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Fig. 2. 4 Example of cell survival curve with evidence of
hyper-radiosensitivity(HRS). Dashed line shows extrapolation
from linear-quadratic model(LQ model) applied to whole dose
range data. Solid line shows fitting result with induced-repair
model(IR model). The meanings of each coefficient in Eqn. 4 are
SHOWN N the @raph. e sesse 10
Fig. 2. 5 Clonogenic cell survival curves in rat diencephalon(a)
and rat gliosarcoma(b) after 0.5 Gy/min dose rate x ray
irradiation. The error bars mean standard error of each data

point. Small graphs in each graph are expanded one ranging 0O

Fig. 4. 1. 1 Clonogenic cell survival curves in rat
diencephalon(a) and rat gliosarcoma(b) after 0.5 Gy/min dose
rate x ray irradiation. The error bars mean standard error of
each data point. Small graphs in each graph are expanded one
FANGING O £0 1 Gy, wwoeeeseereessereemsssssemmsmsemmisssonissss s 20
Fig. 4. 1. 2 Fitting results of clonogenic cell survival curves in
rat diencephalon(a) and rat gliosarcoma(b) after 0.5 Gy/min dose
rate X ray irradiation. Solid lines indicate the fitting results with
LQ model and dashed lines for IR model, - sesessessessesssesseseens 21
Fig. 4. 1. 3 Plotting results of -(In(SF))/D as a function of D
for rat diencephalon(a) and rat gliosarcoma(b) from survival

fraction after 0.5 Gy/min dose rate X-ray irradiation. The error

v
- i - &



bars mean standard error of each data point. The solid lines
represent the linear fitting results extrapolated with high dose
TANGE ALA, wrrrereererseeesessss ettt 23
Fig. 4. 2. 1 Clonogenic «cell survival curves in rat
diencephalon(a, b) and rat gliosarcoma(c, d) after various dose
rates x ray irradiation. The error bars mean standard error of

each data point. (c) and (d) are the expanded graphs ranging 0O

Fig. 4. 2. 2 Fitting results of clonogenic cell survival curves in
rat diencephalon(a, c¢) and rat gliosarcoma(b, d) after 0.125 or
15 Gy/min dose rate x ray irradiation. Solid lines indicate the

fitting results with LQ model and dashed lines for IR model

Fig. 4. 2. 3 Plotting results of -(In(SF))/D as a function of D
for rat diencephalon(a) and rat gliosarcoma(b) from survival
fraction after various dose rates X-ray irradiation. The error
bars mean standard error of each data point. The solid lines

represent the linear fitting of data with 1.5 Gy/min dose rate.

Fig. 4. 3 Clonogenic survival curve of cells irradiated with
single doses of various dose rates of X-ray or irradiated with a
0.2 Gy priming dose of 15 Gy/min dose rate before the
challenge doses shown on the dose axis were given with 0.125
or 0.5 Gy/min dose rates. (a) and (b) for rat diencephalon and

(c) and (d) for rat gliosarcoma. The error bars mean standard

.o -l
- vii - N =



error of each data POINL, wwwsseesrsresssessessitiniit e 31
Fig. 4. 4 Normalized value of induced apoptotic death in rat
diencephalon(a) and rat gliosarcoma(b) after X-ray irradiation
with various dose rates. The error bars mean standard error of

each data DOiI’lt. .................................................................................. 34
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2.1 FAA S BETH T

= T 2k (7]

D Aol Al WEE S3stA T offd olyA] dEs shA XE
2) AE el A dAdA dEs T3 &45 oA 3 5d

3) AR el A ouA] deEs T8 Az w3k s9S FEAH.

4) A Wl A oux] des F8 A3 Axe] S5 4ot

E3] "WalAd o] DNA9 oy AE AE3A ¥ DNA Double Strands
Breaks (DSBs)& d2o# Axze] F3 AHd & gAS g3l o] o,

B

DNA°] &45 ddl= W2 AFH 28 (Direct action)¥ H3 2HE-
(Indirect action) -+ 7F*]7}

HA o2 DNAS A& 7hg 3 wkgeteo] &S o498 Axe ddds
Ak B e WAbdo] AR gte] E3 wkgEte FANAT
(Reactive Oxygen species, ROS)S AAdste] DNAS &48 14

2 dodl= wjoltt. A H #8-2 High LET(Linear Energy Transfer)
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2.3 Linear-Quadratic =49 (LQ model)

Linear-Quadratic = 9(o]3} LQ R &)S Lead 3# 2% A (Target theory)
of 2= sto] WAL i Az AEES FAHT otk [7] Lea
o A W= WAl 93 DSB(Double strand break)tt + 7H
o] ZgAHolHA DSBE W3 4 9l SSB(Single strand break)©]

AE ARE opldttn elA gk LQEEe o e 45 2

SF=exp|— (ad+ 8d*)] (3)

Where
S : Survival fraction
a,3  Cell susceptibility to sub-lethal and lethal damage.

d . Dose of radiation

9 AdA ot ANG AdedolA] AEZA 7er)w dAe] wH,
o wAg ddd A $AS e b ndgel e THe mFs AA
T} o, pRE ALAC we} i 2L AEACGE ABEol
Ape) iR, Eqel we g e b 4 Ao

=@



24 AAZF FATA
HRS), Induced-repair

(Low dose hyper-radiosensitivity,

Ed(IR model)

AM e A A4 (o]sk HRS)2 ¢F 05 Gy ©lshe] AdwF g Aol A
LQ Rd= oq3d Ax AEssrnyd 23 AEES Hede A4S 9
mgtet. (Fig. 2. 4) A& °F 05 o]de=
o] LQ RHe FFEow Increased Radio-

resistance (IRR)o]&}tar 3l BE HRS dAto] dojub:= cell lined 7

IRR%E 37 dojutt}. HRS A2 A F7FA] 217 mouse, ratS H]

FEO My At AA7FA HRS dibo] dojubx
%= cell line°l= SiHa cell (human cervical squamous carcinoma),
U373 (human glioblastoma) 3.7 (rat fibroblast cel)5©] At} [8, 9]

HRS®AO] dojuhs 01e A Aol Wl vhel 2ol AU ¥
APHA S 3871 A a8 dehdt HRS @
T ofu @t mpol-mx, kA A} dapdel oM = e

A& X-ray ¥

T4 28w

malo] Auw oo

2 @ masA Tats @sde BT
oA b ohuet ANF FejolAe HRS @S F EAF & A
BEFH mdol FasA HAT oldd ofE =9 wdo|

Induced- Repair B9l (o]3s} IR Ed)olt}. (2. 4) [14]

% 1exp(—d/d,)d+ Bd*)] (4)

r

SF=exp[— (o, (1+(



Where

S : Survival fraction
«, : Value of o that of the conventional high—-dose response
a : Value of a describing the HRS region

d . The transition point indicating the change from HRS to IRR

Jé; : The constant as in the LQ model
d

- Dose of radiation

i

tolHE ¢ 202 fitting3r o 2 HRSAAo] Aoyt



HRS IRR

d. Dose
ol oL 4
IR Model
0.8 - — -LQ Model

o
'S

Survival Fraction

o
P
W

Fig. 2. 4 Example of cell survival curve with evidence of
hyper-radiosensitivity(HRS). Dashed line shows extrapolation from
linear—quadratic model(LQ model) applied to whole dose range data. Solid
line shows fitting result with induced-repair modelIR model). The

meanings of each coefficient in Eqn. 4 are shown in the graph.
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2.5 Al X A4 (Apoptosis)
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PARENCHYMAL CELLS
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Fig. 2. 5 Diagram illustrating the morphological features of apoptosis.
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Al 3 dE R T

3.1 Al xg wjgF o

2 AT A= HRS @o]l AAEZe FEFAETAA AolE 7L
el E=x delsigtt. AAAIZEE 713 AZe Rat  diencephalon
cells(DI TNC 1, CRL-2005, ATCC)E, T¥HNEZ+ AAuFE Rat
gliosarcoma cells(9L/lacZ, CRL-2200, ATCC)E A}&3tth. BE AXE
= 25-T Flask(Falcon) wWel 90 % Dulbecco's Modified Eagle's
Medium (DMEM, Gibco)¥ 10% Fetal Bovine Serum (FBS, ATCC) &
ghooll A wjkaldTh 3 37C =9 10%9] CO29] 7] 2o =
A 5] = incubator Ul A wlj o] o] Fo] FH ),

3.2 WAL XA}

e Al AFEE AR AR M2t 4 g stat AR A
MODEL 450-D08 X-ray generatorgs %

) PPt WA A HES X-ray generatord AFHS FAHTIoR
A ZFE2 0.125 Gy/min, 05 Gy/min 12 il

1.5 Gy/minelt}. ol &AA19] 4 HtS 150 kVpRE AAT AHjolA

AFES 77t 125 mA, SmA 181 15 mAR Ao AL &
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33 A #38A S A% (Clonogenic assay)

2 A% ME P AP F A ez AgHA A
Mz Ao A}83 F AHXE Rat diencephalon cell?} Rat
gliosarcoma celldl 4] HRS @7Fe] yeb=4] gRlslr] ¢sk wale] A
Hdy F AR 54 WA 219 A& ZANPriming irradiation) 7t

=
HRS @0l d&e 71A=A &dst7] A% 284 AP S ol &3 W

A owlA Aol AFd A= 25 T-Flask oA nids AXeEs
trypsinizing &to] w}E WA wlojt Fof 33mm 6-well cell disholl
seedingsl gt =& ZHdoA °F 500719 A EZS seedingdFA T T3
M E A= flow cytometry 7]HFCo 2 3 Muse® cell analyzerZE o] &
g 1Pt AELE seedingdt § 3 mle] DMEM<S #H7bgh 9o
AP Z2ALE K E sk

T oA gAY AYelM = MEZE 25 T-Flask el = Aejol A
15 Gy/ming] AHFEZ 02 Gy 9 WAMAS FAMSE £ 6-well cell dish
o seedingstith. Seeding § 3% 7]#te] F&3| ZEotEE 643 &
Qb Wi FeFAL, HiQF Fol thAl AR FARZE ol Folxn BE Yol
LA, seeding= oF7] Aol A A} o] Fo] Hu= Fo] vE
ool 15 Gy/min®l AZER 02 Gyl AR ZAl7F HRS @42
AAL & A=7HE Fdstr] A sty 2z g er Y
g we] 24} 27E Table. 3. 33 3. do] A&t

WAL ZALZE o] Fo13l Fol= 39 with 3 WA JFEae fs Al
Foagd S ZolEAh v 97109 A7 HW Setow Alx o

(colony)& & = vk AlE LS st wfjA= FAstaL



Phosphate Buffered Saline (PBS, Gibco)® A 23k o 70% o g2
A E 124 (Fixation)S &tk A2 Ao 4x¥W ThA] PBSE A g
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Table. 3. 3 X-ray

clonogenic assay.

irradiation conditions

in case of conventional

!

2

Al

H

HEE

R4

A=k

R4

-Rat Diencephalon

-Rat Gliosarcoma

0.125 Gy/min

0.5 Gy/min

1.5 Gy/min

0.1 Gy
0.2 Gy
0.3 Gy
04 Gy
05 Gy
0.75 Gy
1 Gy

15 Gy
2 Gy

4 Gy

Table. 3. 4 X-ray irradiation conditions in case of two-step irradiation

clonogenic assay.

249 =4 i€
)z -0.125 Gy/min or 0.5 Gy/mine] AHEZ o5 FZA}
-15 Gy/min® AHE=Z 02 GyiE A3 ZAF & 6
e AlZE &2t WY
e
=2 =

-k & 0125 Gy/min or 0.5 Gy/min&. & 3+ H ¢
E!
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3.4 AXA4 B4 (Apoptosis analysis)

Muse® cell analyzerg ©]&3to] WARA AL § AM|EX}4Ao] Hopy
Adojup=A BA sty MEAL A Fol AEAAL AFTE B §
] Al F ol Phosphatidylserine(PS)7}F WEeldt). o] PSef|l X314 o]
& Annexin VE F#HAI71 & F5ATH({low cytometry)E o] &3] PS

b F2E M MEsS AEFHoeR
2 AFdAE AEE WA IFAIZ T 24X FF g
Annexin V& 20% &<t M3 Th o] % Muse® cell analyzerg ©]-&

shel AEIAZ WA GAR AT WRES T
35 B4 &4

g EE e o o)ge A¥ e BT Fud £+ X7 AR %
Aleteitt. HRS @de] 55 &Rl 98 deoHES LQE9% IR
a2 fittingdtR ow, d e fitting 23S sy 93 Hx=
R-Square #< W uddvt BE 44 42 OriginLab Z2138S

ol -gal 13 s}ATt.
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Fig. 4. 1. 1 Clonogenic cell survival curves in rat
diencephalon(a) and rat gliosarcoma(b) after 0.5 Gy/min dose
rate x ray irradiation. The error bars mean standard error of
each data point. Small graphs in each graph are expanded one

ranging 0 to 1 Gy.
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Fig. 4. 1. 2 Fitting results of clonogenic cell survival curves in rat
diencephalon(a) and rat gliosarcoma(b) after 0.5 Gy/min dose rate x
ray irradiation. Solid lines indicate the fitting results with LQ model

and dashed lines for IR model.
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Table 4. 1. 1 Parameters obtained from linear-quadratic model fitting with

clonogenic survival curves after 0.5 Gy/min dose rate x-ray irradiation. The

values in parentheses indicate standard error of each parameters.

q 3 s R-S
HNE =5 -S
& (Gy/min) Q I6] quare

Rat 0.145 0.034

. 0.5 0.86044
Diencephalon (0.058) (0.023)
Rat 0.144 0.006

. 0.5 0.89929
Gliosarcoma (0.031) (0.010)

Table 4. 1. 2 Parameters obtained from induced-repair model fitting with

clonogenic survival curves after 0.5 Gy/min dose rate x-ray irradiation.

The values in parentheses indicate standard error of each parameters.

q 3 ATE d R-S
AE FF r Qg c -5
& (Gy/min) ; . I6] quare
Rat 0.0945 1.496 0.227 0.052
. 0.5 0.96515
Diencephalon (0.041)  (0.587) (0.075) (0.016)
Rat 0.112 1.616 0.138 0.015
. 0.5 0.97185
Gliosarcoma (0.019)  (0.689) (0.040) (0.006)
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Fig. 4. 1. 3 Plotting results of -(In(SF))/D as a function of D for rat
diencephalon(a) and rat gliosarcoma(b) from survival fraction after 05
Gy/min dose rate X-ray irradiation. The error bars mean standard error of
each data point. The solid lines represent the linear fitting results

extrapolated with high dose range data.
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Fig. 4. 2. 1 Clonogenic cell survival curves in rat diencephalon(a, b) and rat
gliosarcomal(c, d) after various dose rates x ray irradiation. The error bars
mean standard error of each data point. (¢) and (d) are the expanded graphs

ranging 0 to 1 Gy.
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Fig. 4. 2. 2 Fitting results of clonogenic cell survival curves in rat
diencephalon(a, ¢) and rat gliosarcoma(b, d) after 0.125 or 1.5 Gy/min dose
rate x ray irradiation. Solid lines indicate the fitting results with LQ model

and dashed lines for IR model.
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Table 4. 2. 1 Parameters obtained from linear-quadratic model fitting with

clonogenic survival curves after various dose rate x-ray irradiation. The

values in parentheses indicate standard error of each parameters.

q 3 s R-S
HNE =5 -S
=5 (Gy/min) « I6] quare
0.129 0.039
0.125 0.92075
(0.043) (0.018)
Rat 0.145 0.034
. 05 0.86044
Diencephalon (0.058) (0.023)
0.075 0.067
15 0.98135
T ems ooy MR
0.161 0.002
0.125 0.93876
(0.024) (0.008)
Rat 0.144 0.006
N 05 0.89929
Gliosarcoma (0.031) (0.010)
0.144 0.015
15 0.97128
(0.022) (0.008)

Table 4. 2. 2 Parameters obtained from induced-repair model fitting with

clonogenic survival curves after various dose rate x-ray irradiation. The

values in parentheses indicate standard error of each parameters.

e ATE d R-S
ANE Z2F a, a . =S
=57 (Gy/min) . I6] quare
0.195 0.114 0.937 0.245 0.046 0.96018
' (0.046) (0.562) (0.136) (0.017) '
Rat 0.0945 1.49 0.227 0.052
. 0.5 0.96515
Diencephalon (0.041) (0.587) (0.075) (0.016)
0.075 1.25E-08  0.067
1.5 0 0.97602
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ooz . © 0oy
0.195 0.124 0.788 0.235 0.013 0.9%651
' (0.016) (0.233) (0.064) (0.005) '
Rat 0.112 1.616 0.138 0.015
. 0.5 0.97185
Gliosarcoma (0.019) (0.689) (0.040) (0.006)
0.144 208E-29 1.33E-08 0.015
1.5 0.96308
(0.022) 0) 0) (0.009)
-
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Fig. 4. 2. 3 Plotting results of -(In(SF))/D as a function of D for rat
diencephalon(a) and rat gliosarcoma(b) from survival fraction after
various dose rates X-ray irradiation. The error bars mean standard
error of each data point. The solid lines represent the linear fitting of
data with 1.5 Gy/min dose rate.
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Fig. 4. 3 Clonogenic survival curve of cells irradiated with single doses of
various dose rates of X-ray or irradiated with a 0.2 Gy priming dose of 1.5
Gy/min dose rate before the challenge doses shown on the dose axis were
given with 0.125 or 0.5 Gy/min dose rates. (a) and (b) for rat diencephalon
and (c) and (d) for rat gliosarcoma. The error bars mean standard error of

each data point.
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Fig. 4. 4 Normalized value of induced apoptotic death in rat diencephalon
(a) and rat gliosarcoma(b) after X-ray irradiation with various dose rates.

The error bars mean standard error of each data point.
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Abstract

The effect of X-ray dose rates
on low—-dose HRS phenomenon

with cells in vitro

Kim Keon Min
Department of Nuclear Engineering
The Graduate School

Seoul National University

The researches about risk of low dose radiation is still going on.
HRS phenomenon is studied actively as part of low dose radiation
research. HRS is that mammalian cells exhibit higher sensitivity to
radation at low doses than expected by the linear—quadratic model
when clonogenic assay i1s done. The mechanisms about HRS is
verified well, but studies about the relationship between HRS and
radiation dose rates have no consistency. Therefore, in this study, the
effect of radiation dose rates on HRS is verified with in vitro
experiments.

Clonogenic assay 1is conducted with rat diencephalon and rat
gliosarcoma with 0.5 Gy/min dose rate condition and HRS was

observed with this condition in both cell lines. The dose rate was
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changed to 0.125 and 1.5 Gy/min. As a result, HRS was observed
with 0.125 Gy/min radiation but not with 1.5 Gy/min in both cell
lines. It 1s expected that the difference of repair mechanisms with
different dose rates is the key point of above experiments results. To
verify the assumption, the two-step irradiation clonogenic assay is
done. After priming irradiation with 0.2 Gy, 1.5 Gy/min condition, the
HRS phenomenon was eliminated when irradiated with 0.125 and 0.5
Gy/min dose rates in both cell lines. Through this result, it is
analyzed that high dose rate irradiation can induce repair mechanisms
even at low dose range. Lastly, induced apoptosis with different dose
rates was observed with flow—cytometry experiment. With low dose
rate conditions that HRS is seen, apoptosis was induced more than
high dose rate condition in both cell lines. It is interpreted that when
cells are irradiated with high dose rate low dose radiation the repair
mechanisms were induced so apoptosis did not occur.

In this study, the different conclusion 1s made compared with
preceding researches in relationship between HRS and radiation dose
rates. And it is confirmed that apoptosis cell death is a important
factor in HRS response, therefore there is little reason to overestimate
the biological effect of low dose radiation exposure with HRS
phenomenon. Finally, in the case of fractionated radiation therapy for
cancer treatment, proper dose rate that can prevent HRS response

could be selected to protect normal cells from unnecessary cell death.

keywords : HRS phenomenon, radiation dose rate, low dose
radiation, apoptosis, radiation protection
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