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Studies on Relative Biological Effectiveness and Therapeutic Gain
Factor of High Energy Protons Modulated for Radiotherapy

Shinichiro Satoh, Tetsuo Inada, Kiyomi Eguchi, Hideo Tatsuzaki,
Toshio Kitagawa and Yutaka Hirokawa*
Institute of Basic Medical Sciences, Institute of Clinical Medical Sciences, University of Tsukuba
*Department of Radiology, Asa City Hospital
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Various biological effects of 250 MeV proton beam modulated for therapeutic irradiation at Particle
Radiation Medical Science Center (PARMS) were examined and compared with those of 180 kV X-rays
and Cobalt-60 gamma-rays. RBE values in relation to X-rays on in vitro cell inactivation using HMV-I,
NFSa (fibrosarcoma)-C3H/He mice lung colony assay, C3H/He mice acute skin reaction and tumor
growth delay of NFSa transplanted in C3H/He mice were 0.95, 0.94—0.95, 0.77—0.87 and 0.77-—0.81,
respectively. RBE values on in vitro or lung colony assay was higher than that on either skin reaction or
tumor growth delay. Dose dependency of RBE was observed in skin reaction. Therapeutic gain factor
(TGF) of PARMS protons obtained from RBE values on skin reaction and tumor growth delay was

approximately 1.0.
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Fig. 1 Illustration of lung colony assay technique. (Refer to Table 1)
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Table 1 Procedure sequence for obtaining single
cell suspension for lung colony assay.

1. Surgical removal of the NFSa tumor

2. Mincing with scissors

3. Mixing with 20 ml of Dulbecco’s solution with 0.2%
tripsin, 0.02% pancreatin and 5 mg DNase

4, Agitating at 35 C for 5 min.

5. Discarding the supernatant and adding the freshi
solution for another 20 min. tripsinization

6. Filtrating the second supernatant through a stain-
less steel mesh(#200)

7. Centrifuging at 1100 rpm for 8 min.

8. Resuspending the cells in Hanks’ solution containing
10% calf serum

9. Counting the number of cells by a hemocytometer
under phase contrast microscopy

A 108 KBBA IS A BE 7 V) — 2 THES 3
HRTCBREL, BHEHRO R 27 v 25 49
(Table 2) Tk » TR BEXEELT.

4) BREEFHMEETEDFE, C3H/He §=v
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ML, BERT~8mm TS BHL, LI
DEGEOERE L b Rediz,

FREHC A T B R & RS TR LI T o® b ©
B35,

“Co y fRIEHHZ X, ©Co 5000Ci L& EkER
GHEE % H\v,, SSD80cm, ###%K0.9Gy/min T
R U, XRBSHz, 180kV 25mA BEERLER
MAXREEE > vy, RADOCON & M55 7 &5 5 24
DE=FTFTCHE L 0.5mmCut+0.5mmAl
Zara AL, REXRIZ0.77~1.08Gy/min
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Table 2 Score system for acute skin reaction®.

Score Findings
0.5 doubt of any difference from normal,
graying (A=1/2)
1.0 slight reddening,
graying (A=1/2)
1.5 definite reddening,
no hair with slight atrophy
2.0 severe reddening or dry desquamation(+),
atrophy
2.5 dry desquamation (+),
scales (A£1/3)
3.0 moist desquarnation,
scales (1/3<A<2/3)
3.5 moist desquarnation,
scales (A=2/3)
3£]5‘ p moist desquamation (£) (+) G
AZ1/3 3.0 3.5 4.0
1/3<A<2/3 3.5 4.0 4.5
Az2/3 4.0 4.5 5.0

Spread—-out Bragg Peak
./ (SOBP)
100} ,ﬂf,«x-,,
g
@
w
o
a
2 s0f
ks
[+
[
0

5 10 15
Depth in Water (cm)

Fig. 2 Depth dose curve of modulated proton
beam (PARMS) in water

THotc. BFRBHIEZ, RABAFRFRER
Frvi-OBEGFREAV, PI=*nr
F —250MeV, SOBP (Spread Out Bragg Peak)
35mm (Fig. 2), $#E3R0.7~0.9Gy/min TT7z >
.
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Fig. 3 Dose survival curve of HMV-I cells
irradiated with ®CO y-rays (log (S) = —0.0397
D—0.0166D%), modulated protons (log (S)=—
0.0543D—0.0172D*) or 180kV X-rays (log
(S) =-0.0726D—0.0170D*). Error bars repre-
sent standard errors.

BERERESL, BE7 7 A=EH - ZROT
TEIKEWL, =7 AR Thd F v 72 — VRRER
THEE, FRICT, HELRERO= ) A —2%
fER LTI -,

I/ R

D e rEERAERSEEER HMV-I 2 Hv
in vitro MlREFL RO\ T OB RBI R %
Fig. Itm Lz, Tk b b EDAEFER). 1B X
V001 BT BB F ROV X FRicx+5
RBE (LIF, Bz RBE B 2T $0.95T
Hotc, ¥iz, °Co y iz 5% RBE 3 h*
11.08, 1.05TH -7z,

2) NFSa-C3H/He lung colony assay Iz X %
180kV X f23s X U'250MeV 5 -F 43 0 18 & %) R B8
&% Fig. dlcm Lz, WTh ${EfE 2 © shoul-
der % & -7z log-linear 7cBARE R L, H£AFH0.1
BIO0.0IeRT5BTFHORBERX X hEh
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10t — 0.95 g . ! . 110Gy
£ 20 30 40
(7] Time after Irradiation days
Fig. 6 Temrporal development of acute skin reac-
-3 tions in the logs of C3H mouse irradiated with
10 [' modulated protons.

Fig. 4 Dose survival curves in lung colony assay
with C3H/He mouse and NFSa tumor (X-rays:
log (8) =-—0.192D—0.00652D* and modulated
protons: log (S) =—0.195D—0.00469D2). Size of
symbols represents different series of experiment.

5.0
g 4.0F
ﬁ ""\_\’
c 30r ‘\‘j‘»\
$ 27508y
m AI""\;
c -30Gy
s
1. f=
ShLC _T™~.206y
] OGy
it 1 1 1 L 1 1
10 20 30 40
Time after Irradiation days

Fig. 5 Temporal developrment of acute skin reac-
tions in the legs of C3H mouse irradiated with 180
kV X-rays.
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Fig. 7 Dose response curves of mean skin reac-
tions in C3H/He mouse during 7 to 35 days after
irradiation with 180kV X-rays or modulated
protons. Error bars are standard deviation.
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Fig. 8 Dose response curves of mean skin reac-
tions in C3H/He mouse during 7 to 35days after
irradiation with 180kV X-rays (upper) or
modulated Protons (lower), and same total doses
given in two equal fractions separated by 24hours
in terval. D,-D, means 24hour recovery dose.

Table 3 24 hour recovery of mouse skin between
two equal doses of 180kV X-rays. Daia were
derived from Fig. 8.

Mean Skin Single 2 fraction Recovery Dose
Reaction (Dy) (Dy-Dy)x
1.5 21.5Gy 28.5Gy 7.0Gy
2.0 28.0Gy 34.0Gy 6.0Gy
2.5 36.0Gy 40.5Gy 4.5Gy
BELEHRE2ML5EOBHEE L DEY recov-

ery dose & L, BFHRIToOWTRELSILETS
RBE #FE UL TxO3%fEE L, Table 3, 4icRL
7z. Recovery dose 3 X "% DEFEIL, Xl
IUBFRIF B CERERCTAE <, ini-
tial damage WP EWEREBRBCBER B b
hoaZ LaRBELIC,

4) C3H/He = v ABHEBRHEAIE NFSa a3
5 XME X OBTFE 1 BRSO L1 b &
Fig. 9, 10iz, ¥ 7 [EEEN15mm iCET 5 I ET
BHAR & b Red e AR IERR & R &L DBIRE
Fig. 11iR L#c, (B FHRBE X SOBP s X U

(60)

[T o RBE & TGF

Table 4 24 hour recovery of mouse skin between
two equal doses of modulated protons. Data
were derived from Fig. 8. Corrected recovery
doses, (D,-D,) RBE, are similar to recovery
doses of 180kV X.rays in Table 3.

- Reccwe:y
Mean Skin Single 2 fraction
Reaction  (Dy) (D,) ng D1 (D.-D,)RBE
1.5 27.5Gy  35.5Gy 8.0Gy 6.2Gy
2.0 34.5Gy  41.8Gy 7.3Gy 5.8Gy
2.5 41.5Gy  41.5Gy 6.2Gy 5.4Gy
mm X-ray , Single
/+C:onlrol
E 20t /+/ ,(#. 20Gy
£ / A ,4}. 40Gy
o ',-‘;r ‘{r/
< / 4r'¢ V-4
s 2 Za
2 10 s ;:%j& ké/‘% /+ 60Gy
3 Lo

10 20 30 days

Time after Irradiation
Fig. 9 Time course of growth of 180kV X-rays
irradiated NFSa tumors transplanted in C3H/He
mouse. Error bars are standard deviations of
tumor diameter.

mm Proton (S0OBP) , Single

Control
20Gy

e +/+,+4osy

4
/* g
104’%%:{*1&4\4## "H’ 706Gy

10 20
Time after Irradiation

20¢

Tumor Diameter

30 days

Fig. 10 Time course of growth of modulated
proton irradiated NFSa toumor transplanted in
C3H/He mouse.
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Table 5 Summary of RBE studies for modulated protons (PARMS),
compared with 180kV X-rays,
End point RBE
in vitro cell 0.95 0.95
cell inactivation (at 10% survival) (at 1% surviival)
lun; lony assa 0.94 0.95
ung:colon ¥ (at 10% survival) (at 1% surviival)
o 0.77 0.79 0.87
skin reaction (at score=1.5)  (at score=2.0) (at score=2.5)
0.81 0.77
tumor growth delay  (2¢ 19 days delay) (at 15 days delay)
g log(RBE)
-
Aln=ny ,/
25| //
/ BH:!:D;/'
- N
@ 20 X-ray RBE PROTO _—
s / ishorgiord
2] \ [} 1_ \
- 0 b
2 15F /S = 0.77 /
2 i/ ’_/,-—-' NEUTRON
£
S ///
& 10} :/ — 0.81 >
!/ Proton
O Plateau
5p MW SOBP
Ij/ Fig. 12 Scheme of relationship between & (in
R R U tent) and RBE. Line A (n=n,>n,) stands for
10 20 30 40 50 60 more complex system, i. e. skin reaction or tumor
Dose in Gy

Fig. 11 Dose effect curve in tumor growth delay
of NFSa tumor in C3H/He mouse irradiated with
180kV X-rays or nodulated protons.

plateau TR Zfr »ich, MERCEEOES
wDisinofe, EFHEMEEEREL0E s X 0158
BT 5B F#HORBEZZhFH0.816 L O
0.77CTH o7z,

RROELD) HEAFHTFHRERNF v
2 IR HEEBTHOI0kYV X i3T5
RBE % Table 5ic¥ & ®»TR LIz, Tibb, in
vitro fERATIE(LAD SR 35\~ 0.95, lung colony
assay I3 T 1X0.94~0.95& \~ 5 fE2B S A
fo, Eie, RHIBNRIGK X OB HEEE LS R
Z2WTORBEWRZEAZH0.77~0.87k X O
0.77~0.81TH » 1z, ¥z, SOBP 3 X 1f plateau
HCOBRTFREHDRCERELRD I 1,

MEFI614E 5 H25H

(61)

growth delay and line B (n=n,>n,) for simple
system, ie. lung colony assay or in vitro cell
inactivation

4, # &

D BFROEEOEDFENHR IOV TOV
a2 — %D THT e 7= ® % Robertson & o 7
N=7T9 ZL{OPWREDOF -2 B LUHEHD
BEMRIC L 2ERL Y, BFROEYENHE
CECTRAOERTREFERRLS, £OKE
SR WCEYZHR 2 TR & Tl &
M L7, Fh, Hall 523 F + 4 = —X 2%
£ —BEBRMKE A\ TH < DMOBEHR & ORE
LR D LB % T\, —7H, Tepper H¥ik=< v
AEBH I OCEMEIGKERL, WFhbBETE
D EIREHERC R\ THEE & e B MR L RD
BirwERER L, Fo# Urano b3,
RN=—FRKEYM27r b rvXbB5h35160MeV
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I F#20 %% end point 1IZBE3 55Co y $RIZX
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TIE, 180kV X 8 &%°Co y 8 & DB Tz,
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5740 RBE & TGF
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