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Comparison of different fractionation regimens for early-stage nasopharyngeal carcinoma using

radiobiological model

LU Jiayang, HUANG Baotian, LI Mei, ZHANG Jiyong
Department of Radiation Oncology, Cancer Hospital of Shantou University Medical College, Shantou 515000, China

Abstract: Objective To provide a theoretical reference for selecting a preferable fractionation regimen (FR) for radiotherapy of
early-stage nasopharyngeal carcinoma by comparing radiobiological and dosimetric responses of tumor to different FR. Methods
A total of 24 patients were enrolled in this study, and 3 volumetric modulated arc therapy (VMAT) plans with different FR (70
Gy/30 Fr, 70 Gy/33 Fr and 70 Gy/35 Fr) were designed for each patient. Webb-Nahum radiobiological model considering the
repopulation and hypoxia of tumor clonogenic cells was used to predict tumor control probability (TCP), and Lyman-Kutcher-
Burman model was utilized to estimate the normal tissue complication probability (NTCP) for organs-at-risk. Subsequently, TCP
was combined with NTCP to calculate uncomplicated TCP (UTCP). The UTCP, TCP, NTCP and dosimetric parameters of VMAT
plans with different FR were compared and analyzed. Results Among 3 different VMAT plans, the VMAT plan with 70 Gy/30
Fr had the highest UTCP (80.6%), while the VMAT plan with 70 Gy/35 Fr had the lowest UTCP (78.0%) (P<0.05). The VMAT
plan with 70 Gy/30 Fr increased TCP by up to 7.3%, and meanwhile maintained or slightly increased NTCP, only with a maximum
increase of 2.2% (P<0.05). No significant dosimetric difference was found among 3 different FR. Conclusion Based on the
radiobiological model analysis, the VMAT with 70 Gy/30 Fr for early-stage nasopharyngeal carcinoma provides the maximal
therapeutic gain and improves improving local control rate of tumor, without significantly increasing the toxicity of normal tissues.
However, more clinical trials are needed to validate the conclusion.
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T [ P AR FH 2% A A D 500 2 93 15 58 < 56 1 g
i Bt ¥ JF 41 (Radiation Therapy Oncology Group,
RTOG) 0225 #% 45 5% FH 70 Gy, 33 431K (70 Gy/33 Fr);
kA B K 70 Gy/35 Fr'™ 5 1 [E 9 A i 18 %
JH 70 Gy/30 Frp#1 5 5 I RIF5E R BIARY
53 7 58 RE 5 ] S WA A SRR T ASCR L AR T
SR AP il UK DO RS S PNy O g il i
7 AP IEHRIE , IEAMNI AT 2 A
SR FHTSCS A ) 2 A R0 43 6T b 40 S U s 3 i
IR %E MR SRR e 2%

| BRI

1.1 IR 4

TEHX 24 B A 1 ) 0 S R T T AR
HIBTE19 4, L5 4 A% 33~72 %, i AR i 52.5
4 M 356 [ i AE Bk G Z& 51 25 (American Joint
Committee on Cancer, AJCC) % & iitbnifi , I8 TNM
SR : T1-T2,NO-N1, MO,
1.2 CTHIUE L

S RAPEMANL , SUE T BRI, R A A
A il 119 3k 35 AR IS % o {8 Philips Brilliance
KALE CTHL#ATHHE , ZE N Z B 3 mm, 45
YO A L TR T 2 em ik, BHRLHI B
B2 Eclipse V10.0 79711 RGE AT 4L X ) 6 M A
‘B (Organ At Risk, OAR) 2] I AR5 11
1.3 $BX50ARAE

HLDCHTOAR H EAEARE CT MIMR SEARURLES T
A, AR X ( Gross Tumor Volume, GTV ) 45 fiF
A A D57 A e A AR A B MR Fir b L L s e
KKE S . & f& s JRE X (Clinical Target Volume,
CTV60) , f4E GTV KB S e WA I vk 0 45 DIl it
S RHSE BT SRR MESE RER S =2 — b
WS S S AT B PR RS bk L 45 DXk, GTV Hb
PHAF10.3 em’, JEFE 4.3~27.9 e’ THRIFE X (Planning
Target Volume, PTV ) 45 11K K A4 988 [X. (Planning
Gross Tumor Volume, PGTV) .PTV60, 535l i GTV F
CTV604M" 5 mmIE AL, OAR MY/ AL F5H 5 ki1
A LR 28 S S W | T BRI B E ) X
(Planning Organ at Risk Volume, PRV ) flfili + PRV /3
] ER A AU T2 S mm AR
1.4 itklisgit

7F Eclipse V10.0 7697 10 R G H iz i H A IIOE
4 5% (Volumetric Modulated Arc Therapy, VMAT) i}
%], K H TrueBeam HZNE 2% 6 MV fig it 14, W
AT o M A B — 2 (R A B Ll 22 -

B 7% (Multi-Leaf Collimator, MLC) [MT/™ FE % 1 | 4R
P 0 X B AR K/ 3K , BBl 5°~36° il 324°~355°
VMAT 14 A6 3832 5K FH PRO (Progressive Resolution
Optimizer) V10.0 5 7% o e & 5] i B 75 R H AAA
( Anisotropic Analytical Algorithm) V10.0, i1 & &
& 2mm, B 53 1R 3 A A A3 580 70
Gy/30 Fr(fiiic H F30) .70 Gy/33 Fr(fijic A F33) .70
Gy/35 Fr( i b F35) , i & 3 407 iR, PGTV &b
J5Fl4E R 70 Gy, PTV60 420 )5 7484 60 Gy, 3 2114
PR FAR R 1) 29 o 45 1 2R A 7 6 il LA, IF PR UEAIL AR
FE ELAS A B — 3, A 2D TR — 3k, e BR ok
WF 1o Daw AEKFNEE, Dy A5, Do R
x% P BH IR B B O 1Y A . S &t LD PGTV
Vi00=95% F 2 —

R1ATITRIBREIZE R

Tab.1 Treatment planning constraints

4t PR 2% A1
PGTV Dys:=70 Gy, Dpu<77 Gy
PTV60 Dos:=60 Gy
i D,<45 Gy
BHETRIX D...<50 Gy
figi T D,<54 Gy
it T3 X D,..<60 Gy
LTIEN Dyn<8 Gy
Wz D,..<54 Gy
MR D,<54 Gy
Dyer<40 Gy
I Dyen<40 Gy
JIR Dyer<40 Gy
IEH ALK JEEIG

PGTV 5 KA fibgg X

1.5 M EMFEETE

L40.01 Gy 24 5 cla] b 5 i 3 40 (il iR iy
f#4» DVH, {8 F§ MATLAB 7.11 (MathWorks, USA)%
GRRT B AT R R 2 Gy/Fr A%
%57 & (biologically equivalent dose in 2 Gy/fraction
EQD,) , AL SCHk[14-15], SR FHH Avanzo 55
M 1) Webb-Nahum A5 7 3345 [ifreg 42 il i 2% ( Tumor
Control Probability, TCP) , i 5 5 2 & | Eh 0 g Jirh 2
R T A4 P = A | P A R e e S R Y
EB5PE . BN PR
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p(1)=p,2" ") (1)

1 ®
TCP=
o Lo

D, d,
{_p(T)V"eXp{_a.OH{{lJFgOERﬂ}. (2)

exp|:— (o= a)}da

20

TCP=TCP,(H)+TCP,(1-H) (3)

WSRO PR Avanzo Z8 IS A TIX 8 - T8
REIR AR RE p,=10" em®, p(T) fRFRIEIRIT I 1R
J TR A] A5 ) SR PR A L 5 e 240 e o i P
e IR (B Ti=28 d, Y TEAE S I 8] To=3 d; VALD 4353
AR i BRTTH AR RN 5 JiehIe 4t A 1 A7 s S et
o/B=10 Gy , o A ERA7 5] f 1) BRI AR K
SEESHER, HIAE @=0.396 Gy b2 6,=0.07 Gy ; S
58 (Oxygen Enhancement Ratio, OER) & 1.417 , =
b 9 A Y EL ) 4 B H=0.22 , TCPRERFHIE
OER [ TCP, TCP,fA# A% [& OER Y TCP.,

{# F Lyman-Kutcher-Burman (LKB ) #5717 44
IEH A28 IF &k iE & 4 B % (Normal Tissue
Complication Probability, NTCP) , AzUU1F -

NTCP = 1 J:;e%dx (4)
N2

_ Dcff _TDso

7T, (5)

Dcfrz(iniDi%) (6)

Horh, DA CRAF RIS &) BRI i, n 7R I RE A=
LR B PR RO , m 26 75 A 38500 A 1 2 A 1R
TDso fUF T 50% I KA K AR A R B . RS
BER I SCHRARGE B S B AT DR e om  TDso2R
A Burman % " 4 8 9 LKB A58 2 400 A7
EQD: AL 5 2 1Y a/b ZHUH AR I Chang 55 (4 42 i
3R 2.7 i) 3 ORI (3 (RaiAR) 2 (A S)
LO(CRHAIEZ) 3(HE) A 1.435CE8E) o SRIFMRIELLT
o5 H 5 TC I & AE g 45 il A % (Uncomplicated
Tumor Control Probability, UTCP) :
NTCP,,, =1-(1-NTCP,, )(1 - NTCP,, )(1-NTCP,,)
(1=NTCP,,., )(1 = NTCP,,,. )(1 - NTCP, )(1 - NTCP,, )

UTCP=TCPx (1-NTCP,,,) (7)
1.6 GEitFE o

>R JH SPSS 19.0 i He 5 3 F) i 43 1 5 22
S AW B OR i 2RO BT 1 g e x
FEA U Wilcoxon £4F-5 R AL 46 7347, P<0.05 Ay
SERg R ER .

2.1 HHEMFEBTEER

R R F30 07 R IIRYT I a5 U oK, BVF30
Z 1 UTCP {8 fx K, UTCP {4 80.6% ; F33 J5 & 1)
UTCP {8 H 79.2% ; F35 /7 % 1Y UTCP 18 & 1k , N
78.0% 3 FPFI 4 EI T ZE 1 UTCPH B A W] B 4t it
27258 (P<0.05) ., % [E TCP{H,F30 7 & TCP{H L
F33 FIF35 )7 ZEHYE 5 4.6%F17.3%, % & NTCP{H,
F30 J5 & 22 il B8 1% NTCP 43 5l L F33 FIF35 & £
1.4%F12.2% ; F30 J7 Z2 47 MR NTCP 4351 Lt F33 il
F35 %2 1.1%HM 1.5%; F30 J7 206 1 NTCP 43 1] He
F33 F1 F35 )7 % £ 0.8% 1 1.2% ; F30 J7 58 X
NTCP . F35 5 8 £ 0.1% (4 X$HEAR /N, vl Z00% A
1), PAEF)<0.05, Geit2e 22 R W 3 . A, B HE
T IR SRR NTCP AR AREE I T 0, 1M H. 3 i &t 535
FEZ BTN BE #2525 (P>0.05), RSS2,
22 FIEFESH

3P EIT R ES NG 25 AR
%, PIEY>0.05, 458 K3,

AR, BAE O B es RS AREOR AL
HOR By PR T , BT HORTEA Wi 20 F 58 35 |, 2k
R TR R A RS BE B AL B T, TCP 1B AL 1
1, AR A B RORE B D BT W AR R AL
)RR . AT S EIE AR 2R L E A R i
etk , JBC A 2 A TR R Bt 5 R L FH b AN 1] 20 i
A Y2 SRR — A N B A AR AR AR R RN E R
2 AU RN R AR I R 0L A B 2
B R WA AR o R 2R AR S U AR )
SERON IR FR AR, DAy I PR YEYT SR W 1 4 58 R o T
M55, BT C A V256 T U A Y 22 B A 9 4
TR BN it g AN TR ) e Rk R A '
e g2l g = e = 1 S ] R 5 TR S N 1
FE 8 1 O A A AR I B R 1) 3 AN [ 5
A EI T BT AT E 25 R R F30 7 R IR
J7 8 4 Hod Ok, BIVUTCP (E H H B PIFR 5 561 1.4%
F12.6% , 75 W 5834 Jinfifr9gd TCP 9 [R] m] DL GRF oA
M S 8 N 1 F 2 NTCP, [ 75 I H 3 RE RS
KZ 4 o

Webb-Nahum £ 1 22— Fh Poisson 4t 31, 3% T
LQ(Linear-Quadratic ) #5712 [& 7 B YR Pk 41 A7 15 5
B, R E 3A 25 18T i e ik S UM S 5 I A
i o BB N T2 A s
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=2 3MHIE DRSPS EMFER SR (2 £5 ,0=24)

Tab.2 Comparison of radiobiological parameters among 3 different fractionation regimens (Mean+SD, n=24)

TCP GTV 92.8+1.3 88.2+1.8 85.54£2.1 0.000 0.000 0.000

UTCP - 80.6+8.4 79.24+6.0 78.0£5.0 0.024 0.004 0.000

F30:70 Gy/30 Fr /7% ;F33:70 Gy/33 Fr 522 ;F35:70 Gy/35 Fr /5% ; TCP : 4 A28 ; NTCP « 1F 7 ST R HE
R UTCP : JCFt A MR H IR GTV : AR X

R3 IMFEDENARFEFSEIIL(525 ,n=24)

Tab.3 Comparison of dosimetric parameters among 3 different fractionation regimens (Mean+SD, n=24)

GTV Duew  72.2240.51 72.23+0.46 72.2040.51 0.658 0.853 0.761
Da, 73.67+0.75 73.63+0.61 73.590.70 0.383 0.346 0.853
Dow,  70.87£0.40 70.87+0.40 70.83+0.33 0.898 0.784 0.647

ik T Da 41.9242.87 41.86£2.95 41.7943.07 0.424 0.376 0.511

VEYIURTTZS D, 4.60+1.46 4.67+1.58 4.61+1.50 0.449 0.627 0.457

Rz Da 14.07+13.57 14.13+13.66 14.20+13.65 0.493 0.141 0.745

eI R Diean 32.46+4.24 32.36+4.20 32.26+4.20 0.278 0.086 0.331

LRy Duean 36.91+1.68 36.88+1.64 36.79+1.50 0.909 0.265 0.710

RO AR B I A R YT OR M LR B B (Repair) , 41 A 7534 78 (Repopulation) , 2
J8 o i ARHE 53 R ] Avanzo 45 B0k ) Webb-Nahum — fifd J& 393 (% FF 43 i (Redistribution) , 7 %8 & /£ JH
TCP RERVAE AN T S A g P i M= %0 (Reoxygenation) . RIS FEFIFHA G & H P75 275 &
FIRZIR o AT AT, UYL RIE AR iU PPN EZERIER . RS Y T SV TEAT I 6] 7hu BE
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i Js2 1L i T 200 e i R P AR A O . A RFITREA,
Je ST I, ok IR 240 JEL T J3C ST P 2 1 o 3
AEAE— RV [ T, 3 AT BB IR 7 3 e A
Tk 208 B sk, g AEAS R B 0] T e T 1977
A Steel 2, FR AR A I ERHOLT,
i 240 Jif 5 E 38— A% BT T A e R AR R A
MR 2 R AR STk 16,26-27 4B
RV TR FH 28 d, TR H13 do 55— 51, M
AA BN R RV 22 Mg 2 0 (R Sl 2 S bR A s ) 7k
Y7 SR I T TR B T e MR e DL 1) B 2
RIS SRR AN M o AR S 1 = SO BE T 5L
e 1) B P R TR R B VR A RS XU, 38
JERGHUMEY, T AT BE S BUHUS AN R, A 2%
JEZ M . Bt IS ) Webb-Nahum B 7 f F%
JE R R 2 PRI BE T 2 — 25 J e 5 A i 9 4 i
W

LKBEIGE 12 0 A A A R 5
SR PRI BT R R S e ST
T PRI YA RO TR HAERT ™, 1991 4F,
Emami 55 56T SCHREE S~ N 25604 28 1~ OAR 3
SRS TREA AR T 4, . 1 Burman 55
P22 2 F B 5] Lyman O $2 H A9 NTCP AR5
2rf l T Lyman #5315 RGBT S, 1
IEF LA MG R EZZARE S IR, PRI Kutcher
i Burman'* fift F— P RUARREGAS e E X 505 o
R R 5150, B Lyman 5959158 NTCP,,
I, XL A 1 NTCP A58 9Pk A LKB ALY,
FEAMIFFT R, HERSEaR G Y LKB RS 2
EITINEE )

R L5 A R | F T BT 3 S A g Sy e i 441
3RS I ERE A s R AR BE
2 TR AR A7) KO NTCP #5638 T2, R I
XAV, 3F RIS BIRF30 77 R A
W& I 114 N'TCP {8 5 L F33 FE35 5 8, 1 T4E Al
% 7K B HE 3R P BB 23800, (H B K AN N 2.2% , 5
WAR /)N T F30 J5 28110 TCP 318 % e (R Bé i, v
K 7.3% , M9 T LAAS B R 4 . T AR
Y73 55 L RUR ARG BRI 5 F30 T R A

2K RIS E 45 SR S SR R I R ITF e 45 S
PAHAW) o Spiotto % P WFFE T 4 HIFE KN R
$01 NS RN 1T B AT AR AT R B R R
T RO AR . Le & ST iEss 1 /s | 9
BT HA AU, A & B, X T2 78, 23515
H=2.25 Gy 1) 54 JmyEB X B A 1<1.8 Gy (1943 #15
i, KL, F30 75 % (40505 2.33 Gy) Al e A R

KA EN

S Al et 2B PRIE R 70 Gy — 3K,
A AR TR R — 30, ME— N[ B S5 2 2 TR
o PRI, IBRali ) 2 Bk R, 3 AR i 4 H
ZETCHA 2500, AT HERR th TR o AR AN ) AR T i
AN )T 5 3500 A W 2 R AR AN TR, 5% M AF 5 45 SR 1Y 43
BT o ASHIFFE B YR T A ) 2 AR 1) i LA
AR N o e s ST o 17 o = e M
7RG PR LIS 2% . AR AR — 2 SR BR
P, i 6 FEE NTCP S 50800 |, 27 i ek i+ 0
JEE I NTCP, 1 6 I8 A8 2 0 L 0 807 0 R E 2
— 0 ORI H R Z S I ) bR RS2
1] (19 2 5 AL PR 2 2 AN 2 R, T DA R A A A —
FERME, IS NTCP AR B A Ff i — 2D 5E o

25 LTRSS L 2B
R T R B A 3 A R E R, R
70 Gy/30 Fr 977 £ RENS B B R IR YT 3 25 1L, 7F
P Sl 185 00 e S s 238 10 () ) B RARr sl AN B Sk 1 1
LU BE RIS iR AR R A2 25 . AE
SR T HEIS /T, 2518 i T I PRI 0t — 25 0 iF

(5% 30ik)

[1] LEE F K, YIP C W, CHEUNG F C, et al. Dosimetric difference
amongst 3 techniques: TomoTherapy, sliding-window intensity-
modulated radiotherapy (IMRT), and RapidArc radiotherapy in the
treatment of late-stage nasopharyngeal carcinoma (NPC)[J]. Med
Dosim, 2014, 39(1): 4-49.

[2] XUE W Q, QIN H D, RUAN H L, et al. Quantitative association of
tobacco smoking with the risk of nasopharyngeal carcinoma: a
comprehensive meta-analysis of studies conducted between 1979 and
2011[J]. Am J Epidemiol, 2013,178(3): 325-338.

[3] COJ, MEJIAM B, DIZON J M. Evidence on effectiveness of intensity-
modulated radiotherapy versus 2- dimensional radiotherapy in the
treatment of nasopharyngeal carcinoma: meta-analysis and a
systematic review of the literature[J |. Head Neck, 2016, 38(Suppl 1):
2130-2142.

[4] CAPONIGRO F, LONGO F, IONNA F, et al. Treatment approaches
to nasopharyngeal carcinoma: a review[ J]. Anticancer Drugs, 2010,
21(5): 471-477.

[5] YAN H, CAO X, WANG J. Application of intensity- modulated
radiation therapy in the treatment of nasopharyngeal carcinomalJ].
Oncol Lett, 2017, 14(6): 7773-7776.

[6] XU T, SHEN C, ZHU G, et al. Omission of chemotherapy in early
stage nasopharyngeal carcinoma treated with IMRT: a paired cohort
study[ J]. Medicine (Baltimore), 2015, 94(39): e1457.

[7] SONG C H, WU H G, HEO D S, et al. Treatment outcomes for
radiotherapy alone are comparable with neoadjuvant chemotherapy
followed by radiotherapy in early-stage nasopharyngeal carcinomalJ].
Laryngoscope, 2008,118(4): 663-670.

[8] AU K H, NGAN R K, NG A W, et al. Treatment outcomes of
nasopharyngeal carcinoma in modern era after intensity modulated
radiotherapy (IMRT) in Hong Kong: a report of 3 328 patients
(HKNPCSG 1 301 study)[J]. Oral Oncol, 2018, 77: 16-21.



6 B, 55 . RO A Wy SR L5 S S A o A [ ey 59 6717 58 - 631 -

[9] KAN M W, WONG W, LEUNG L H, et al. A comprehensive
dosimetric evaluation of using RapidArc volumetric-modulated arc
therapy for the treatment of early-stage nasopharyngeal carcinomalJ ].
J Appl Clin Med Phys, 2012, 13(6): 3887.

[10] XIAO G, CAOY, QIU X, et al. Influence of gender and age on the
survival of patients with nasopharyngeal carcinoma[J]. BMC Cancer,
2013, 13: 226.

[11] 2m, %% T, Zi#, 5. RRL-FH 2877 FBme 2oR e 1]
J-AREF, 2015, 36(8): 1216-1219.

WANG L, YANG Z N, PENG X, et al. Comparison of treatment effects
of different fractionated dose on nasopharyngeal carcinoma [J].
Guangdong Medical Journal, 2015, 36(8): 1216-1219.

[12] SPIOTTO M T, KOSHY M. Impact of fraction size on locally
advanced oropharyngeal and nasopharyngeal cancers treated with
chemoradiation[ J]. Oral Oncol, 2017, 68: 27-35.

[13] LEQT, FUK K, KROLL S, et al. Influence of fraction size, total dose,
and overall time on local control of T1-T2 glottic carcinomal J . Int
J Radiat Oncol Biol Phys, 1997, 39(1): 115-126.

[14] BOUGHALIA A, MARCIE S, FELLAH M, et al. Assessment and
quantification of patient set- up errors in nasopharyngeal cancer
patients and their biological and dosimetric impact in terms of
generalized equivalent uniform dose (gEUD), tumour control
probability (TCP) and normal tissue complication probability (NTCP)
[J]. BrJ Radiol, 2015, 88(1050): 20140839.

[15] CHANG J H, GEHRKE C, PRABHAKAR R, et al. RADBIOMOD:
a simple program for utilising biological modelling in radiotherapy
plan evaluation[J ]. Phys Med, 2016, 32(1): 248-254.

[16] AVANZO M, STANCANELLO J, FRANCHIN G, et al. Correlation
of a hypoxia based tumor control model with observed local control
rates in nasopharyngeal carcinoma treated with chemoradiotherapy|[J].
Med Phys, 2010, 37(4): 1533-1544.

[17] LUXTON G, KEALL P J, KING C R. A new formula for normal tissue
complication probability (NTCP) as a function of equivalent uniform
dose (EUD)[J]. Phys Med Biol, 2008, 53(1): 23-36.

[18] BURMAN C, KUTCHER G J, EMAMI B, et al. Fitting of normal
tissue tolerance data to an analytic function|J |. Int J Radiat Oncol Biol
Phys, 1991, 21(1): 123-135.

[19] HUANG B T, LU J Y, LIN P X, et al. Radiobiological modeling
analysis of the optimal fraction scheme in patients with peripheral non-
small cell lung cancer undergoing stereotactic body radiotherapy|[J ].
Sci Rep, 2015, 5: 18010.

[20] HUANG B T, LIN Z, LIN P X, et al. Radiobiological modeling of two
stereotactic body radiotherapy schedules in patients with stage I
peripheral non-small cell lung cancer[J]. Oncotarget, 2016, 7(26):
40746-40755.

[21] WARREN S, PARTRIDGE M, CARRINGTON R, et al
Radiobiological determination of dose escalation and normal tissue
toxicity in definitive chemoradiation therapy for esophageal cancer[J].
Int J Radiat Oncol Biol Phys, 2014, 90(2): 423-429.

[22] KUANG Y, WU L, HIRATA E, et al. Volumetric modulated arc therapy
planning for primary prostate cancer with selective intraprostatic boost
determined by "*F-choline PET/CT[J]. Int J Radiat Oncol Biol Phys,
2015, 91(5): 1017-1025.

[23] WEBB S, NAHUM A E. A model for calculating tumour control
probability in radiotherapy including the effects of inhomogeneous
distributions of dose and clonogenic cell density[J]. Phys Med Biol,
1993, 38(6): 653-666.

[24] LEE M, WYNNE C, WEBB S, et al. A comparison of proton and
megavoltage X- ray treatment planning for prostate cancer [J].
Radiother Oncol, 1994, 33(3): 239-253.

[25] ISACSSON U, MONTELIUS A, JUNG B, et al. Comparative
treatment planning between proton and X-ray therapy in locally

advanced rectal cancer[ J]. Radiother Oncol, 1996, 41(3): 263-272.

[26] FOWLER J F. Optimum overall times II: extended modelling for head
and neck radiotherapy[J]. Clin Oncol (R Coll Radiol), 2008, 20(2):
113-126.

[27] FOWLER J F. How much radiation is the chemotherapy worth in
advanced head and neck cancer? [J]. Int J Radiat Oncol Biol Phys,
2008, 71(2): 326-329.

[28] BUSSINK J, KAANDERS J H, VAN DER KOGEL A J. Tumor
hypoxia at the micro-regional level: clinical relevance and predictive
value of exogenous and endogenous hypoxic cell markers [J].
Radiother Oncol, 2003, 67(1): 3-15.

[29] MIFTEN M M, DAS S K, SU M, et al. A dose-volume-based tool for
evaluating and ranking IMRT treatment plans[J]. J Appl Clin Med
Phys, 2004, 5(4): 1-14.

[30] WARKENTIN B, STAVREV P, STAVREVA N, et al. A TCP-NTCP
estimation module using DVHs and known radiobiological models and
parameter sets[ J]. J Appl Clin Med Phys, 2004, 5(1): 50-63.

[31] TAHERI H, TAVAKOLI M B, AKHAVAN A. Radiobiological
evaluation of three common clinical radiotherapy techniques including
combined photon-electron, tangential beams and electron therapy in
left-sided mastectomy patients[ J]. Adv Biomed Res, 2018, 7: 99.

[32] LIANG X, PENAGARICANO J, ZHENG D, et al. Radiobiological
impact of dose calculation algorithms on biologically optimized IMRT
lung stereotactic body radiation therapy plans[ J |. Radiat Oncol, 2016,
11: 10.

[33] BASU K S, BAHL A, SUBRAMANI V, et al. Normal tissue
complication probability: does simultaneous integrated boost intensity-
modulated radiotherapy score over other techniques in treatment of
prostate adenocarcinomal J]. J Cancer Res Ther, 2009, 5(2): 78-84.

[34] MCGINN C J, TEN HAKEN R K, ENSMINGER W D, et al.
Treatment of intrahepatic cancers with radiation doses based on a
normal tissue complication probability model[J]. J Clin Oncol, 1998,
16(6): 2246-2252.

[35] ROSENZWEIG K E, FOX J L, YORKE E, et al. Results of a phase
I dose-escalation study using three-dimensional conformal
radiotherapy in the treatment of inoperable nonsmall cell lung
carcinomal[ J ]. Cancer, 2005, 103(10): 2118-2127.

[36] SONG DY, BENEDICT S H, CARDINALE R M, et al. Stereotactic
body radiation therapy of lung tumors: preliminary experience using
normal tissue complication probability-based dose limits[J]. Am J
Clin Oncol, 2005, 28(6): 591-596.

[37] YANG Y, XING L. Clinical knowledge-based inverse treatment
planning[J]. Phys Med Biol, 2004, 49(22): 5101-5117.

[38] FENG Z, TAO C, ZHU J, et al. An integrated strategy of biological and
physical constraints in biological optimization for cervical carcinoma
[J]. Radiat Oncol, 2017, 12(1): 64.

[39] EMAMI B, LYMAN J, BROWN A, et al. Tolerance of normal tissue
to therapeutic irradiation[ J]. Int J Radiat Oncol Biol Phys, 1991, 21
(1): 109-122.

[40] LYMAN J T. Complication probability as assessed from dose-volume
histograms| J ]. Radiat Res Suppl, 1985, 8: S13-S19.

[41] KUTCHER G J, BURMAN C. Calculation of complication probability
factors for non-uniform normal tissue irradiation: the effective volume
method[J]. Int J Radiat Oncol Biol Phys, 1989, 16(6): 1623-1630.

[42] TSOUGOS 1, MAVROIDIS P, THEODOROU K, et al. Clinical
validation of the LKB model and parameter sets for predicting
radiation-induced pneumonitis from breast cancer radiotherapy|[J].
Phys Med Biol, 2006, 51(3): L1-L9.

[43 JRODRIGUEZ-CABALLERO A, TORRES-LAGARES D, ROBLES-
GARCIA M, et al. Cancer treatment-induced oral mucositis: a critical
review[J]. Int J Oral Maxillofac Surg, 2012, 41(2): 225-238.

(miF: e iF%)



