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Dependence of Radiosensitizing Effect on the Temperature of Hyperthermia
Masashi Tsumura, Toshifumi Nakajima, Masahiro Tanaka and Akio Kida

Department of Radiology, Osaka City University Medical Schooi
(Director: Prof. Yasuto Onoyama)
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An experimental study was undertaken to quantify the thermal enhancement of radiation effect to
normal tissue and turnor of mice and to determine the biological isoeffect relationship between treatment
time and temperature of hyperthermia.

C3H/HeN male mice and FM3A tumor were used for the experiment. Graded doses of irradiation
were given to their hind limb and immediately thereafter local heat treatment was administered by
immersing the mice foot into warm water at graded temperatures.

The heating times at graded temperatures, required to cause early skin reaction of score 3, was
determined for the mice irradiated with doses of 20, 30 or 40 Gy. A log-linear relationship was observed
between temperature and reciprocals of heating time for getting the equivalent biological response on
Arrhenius plot. The estimated activation energy was about 140 kcal/mole over the temperature range.
Thermal Equivalence Factor (TEF), increase of thermal enhancement by every 1°C elevation of the
temperature, were 2.26, 2.13 and 1.92 for 20, 30 and 40 Gy, respectively. TEF for late skin reaction of
score 3 appeared similar to those for the early reaction, i.e. 2.39, 2.43 and 2.10 for 20, 30 and 40 Gy,
respectively. We did not find any dependence of TEF on the radiation doses between 20 and 40 Gy.
Although it is known that there is a breaking point of Arrhenius plot at about 43°C for heat alone, we did
not observe such a point in normal tissue reaction treated by radiation immediately followed by heat.

A similar log-linear relationship was also observed between temperature and heating time to get
tumor-doubling time of 15 days after irracliation with dose of 10 or 20 Gy. There appeared no breaking
point in radiosensitizing effect on the tumor. Activation energy, 123 and 142 kcal/mole, and TEF, 1.85
and 2.03', respectively, were approximately the same as the values for early skin reaction. Thermal
Enhancement Ratio (TER) for 40 minutes of heating at 43°C with radiation of 20 Gy, was 1.9 for normal
and 2.1 for tumor tissues, respectively. Therapeutic Gain Factor (TGF) was estimated about 1.1 in
hyperthermia immediately after radiotherapy.
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19804ELABE, 18« o EEJATEIC% L Hyperthermia
O AR EHEERE Y KT L, BRRAYE A2 RR T
BEEREAEB TV 53, Hyperthermia O {EHFEHR
PEBHNCRHNT 5, [EFR X OCRLOER
Mgt 2 o niR & thermal dose #1E L <
ST A LEND S, IRELRE & FFEOFIC
HEITHEELTERINDIIN, EMFENRD
Bhabask, REEMOMRBIELRT42.5~
43CEBEL LT, RESRMROEMBIRNCE
T 5o EPRERTV B9, FHAHREIC DWW T
ik, A oMiaR, @il TELORENRLD
h, 43CHUTTX1CoZEbicLT#4~6,
FhUETEH2 EvwbhTEhY), “hbikd
&1z thermal dose DFFE MR T TV 59712,
Hyperthermia ff Fi4HRIRE DB S, B
BOBBELHERTHIHRRIE-ORRTHLNTD
5 p39~9) SRR ORE - ReHEBE R EELT
BRALILIIEAERIRT Iz,

Hyperthermia ff St RBEE DO EFERR & L
T, =7 ADQEFHBEOES B, RET
LA RERGROBEKFEOEELEYR
I, XHLEBFAEEE DA MK 2T Ther-
apeutic Gain Factor i LiciRE2|ET 5.

¥ Bk

<~ AHAZ V7L D EALKC3H/HeN,
6~ 7HMBOHEY R L, BSHREEEBRD
Sz — A v ARBLR 2 €Y 2y, 200kVp,
20mA, 7 4 &+ £ —2mmAl, SSD 34cm T R—rad
ZEHRET0.95& L THRERI3.7Gy/min TH o 7e.
IR R PR ERTRMER M & A, KRR
GEEREHCHREI R KBREFYERL
fo. ERMES & L Tix FM3A Mg % A i,
= AORBEICIL T A+ —ARFIBLEFLE
FAX AV, OEEAES LWL 5> TREZMW
Fa—7ERAVPBEL LIED, EWRET 2 EH
RFIC IR AL 72 b ONT IR 2 JEfT LA, BBAHSALA
REDOHRLEL, o X4mm O & CHR L
e, BAERIC <y ADARO LR EREN DR
KB LTIR L, \BKICE L TV 2R % i
B & L, 3_XToERTI=7T—a2vF 13
v, 20~25CORRICTITV, ERHORBREK

L6 ~10IETHh -7z,
EFEBUG - AR THO =Y AW, X
BEH B R B BB T1320, 30, 40, 45, 50, 55,
60Gy F U iniR 6f ARE 120, 30, 40Gy T, M4t
RTHEDICERMIC L h40~45C, 5 ~1804 D
o« O&cimii Lz, FHBEMEIGE LT
X, BEORMOZEEZ2~3 HBRBELC
score 0 ~ 6 D12EMEIZ L™ (Table 1) L
%13~34 A D score ¥ B Licb DERFRE L L
719 BRI RUG & LTIy, 1R 3 » AHDED
TEWHIEE L L, score 1~6& 6 B 4081, =
N2 LB D B ioh - 1oFED score & LT O
Iz it 7 B o L 722 (Table 2),
SERRIES - ZRHE | EREE L, C3H ~ v 2
B FE4 A T H 5 FM3A M 2 T suspension
culture CHE Lo b © & R AZEFEEF - 5 X
b AR 52T, EEMRRIR RS R oh IR AR
Eh, —H=vxaERcBHEL, EEHm &
1o TR S T U 7o, MIE0%, MEM B53eqE 4 A
BB E L, ChEERL B bRk
fa10°~10"E % £HW 6 BOo~ 7 A REBEL
to. #9288, BEEN 5~Tmm &7t R
SRt LA, fEE1210, 20, 30, 40, 50Gy, fm
{R1%40~44C, 10~604r& L7, B 2~3H
BEEEY 3 HEAE L V=rabc/6iC X D {&
BB LY, BN - % % Hewlett
Packard ¢ 8l = v v 2 — % (HPY816) @ Basic
Statistics & F - THEFTALEE L T growth curve

Table 1. Score system for the early reaction

Score Signs

0 Normal foot

0.5 50% chance of damage
1.0 Red foot, partial epilation
1.5 Slight edema, epilation

2.0 Severe edema, complete epilation
25 Fusion of toes
3.0 Partial wet desquamation

3.5 Wet desquamation of most of foot

4.0 Loss of 1toe (loss of 1 to 4 segments)

4.5 Loss of more than 2 toes (more than 5 segments)
5.0 Partial loss of foot

6.0 Complete loss of foot up to the ankle

(Urano M. et al: Int. J. Radiation Oncology Biol. Phys. 6:
1520, 1980)
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Table 2 Score system for the late reaction
Arbitrary score Observations

1 Slight change of shape

2 Definite change in shape and/or toes stuck together

3 Considerable change in shape and/or toes missing

4 Almost shapeless foot with only proximal parts of toes

5 Foot shapeless with no toes

6 No foot

(Field S.B. et al: Br. J. Radiol. 40: 834, 1967)
%k, growth delay assay iz X b [EE I35 % f s i%luti.-.g
B R EHRE L,
e 2 40% /
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> thermo couple
REBTMACOSR AT CHEA LI, ERE wmor 14705 .
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Fig. 1 Temperature profile of the tumor immersed

Fig. 1 3~ v A REHEE (11 X 7X6mm) PIIZZ
BREXBEAL, 3COERMECEL-BOREESE
LR T, BERNRE <Y 2EBRCELVY

in 43°C water bath as a function of time.
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Fig. 2 The early skin scores as a function of time after the treatment. Each
point represents the mean of 6 mice. The hatched area indicates the range of

calculation for early skin reaction.
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RCRE EF1208, T2/ & BEHRICE
AW LERR UL, ZhbOERERY bR
FEXEHRTHS LT, BRELRCET RREL,
TRECET 5B ISR S h, Rk
LEBUhER T30 L LTNBEREORIE
7 d, ERECKEREEXINRRE : Lz, <V
AEBEROBE CEINREM35.8CThoTch, &
HRDAITHINRK X b #9307 #1237.3CIc LA L
rhil#rE—EoREXR L,

2. BRHARMERIG

BEuc X 5 R

Fig. 2 (347 840Gy, nigotHEER40Gy +
41°C4043 hn &, 40Gy+42°C404 iR, 20Gy+
43°C404bniE) @ B2 EC D #ERqHY score D AL
T, 41C, 422CTILER 1 ~ 2:8% X b score
3 EH UPEAT 55, 43CTRoiicEis L 5
EBbh B RIEDAE\ - score 3T, FHIRIG
VA 2 BEBIZERE L, @O score XML b
AfOBE L Z—FK L\, XTI TSENIEHK
Jin & LT13~34 HE @ score DEHME % 1F 40 46
BRI DR & LI,

Table 3 Average scores of the early reaction after 20 Gy + heat

\ heating
time 10 20 30 40 60 90 120 180
temper- min min min min min min min min
ature ™~
0.52 0.79
41.0°C +0.39 +(.38
0.11 1.50 1.13 2.88
42.0°C +0.23 +().64 +0.22 +0.23
0.01 0.92 1.54 2.50 4.15
43.0°C +0.01 +(.14 +0.35 +(.48 +0.44
0.53 1.92 3.29 4.84
44,0°C +0.23 +0.11 +0.06 +0.23
1.56 2.51 5.7
45.0°C +0.11 +0.33 +0.24
P
s
5. / » 457
3 44T
> / mo43C
§ 4. = / a 427
] /
Q
g -
o
= / /..—-'
< 2. ____’__./ —=
/
‘ //T
1. =
= = [ 1]
. e b s
Heating time (min)
Fig. 3 Relationships between heating time and average score of the early skin
reaction after 20Gy.
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Table 3t320Gy+ B To, FhFho iRl
B, Bkt 513~34H D score OB % 7R
LichDTH5s, Fig. 313 Table3 %7 7 7 TF
HLicd 0T, BREINRREZ @ score ©
SEHE %R FRHT, RAREIC30Gy + Nk, 40Gy + ik
THRFR & score DBARY 7 5 7 CtFEB L,
hoDZ 37X b score 73 ETe DI BHE
IR A RS, BE & —TDOEYFRHREY
BT OAELL AR & OBR A RD O,
BT 5 BAHRREC X » FEE Co MG
K& R 20Gy, 1CHMRBTREGERTH
H 1804 hnfiR iz F\ T % score 1K <, Z* 7:40Gy,
A4CL EIR T 5 4R T b I WTth
L4 EOME L VBALic, Fig. 4 7v=92
Fuy MZXBAFERT, BENTHEEHRE 0,
HEHh Y score 3 18 5 O I LE f niR RS o 3 3
ERBFRRTRLT WA, 20Gy + IR Tix42~45
C, 30Gy+ IR T1%41~45C, 40Gy+ iR T340
~43.5COBMAICE T, FERELRES L3E
EffLieh, ZOMEZHS Thermal Equivalence
Factor(REED 1 CIET L7z & &z, (k3 5 LI
DREDOLYR & Sl 0GR X185 fcdORRIFHIE
B RS, LUF TEF)W3r hFh2.26,
2.13, 1.92TH -1z,

3. BREARIE RIS

Table 4 (X20Gy+mMBTOHEE 3 » D=
o A B RGO score HRd, Zh kR

e
L

g L34 1445
Temperature (C)
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Fig. 4 An Arrhenius plot of the relationship
between reciprocals of absolute temperature and
log. reciprocals of heating time to give scores 3
early reaction in mouse foot treated by radiation
combined with heat. Bars represent 95%
confidence intervals. TEF were 2.26, 2.13 and 1.92
for 20Gy +heat, 30Gy +heat and 40Gy+heat, re-
spectively.

30Gy +hnil, 40Gy+ hnik < D 5FE# score d &
o, ThbDRERX DFEscore 33 LB Dic
BB IR A >R D, REE & IR R OB fF%

Table 4 Average scores of the late reaction after 20 Gy + heat
heating
time 10 20 30 40 60 90 120 180
temper-\ min min min min min min min min
ature
0.33 1.00
41.0°C +0.22 +0
1.00 1.50 1.50 2.80
42.0°C +0 +0.50 +0.50 +0.84
1.00 1.33 1.33 3.58 5.75
43.0°C +0 +0.33 +0.33 +0.90 +0.25
1.00 3.00 3.33 6.00
44.0°C +0 +0.82 +0.60 +0
1.50 3.11 6.00
45.0°C +0.50 +0.65 +0

FEFI60£E11)325H
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Temperature (C)
40 41 42 43 44 45
1 T T T T T T !
0.1 E { } [ J. 4 10 0
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! ¢ [ I 1 @
0.01 | ¢ 00 2
- o 20Gy
- { % e
- ® 40Gy

. L n i i L
320 319 58 317 316 315 34

1T UK Cx 109

Fig. 5 An Arrhenius plot of the relationship
between reciprocals of absolute temperature and
log. reciprocals of heating time to give score 3
late reaction in mouse foot at 3 month after the
combined treatment. Bars represent 95%
confidence intervals. TEF were 2.39, 2.43 and 2.10
for 20Gy +heat, 30Gy+heat and 40Gy+heat, re-
spectively.

Relative wvolume
-
=

BB X 5 B R R

Trv=vA7ey FThHbh Lk (Fig. 5). £l
BIG LR, &REERERCRITER Ly,
TEF i3eh£h2.39, 2.43, 2.10CTH 7=,

4, BECHT MR

Fig. 6(320Gy +43°C, 2043 IR 4 D IEH D growth
curve ZRY, 2~3HBIRBAELIF — 2% 2 v
E e — 2 AT LEEEC B8, Ml e o4
B lELi@hiBlr ey b L, 5
FRIEFREREHOFE R L Dlcd—B K2
h DB, FBOWALRT, Lo DEEH
MR % 3 YRR R AR CHELL L, EEBAhERIL dou-
bling time (EHEERE 2 EickbDIcET5H
H) THBEIL.

Table 5 320Gy + iniEtk @ doubling time % 7%
7. Fig. 71X Table 5% 7 7 7 THKb LicbOT
ifEdh L doubling time, BdilizniRER % =4, =
D27 7Lt b &RE T doubling time A315H 1
785 DI LR INRFE 2 KD, RE & —FD%)
ReB o0 LB EREOMRE 7L = 2
7 ey b TEDLE (Fig. 8), Wbl sk
& b3 TEF X10Gy + hnii & 020Gy + Inif ¢
ENENLBRV2.03TH -1,

5. imEBEA S & % Therapeutic Gain Factor

1E# #H## o> Thermal Enhancement Ratio (TER)

Growth Curve

20Gy +43°C 20min #

o
o

w
o

Days after treatment

Fig. 6 Relative volumes of the tumor as a function of time after 20Gy + 43°C 40
minutes. Solid line represents a cubic regression curve of the experimental data.
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Table 5 Doubling time (days) of mice tumors in volume after 20 Gy + heat

heating
= time 0 10 20 30 40 60
temper- \ min min min min min
ature
40°C 6.4 8.1 6.9 11.0
41°C 8.3 13.6 11.3 14.9 16.0
42°C 11.1 12.7 17.9 27.9
43°C 10.7 21.2 28.9
44°C 17.6 30.5
4 e
/ -~
e
/ e
38.8 |
— / / » 44T
™ " o 43¢
i e =
c , rd " 42T
* 41T
¢ o o 5 40T
g 2e.0 | / /
Fe
o - [
] e
-} - e
E / _..r—-‘""-'-.-.
f=! ,_.--:"
8 e | —— PR
2 —_— &
}~
[ = = = = = ®
- ~n m - wn w

Heating time (min)

Fig. 7 Relationship between heating time and doubling time in tumor volume

after 20Gy.

LIEH T TER # il 3 % Z & & H Thera-
peutic Gain Factor (TGF) %f Ek & f_.n)lsmz).
AR B T o AR OB B B G % OF PR BE &
[A U score # AUk,

Table 6 1%20~60Gy &5 # O score D F %
T, BRI G T30 ~50Gy T score (X E#IC £
FL50Gy S ETREEOE Lo LKA e
Ba bR (Fig. 9. hies LI IE TR
60Gy % T score L EH L2315 (Fig. 10), &
AU AR B SR TR R BR R o0 B BUG A HEBERY
Qo b EETLKREMBORATEILNT LK
MRIGXER LT WEWI EEXREL TW
52924 Ui LIEE SR % growth delay i L
T TGF ¥R 28E, 4EOEERTIL endpoint

AEFIG0EILA 25H

% doubling timel5H & L7c®O TEDERTIIE
M EEEBORYRIG E LT 00nFEY L%
zbh s, Fig. 11 EEHREEHBE O R & doub-
ling time OBA@EE =T, 2 CREKR 7= b 2 -
AOIEETH 543°C, 404 & BHZOE L
&0 TER H#$ 2 & Lz X b TGF &skabic,
20Gy-+43°C, 404-IniR <o FLHH B I score Uk
0.92TH 5 (Table 3), & @ score rXHts iR EETh
T, 38Gy iIcHH4 L (Fig. 9), TER 38Gy/20
Gy=1.9¢ 7%, F7:20Gy+43C, 404 iR T
tumor-doubling time (128.9H ¢4 b (Table 5),
B B TiR42Gy Y L (Fig. 11), TER X
42Gy/20Gy=2.1& s 5. TGF ZEHic 5135
TER ¢ EH#E#ETD TERDIETHObLENSD
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Temperature (C)
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‘T; 0.1E 310 g
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5 % 1§
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320 N9 M8 37 36 s
1/T (K (x 105

Fig. 8 An Arrhenius plot of the relationship
between reciprocals of absolute temperature and
log. reciprocals of heating time to give doubling
time of 15 days in mouse tumor after the com-
bined treatment. Bars represent 95% confidence
intervals. TEF were 1.85 and 2.03 for 10Gy +heat
and 20Gy +heat, respectively.

DT, 2.1/1.9=1.1& 72 H &\ Therapeutic Gain
RE/Lh T,
£ %

JEIGPRIC 31+ A Hyperthermia (%, BEHREICIL
18664F ™ Busch?, 18934E® Coley? b D k b
BE D, £OREHIEHTE D 1960 iz b in
WAEDZE, BEEM@RCOWTORROEIES
R, BESHRBERER e & O EBRIBIEIE LD

REIC X 5 B R IERE D R

er

Average Skin Reaction

1 206y 43°C 40min

fossessonomnemssnmnmmnnmns

&
.

0 10 20 30 40 50 60
Radiaticn Dose (Gy)

Fig. 9 Dose-response curve in the early skin
reaction to radiation alone.

Average Skin Reaction
(7]

/
4
_,§,__.-§/
] 10 20 30 40 50 60
Radiation Dose (Gy)

Fig. 10 Dose-response curve in the late skin
reaction to radiation alone.

ATEBWERERD X HRIR-7®, 19634 1Ti
Crile?®’ Hyperthermia i X % BI85 @ o] fe i
RREF TREWCET L, coFRHER
Field o*ic & h BRI ¥ & BT 5 (Table

Table 6 Average scores of early and late reactions after various doses of radiation alone

dose

20 30 40 45 50 55 60
(Gy)
ea']r::}l:ion 0.06 0.43 113 2.18 2.64 3.10 3.17
. +0.02 £0.11 +0.08 £0.14 +0.14 +0.11 +0,12
score
lat
rae::tian 0.67 0.83 1.22 2.57 3.50 3.33 4.83
+0.33 +0.17 +0.36 +).68 +0.78 +0.80 +0.79
sCore
(MeanzS.E.)

54)
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Growth Delay
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Fig. 11 Dose-response curve in doubling time of
mouse tumor to radiation alone.

D). BEHREERC S CREREA O ERELR D
FED, BERDRLFHETAAERER LT
Wh, Zhicd LIRBoHRE, EBFE®, K
pH?%0 (ERFRABPNZ BT LAZELL, K
SHREH M TH B DNA BRI HRNLE LW &

E fit34 1449

BEETh T2, ¥, RARIEHEOHE
BERE BENREEE»S D EHE »H
S350 X, My~ T, EEES
WIERTEF O HBMIIC X B BHER A is
Wi IR T hed < - T 5 (differential
heating)*¥-3"z & 4, RO R LR T 2 &%
zbihd,
ChbDERNT — 2 L HCHERBEY R L L
EREBRIRADNTIs ), Hichiio ke
BIE & OO OB R HAE X T B3938~40),
EE L ORFE T 19804 LI#%, Hyperthermiafif
FBCAHHRERE 2 T LY, 19854E 3 HEZE, 61fE
Bl BB e © O IR BREIESE 3 LT D 2
SRHEXENL 102 { &, Complete
Response (EBFD5t4iE%) 176, Partial Res-
ponse (EH#E/NE50% LA E) 2461, #%h%& (CR+
PR)80% & RIF IR AT\ W5, Lh LEKH
CEDHBEHRT S LT, BECSIT2RAOE
L BB B LEN B B, iz Hyperthermia
Pt B RRE BRIz VTR, RO
FOMBEHLZBLT, —EORERHERL 2\
BEddinlirv. BRrBELEETELLAE
EWFRIZ R 5 b & 7o niE & thermal dose %

Talbe 7 Biological rationale for hyperthermia in cancer treatment

1. Hypoxia does not protect cells from damage by heat; it may even

be a sensitizer.

2. Nutritionally deprived cells, which probably exist in many

tumors, are more sensitive to heat than adequately fed cells.
Heat is more damaging at low pH, and it is commonly thought
than tumors tend to be acidic due to anaerobic metabolism.

. Itis possible that neoplastic cells be intrinsically more sensitive to

Heat is more damaging to cells in the DNA synthetic phase of the
mitotic cycle, when X-rays are least effective. Heat may be useful,
therefore, for treatment of tumors in which there are more cells in
the S phase than there are in the limiting normal tissue.

Heat has been shown to prevent the repair of potentially lethal
damage (PLD) from X-rays. Since repair of PLD is observed in
irradiated tumors (probably in the nutritionally deficient cells) but
presumably does not occur in normal cells, heat would be ex-
pected to be selective in potentiating the radiation response of the

3.
4
heat than normal cells.
5.
6.
tumor.
7.

If heat is applied locally with microwave or ultrasound, tumors
with a poor blood supply may attain higher temperature than the
surrounding normal tissue.

EF604:11 525

(Field, S.B., et al.: Br. J. Radiol. 50: 129, 1977)
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FHT B HEo—>& LT, Equivalent time at
43C (Eq43) MR IR, HAxol@Hcd 2 v
Ea— 212X 5REFHROLEO—Tic Eqd43 %
HIAA T THBY,

Equivalent time at 43°C =|§1 Yi

{ Yi:: At XZ(f(i) —43) (f(]l) ;43°C)
Yiz= 4t x4- @3- (f(i)<43C)
At ::@;ﬁ?_ﬂﬂ— (mln)

fGQ) i FBBD At BB BRERE (C)
Yi ! At X (4w EE)

Eq43& i3, &« DEESEG bRz ini %,
T DEETOEMFWHRECHIEL T, 43CTD
iR EFEICHE T 5 & iz X b thermal dose %
ERILTHHETHS., Tokdicit, ERET
DEWEIROFIERE (TEF) 2m s NEHDH 5,
MIRRATFEREYIGE L L BHME o Ric kit
RE-HEERO7Vv=927 8y biZEWLTI,
REHA2.5~43CHEL LT TEF AR b, &
BiekwTidf 2, EBRBERSWTR4~6TH
5EIRTWBEY, Lal, Zhbo TEF B2
BIMOBETHY, 1FREF ORI 5 byt
RALIEEI X0 A TE L2085 midkk
7EBARET IR\, % & T Hyperthermia it F fic4t i
FRUEIRG O AR 5 BB B & R EE - ERSIBE
REERTSHM T~ A% HVEBIERY
ﬁ‘o 7o,

Hyperthermia ff I SHRIEFEIC B\ C, WE
DIEFF e\ LIERIMRIRIC X - C, BEHENE
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