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Prior knowledge-based multi-objective optimization method for intensity-modulated radiotherapy

planning of head and neck cancer
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Abstract: Intensity-modulated radiotherapy (IMRT) planning of head and neck cancer is a complex multi-criteria
optimization with more than 20 criteria and thousands of decision variables. So far, there is no effective method that can
determine the accurate Pareto optimal solution set. Herein an effective approximate solution method is proposed. Based on
the prior knowledge of the dose distribution of 71 patients with head and neck cancer, R-mode clustering analysis is
conducted on the linear EUD of all organs-at-risk according to correlation coefficients, and all organs-at-risk are classified
into 3 categories. Secondly, the mean value of linear EUD of organs-at-risk of the same category is regarded as the criteria,
and then is combined with the constraints of tumor target to construct a multi-criteria optimization model with a lower
dimension. Finally, the enhancement sandwich algorithm based on corner solutions is used to approximate the low-
dimensional and partial Pareto frontier, and an IMRT plan is selected through the visual navigation method quickly.
Compared with the traditional multi-criteria optimization method, this method can significantly reduce the number of criteria
and remarkably simplify Pareto frontier. Experiment results show that the number of criteria for the multi-criteria
optimization model of IMRT plan for head and neck cancer is reduced from 20-21 to 6-7, and that the approximate Pareto
frontier can be determined effectively, an IMRT plan can be derived with the same quality as the clinical plan, with some
indexes even better.
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Tab.1 The value of coefficient factor o), .

M EH AR GoAR HH AR g
Brain stem 0.05 Left eye 0.2
Left lens 0.2 Right lens 0.2
Right eye 0.2 L-temporal lobe 0.2

R-temporal lobe 0.2 Left TM-joint 0.2

Right TM-joint 0.2 Spinal cord 0.05
Larynx 0.7 Mandible 0.7

Left optic nerve 0.2 right optic nerve 0.2

L-parotid 0.95 R-parotid 0.95
Optic chiasm 0.2 Pituitary 0.2
L-middle ear 0.2 R-middle ear 0.2
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Tab.2 Correlation coefficient matrix
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T F* 35 ] 5wy, 8 5 22 B A D0 Ak 0] R AT 5 Ak R B
— B R A B A AR (13)

min w F (d)

s.t.

d = DX (13)
XeQ

gmv(d) < 0.1

SRAFRAL(13) , 15 F) R ] 2=, 1.,
AN -4k 5 i (T il Sty i T k2| Rl N T <6
FEES A0, BT b R A 2 A AR 22 e*, 3R ]
step5, 73 M i A step7.

step7 AR S

R A S B A Z=2U{z* ) iR [F] step2.

R stepl~step7 , & T M fif (9 G 5k e OB B
PRFEILIE 5
1.4 Pareto BIiE SN

H R BE T A A 0 3G 5 e 0 B, W] LATE Pareto
FOWT L TR — 2 e, 3K S 1 I SEA B T Pareto
RIVR AL o T3 W] DA o S i o2
FFAR a1k PR ) 2 DA 8 bm GRS 20 A3 18 Ol R i
RFE I K4S ), W] AL i A Ak £ Pareto fi¢ i IMRT
T PR S S T TR Al R B A 1Y
AT IR . A SR Craft™ (1) Pareto Hij ¥y 3 AT X
4 B A T IR 4 CERR O HEA 7 32 it S i vE B &
W TR

2 LHHER

2.1 EWEE IMRT X
A [ Jai A R B 71 48] MR R S, I A R B
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HE. =0 ERBRBREMNIEE/FILLE. EREHINSMESEH E

¥
BzEEPHREMNSEEEROTE PS, W PS HAE pareto BIIG
¢ EFEY.

v
SOPS=(\{p|iTpzi'z}, HHP 2B YT ENEE
=L

&, M ops BINFARE T pareto BIGR] “T5FEY .
v
| 1 stept BHE Pareto L. TRE"ZEMEE o
| »]
% F*
BT
=E
BE
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e T ElE?

T % BT E FRIEEER W,
FRRER (10) BEFMHES =

a*.

B z=zU{ >} &R

5 Pareto ALBIALURTZE]

Fig.5 Flow chart of Pareto frontier approximation

A5 6 AT X LG S SR B Uk 4 B o R I R IMRT
A PET/CT S F1 IMRT 3R 500408 249 54 U8 T 190
B IR = B Y ot o PRBER B AT R IX 5 i K
B O 145 ) h il R 0T 208 5 7y 07 -l 2
4t Nucletron Oncentra MasterPlan v3.2 Tz} ) i] 5¢
Jlo T R IMRT 3151 A SR RO Af 30 00,51°,103°155°
206°.257°.309°,

B 1T X A4 GTV,,, .CTV . .PTV, i
DX A0 7% 1 e KR ot e /N R o 24 T[] S T A X
GTV,p % 1B 515 290, AR A L3R 4. i
SR R 25 SR fe S A B A 174 %R
RUR AT R, 2l 326

125(0AR,) : Left eye, Left lens, Right lens, Right
eye;

225 (0AR,) : Spinal cord, Brain stem;

3 2% (OAR,) : Optic chiasm, Left optic nerve,
Right optic nerve, Mandible, Larynx, Left TM-joint,
Right TM-joint, L-temporal lobe, R-temporal lobe, L-
parotid, R-parotid

Xk 3 21 Ko B TP Y B2 HOO B Y H B bR

Wk X (o) My, 3L 3 Hbnp B, XHix 3, IMRT
TR R 25 B AL IX A 34, X A H
preR e () M i, AL 34 FAR k% R, JR A 1
AR AR DT, S 6 4> HAR I 2 HARL ik

[IF S8

x4 BEINEXFIELR

Tab.4 Target dose constraints for patient 1

Fe WEAK AU
1 GTV.pet A : 71 Gy

BI5)5) 4 68 Gy

/Nl 67 Gy

2 CTV KA : 71 Gy
i/l 60 Gy
3 PTV F A 71 Gy

fe/NflEE 57 Gy

BOE 2 1 T X A #5 PET-GTVnx. PET-
GTVnx+1.0,UP of CTV ,Down of CTV, fif #7 4 [X #f
X L& A KR L B /DR SR [R] A X ER X PET-
GTVnx % BB 5T 2o, HARA R AL AR 5. i
JE R S R E RS A B 174 KT
B AR 32 AR B G IN T Pituitary , {H sk /0
TfE A larynx, HE 2 B0 RO AR ) R,
ST BRI £ HErfE ik s,

x5 BE2NEBXFIZLR

Tab.5 Target dose constraints for patient 2

Fs LAEEAN

1 PET-GTVnx

LIRS

FRKH &= 78 Gy

BJ5)50) 5 . 74 Gy

/AR 73 Gy
2 PET-GTVnx+1.0 i KHIH 78 Gy
/Nl 71 Gy
3 UP of CTV e K78 Gy
/M 63 Gy
4 Down of CTV i K5 : 68 Gy

B/l 63 Gy

2.2 Pareto BIiFIEIR

X b IR PR G, SR HH 3 T A i B i e 0 BR
LB IT LR (9) 1Y Pareto B I . 7EE VT R H, T
WAVFIRZEN 5% X EH 1, Pifbat frp 2R B 1
57 A o5 X 2, A B A S A T 116 >l
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Fig.6 Parallel coordinates of all anchor points for patient 1
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Fig.7 Parallel coordinates of all anchor points for patient 2
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X EL A 1 Pareto 1 ¥y 2 BL AT, £ H Craft 45 %
Pareto Hij ¥5 MUK, 16 A 507 ) 4k 44 CERR 47
Y uEPEAL , T AE Pareto Fi ¥ AT A0 i 17 PRl e 45—
AU B8 MR B E 1 6 H AR A BT o
r ] B AT I Bl PR R R LR 6 1> H A pR A L
{8, B BT s/ N SeT DL BT R 8, ) R s R
Wiz B bR eREUE 2SR, 2 3R W46 /N H b bR £5 ) B
B B A /N7 S e A 56—~ AT i
R, HF A W 9 B

SR S TR Z T 5 AR RO, 7R SCR 1R O S T
R 5 1 PR30 4 391 ARt A1 R s AR L B
DX o 43 A1 Y AR A L AE A R o A A
FebR 4TI E AT T, BAR TR AR o
231 FIESAmATEE XFEAE LIGIRITHRI A5 &5

F-value 33 03 02 35 28 4.

L]
L]
L1
L1
-

E 8 BMARE(MNEZEA,MXAGTVy CTV.PTV.0AR,.OAR,\
OAR, %I R Y B AR R 30
Fig.8 Navigation interface (from left to right, the criteria corresponding
to GTV,, CTV, PTV, OAR,, OAR,, OAR;, respectively)
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Fig.9 Dose distribution of navigation plan

A 10, ST TR (B 9) 55 PRI T R4 35 A0 751 it
A3 A 300 A ek B A X ) A R 3 3 2o i, S A
) Fe KR A 82.5 Gy, Hellfe PRI XII 9 76.3 Gy i i -
HUIX GTV iy W 5341 ¥ 5 2 AR T 7 £ 68 Gy BT,
B+ R T GT Ve, (0 2B ZR) N [F] — A
BTSRRI A A 4390k 68.75 Gy il
71.67 Gy, TEIZAL AU A 79 22 B 23T GTV g, F 4D
7755 68 Gy

232 FIEEAEFENEE AL IHEEX 5%
16 I % B B o A OO, AT ) R S
fe iR 5 R R AR X RS M 2 B DVH R &
1RBH 1SR R DVHE . WK AT LR
SR S I R TR A 2 AR AL A R A, EX
FOIX GTV gy, TR AR . B 12~14
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cinical_dose x = -2.749, y = 2.3001, = 5746 Dose: 71,6708

10 IR RIXT R A5 E 553
Fig.10 Dose distribution of the clinical plan
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Fig.11 Dose—volume histogram of target areas
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BB 2 19— AR A DX 43 A 9 DVH
K, XFHEX UP of CTV Hll Down of CTV, S 11
F i )2 {E R I R TR 69.10 F1165.27 Gy #2271
T 71.02 F1166.36 Gy; Xf # [X PET-GTVnx, £ %% F fiii
HRI B FIEE 4 2 A 74.04 Gy, ARG R 71
TP IE (75.67 Gy) B AH STl A9 57) 422 43 A B
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Fig.12 Dose—volume histogram of organs—at-risk of the first category
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Fig.13 Dose—volume histogram of organs—at-risk of the second category
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Fig.14 Dose—volume histogram of organs—at-risk of the third category
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| %6 B | BREETEHIERHIS CI
L 1 Tab.6 Quantitative evaluation indexes HI
04 ~——PET-GTVnx (currentNavDose)
03F e nn ey and CI of target areas in patient 1
02 S bk el
0.1 _ WX 455
0 ‘ s . AL ) HI CI HI CI
0 10 20 30 40 50 60 70 80 90
/Gy GTV,;y  0.059 0817  0.078 0.895
E15 BH2¥XADVHE
& H2HRRN & CTV 0.168  0.968 0.171  0.967
Fig.15 Dose—volume histogram of target areas in patient 2
PTV 0.241  0.950 0.247  0.947

FLIE AR, L I R

=+ brain stem (clinical-dose)
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F /Gy

E16 SAMXIBARRFEFNESHAIDVHE
Fig.16 Dose—volume histogram of some organs—at-risk in

navigation plan

JLE AR, LI R TR (R4 2)

JE S PIEA DR A 20 A 1 D0, FeA 9% 1 2 2N
BT P SR A8 25 B DA SR R PR
R B8 2 VAR B (HD = FiE B F8 K(CD >

D.-D
HI: 5 95 (14)
D,
TV
Cl=—2 (15)
TV

Horf, DI Dy 287 HL X 5% 55 95% 14 FH T 45 1] 4 44
X BT R 3, D, R DX A 5 7)o L TV o 2878 B 46 711
AL SR O AR AR, TV R X AR AR . HI s 7
DX 00 e A AT ST B (B /INER AT 1T CLAR B A
R, U P A 5 R T A XA R R

SIS v R 451] R HL A CT Y3545 51 DL 36 6 Fn
7o RHERE 1B FT A X, AT R Y HL S BE
/0N, DRI X500 5 0 A EL AT T4 A 38 534, (HXG X
GTV,pr, FHCIHRI T 1 CIEEBORIAR (R 6) o X 3 2
fY#IL X UP of CTV .Down of CTV, S 3% B A 541
() CIL; % #8 [X PET-GTVnx, S 1% %) HI 48 50 {E F
ZIN DR o 2 X T4 TR B 5 40 A LA T A

*7 BE 22X EEWHEMRHIS CI
Tab.7 Quantitative evaluation indexes HI and CI

of target areas in patient 2

Epiinapd [
X AR

HI  CI HI  CI
PET-GTVnx 0.03 0951  0.04 0998

PET-GTVnx+1.0  0.11  0.83 0.07 0.94
UP of CTV 021 0.97 0.19 095

Down of CTV 0.11  0.96 0.10 0.89

234 BEFEMNHEENLE AE—$E mThfE
Ko 2% B B0 A 43 A s O, FRATHHE Lyman-Kutcher-
Burman (LKB) & P 50 35 7 =2 e AR B 1Y
I RAE(NTCP) :

NTCP = [ ear (16)
V2 T
K l "
(V,Zdjn - TD;,
i=1
=1 17
! m - TD,, a7

Horpr, sy R FE KA B AR MR S BERE
TRBRL, K 7R 6 M3 B AR 2R SANE, d R 5 j AR
R MK, nom TDy, N S50, HARIUE WL Z 8. Xt
S IR A G AR E LRI T H 134
T EAE A AR S I R R A NTCP 4528 .
MF 9B NTCP 45 5 7T LUE ), AR K2 806
B 25 B WO B4 TG R0, 40 52 56 v i A TR AR
(R-parotid) , XF Fb Ilf RT3l , 9 5] £ 3 () NTCP #5F
ASTRIRRJE B8 20, B84 1 A9 NTCPAE R R 19 0.12 ik
0.1, 980 T 8.3%; F 3 2 1 NTCP {H H J5 K
0.084 8 /%] 0.032, I /D T 61.9%. {HABA 451G K&
AE B NTCP K, anifas 2 H i ZE B8 iR (L-parotid) ,
NTCP P MG PRI 0.07 55 m# 0.13
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%8 NTCPH &% n, m, TD,, K EUE
Tab.8 Values of parameters n, m and TD,, in NTCP

OAR n m TD,,
Brain stem 0.16 0.140 65
Lens 0.30 0.270 18
TM joint and mandible ~ 0.07 0.100 72
Spinal cord 0.05 0.175 66.5
Larynx 0.11 0.075 80
Optic nerve 0.25 0.140 65
Parotid 0.70 0.180 46
Optic chiasm 0.25 0.140 65

33t 8

ARSC IR B X 71 f51) Sk S50 M oA b i R R
GIRTTT s BT IR B AR e 18 A
IR N 328, DRI RE AR R B b R AR DAL A I e R
B, (BRSO 2 DR B A — PR
IR AR BITEAN R AR T BT AT ZRZE B AR AR 5]
e P B R A R B H R R A B S I 4
P A B IBOAT AR G 2, L Z R 2RI B E e B 2k
), AN TR] ) PR i B 22 15 B 8 A — R R A
B, WREA SR T Pareto T , e KA Bk
BORBER K, 5 W4T 22 H FR IMRT T30 0L AL I X 17
1) Pareto Rif ¥y 248 & 23 A1 e, Gk A2 CH I R 1

®9 TERBRFEHNTCP
Tab.9 NTCP of primary organs—at-risk

NTCP(fE3 1) NTCP(f£32)

5 [LAEE A

ST I ARl SRR IR
1 Brain Stem 4.48x10° 4.14x10° 9.06x10° 3.82x10°
2 Left lens 1.20x10° 1.0x103 1.53x10% 1.3x103
3 Right lens 1.36x10* 1.2x10° 1.86x10 1.8x10°
4 Left TM-joint 1.76x102 5.96x10% 1.1x103 9.25x10
5 Right TM-joint  5.80x107 1.8x10 7.15x107 4.61x10°
6 Spinal cord 5.51x107 1.96x10° 6.19x107 4.19x10
7 Larynx 7.41x10# 1.04x10-%
8 Mandible 8.91x107  9.27x1010 1.01x10% 1.10x10°
9 Left optic nerve ~ 3.37x1071° 9.72x107 3.09x107 1.08x10°
10 Right optic nerve ~ 1.45x1071° 5.36x10 2.49x106 1.02x10°
11 L-parotid 9.72x10 1.3x107 0.13 0.07
12 R-parotid 0.11 0.12 0.032 0.084
13 Optic chiasm 0.32 0.32 4.67x10" 1.15%10

PR, FATTHE % Dunny 48 b5 A1 4 P4 15 £, % & 2 o
REGRBRE 0 HE TR 2.3.4.5K8
Dunny 8 B3 45 5574, $ 48 b (B8O MG 79 J5U0] ,
WORE T A 1@ b B R N 3 JAE o e A RIS
AE T34 6 Kedv B Rt EUD Jfl i, F Al
RT3 G 1 R BN T o BAR o IE 516 M ASE
e AT BT AT SC BB D R A S 6 R b A G
GORMAE, W0 o BUE N 1, W fE B 45 B B9 21 EUD 2%
s BN AR A0 o RO IRUE D 0, I 16 K 2
Lk EUD 28 g d KR AR . PRI, 25 a UELA T 0
1 Z AR, fE K A% B A4 EUD A T Hdig R
APz E) . Rt — B RR RN T a XL
SRR R S E R P S LB FRATTR R 1

FECA F o 1 BUEASGE &, B R EH /T 0.5
FIIECA 0.05, KF 0.5 UK 0.95, AERIRL (13) TPk 4%
H A R B AH 25 513K AR TR R B0 R 1 A
BT TR . X H R e g 1 HUE TR (planl)
B R B o5 B9 (plan2) X P01k 45 5 19 52
FEAR K B REH T 1Y =222, R 7E 2 29 )
1 e B R ) i KR 2 e B # B R i T A M
o fltn, X & K g8 B Right TM-joint, K 2 80K 7
F1HH 0218 1E 4 0.05 5, %G S B 7 i i e kK
{8 FH 3% plan1 T (% 61.9 Gy A% 331 %] plan2 i1
60.7 Gy , (HXZfE K25 B, A FH0.2 L 0.05 7]
REHE A B, PR ok R R 1 X A IR, H b R TR
AT 2 0 5 R i KR 2 o (E T B KRR B
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plan1 H {457 i 408 B I8 B TR plan2, 0 51k
35.76 f142.37 Gy, RIHHEIEAESE K 4% B Mandible
T LY I, BB T IR 0.7 L 0.95 7R3 24 4 K 1 K
#+ B Mandible 19 F- 2150 A5 B T (22.65 #121.27 Gy),
AT A B B Y 5 KRR i {E H pland % 71.3 Gy
RAR 33141 plan2 H114 67.1 Gy,

45 S 5 A 9RE I R IMIRT 0] 46 56 31 R 48 B 3]
T 13 2 BARE AT v 3 i X 4% fi S 2 A
AN EUD #E47 R B RS0, vl Sk S5 i gd IMRT
TR 22 H AR AL i /% 20~21 4> H A R 207>
2| 6~7 4~ B A R AL, P KRR B2 f Ak T 3 Pareto ij
o [, Rk — 204G 2508 i H: Pareto BifVH , 723 o
Je O FE R FERE L, FRATHR T 5L T A A 0 3 o e
DR AR B Pareto BTV A B0 1A PR SR K L AE
Pareto [if 45 i) 3 ARL I 1T L, A B AT AR S0, 07 it
R T35 AT DAPR S B — > AR, O BE S
W7 S TR 9500 140 A . DVH B 455 5 E
XoF bl PR, 52 56 45 SR 3R W27 1 e AR S I R
IMRT 4 5 5 AH >4 35 046 A SO B9 iy i, B
R AR 9 5 22 S I R T R X A R AR R R
A o ABZR SCHE A A i 8 o) iy #8 X AN % B0 44 5)
it e K B R /N E R AR A, IF R 75 TR X
PRFR A I , PRt ) e AR R 2 o i 2 B A ft ik
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