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Model of Biological Equivalent Dose Distribu-
tion Modified by Volume Effect in Radio-
therapy

Atsushi Oouchi, Hisayasu Nagakura,
Koh-ichi Sakata and Masato Hareyama

This paper demonstrates that a biologically equivalent dose
distribution including volume effect can be generated. Since
the time-dose-fractionation (TDF) concept is convenient for
comparing various radiation treatment schedules, TDF dis-
tribution maps are made on the basis of the physical dose
distribution. On the other hand, the dose volume histogram
is useful to evaluate volume effect, but is not necessarily an
easy approach owing to the absence of spatial linkage. If dis-
tribution maps also representing the volume effect could
actually be made, it would become easier to simultaneously
predict both tumor control provability and the normal tis-
sue complication rate. Because such tools should be very
useful for planning radiotherapy, we proposed an experimental
volume effect model. In this, one pixel is affected by all its
surrounding pixels and the effect depends on the distance
between pixels, volume, and the irradiated dose of another
pixel. When the model was adapted to the conventional power
law model, we could acquire a new equation with mathemati-
cal analysis. This permited us to calculate the volume effect
on each voxel within the treatment volume. Using a personal
computer and treatment planning system, we calculated the
“TDF- volume” distribution and drew maps based on this
equation and the TDF values of each voxel for radiotherapy
of a pelvic tumor.
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TURHGAR I BT B M B A AR D IR AR S
MR WIS 8, Do 2 ORGSR %2 Tl
FTEDIERENE S DTHSE. LrL, WEZHRETN
EHEPFIRESAREER SN TRV ERbh b, 20
JE LG & o THESCIEE MR D 2T 5 LW FH B
it A 5971 DI, TR, BRESH: e
DOHEFDEEG L Tnb - Th A, REHIYHET 2 ik EER T
& L TNSD (nominal standard dose) %*TDF (time, dose and frac-
tionation factor) " ASHEFE S, fRIC/HEIRRGIFEERIC X V) EFT
t, & 1L7ZERD (extrapolated response dose) %’LQ-E 7°)V (linear-
quadratic model)? ¥ 7% EDSFER SN, WRIZBWTH /T
Tl P REEFE A 2 E DEHRIRTFMOEF £ LTLIFLIEH
WHRTWS, —%, HHEIRICEH LARREL A 77
2, (Dose-Volume-Histogram . DVH) % 2 fif /3= £ 7700
D EPRESNTWDDS, 4T L bERROY CHR =165
3o Ty, £ TRHMEF L FREFOmREF%
I L7 O AW A ORI fE Th UL, KU
PIGEICBIT2RTFCELOTHFHEEZONS. &
[, bhvbiUuIEERETVEERLE 27 L T E DB
XERD, F L VEWFIRESAROVER Z ATz, T2
BRI T % RHIE S AR & LIRSS SIS O X
B &5 2 OTDFE % Flv 7z,

A&

FEEE 7 2V (5 IVIERT 2)) DEFERITEFEO ¥
7 VEOHEHEE 7 VDORE SITKFT S & Lo
REPFHETVEREL, REFET VTR ERRIR
RIS OME2E7. KIZENs® & Paterson? DFEEE 7
— ¥ AV, REFEFNTOLEMERERLEHISIET AR
ERP KDz, —F, BILIRAND 2 DDR% L HERIRSS
B CE LB E S R 2B L7, HRRERIRIC
0 6 & 7z SERh R A & & 0 BREIC R R, —
FHOmBEHEE 1 H 1 10fDeach day-every field &
BhEE L7, fisomstEid 1 B 1 E 1 FTl0E 0%
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Fig. 1 Biological model for representing volume effect

This figure shows the proposed conception of the volume effect. In the treat-
ment area, one point(P,) is affected by all pixels (P;) surrounding it and the effect
from P;is dependent on d;, S;and D.(Where d; = distance between P, and P;,
Si = pixel size and D is the irradiated dose variable for P..) The total effect on
Po, modified by the volume effect, could be obtained by addition of these effects.

FETI0MBEST & 7 Bintermittent BBETEE & L7z, SEEEI1T
EH 2 > ¥ 2 — % %% (MODULEX, ¥tAxl 27 bu=2
AL TIFo 7z, BHEMBNOAEE 7 L OREEE $— Y
FNIrEa—FICiEEL, HCBASICE TRtk L7z
TaY T LTEE S v OREE %S5 £1E (TDFE L Ok
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B TR R AT % il S 27z

B R

1. REBRET L

TEOE(P) AT RTOE 7 bbb S LS
\F, TORMZEP TORBEIRLERT S, T TRMD
7l hsDEBIEE Y s Lok E S (8B LY
S 7o (D) I L, PoE COMME(di) I2HAF3 5 &)
FE L7 (Fig. 1), T5&, PrCORREIE % & EWaEn)
S (BE) (&

BE=k,+ 3f(d) - S;- D; (1-1)
LEbED,

HIZBIRS (di) 1, NEFETIVIHELD
f(d;) = d” (1-2)
LEbT.

2. "REJFEFIN"EZ DR

R EJE TN TR Drol & BHHEF A DRIRIZ

D=k - A° (2-1)

% BT B (EH k IR CTIIEbE T IEHE IKE
5. ARBHE SN LHEMPEMT, CIADEHRTH
5).

FREN R T & O YRR AR (BE) % Kirk 59 )5CRE
(Cumulative radiation effect) % F\yTAT - 72 & [R5
wEBAFRERTEOME LTk i X

BE=k,-D - Ve (2-2)
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(a,ka: IEDER, D:WEEK, V. HEEDZVIZERK)
C ZCHEEED & IR (Gy) R TDF T, &fEVIdib

flid B\ Vidfkfiix kb7,

3. MRNREFETINEDNDNOEKIEDRE TV OBHE
% (d;i ) =d? &3 1-1 £ 22 & D)

f=2a—2 (3-1)
k;zaﬂ"‘" 'kA
EIRETGA.

L7zA%vy, B—LfilitDo % Z\F 5 FRERD I IR §THF Tl
BE: k/\ T (2 +2)2 . R,f +2 D” (3_2)

IR MXND mxnf D € 7 L VI3 EITE B L T5 &
LAY L2
BE=(3+2)/2- 7?2 -MN/mnZX 3dj” - Dy

(3-3)
PLEE Y a PBEEICTHIUE BIEE T D HERDHIA AR
D LARTRRDOFHE AW RE & 72 5 (FEMlIX Appendix
).
4, EBTF—a2h5DOREEHERD D

Z 2 TI19424EElisY, 19634EPaterson® DX IZ L 5
R R DA Z RO EBROF— 7 L 0, WHFMH
(HAL 1 cGy) BLUTDFEMELHE L, BOBOIIHIET
HREFE o iz K72, Table 1 3 X 02 IEENisHB & O°
Paterson¥7x L 727 4 O 43I BE 5 & Jo/ho BTG Z & 0
AR EERD LD DTHD.

4], FREGEE TG L IR EFe it kock LTE
L L7 (ARED SBNCIIADEE £ A5, 2 Dt
A% a &7 5). RIZHEREGHED O BEEIF T % 58 L 7ot
WL TH HTDEF~DH I IZ1Z

TDF = z DFI.SSﬁT}—l).IM R '0—3

# M\ 721V, Table 3 TldTable | @B D BOOF4E % TDFE
IR L, SHITDFEMmEHE LI L &5k
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Table 1 Tolerable dose (cGy) accordin? to field size
and fractionation (by Ellis®

o3 165

Table 3 TDF according to field size and fractionation
(calculated from Ellis” data )

Field size (cm)

Field size (em)

No. T 6X4 8X6 10X8 15X10 20X15 Cc
5 5 3000 2600 2200 1900 1700 -0.233
10 12 4400 4000 3300 2850 2650 -0.217
15 19 5000 4500 3750 3300 2900 -0.225
20 26 5500 5000 4100 3650 3200 -0.224
25 33 5800 5250 4350 3850 3350 -0.226
30 40 6000 5500 4500 4000 3500 -0.224

No. : fraction numbers, T : overall treatment duration (day),
C : power law numbers

Table 2 Tolerable dose (cGy ) according to field size
and fractionation (by Paterson?)

No. T 6X4 8X6 10X8 15X10 20X15 c

5 5 94 75 58 46 39 -0.358
10 12 110 95 71 56 50 -0.333
15 18 108 92 70 57 47 -0.344
20 26 107 92 68 57 46 -0.344
25 33 110 88 66 55 44 -0.341
30 40 98 86 63 53 43 -0.344
Ave. 103 88 66 54 45 -0.344

Table 4 TDF according to field size and fractionation
(calculated from Paterson’s data)

Field size (cm)

Field size (cm)

No. T 7X5 10X8 12X10 2010 20X15 c
4 3500 3000 2500 2000 = -0.319
10 4500 4000 3500 3000 2500 -0.272
15 19 5250 4500 4000 3500 3000 -0.258
25 33 6000 5000 4500 4000 3500 -0.247

¥w ke 7z, [FEEIZTable 4 ($Table 2 & D EEH L7z, #ilm
LR WIINE & 355 61, EllisOERT— ¥ ZH\w»
o EFHIL—0.22, TDFTIZ—0.34TdH - 7z (Table 1,
3). b dEHFOSEIRIHICKE CIRIKFLTWado
72, L LPatersonDFEERTF — & 5 1572~ & e fild 45 [a]
Botamzoh, NSWliL % 20T - 72 (Table 2).

Fig.2 [3Table 1 %, #7-Fig. 3 (dTable 3 % & & [ZHftifil
MRS L, B HESTE RN A & ) SR Lz T Ty
FMLA2bDTHAH. Fig. 2 135S EZ T I & (FiGHEL
M OUER) [PV R DR K & I DI KA RET H
AT EH#RLTWA, Fig. 3 IITDFZ#HEEHE LTHY,
SEIEEUZ RS <R E X5 DGR 60458 1), TDFA®
R DR T-% 7 Y HIE L 7oA ThH L Z EHMHRTE
5. F7°TDFRIZIBGHFF ORI E b 2 wifd LT Y i)
REMHET A2WMELHTIIR W LIRS,
5. ERRAPHEDIERK

R BRIESE 2 10MV X ray % vy, HRGHEFIZ6x6ecm & L
JiE455 O T ORI EL6000cGy, # 5 [A], 200cGy / B2 T
HEE T O SRR % T VA K RERN BT R R L
7o, EETEAIREEH 10M O RES %47 9 each day - every field
HEgHEE, WHBHEBIE 1L H 1 MOA, T4b510HTI0M
B84} & 72 Bintermittent BSHETH 5. ihH 7B TILEREHA
RN DK 7 £ VSRR B I A S5 E I8 A2 S hoTw
%. F9TMODULEX% HW &M OMRSME % €7 L+
4 A6mm x 6mm, 61 x 612 TIEMifE, Y7L TED
BE A S— Y F 3 Y 2 — 4 ThEE LSRR 2 A

FHI3FE3H 25 H

No. T 7X5 10X8 12X10 20X10 20X15 c
4 4 134 106 80 57 - -0.491
8 10 128 107 87 69 52 -0.418
15 19 116 92 76 62 49 -0.397
25 33 108 82 70 58 47 -0.380
Ave. 122 97 78 62 49 -0.424

T4, ITNEHUMODULEXIZRE LiG# A L BOZISS
A 4 % i) S 7z, A EIGHE T OTDFS A g5
|3, MODULEX#SHEIE# D70 7T L TEAT %R DT,

bbb AhEBR%E L728y a > L CEfES ATDF 710 7

EBIRECHLERY, BAHEOBELE BT 57:00D5%
12137 5% vy, BT HEA EBO K TDRMi 4 % Fig. 5 &
Fig. 6 (27”7, EIZIBEERAL O L TOTDRIZI00 L % % A%
SFSEIR CIEBE T EB AR TR EWERZRL, BIfE
O A 5 45 H 10/ Deach day - every field I5} T & % Gk
THEADERN TR LEZONS, E6I2, SHERELL
ETFMAEED MR E & OO TdH S5 —TDFG A
M #%Fig. 7 £Fig. 8 IZ/R L7z, MEBEREZE V(RS
L )V) DFEFITDF & L CTHRRRNR 2 Bk & &KEl 5 [0 DR
bito7z. 9, HELEDTDEDO L XEisOTF— ¥ b
BN EREKIZ034TH 72O TR -1 IRATHE I
13BN E,. ERZEMIDE, ThxwHEOT
RTHEZ EIVDTDFE K7 LIV O b3 3-3 125
D ERAEE T L THRHITEEA & BOFRMIIAG [ % {ERK
L7, $hbbfisRtWa T A2TDFAMNTH L. &
R o pE.O L ERHEESG (b T+, *0
) TOMEIZTEIATIZ827 £332Tdh 1) {AHB Tld545 &£ 600
TH-o7:.
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Fig. 2 Tolerable dose according to fields size from Ellis’ data Fig. 3 TDF according to field size from Ellis’ data

Fig. 5 TDF distribution of treatment A

Fig. 7 Volume effected TDF distribution of treatment
A (beta = 1.3)

Fig. 8 Volume effected TDF distribution of treatment
B (beta = 1.3)
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53 EI B SE CREF AR F % B R L 7ot 5% C & H TDF
&< M) 7 AFHEFESHTH Y, kI, STDFELZ KD T
TDFGARAER STV 72319 X542, /ME S 913k
SRRSO R B HEdF I AI5IETDFRM A 1S
lBZ#PUTDF 234 BUFERCE: % His LT\ b, 4 [ENREH 7
DHIEDHHBELZENTVWSE I L MR L TTDFx v
7z, L2 LEER THW &2 fli4 O3 SR EHE I b 3
T U 7S S oA B & R T 5 1 C, B LTRSS
THhHOHBIIE L. &5 ICTDRIXIEF MO 2541
WEORETH Y, HEAEEIT L CoPEERERIL
Bhwbw) REEFE->TWA, —J LQETFIDERDIE
N4 35 & OVIE B AR D RS2 1k % O L 72 22 2219 %
RRETH LY, BGEFEHHEZEELIbOT, Hasd
DFhE % WL L T >, Beck-Bornholdt 5'WIILQE 7 I %
AR S, Ik R CTAE RSO % R LA #ET
BOBOAFHMEERB L. 72, Leeb ' IZBED
(Biological effective dose ) 534, ¥ 7% HLERDGAICNNZ
HE G B PN O P40 % #58 L 72NID (Normalized isoeffective
dose) (= TR % & TSR 3040 3 & VERC L ERIRICH
AREZHE LTS,

—7, HEEIRICOWTIZERR O TODVHE L U E
e ZTDFIZE & 2 /- “TDF-VH" & FlWRH 25T b
%. F7:0rton 58 19 I TDFRERD | ZIRFERN SRR Z e 1
T H5NAITDF, ILQFEFEFE Lz, LA L T b IR
DB ORE BB ROREFMERAATZLDOTH S
H5, ZEMI R ICEE TR T 2 RSAHTIE L. 4
B, bhubhidE s L Tk OFMMEOFHSTE 514
Bk & R EIRh R 2 KBS A BCTIRIR N AT
B 7z e E M F SRR DIER L A7z, T2 TH
WIZARFER) R E TV LS bidpixel by pixel DR EFE T
VTHY, EROREFEFLTEONIFBERLIY GEN
TVW3EEDLRL., LHL, ZOEHRBRIMIIH—%&
HRZN R % BT HBETORBEILTRET, FLiin L ) icR
% B IEEEH DG AT OV TIRE 72 IR R T 7V 2R
LTRLT20EDH A . F7z, EHMARITS 204
DOFEVFNEFORBFHIEICED L ) ICHBEE L0004
[lEFL TN TE ST, HOEYFIENRS AR
IZIANT TORBEIZZ (R ENTW D, S HRITEIRIEROR
RERFETHONIENRSIMH L OLBRE 1T %) %
M TIHEBIIAN O B P RO R S T A kD, HIEEAT
W) BRI RS AR OV R BiE L7z,

BETRERTEBTRE L SN TRTORF2AFET
B RSB S ATER I D W T ORE IR R ShTw
R\, AR — M — S E R R, ARERNR, BUER
BEHEICH DS BELRTIEEFETRE & 2L,
o EHRLL T, HEREREOEEIFERHRICERLD
D& 5 Stereotactic radiotherapy * JF RIS, Intensity-Modu-
lated Radiation Therapy % & Cft3 S N A DN DS ALY

FH13E3IH 25 H
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Appendix

1. REDREF L EEIRT—% & DBEE

B % ST EF TR BDATEST S iz +o3 1/ S Wi FE
ASEFETEZ NI HELE, ZOY 7 LVHIEEORHE
B PolZ5- 2 BE, 5 \VIIEEPEIZ LU IS HEEEK
D, ASBXUPok ZDOY s EIVEOMEE rO8EE ()
=/ D3 ODBIIHPILTEbDET S,

PE=k -D-AS-r" (1)
(ki, BIXERT, k>0, 0>p3>—2LTF5)
SHIZHEWICELR LRV D ¥ 7 LV DSEPolZ R385
DIBMBEIMMEEOE 7 L VkDfE %Dy, W% AS:,, Po
LD R R T AL

PE&- = kl . Dk‘ASA . n”

EBITIE, oD ¥ 7 LV HSEPolZ S 2 B R EIL
BE=§P&:h§DpA$m” @)

Eh. I THRETADYE —I#iRE DR 5 B & T,
HOADPok G E Ve &, ADSHPolI RITTHIRIE
bDu-{i_{EgASk-rk” =kiDof[fPdxdy  (3)

BB, AP GUHEDL, ADSLPoxHLLT BT
SN EVAERE ¢ OFEEE ALY BV IzERMC S O Z & &l
L7:tk, 0 Z2/ANELTAHIEICE-oTRLRDHKY DL
EZTEV(B +2>0). L7zH>T, AV Pok L ET B
FEROMEEB ThH A L &, WEME(9,y )2 HioT

BE = kDof[y’dxdy = kaDa[," [['r* - rdrd6 = 2FL DiR™  (4)

PEeEN5,
—J7, REFEFIEBRIIEILT S &
BE = k- Do (nR?)" (5)

ki, o« XEHZOT, &@), 5k

B=2a-2 (6)

k=82 k- =a-z -k (7
AN ZDk, ZHALT

BE/!Do= ky-g#"* . R#? (8)

PELNAS,

F 72, MEEFANHHEZWEIM, NOEIOMHEET,
WMEBOBOm, s L THONL/NERGZmxnfdD 2
B b BT g L BEETEF LT O BE/D, DML
BE/ Do ki3 3 Asy-18 = kix ML S 31 = k-2 x 3 10

i=| j=| i=1 j=1 i=] j=1
CEDEETES, ST AS;E Bl O L
DR & HlLh S DTS 5.
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EH1Zka% | CIEHILL TRIER WOT

BEIDo=E27" x 2233 1t 9)

i=l j=1

2. FEDRETINERKIET —42 E DR

BAHEZR OB L OWEMEL RTEEHITRET—%
HHIULFE T & [

ftry=+*, BE=k,D V*

B=3a-3 (10)

BE/D=kv :r“(;)“R“':kv-(_%ﬁx%-R"*-‘ (11)

E N O

ERDREFEET N EFIE L RVERERDRT 7L i
L, B REEE£ET~ M) 7 AHE TR B %2 ko
7o, SR E LTTDFZ AV, BRICEBORT 246
ST EN RS AR AR Lz RIS
HeE i, ZOS5ABIZRE & EER RO A% 22
BB C A BHERO L TELDTHFHATH A ).

aEE

ARG BIZHIZY), REJFEFNESERELLZETVLE
DOEOEFRERDIZDEHiA DT FI54 A% TF & 5 7-4LIRE
BRFEFHBFREIZ, B eIl O S E# o L E
¥, #%IZ, MODULEXE /A=Y FharyEa—-3Mos—7
NOUEET T ST LERMT S o 72 H R A T4 H VT AT LB
SHOETHREBRICE - LFET.
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