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Pitfalls of Hyperfractionation :
Theoretical considerations of effect of repair
time on late radiation damage

Naoyuki Shigematsu'’, Hisao Ito", Atsushi
Kubo" and Takushi Dokiya®

The need of radiation therapy in cancer treatment is in-

effects on normal tissues. Hyperfractionated radiotherapy was
applied to patients with various kinds of carcinomas in the
1980s, expecting to improve tumor control rates. Some re-
ports showed that the total radiation dose could be increased

hyperfractionated radiotherapy. We calculated the early and
late biclogically effective doses (BED)for conventional and
hyperfractionated radiotherapy to predict the early and late
radiation damage based on the linear-quadratic model (L-

time repaire) in the L-Q model is still controversial, and
few reports deal with tiz. Assuming tiz = 0.5hour, the total
radiation dose can be up to 71Gy by hyperfractionated sched-
ule (1.2Gy/fr. 2 times/day) without increasing the late BED
of conventional schedule (2Gy/day, total 60Gy). However, the
late BED should be increased in tissues with a larger tiz value,
even if applying the same hyperfractionated schedule. Thus,
it is not recommended to apply the same hyperfractionated
protocol to all organs.
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creasing, however, the dose of radiation is limited by its late |

without increasing late radiation damage by using |

Q model). Setting the values of the «/ ratio and ti2 (half
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FUlhhH 5, 1 H 1 [2Gy CHEILES0-60Gy BBS§ 5 ik
FED MM T H o 7- R HIBEH:) . OB EIZL
TLOEHEERAETEAMETIEIRL, FRULRBET 2
ERFAT & 7o\ BRI IO A S 58 2 D I A5 { T B TR
R, Thbb, EFEHEOFEHETHL, LIHF-T,
W HERGRICH VSN AE T, Bl Ths
HEDHERNEIMHFTETD, RGERELEET L4
HLSH. ZOFTRKE L CHES I B4 T L, IEHHM
O MRETZAE & 2 5 9 2 & ASITHE 2o /N TG A5k
Hahas, MREGHZ IO TE 2 FESERCHEIE, K
SIRGHRBMCIZIZH R T & HHEEEIEON T WA,
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WEAEAPLREN, 1 [1.2GyT 1 H 2 [#EHE70-72Gy

EW ) BBHENEDSE {AThILTWw A3, L, BpiEEs
FET H EHHABIIREESR L 2 S cH Y, &
TOFMDONES 2% 5 ERFF O —1 7% 70+ 32—V A%E
HT& L0 EIEEHTH A, AHFCldlinear-quadratic
model (L-Q model) % T, Z4ElEHOERZT W15
LR, ZHBEEASEIE LIZ < WEtf & B0 | AR EE
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1. EWPEOINRIZE (Biologically Effective Dose : BED)
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Catcheside %428 L 7z"[nl#&" & Ik L 7 linear-quadratic
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Mg S M7l O A AP AEE D A AER AL "SI, linear (1
REY) 7 B & quadratic (2 2RAY) 2 BHE B L AR "G 6
B, FTRioTERINS,

S= exp (_'QD"G,BDE) ----- I‘\I

SRRSO AT | R a, SEIEE ", SR
T"D"EYTHE,

S= {‘BX[J (_ad‘_GBdl) Jm
=exp{-D(a+GBd)} - - - - - 72

&> TLQ model T, S=¢F &35 ¢&
E=D(a+GBd) THY, O "E" HHLOE+HSE
Tt s 4 5. Barendsen |2 "E" % "o TH| - 72l

Elo= Dlil'l";%:' ..... IL3

RO R 2 R TIRE L L TIRE L7, BlaldHifishs
Gy& & bDT, HiIZITEY % E4E (BED) & I
NBEH 7. oF 313,

Biologically Effective Dose (E/a) = Total Dose (D)

% Relative Effectiveness : RE)

LT ZEDTHET, Z DRelative Effectiveness "RE" A7,
Total Dose "D" # Biologically Effective Dose "E/e" (225319
LR EEZ D CZ EATEBY, BEDDHALIZGY TH BHY,
ERROBEHRE L X 572012, Hfi & L TGyD#%kiZa/B
iz /s < HWn C, "Gys""Gyiw"D & ) IZEKT I LA,

RE=1+39 . . ... #4
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REW, | O a/pELGHEL VR TEAETHL. B
SRR 2T, WHIEREEOREIZE T S NERERE
"u', MEEER'ETLEE, d=RTE %5 7:D5HEHO
%Amc:fﬁ REEIZFED & 9 (27 5101,

G= ;%{] - -;-*{Jl exp(- j‘.lT)}} ..... #5
2R 1 _
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Y = 1-exp(-uT)
_ NK-K-NK?Z+KN*1ZN
(1-KZ)*
K= exp(—,ux]
Z = exp(—uT)
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ETNE LB ER TSR E LT, o/pfE & uflin’
WETH L, ofEI3E % DML - JE2E OREE (2B H o fl
T, FEBRIIZEOFEDH LY. —FE19IZ early effecr
*4“7‘ D5 I AR O SRS L RS 24 S e 5L 12
5.9 ba/BfElL, 10GyREEE L T HHEAZ V. late cffect,
" b b BEE C 53 ba/BfEIL, 2-3GyIEEL Sh
TWa, K Clda/Blli% 1-15Gy DFBHT, | GyHEIZZ58)
SHTBED#HEE L7z, "w (SO TR 2 & o [a)fg
BT, MEROOEICES 2R 2, 12012 ES B R
 tip(half time repair) £ T4 &, tp=In2fuk b, tpld—
Ml 1-2 BERE &R, u=05LEFZHNTn5S, LaL,
COfEERFPHEIT A Z LI {, WEISGRFOBALE
Thb., FEFTIE, ued¥ - 2Bz B2 0E, T4b
b, [EHEATE b TEREVHlED RS 2 W ohe b e L.

G| X175 (repair) DK% K L 72{6T, ZORMHEHER
FFIHMETH S, GIELZFHT HIZIE, "u", "N, "T",
"X"D 4 DOOEBHBLETH D, EAE "N"1230-60[E T
HA. M OGE, HEFE2Gy/min (= 120Gy /hr) FRE
AT, BREHFMITIZ | B1Gy DREETCIZ 3045 (0.0083
BEfD), 2GyHBEd 201213 1 43(0.01670 ) & %2 5. Zh
V2 L CHREFIRE "xiE 1 B 1 mEBEC 324, 1 B 2 [[]
MRS CIEFAR 121205 T 1), BHE VSN E5E
BHETHWHNS 6 Bl TH, NTTiEx>>>TER D, §
bbb, x>>>TTu=05WVWIHEUNHTTEE, G=1
LG DA SREEIZLTONTHES NS,
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ELDIZ, G51& LT 8% TSRS OBED
TR L7 BOHRER T—RiiiTbhTnb, 1 H 1 E
2Gy (45 RHIIE) C30[E], F60Gy DS Z L L, o/plf
EBEDDOMRZFig. LWR L7, a/plEidse L5 &,
o/BIEIZEEH S FBEDIZIIIZT—EDME & % 54, of/BIEAVIN
BREDOHEEE, o/BEOEDRERTHBEDY R A
T5. FiZa/BEABGYATIZR 5 &, BYHERDFE—TD
BEDIZZEHIZ FH-9 5. | H#E % 1Gy, 3 GylZ L T60Gy
HEGT L 72356 O Fig LIZAR L7278, 2Gy D3y & Ak @[
Lol L L, 26yl TIGyDH AL, o/pliEidt
2GyLL 72 EBEDOFEH L FHIZIZ RS2\, b 1 [
MEENSLCTDE, o/fEINSLEETS, EWHLZBED
DA A AEET & S REMASH O, B EREE A O
WA A TE DL Z L2 A, Table 113 early effect Do/
Bfiti% 10Gy, late effect Da/BlE%3Gy & L, 1 [A#E2Gy30
B T60GyHaT LG &, ZoHis2HE LT 1M
1.2Gy, 1 H 2 [BT60Gy B & U°72 GylEgt L7244 DBED %

HA&RBENSE 6556% #-5
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ig.1 Biologically effective dose of the w
external radiation therapy as a function :%“ 100 \t)\__ﬂ*-m..ﬂ__
of a/@ ratio of the tissue. Curves are 2 ~_ O—-..____ch"""ﬂ—---..g
drawn for three types of fractionation .55 hﬂ““:"‘-—CD-—-D—:EE%:}&jE:fE%
schedules : 3 Gy x 20 fraction(a), 2 D g , .
Gy x 30 fraction (O) and 1 Gy x 60 frac- 4 6. 8 1 0 1 5
tion([J). Total dose and overall pe- /B ratio
riod are fixed as 60 Gy and 40 days.

30 BESHCIIMER I 2 XD MR L E 2 5
B AR £ DHEEE & 72
1.2Gy T60Gy B4t L 72
iZ, Late BED# 100Gy:7%* 584Gy: & K& (A L7z
#%, Early BED $72Gy0* 5 67.2Gyw&{&TF L7z, £44
MDY E&DLate BED %, #H OMESHE L [F L100Gys & L

e, bbb, 1 HE1.2Gy DB E b 2Gy & A
WREE 2 HEY A &, BAHREL71.4 GyE THINTE 5.
Z D45, Early BEDIZ80Gywk %2 1), 2Gysolnl MBS & Mg
LT, Late BED% 2 FICEME X 11.4Gy¥8ME ¢, [EE
Va3 A ah AR OEarly BED #8Gyw LA 845 Z & AV
BEE ol ZOL) LEHEKRERES TR TEFEL D
BT, HHEmEEo IO Fa— e LT, 1 [A1.2Gy, 1 H
2 [OHRGYCEF 72Gy DRSHRIGH S ITDIL T
2. MREIFERRIC & BGENEE

| Bl EEHEE 2 T, B E x &35, 1 H1ME
DIBFHETIEIx >>> TAWY. T 4. ZoEIiEsHETIZ 1 B
SHOEGTT 5720, ZOMBAREE 2 5. BRI
ﬂﬂﬁgﬁ ILEE, HEFE2GyminfEE TR LTWwsLED

N, | @R 1.2Gye 5 &, BT 120.6% & %2
B, w=05p=1-2FM) & LCHRETRIMRE 1 24850
TE L E N 5E, G{E@&?j}%lzlg 2012 L7z, BREmIFE
A6 B DB EIZGMEIZ1.05& 2 ) 1 ISEBTE B8, 4 B
FHIFEMETIIGEA1.3E R odz. 1 H 2 [BHEOEE, Rk
(1 BHOBAERIEAE—T 6 B & 18K/, H 54
P & 2005/ &) X ) ICRHETRE TH 5%, FHHED
ﬁE%ﬁt: f': N EL-OHERERHBCIELTVS. L
1230 T, EBLVGHEOEHIFZIKECHEEATY
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3. tiell L BGIENEE)

SRS O%E, RO 1 H 1 RIS E 272 1) BEHH
[RAYEN0, tpdEET S EGHEDE KL, LTLLG =
HOETE L WZ DB 5, A 5L VDIt 5 GlE
EHHLT, tpbGEDOMHEEFRig3IIRLE. kO 1 H
1 [RESTlEne= 3 BT TRRGEICEH 2523, #0%
DEBL/NE L, EDOTEHEAINEV EE X HNbte=6 K

R~L7z. 2Gy,
LA Early BED7AS72Gy 10/ 223 L T,
%Late BEDIZ100Gy: & K& {725,
e

ERtgfETH25H

Table 1 Early and late BED according to fractionation size
Fractionation  Daily radiation  Total Early Late
size dose dose BED BED
2Gy 2Gy/day 60Gy  72Gyw  100Gys
1.2 24 60 67.2 84
1.2 2.4 71.4 80 100
MT, GE11 28 LFETHS. | [@1.2Gy, 1 H 20
HECIupd’ 2 Wl £ TIIGHENS | TH 545, ZDIRGHE
R AL, ted%6EHTIEG=1.65L%%, DF HE

BOBEREEL, up® LR L & D ICGHEDRBIERT S
iz, 1[E1.2Gy, 1 B 2 BIT2Gy '?H?’Ej‘"s“%?‘#ﬁ
&, 1 H 1 [E2Gy T60Gy  THISHT 5 iGiREB:D5 &,
BE#3Gy & LIiESEDBED &t DR #Fig.4l2 L 71.
uph 2 LT ChME, WoEETOMRPBETHBEE DA
HFIZFAREE ZEZOND, updt3 ZMZ D L EHEIIREHE
TIIBEDARBMIZKE (2 ), MHIREDILED BN
SHIIMKT A LIRS, INEEEET H0ITHE, e
PREVWEZZ bNLHHMBTIIEHREZ RS TULENH L. ty
WL LA, 1 E1.2Gy, 1 B 2 EEHEEIIBWT, 1
H 1 [2Gy (47 860Gy) %’aﬂ: [Fl-—®BED (Gys) & % 5 #i
BA MM L CFRigSITR L7e, &R TR S EI RSO

EJ’E?L‘%@%%fﬂﬂﬂ\uéﬂt&m%’\%%ii, tip ORI & IR
L, tin= 5T65Gy, tin=9TII60Gy& o7z, HliEEL
HAEERWD, Z0HBRETEu0 LRS- T, £
EHEE Z A S A LEND LD, BRI

Y tr, PUEEFIROBED Ltn®DBfREFig.61Z/R L7z, tpds
4 BT ThiuL, SoEE 055 BEDIZSGywl) EX
E{ b, LHL, tpt 4 FHEILHEER 5 EEDERIRZ
IS L, tedt 9 BRI B & Wi OPUES; BEDIX[F—
[
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Fig.2 G value of the external radiation

therapy (1.2 Gy x 50 fraction) as a func-
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4 8 12 16 20
radiation interval (hr)

24 tion of the radiation interval. Dose-rate
is fixed 2Gy/min and p value is sup-
posed to be 0.5.

G value
(9]
T
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Fig.3 G value of the external radiation
therapy as a function of the half time repair.
Curves are drawn for hyperfractionated
(1.2Gy x 2/day : [J) and conventional

1 2 3 4 5 6 7 8
half time repair (tiz2)

(2 Gy x 1/day : ll) radiation schedules.
Dose-rate is fixed 2 Gy/min and w value

is supposed to be 0.5.

140 +
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Fig.4 Biologically effective dose of
chronic effect (/8 = 3) as a function
of half time repair. Curves are drawn for
hyperfractionated (1.2 Gy x 2/day, to-

half time repair (ti2)

80 1 1 L 1 1 1 1 L

9 tal 72 Gy : [J) and conventional (2 Gy

% 1/day,total 60 Gy : BMl) radiation
schedules. Dose-rate is fixed 2Gy/min.

% =

BARAREL S C OBWER I L, BEOMIGR
BOOLND. L, EHHEBROMIMN SR ESR A%
BTEXDMHANOKET, BHETLIEESHRESES
CERBELVOYBIRTH S, BEDRBENASNLE
BT, BEHELEMESEs L TEE, BEER
BSEDIRMEIEIREL 22Y, COBEOBEND—D L |
TERINLOFEFERETH B, (ERITDIRTE
H 1 BEEHIET, 1 H2 H»2\iE3 @I THRE
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5L, F—HRE TR E R T v B &
HH I ENRET, [H—OBRHIREE R % B2 L7205
i3, BHEEAEATELMENEL LTHIFSh T2,
—7, WOATHUESE AR B R B0 LR R A T
A, BEHRE % AP FENREME (BED) ICHE LT
N5 ZENAEEE SN TWA, BEDDIEHIEIZDWTIZW
KOPDHENSH 292, FigH TIIHEORERER, 5
FO%, RESTRER B X OCREIERESE, TNTORT &k
LHE 2RI 217, S58Rst oA ER U7,

FHEBSHI BRGTRERI I LR THSIRBEAE L Bviod,

HAEERSRE #56% H8 %
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Fig.5 Total doses which can be ir- I o
radiate by hyperfraction schedule 60 R
(1.2Gy x 2/day) without increasing
the chronic BED( a/B = 3) 1 ! : . ' - - : -
ofconventional radiation schedule (2 1 2 3 h ;’1. 5 (tfj ) 7 8 e
Gy x 1/day) as a function of half time o Kime: repair b
repair.
80 —O0——q__
.‘“"‘-.
O
.
(% 0——0——L=
S 78 e
B —r/,..r
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Fig.6 Biologically effective dose of ot =
early effect (e/8=10) as a function of 70-
half time repair. Curves are drawn for
hyperfractionated (1.2 Gy x 2/day : ()
and conventional (2 Gy x 1/day : ; : ' L ' ' : : -
W) radiation schedules where late L 2 3 4 _ B ‘ 6 7 E ?
effect BED are matched for both half time repair (ti:2)
schedules.

[{EAS100%HEZ - T 5 EHEI L, @ DO#l#k TIZBEDHE
G EZ1ZEMLLTWA, G 51 (HFEA5100%) D&
B 750 bHB LI, BEDIZ o/ffEE 1 BIFRRIZLD
BEEN, Fig WIRLAZTEL | HEFREd 2hE8{Th
i, a/BDZE(LIZ L ZBEDOEBIAVNS { %5, —HEIZHR
HAREEE = 4T - RO o/pIEIZ, FEE L HTHR D/
KNI EAHE STV, iEE LR T8
23Gy% 5, WEOMEELIART, 1| @HEE/NE<{TS
EBEDA D7 WK T &5 Z LATHET, BEEFERDIC
BauokEbhi, LaL, a/f<3CGyllist | OHEE
AIE L LT HMILTE v, HEE LR 2 3 #E0qa/8
fiE1x, #3GyREE L DWENS V2D, SHEBEHHR
EEDLNLY, affIEABGYLLT & S5 MRS A 12
HHGENE, THREELETS.

EHEFAE 2 EZ I BES /NS T HE, 1THIC
SHMBY T ALEEH L, LhL, EBEMIZIZTH2-3
[EBESABRATH A S . HAE, WAL LRBEHEN AL
NTWAEY, ZL OEFRTITbhLTVwaA0IiE, 1 H2 0
59C 1 [A#ER1.2Gy & LT, HRGRIFR4.5- 6 e, #im%
10GyREEL TAHRNTHAH, G51THIUL, TOHETH
SHRIC & 2 IEEMEOBMED TR Z MRS L2 &
<, BBEHEE T 10Gy NS5 2 LASTHETH 5 (Table
1). 3% DiEEE T, ZaEREThbh, HEHO

PR BT H 25 H

TS CIERREOYEIRE SN TWEY, SHICEE
5, WSS SEBHOBOIILAINTETNS, L
ML, TRTOHMTG 5 1LV IREP LT B 0EIE
AHTH S, GlEIZKE CBI5T 2 HFILHEESTHMR & half
time repairCdh 5.

PRSI T O MERE T H (ZIZE— & Bbh b7z, B
FERD A DOWTHE L7275, 6 B Lo B4,
GlEIE 1 I3RS BED~NOHEIZIZEA LRV, Ly
L, 4 EEUHDBEIIGHEE 1 AT 2 TH5TEHTS
¥, BEDHZALT HHEMEAVRIZ S D, Cox HIZRTOGIZ
BITAWFET, HRETREMEZ 4 RERILIPIC L7285 a SRR E
DFENE L, 4SEEMMREULEE LGaIBEDRED
Ll b LG, HRMIIERELIZIZT-HL TS,

Half time repair (ti2) 27HER T 2 LGEIZHKL, ZOfEHM
(X1 B 1 EEEEHC S ER THETH S, Fig20Pl
T35 #B2 5 L A EMECGEIRL.SE ETHR
+ 5. GEIHEKKT A EBEDIZ AL, USRI Za/BED
INSWIEEEIZERE L 25 (R 3). 2F ) EHEIRFEOY
£, tpdSK & 2 AL T IR U R 5 A O T RE AT,
WY B REMATRIE S5 (Figd). Z OMEENIIINES 5
#8547 (accelerated fractionation radiotherapy) @ & 9 (2 1
AigEEATET 55, ZOEMBMATS. BlfE<Y
Al EER AW EBRRERDPS, upldBEOEGEE (2L 2

65



604 il gt o L Lot

ITHE) TI30.45, BVHE (7L 2 ITHM) TH1.4-1.5L 3%
HEINTWBHIO2, —F  FEORGHEREED S olalf 32
HETH Y, tpld il 4 B <H 2 L THEHELH BT
2, Lal, b MBI BEEINY R LF—Th LRI
B, BEIBENEEITI) ZLICK Y, BIREE AR L
RETERELH Y, SHOBFHERYEOLELND 2.
WFRIZL TS, Z0EIREHC & B R HREHEF 1 o044k
DtplZEFELTED, tpldled L LBHET AR vicd, Bl
WHLEEASHEST S M B A0, E 2 BIGI KOS E L B
n5.
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