38 A3 T B 2k Vol. 38 No.3
20214F 3 H Chinese Journal of Medical Physics March 2021 - 287 -

DOI:10.3969/j.issn.1005-202X.2021.03.004 E :gé;;i%'j—#é]fﬂ

B TR FIniE=s Y DeepPlan £ FRIRE 22

ﬂ':i%?ﬂﬂ% 1,2, ]15: r;%? 1,2’ 5‘(]] él}é&% Iré—_‘ 4:]-\_:,‘ 1,2,/%__}*% 1,2,4’ %}iﬂ 1,2,4
L E B 2R FE AR R 2R R 4 R 22, BB A, 2300255 2. R B2 3 R K 2p 2 B W BRIF 5T B, 20 &R 2300255 3. 97101
T IR E e PR, AR M 510060 4 R EERBHE AR, 20 AT 230088

[HE)B ML T4 F 2k K5 -F7%57 P (University of Florida Health Proton Therapy Institute, UFHPTI) /it - #ni% %
TG RAARBEX T 6916 /R FE 5o 3% , £ DeepPlan P #2248 AL A | B6-GEBE A M) 2 64 e B0 5T B R T 16 AR 6T 9 M
w94 Z i F . ik DeepPlan Ji-T 453k ¥ 3 5 UFHPTL A F hmik B 69 £ T AR AR A T AL RS bR 5%
FHEBAT AT , 6,45 30 204% 23R JE 7 % (Integrated Depth Dose, IDD) 3040 E A i REEA B KD 120 5568 % 518
H T 69 Wi 7 B A 45 44-% (Spread Out Bragg Peak, SOBP) Fn 4t 6] 7 & 4~ A , vA SIS GE AL A A 2 08 J A 1E , RJG WA
UFHPTI # # A8 7 I8 I ARk 77 1 X1 A 355, ¥ DeepPlan it f-25 £ 55 7 A 74 77 i+ %) % % RayStation i+ F- 25 £ i@ i PTW
/2N 8] W VeriSoft 2 A+ 3 47 gamma 547, 45 5 : DeepPlan Ji -F A3k it 5 /= 4 49 30 21 IDD 5 UFHPTI Anik % 49 16 JR 52 3644
H-F AR £ 4 0.01%, | KRABATE £ 4 0.23%;30 A2 AT RBEL K A5 16 R 5 1o B H%-F A0 242 £ 4 0.15%,
RRAIEZE A 1.14%, £ %% % 5 BA T, DeepPlan i T 4L 3+ H 4 9 SOBP 5 5 Jk 52 36 4038 - 3 AR 5FiR £ A
1.07%, m K AB3TiR Z A 3.91%; B &) 7 Z 0 Ap A s R 363 - T3 AR5 £ 4 1.92%, R KABXTiR £ A 4.09%, 4H5Fd A
A7 51 B I8 89 2% 77 71 %), DeepPlan i 7423 &5 RayStation #+ F 49 = 4 7] 2 45 3R ££ VA 3 mm/3% #9 47 F 4-AF 5749 gamma
B ad AR B 95% A b, B P IRA] | BATFF (270042 90°7 1) #9 gamma i it 5 5] 4 96.4% F= 97.5%, Ja#] 2 B AF
(270°4= 90°7 1 ) 49 gamma i@ i3 5 5% % 99.3% F298.9%. £5iL : /£ DeepPlan ‘P #4227 &5 UFHPTI it -F Anik 3548 IE At.69
T RAER ZALR ST A 5 T e ARl 9 IR 64 ) 25

[ EE1R )i F Anik 3 5 i F 7 23+ 3 ; DeepPlan; £ R AR ;387 %) 2 4

[ E %25 ]R318;R811.1 [ HrtREE]A [xE4211005-202X(2021)03-0287-08

Construction of pencil beam model in DeepPlan based on clinical proton accelerator
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Abstract: Objective Based on the clinical experimental data of University of Florida Health Proton Therapy Institute
(UFHPTTI) proton accelerator in the pencil beam scanning mode, a corresponding model is constructed in DeepPlan to verify
the accuracy of model construction, and the model is preliminarily applied to the dose calculation of prostate cancer. Methods
The pencil beam calculation model of UFHPTI proton accelerator was established in DeepPlan proton module. The results of
dose calculation were compared with clinical experimental data, including 30 groups of integrated depth dose, 30 groups of
proton beam spot divergence in the air, and a set of longitudinal spread out Bragg peak and transverse dose distribution under
multi-energy and multi-point irradiation, so as to verify the accuracy of model construction. Finally, guided by the clinical
radiotherapy plans of 2 cases of prostatic cancer in UFHPTI, the calculation results of DeepPlan and those of commercial
radiotherapy planning system RayStation were analyzed by VeriSoft software of PTW for gamma analysis. Results The
average relative error of 30 groups of integrated depth dose between clinical experimental data of UFHPTI accelerator and
those calculated by DeepPlan proton module was 0.01%, with the maximum relative error of 0.23%. The average relative

error of 30 groups of proton beam spot divergence in the air between the calculated results of DeepPlan proton module and
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clinical experimental data was 0.15%, with the maximum relative error of 1.14%. Under multi-energy and multi-point

irradiation, the average relative error of spread out Bragg peak calculated by DeepPlan proton module and clinical

experimental data was 1.07%, with the maximum relative error of 3.91%; and the average relative error of transverse dose

distribution calculated by DeepPlan proton module and clinical experimental data was 1.92%, with the maximum relative

error of 4.09%. For the radiotherapy plans of 2 cases of prostate cancer, the three-dimensional doses calculated by DeepPlan

proton module and RayStation reached a gamma passing rate of more than 95% for each subfield under the criterion of 3mm/
3%. The gamma passing rates of two subfields (270° and 90°) in case 1 were 96.4% and 97.5%, and those of two subfields
(270° and 90°) in case 2 were 99.3% and 98.9%. Conclusion A pencil beam model matching with UFHPTI proton accelerator

is constructed in DeepPlan, and the constructed model can be preliminarily applied to the dose calculation of prostate cancer.

Keywords: proton accelerator; proton dose calculation; DeepPlan; pencil beam model; treatment planning system
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Fig.1 Integrated depth dose of 200 MeV proton beam in

different energy spreads

1122 #&iER SGCLRBEEANEITAMNEZ —
W, B R P AR I Siddon”  Han 25 ) T /RSB,
A R R A () B — SR AR A ST Y T
S — ZR AR ST T A 1E 5 4R A SRR i R
TR ok R ) R 7 A R, T SR A A
LR AR ZE LT B B A A ROK R B DR
T B R A S PR T R LR | 5
A IE AT XOFY T ] 8 A S KT I SR AR
W, A XY AN E 2 TR . B
UFHPTI L Ffins #5 R 461, XY PSR A 5 5 P
SRR ES 43 R 2 329 F1 1 934 mm., R, 7RI E
PHAN B AT LB A A 2% 8 XY T 18] 22 [H]
25,

1,123 FIEHE MEiHAIBEFES RN HEER
Z AUFES A AEGHE RS, AT

D(x, Vs Zy X5 Vo» E)=IDD x Gmcs(x, Vs Zy X5 Vo» E) (4)

XEE & YHE R g
e A
LSRN N, o o R |
XETHR ._, ..........
EREITA S ﬂfﬁ’ﬁ

B2 ERRABRAERRER

Fig.2 Diagram of virtual source in pencil beam scanning model

D(x, YV, Zy X5 Vo» E) = IDD x [(1—w)>< D, twx @,mc]

(5)

¢"1CS = GmCS + amcs (6)

¢nuc = GHUC + 5nuc (7)
1 cﬁ]cs

Opnes = MGXP(-GéCS) (8)
1 Cfluc

O = WeXp(_l (9)

o

Hor, ()l FAE = b AT R i, E20E N
NAEZ TP AERUKTRIE N 0, HAEZ T R Z e
R B s . G TR UAE b b4y
A, SO, %A I T 2 P it
BRI, AR B TEI9,,,., 3K 30 EFR .
1E(8)~(9) X ZEAE HU B IE N T ¢, LU
BT e o e S 2 RS U AR IE2E o, AT
PRIEZE o, A A RO

K 3R T RN RS R A A B B
WA IR R IR g 2 A, AU O ik it AR R
A B BUR G I T, 47 <107, WA 7R 25
R () BEAT RT3 A5 0, SR X (5) BEAT 7] 4
.

Fia

| HERESERFHEZHT |

e

|EmShitE | | it |
|———
&R

E3 gt EREE

Fig.3 Diagram of dose calculation

1.1.3 MEXERE A58 B DeepPlan 5T il R I
AT ALE & AT AR RS h Windows10 %l
(6413 ) ,CPU A Intel(R) Core™ i7-87100K . 7S #% 1
k.16 G N /£, GPU iy NVIDIA GeForce
GTX10606GB. DeepPlan Jii 45 A7 c++Fil c# 4~
WA, AT 5T 3L T cHRASZE SR Visual Studio 2017 I
BT,

1.2 UFHPTI JiFhnik 25 R L 36 # iR =

1.2.1 IDD ##EMl& UFHPTIffi A IBA 2 &) i BPC
& M % (Bragg Peak Chamber, model 34070, PTW,



- 290 - H ] e

.

538 %:

Freiburg, Germany ) 75 IBA 7K 4 H 247 B0 TR B 9
i, AT 30 4 BT RE A, 0 il O - 226.35,223.91,
219.06.,214.12,209.16.,204.54,199.63.195.1,190.18 ,
185.74.180.9.176.21.171.89.167.79,163.02.158.09 .
153.04, 149.07. 144.81. 140.63. 136.07. 131.51,
12738, 122.46. 118.69. 115.09. 110.04. 106.57.
102.36.99.59 MeV %5, £ X} I i £ 4f , 7F DeepPlan
Jo PR e A 30 2 RE Y T AR KB Y
FIR TR ARB K/ 100 mmx100 mm>x400 mm,
MEZ B K/ AN 1 mmx1 mmx1 mm, ¥ 3 FH T i1
SRy ) 8 R A1 T AT R R SR A R e K AR AT
VA — BV a] A5 S AR [ ) B TR 5 et 2k
122 ESEHRERRTIE UFHPTIH A IBA 24 A
(1) Lynx PT ARG &5 647 ACBE ROT 190 . 30 40
A e O 24, 5 D0 a7 5 43 il o S A rh
OFTE 20,10.0.-10.-20 em K T 6F 4 B8 55 1l
— 2, T BRI E S S A TBA A MyQA F4FHE B X
BCY J7 ) b A R oA, IR — bR

EF X I3 #9E , 76 DeepPlan it 5 B v 155 30
1 BT 0 BT SRR AR Sy 25 Ao B R R OB, OF- 1
KN A 40 mmx40 mm, F [ K BE AT Lynx PT A9 K &
R —2, M 0.25 mmx0.25 mm, Bf 55 45 A X 8k
Y J5 ) R AN B — R, O — bR
1.2.3 SOBPHERFIEMME JPRIER &5 1 78
DN 1w AR 7] | S0 CORERE I | A LAl IR A R
AN FAE AR AL E BT . 78 SOBP Il i B
UFHPTI{{ FH IBA A W) 1) 22 |2 HL, B %8 Zebra Il 152 0>
Bl - A 2 6 ) 5 E A ) 9] = 0 A B UFHPTI f
Lynx PT [RERAR I &5 2E 4700 &5 o BF X0 D 2 250808, 78
DeepPlan JiT 71| 5 #5% He A 5 $2 4L ) JoT + o 7 1 15
BOBCE {7 A A B A TR KB AT R = 1
B KA/ R 200 mm>200 mmx400 mm, 14 Z K/
M2 mmx2 mmx2 mms.
124 87 %) BF % B9 7 2 it & RayStation & H
RaySearch 23 7] T 2008 4EFF 4 ¢ , 2011 4F 113 & Al
MVRIT IR 2481 . RayStation i A = B4 45
(/) 1] AR FLE SOE VAL L F S IR YT AR
i AR AL RS 114 . AFE 5 UFHPTI ¥
T S A AL E IR YT TR R 45, RayStation 7EZE TR W
RS (9 T ) s A A IR R, AR IR R
AR, o —FoR S R BIRERE RS
BT A B B AERR PR T 5 R TR
LS4 5140 AR () 53RN I A 53— A A SRR RS Ao
wmmENE, FEDRERELNE., AU
RayStation 5% K 5.3k 09 11 55 45 L 47 %) 1k . 7E
UFHPTI #5191 B Ja I R 7 o) v, A OGS S
WF 1 BB /NA 512 mmx512 mm*361 mm,

R K/N K 1171 9 mmx1.171 9 mmx>1.000 0 mm,
270°F190°5 i) (4[5 A5 5 1039 F1977 595
1 2 B AR /N R 512 mm*512 mmx293 mm, K E K
/AN 1171 9 mmx1.171 9 mmx1.000 0 mm, 270° F
90° 77 [] #Y J5% ¥~ AL S Ko 0 04 1307 AL 303, i T
RayStation H1 25 ) 19 = 4k | i 75 B AR R K/ 2
mmx2 mmx2 mm, A | #F17 gamma il 1 R 5, T
SEXIp A 10 2 G0 (ARSI AR R 2R I/ N R AT HR AT
oo J il PTW 2 &1 1 VeriSoft B8 X — 2 i3 4%
AT gamma 5387

2 ERE5WR

2.1 IDD#RELE

R TR ITAE K] 4 FT 7R # 30 2 IDD £ 45 M 2 2]
I J 6 21 (a~F 4 ) , B 40 5 AN RE R HEAT HLAR, B4 fiE
Y IDD i #A iz e = N I KAE AT IH— IR
JE 5 ) BEAT 38 Y # B, DeepPlan i -1 B i 45 51
JH DeepPlan 26715 , UFHPTI 5t 11153 £ I 1A 52 46 504
H Measure %7~ . MIEIH AT LA 3], DeepPlan Jii 15
Pt 45 S 5 UFHPTI 5 1IN 8 41 1fs PR S5 56 50080 76
Bragg WAl 5 M Z AWy & o 9 35 1 B AH X3 22
0.01%, /b K g &+ 40 8] 4F 2 vh 14 99.59 . 102.36 MeV
%5, DeepPlan 1153 45 4% 5 5 56 B0 7 B KARLA & B
U H I~ 0.23% B AR 25 o H B AN 15 0 1
A e IR /N B AT B R 3 mm, K BEHRAIR
BT N 0 1 o K7 R R B — S 1R 2%
22 FEHEHPRBERTERITEE

WE s iR, LARER R 199.63 MeV 1 i T3 N
161, 5 €2 1t % 35 7% UFHPTI 5T -1 8 23 14 s DR I 35 235
H 20 {0 [ 28 % 78 DeepPlan it F AL H A1 25 5, &
HAL S S AN TR B A X HE 25 R, BE 58 /B K
A3 Ay B B 45 U0 1T 20,10,0,-10,-20 em b 145
Ho W T — LT R A R, A
MATLAB R2018b A< H, fiff 4 A 5 1) e il &
PRESCR R BE R /N [ 6 2 A ) BB it ot R AE S5
SO THT A BE K /N B X Bb 45 SR, R 43 A X 158 22 7
0.5% LA, A 163.02 MeV FE 52 P i 3 i Ik — 26
AR 224 1.13%, BRILZ A6, 36 1 /R BE B 45 s
SR 20,10,-10 F1-20 cm A AR 25 R . AT
A1, DeepPlan Jii 145 Bk Y 155 45 2R 55 11 PR 52 56 B s
KHR A A TR £ AE 0.3% LA, S B R PR 2% R
0.15%. W LAFH, i T I A7E 2 SORARA () 4
pea N 3 5 1 e A R 2o S 2
ERf .
2.3 SOBPHNiEEFIELE RITEL

7 2 YN 1) FRE ) (0 S5 SR LG, BA A i R R R
UFHPTI 5T Il #5 A9 I R 25 5, 21t ih 2 %o



SRIGMG, 45 . LTI RIS 25 69 DeepPlan 21 Uk AU ) it

1.0 ——— E=226.35 Measure '
—— E=223.91 Measure ]
—— E=219.06 Measure
0.8 |——E=214.12 Measure 1

——— E=209.16 Measure
M ———— E=226.35 DeepPlan
el

400

s 0.6F E=223.91 DeepPlan i 4
- —— E=219.06 DeepPlan
ﬂﬂjli —— E=214.12 DeepPlan 4
7= —— E=209.16 DeepPlan /
204p e \ -
janns
= S
0.2} \ b
0 . : \
0 100 200 300
VR /mm
a:E=209.16~226.35 MeV IDD £5 R xfLt
LOF —— E=180.90 Measure I’ )
——— E=176.21 Measure ]
—— E=171.89 Measure
0.8 | ——E=167.79 Measure b
—— E=163.02 Measure
M ———— E=180.90 DeepPlan
m 0.6 —— E=176.21 DeepPlan /
Hﬁ —— E=171.89 DeepPlan
i —— E=167.79 DeepPlan
= —— E=163.02 DeepP!
= 0.4 eepPlan i
Jasas
=
0.2 \ &
. . \‘
0 100 200 300
B /mm
¢:E=163.02~180.90 MeV IDD 5 R 3} tt
10— E=136.07 Measure ' i

—— E=131.51 Measure
—— E=127.38 Measure
0.8 f—— E=122.46 Measure
——— E=118.67 Measure

b ——— E=136.07 DeepPlan
% 0.6} E=131.51 DeepPlan i
HH —— E=127.38 DeepPlan /
ﬁ —— E=122.46 DeepPlan / /
N —— E=118.67 DeepPlan 7
Toa4f A i
I
=
0.2F ]
0 L \
0 100

R BE /mm

e:E=118.67~136.07 MeV IDD 25 R %fLt

&4

304E T

sk =

B2

1.0 —— E=204.54 Measure j '\ {\ ' 1
—— E=199.63 Measure
—— E=195.10 Measure
0.8 [F|—— E=190.18 Measure b
——— E=185.74 Measure
M ——— E=204.54 DeepPlan
ox 0.6F—— E=199.63 DeepPlan 4
m —— E=195.10 DeepPlan
ﬁlﬁ ——E=190.18 DeepPlan
= —— E=185.74 DeepPlan
= 0.4 b
Jared
=
0.2 7
0 1 | L U
0 100 200 300
VR /mm
b:E=185.74~204.54 MeV IDD 25 R 3ttt
LOF =—¢-155 00 Measure ' )
—— E=153.04 Measure
—— E=149.07 Measure
0.8 —— E=144.81 Measure .
—— E=140.63 Measure
M —— E=158.09 DeepPlan
% 0.6] —— E=153.04 DeepPlan / _
i — E=149.07 DeepPlan /
= —— E=144.81 DeepPlan /I
= —— E=140.03 DeepPI /
= 04f L .
o
=
0.2¢ 1
0 L A L
0 100 200
VR /mm
d:E=140.03~158.09 MeV IDD 25 R %ttt
1.0 ——&115.00 Measure ' T
—— E=110.04 Measure
—— E=106.57 Measure |
0.8 |—— E=102.36 Measure | T
—— E=99.59 Measure
b -~ E=115.09 DeepPlan| |
Erﬁﬁ. 0.6 |~ E=110.04 DeepPlan o
ﬂI]HH —— E=106.57 DeepPlan / /
g4 —— E=102.36 DeepPlan
_,D% 0.4 |~ E=99:5 DeepPlan /] ]
jred
=
0.2 i
k A
0
0 B 100
VR /mm
f: E=99.59~115.09 MeV IDD 25 R 5ttt
N IDD 45 R 3$EE

Fig.4 Comparison of integrated depth dose under different energies

Measure
- - -DeepPlan

g
0.6
i
=
704
=

0.2

B 2

-20 -10 10 20

0
B /mm
5 199.63 MeV RFRENELELERITEL
Fig.5 Comparison of 199.63 MeV proton beams at

different positions

1= 7
]
= Measure
10f '. e DeepPlan
= L] i
g K ®s
£ .
= 8r ®e 1
¥ s,
= Tt ". 7
® 6F -.l. J
-..
5_ "... 4
[
4 1 1 1 1 1 1 1
100 120 140 160 180 200 220
BEE/Mev

6 TREIEEERFREFHOFEARIER T
Fig.6 Spot size of proton beams with different

energies in the isocenter plane

- 291



- 292 - T E B2 AR 384
F1 ATEREERTFREZTSTEMLEHRBELLE

Tab.1 Comparison of the spot size of 30 groups of proton beams with different energies at different positions in the air

| | I
e e e e e e

219.06 4.4 4.62 4.62

209.16

199.63

190.18 5.0

180.90

171.89

163.02

153.04 6.42 6.4 6.67

144.81

136.07

127.38 7.96 7.96

118.69

110.04 10.05 10.07 0.2 10.51 10.51

102.36 10.08  10.03 0.5 1100 10.97 02 1150 1145 0.4
DeepPlan i THIH A 255 . & 7Ta e i XA ] 100 mm H (9. DeepPlan 71| 5 115 45 1
AP U B XT e, BT DL B SEELS AR S 200 mm, 5516 R S 35 500 T R X R 2 1.92% , e KA 152 22
%6 100 mm H 1Y, DeepPlan 7] H 1158 45 R 5 15 K 52 4.09%.

BB T BIRE X 1R 22 1.07%, e KAAXT 1R 25 3.91%., 2.4 BI5IRRIELE RISt

] 7b JE 7 1 2 A v~ TR [ 551 A AT B 6T L, 45 DeepPlan 55 RayStation A45 R AF 1% -1 — 4k gamma
HU T AERE B KR 15 em WAL, TRVE R Gl Rk B T 97.1%, BAE AR S 47 | A, H#—




3 SIS, 25 . T 1l PR 1 15 27 ) DeepPlan 2EJE AU HIAL 1

- 293 -

. —=— SOBP-Measure
X —e— SOBP-DeepPlan

L \

0 50 100 150 200 250

VR /mm
a: B RARAIRIE

1.OF —— -
0.8F \'-‘ E
M ‘\
6 0.6} —=— Transverse dose-Measure |} i
i —e— Transverse dose-DeepPlan {{
X |
04} ]
Jans
=
0.2+ i
0 .- 1 1 1 \--
-100 =50 0 50 100

B /mm
b:#ERFIESH

El7 YhEFntEE L RIS

Fig.7 Comparison of longitudinal and transverse results

SOV SRR, ULIEI 8 AT fE i PR AH Lt DeepPlan ff By
B3k RayStation K 5 KA L X HE S0 B 1t
AEE RG] R RS TR el i . 362 Bk
J&rR T WA RS BRI IAE PR A S 7 Tl Y — 2 gamma
R AR 3 mm/3%. 2 2 AT A ST

100% = 21.549G

1) 7E KT 10% Ab 7575 8 X 3ak L ) gamma 18 1+ A5 2]
95% LA_L, LA 4] 1 22PN 7] Y gamma i 13585351
k1 96.4% F197.5% , 5 4] 2 £E A7 1] 1) gamma 3 120 %6
23 5°H 99.3% F198.9%.,

100% = 21.549G Passed Points

180 g O T T oo T mm
e | | : | CJ8o% £ [180% g [ i Failed Points
SO 7 e £° Emeos  £°f .. . ol

- -| [ 40% ; | [ 40% - B hot
180 o e oo MM 20% 10 oo o200 W20y 1 200 0 200

X/mm Ximm

a:DeepPlan i+ B4R

b:RayStation i+ & %5 R

X/mm
¢: Z 4 gamma i#8T F

8 DeepPlan 5 RayStation X FRIFIBRE M 4T 245 REER

Fig.8 Comparison of two—dimensional dose calculation results of DeepPlan and RayStation on prostate cancer
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