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Effects of 70 MeV Proton Beam on a Murine Tumor and Skin

Hideyuki Majima!, Koichi Ando2, Sachiko Koike?, Shigeo Furukawa?,
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and Tatsuaki Kanai?

'Department of Radiology, School of Dentistry, Nihon University, Tokyo, Japan
*Division of clinical Research, National Institute of Radiological Sciences, Chiba, Japan
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Key Words:  Proton, RBE, TGF, Early Skin reaction,
TGD time

Biological effectiveness of 70 MeV proton beam generated from the NIRS cyclotron was studied. Seventh
generation of a squamous cell carcinoma which arose spontaneously in a CSH/f female mouse was
monodispersed by trypsin, and 1.2x105 cells were transplanted s.c. into right hind legs of syngeneic male mice.
Five days after transplantation, legs with tumors were irradiated under nembutal anaesthesia. Tumor sizes were
measured periodically up to 60 days. Time required for a tumor to grow 12.0 mm in diameter was obtained
from culculations by use of computer, and termed as TG (tumor growth) time. TGD (Tumor growth deley)
time, a difference of TG time between experimental and control groups, was used as an endpoint for tumor.
For measurement of skin reaction, hair on right hind legs were depilated by depilatory 7 days before
irradiation. Skin reaction was scored every other day up to 35 days, and mean skin reactions were employed as
another endpoint. 30 mm spread out Bragg peak (SOBP) in water was used in proton irradiation, and its dose
rate was about 90 Gy/min. The reference beam used here was 200 kVp X-ray with dose rate of 2.4 Gy/min.

In the first experiment, biological effect of modulated proton beam was examined as a function of
penetration depth. Depth was varied by applying various thickness of lucite plates. Tumor and skin effects were
found to be very similar to the physical depth-dose distribution. Secondly, we examined relative biological
effectiveness (RBE) of proton beam in the spread out Bragg peak, being at 15 mm depth in Lucite. RBEs were
0.82 for skin and 0.79 for tumor. Thereby, therapeutic gain factor (TGF) of 0.96 was obtained in our system.
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Table I Scoring system for acute skin reaction
(reproduced with permission from Aizawa'¥)

Skin Reaction Scores
Early Reaction
0.5 doubt of difference from normal skin
1.0 slight reddening
1.5 definite reddening
2.0 severe reddening or dry desquamation
)
2.5 dry desquamation (-H-)
3.0—5.0
moist desquamation
area (A) = R
A= 1/3 3.0 3.5 4.0
1/3 <A< 2/3 3.5 4.0 4.5
A= 2/3 4.0 4.5 5.0
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ZRETH IO, BREE6HANDS, BHE
T1 BB TTT fo o fe. £EZRE o B
RitA=27—=%F#H 1L, “h% Mean skin reac-
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wwic® ¥ co P, T Tumor Growth (TG)
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BETLRD . WIB LT3 BE LTV EE O
TG time k, BH 7 1 —FEEo® TG time Lo
EXEML, Zh% Tumor Growth Delay(TGD)
time & L,

RBE B Hi#k : RBE |3, Mean skin reaction, 3
U TGD time iR @D RBIRANGR £ D Rid7z,
b, BFiRo107c0L50Gy o s, *o%
MEDOZHFIZH LFE LR 2R T XRoBEY,
REXDRD, hod offEo Hic hEHL
T,

TGF JHi#E : Mean skin reaction } b5
j= RBE k, TGD time }hiB&hi- RBE Lo
Xy, TGF #TFRoZE <, HHLE.

TGF = RBE from TGD time
RBE from mean skin reaction
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Fig. la Depth dose profiles of 70 MeV proton beam at NIRS. Curve A: Spread out Bragg peak
(SOBP) with 28mm width in water. A range modulator is used to spread out the Bragg peak.
Cwrve B: Unmodified beam with a sharp Bragg peak at about 38mm depth in water. (reproduced
with permission from Hiraoka'®)

Fig. 1b Biological effectiveness of proton beam with SOBP. Depth is varied by means of lucite,
in stead of water. Open circles indicate tumor growth delay (TGD) time of NR-S1 tumor as a
function of depth. Solid circles indicate mean skin reaction as a function of depth. Bars indi-

cate S.E.M.
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30mm ¥ TOMT, RIFHE—DRA=27 %R,
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Fig. 2 Mean skin reaction of the hind limb(ave-
raged from those among the 6th to 353h day after
irradiation) as a function of radiation dose.
Squares and triangles indicate X-ray and protone
beam, respectively. S.E.M., omitted from this
figure, are less than 4 % of the individual sco-
res.
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O X-ray
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Fig. 3 Tuwor growth delay (TGD) time of NR-
51 tumors as a function of radiation dose. Squar.
es and triangles indicate X-ray and proton beam,
respectively. Bars indicate S.E.M.
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Table I RBE values of Proton bearm.
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Based on isoeffect relationships,

RBE are obtained by comparing X-ray dose to proton dose.

TGD time Skin Reaction
Proto TGF
K-ray RBE Ke-ray RBE

10.0 Gy 8.0 Gy 0.80 8.0 Gy 0.80 1.00
20.0 Gy 16.0 Gy 0.80 16.0 Gy 0.80 1.00
30.0 Gy 18.0 Gy 0.60 24.0 Gy 0.80 0.75
40.0 Gy 32.5 Gy 0.81 31.5 Gy 0.79 1.03
50.0 Gy 46.0 Gy 0.92 44.5 Gy 0.89 1.03
Mean / 0.79 0.82 0.95
S.E. (n) b 0.05 (5) 0.02 (5) 0.05 (5)

—x —%{HEH Li- & X Spread out Bragg peak
(SOBP) curve %751, BHifBIX, =7 av—
F &R TRy, Bragg curve %3, HifRA T
13, KPR cl0mm »538mm ¥ v g —kE
iE o —2% RL T35 (SOBP), —7,
Fig. Ib iR L. BAx DTl BRic X B4
Wgh 04345 Cix, Mean skin reaction T A
FEZ10mm A 530mm ¥ CoOfC, RIEE—i
Aa7—%mixLl, TGD time i, A% A MEX
10mm 7% #,25mm DR CHE\CELL L - Bl %7
Liz. 7eds, A4 b KD electron density o
W, KEHNE S HHE & 500 REL #
1.15620.01 T %Y. Zhick b, K%
3% &, Mean skin reaction "¢, 11.5mm 75
34.5mm ¥ C, 2EEER AT T —RREL, AV
A +3mm, Ficbht, Ko L c40.25mm
Tl¥, Mean skin reaction z2=27— 0 kich,
BFa 2 B ShTwiewz &hibhns, TGD
sime Ti%, jKircll.5mm ) b28.75mm ¥ CH
W L@ m L, A4 F30mm Find
B E L T34.5mm ¢, TGD time
175 LEVER BT WS, 20 X 512, Mean
skin reaction } TGD sime G, A+ 4 I30mm
Ok#p34.5mm) ¢, Ra7-wCRiEhE 4L
f=. Bl%, Mean skin reaction Tk, v — 7l
CEU LA =27 -2 B0 L, TGD time
Tk, ¥—7 XY EVERELRE. 2R, R
HE~EE SRz~ v ADEEOMEN, KEo
fZE X b € — ARHHAC @ CERIC BT 5

foib, EEOfIEN SOBP D 5Dk
L, B L BEWIEcshh, SOBP oific
TFhTwicoThsrd tELbRA. HERCX
b, in vive R HHE I X HAEHHROLHA
i, WIEANEESOCEEN S = LAERI S h
5.

ii) 70MeV [BF4o SOBP OfIff w¥1) %
RBE

4 DERRCIE, T0MeV [BF4 0 SOBP o fi
wc3si) 5 RBE 11, JEET0.79, FIBRMRIE
TR 0.8247ch, 10X H/AEETH -
g et

4E, WxDEHRTRDI RBE 11 SOBP 0
frffficsid % RBE ‘Thh, Z ok sk
T4k © RBE % ¥ Labj-d 0% Table 3 iz ;7L
fz. & @ Table T7s &h b Z k<, RBE i1,
“COr AR & LTIT7 - 1-5EB T, Rober-
tson B, ¢l.0'™, Hall £51,2'”, Tepper £51.2'9,
Urano 51.2" LGS h T3, —J, 250kVp
X g & LT oo 7 528 T, Raju &
7%, 102 #0llaFFER © RBE 1.0, 50% pazk3E
FT0.8L %/ EW RBE »#ids LT\,
Fehkb, BFHoO RBE 13, BBV
BEC IV RE-TLHLBbhs. HE, RBE
(r/x)130.8 &\~ 5 {fint ICRP FX ICRU o RBE
FHESPLREIRTHE DL, T, Rae0fbo
FEEYCo i (YCs) L200kVp X0 AhE A s
L, RBE (v/x)=0.85%8 T\5 CkHEk 57—
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Table M. Reviewed RBE values of proton beam under SOEP,
Biological experimental No. of |Reference
end point RBE method fraction | radiation Source
in vitro
Rat hepatoma cells 1.00£0.01 | (Survival for 1 “Co Robertson, J.B. et al. 1975,
(H4) doses go-reater
than 300rads) )
Chinese hamster 0.8 (50% survival) 1 250 kVp | Raju, MiR. et al. 1978,
cells (V49) 1.0 (10% furvival) 1 K-ray
Chinese hamster 1.2 (survival for 1 *Co Hall, E.]J. et al. 1978,
cells (V79 dose greater
than 200rds)
in vivo Air
Jejunal crypt 1.23%0.02 | (level of 10 20 #Co Tepper, J. et al. 1977,
cells surviving cells)
1.1940.06 | (level of 10 1 %Co
surviving cells)
Skin reaction 1.14%0.08 | (peak reaction) 1 °Co
Fsa-] tumor 1.16%0.08 (lung_ colonies 1 “Co Urano, M. et al. 1980,
cells 1.13+0.08 survival 0.5—0.01) 5 “0Co
1.27+0.14 10 8Co
Hypoxia
1.21£0.01 1 0CH

* 160 MeV Proton beam generated from the Harvard Cyclotron was employed in all experiments.

FAviciz®, B4 RBE 231.0k b 3 /X s
RS ok N>R Y20 5%

WThie® X, BT © SOBP 1B ¥k i
% REB X 1.0ETHD, EFHROTELK
&7 RBE 1385 1L T Wiz (Table 3). zh
W, TR0 LET 2ME Wb ThHBEE 2 b
h5. 30MeVd—Be grhi: o4 EFsy LET
134%eV/pm THB™. —Fk, BFR TR, =
T2l—br3IRTEWT Ty 77— 27 DEBT
X%, %O LET 1313.5keV/pm (60MeV
i) Thv™, 200kVp X oy LET
9.4keV/um®™ L &ic EREY R LT T,
FEBO Z L, T0MeV BT, Lid25mm
VYO ET 2 b2 — R LBETIE, F0
BB LET 1L, Xh/XL7RBz LMNTFHER
ha., thdz, RexDEBTL, SOBP kit
% PBE BX#EMNELELT, FhigdkZix
REeE LoD THALH EELBRS.

SEOR~ D LB TiE, [BHO RS R
E, break point AIBABRICELD Hhi: (Fig. 3).

break point ¥, Denekamp iz X h & }oh2?,

break point X b /NEEIE I, JEEEA oxic cells
DORFEBICAHR %R L, break point X b Ffgi
TUE, SRS © hypoxic cells 1yt 3%
BREHEEDLbh T Z ERRLTWS, &
@ break point {ZHHX43 5 REA AVCHEE Lz
RBE {30.68& fOMEDHBA LD /S fHx
&b, ZofBETs 3 TGF 30.855 /N3 dvw
fohi, Thui, in vive OEEOEBETH D LE
i, BATEHRELL ST

5. # &

i) 2omm vy EF o v—x—% B\ 7270
MeV (GO EHMicIsiT 3 in vivo DAl
2R, WERES T (SOBP jhig) wizis—%%
LTRHE L.

ii) 7T0MeV PEFft @ SOBP |z¥i+% RBE
V%, 200kVp XA - L, 5T, [EH0.79,
B#0.82¢H Y, TGF 120.96Th - -.

Fr#rswhbich, WY, @E, ooy
Tewvictivde, HAHHRESER A DR, SRR EWE
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