.1 : e e . . “
ool B 8008 ° = - n-ngﬂun oo| &° °
[ F. 120 [ 0 120 o il o0 120

& 100
Interruption time (min)

0 0 80
Interruption time (min)

4 e 80 1
Interruption time {min)

O e o O T - .- LR - E- - e O oo e oo

L

17

DF=10%
0F = 5%
DF <30
DF=TO%
DFa90%

DF=10%
DF=30%
DOF=50%
OF=70%
DF=30%

DF=10%
OF=

DF=T0%
OF=50%

DFf =10
DF =30
OFf =50%
DF=70%
DF =90%

OF = 10%
D =30%
DF=50%
OFaT0%
DF=90%

OF =i
OF = 30%
OF=30%
DF=Ti%
OF = 50%

Figure 4. faa  when the short irradiation interruption occurs with the IDF of 10-90%



for the D of (A) 2 Gy, (B) 5 Gy, and (C) 8 Gy at oxygen levels of 0.075 (A-C), 3 (D-

F), 8 (G-I), 15 (J-L), 38 (M-0), and 160 (P-R) mm Hg.
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Discussion

In a previous study, we evaluated the unexpected decrease in biological
effectiveness with short irradiation interruptions using MKM [17]. This study improved
the MKM to estimate the biological dose for each oxygen condition. The biological
dose difference, with and without short irradiation interruptions, increased with
increasing oxygen concentration. However, the A at oxygen levels of 3-160 mm Hg for
each interruption time was within 2.2% for 2—-8 Gy. Shibamoto et al. reported that the
effect of radiation decreased by 9—14% at 8 Gy for radiosurgery when the total radiation
time was between 20 and 30 min with some intervals.!"”? Although we assumed
irradiation interruption, our findings showed a comparable decrease in the A for oxygen
levels of 3-160 mm Hg. Conversely, the A with and without a short irradiation
interruption of more than 3% between 0.075 mm Hg and 3-160 mm Hg occurred for
more than 4 min for 2 Gy, 3 min for 4 Gy, and 3 min for 8 Gy. Tumor hypoxia promotes
malignancy and resistance to treatment, implying that hypoxia diminishes the biological

effectiveness relative to the physical dose.

McKeown et al. reported that hypoxia caused tumor cell death only when the oxygen
level was 0.075 mm Hg for more than 24 h [14]. Tumors induce apoptosis, resulting in
decreased chromatin condensation, colony formation, caspase activation, and DNA

fragmentation. This study did not consider apoptosis in the simulations.

The median oxygen level is > 1.0% for brain, head and neck, lung, and breast
cancers [14]. The A at an oxygen level > 8 mm Hg (1.0%) was within 1.0%; this can
unify the biological compensation factor model. In contrast, the median oxygen level
has been reported to be within an oxygen level of 8 mm Hg in liver, pancreatic, and

prostate cancers. Dose compensation should be performed after evaluating the



20

microregional oxygen levels.

Recently, FLASH therapy was shown to reduce irradiation time and increase
radioresistance in hypoxic cells. Adrian et al. reported that cells began to exhibit
hypoxic behavior after FLASH irradiation, indicating that the biological effectiveness

with and without short irradiation interruptions might be reduced [19].

In this study, short irradiation interruptions were assumed to occur during the
first irradiation. The dose profiles for the first and subsequent irradiations were
identical. In a clinical setting, the dose compensation factor should be applied to the

remaining physical dose from the first irradiation for each voxel.

Conclusions
Short irradiation interruption caused a loss of biological effects. The dose
compensation model corrected an unexpected decrease in biological effectiveness with a

short irradiation interruption time.
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