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Fig. 1. Difference between abdominal gas from MR image before treatment and MR
simulation
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s7h0] g3} vl skt
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WA o2 CTYAY Fusiong Fof AAPLEE A5k

o} BHIARA 7haw 9l8] WSl AA FjAe) 27

o] Ao A
A AAE 2

Sbs1A A% A] 9EAT Initial plany} &
A= I}, whebA sk 7haof 24
of et MAPIE w A $15+e] Initial planoA] B4
7}~E ContouringdFo] £9] AxUES] 1g/cm3E A
3lal AGC(Abdominal gas correction) plan(1fx, 2fx,
3fx, 4fx)°l A-&-519lom, H3be EH7IAE ThA] Con—
touringdte] ¥719] HAPLER] 0.0012g/cm’ S 2 273}
%r(Fig. 2).
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Initial CT, Initial MR ©]-&3} 4
W ER7EA0) kRS REst
AGC plan(1fx, 2fx, 3fx, 4fx)] A4 J% H]| 15},

PTVHS] A4S B71sk7] fls AgA=e] 44
A% (Homogeneity Index, HI.)E [@,l] H| W3},
HIZRS QHbAol A} &¥a) th2 4] pTVe] AHpAlek8 ]
(PTViow) 2} H]aL5E7] Q15k0] ALV =2 Aliksto]
BT
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Ds: B 84 5%9] 412

———————————————————————— [411]

PTVO] ARPA=F
H] L SFATHA2],

SA(PTViow)= AAFIL I 2fol&

Fig. 2. Electron density rematch according to the change of abdominal gas volume
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SR,
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A Z A7 H(Total Treatment Time) % Real-time image
guide gatingS E3f CTV7} PTVO] 95% ©oJA; 32§ o]
AR WAMA0] 2AE] = Al7HBeam On time) o2 LE}

ACHA3]. 5, Beam ON(%)°] &= E}Zlo] PTV
Qbof] M= Alto] A= 5o]al, Bt & Beam ON(%)
o] W& Beam hold Alfto] Zojx|aL, o]= 2 F A
BARE 5712 olojxit, 2 g Y2 Beam ON(%)->

2|5 5 EAF2] Motion error 7} ATl sfjAl=E 4= Q)T
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6. SAIEA

PTVE} OARS] A5F2 Initial pland} &E-57FA0] &
AstS At AAAEEE A4S AGC plan(ifx,
2fx, 3fx, 4fx)9] Bt kS oY FE —test2 H]asl9Ict,
o= 0.05 o8k patt SAX = F-oH|gk Xpol7t

76

F QIS 1 Aol E MRS R A5

& 43 AGC A& & B H7t20) Aok} 2 Qb=
O] AHAAIE wetalal A} Pearson AJHAIGE AHE-510]
A8, 940 ER1E ARE-S ThA] 37 E45t0]
N3 HAE Frobd A} shelth, T3 43]9] AGC plan©]]
A AR AR it AAE dopd Al M AleE AtESt
ATHA4], 2= FA| wAoli= Prism(ver.8.4.3, GraphPad

software, San Diego, CA, USA)2 A3t}

Coefficientofvariation  Std. deviation(3:Z=HX})
(A=A Mean(5w4h)

d il

1. 257tAS X 3l ME M Xt0|

Initial planoA]9] HHIFALHL 15555 ccE
AGC plan(1fx 36.7cc, 2fx 20.64cc, 3fx 33.98cc, 4fx
15.34cc)ollA9] &4 a1} vlawste] =A] UEbELT Initial
plan¥} AGC plan®] H.I. g} ¥s}e] 22 3] okofal
PTVE] A8 2(PTVioow) #l= Initial plany} B]iL
8l AGC planol A 12~15% 74313} (Table 1, Fig, 3).

OAR®] Minimum, Maximum, Mean A1&2] H3}
+ Initial planol|49] 24872} AGC plan(1fx, 2fx, 3fx,
4fx) 9] B3k Hlwsll 2w, Minimum, Maximum,
Mean A15F0] B4t HslERS LT kidney 0.02%, RT kid—
ney 0.01%, Spinal cord 0.03%, Bowel 0,01% A10]

Table 1. Comparison of Homogeneity Index and PTVioo%
of Initial plan and AGC plans according to abdominal gas
volume

ale sl H.. PTVio0%
gas(cc)
Initial plan 155.55 0.801 0.950
1fx 36.70 0.801 0.830
2fx 20.63 0.795 0.810
AGC plan
3fx 33.98 0.798 0.820
4fx 15.34 0.796 0.800
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SE18 9] 3911 H99 MREARTA 57182 W5jo] O AP 0R 291 24

m Plan-Rx Comparison  Statistics

R

ﬁ L T P i s e e

Initial plan

Fig. 3. Dose Volume Histogram of PTV and OAR between Initial plan and AGC plans

Table 2. Comparison of PTV and OAR doses

AGC plan(Gy)
Initial plan(Gy)

1x 2fx 3fx 4fx

Mean 443 4.39 4.38 4.39 438

Kidney Lt. Min 1.04 1.05 1.08 1.07 1.03
Max 16.36 15.49 15.37 15.66 15.34

Mean 5.97 5.92 5.89 5.91 5.87

Kidney Rt, Min 0.84 0.82 0.86 0.84 0.86
Max 18.12 18.05 17.90 17.82 17.84

Mean 691 6.88 6.85 6.89 6.83

Spinal cord Min 0.74 0.64 0.69 0.71 0.71
Max 18.54 18.31 18.12 18.32 18.28
Mean 13.06 1272 12.70 12.76 12.67

Bowel Min 1.41 1.40 1.42 1.40 1.38
Max 40.55 40.83 40.73 40.12 40.59

Mean 67.33 64.49 64.10 64.41 64.04

PTV Min 53.47 50.49 50.10 51.38 50.21
Max 77.90 73.98 73.35 73.81 73.14

Aasidnt, AAIA] OARS] M= —7~0.1%9] Afol&
HAom Fat 0.16% AT PTVOlA= 4.5~5.5%
o] Aefo] Hastlom Hat 5.1%2 AvFo] AAastA
o}, BE7IATE Zo] WA Frofo] Atid o= Aol ut
2} OARY} PTV R Alefo] sz Zoko] yebgtom
PTVO| A 9] Aefzt47F OARELTH =LA Uehtth(Table 2,
Fig. 3, Fig. 4.)

Initial plan¥} AGC plan(1fx, 2fx, 3fx, 4fx)Ew4k
9 T FE (—testd¥} PTVE Minimum, Maximum,
Mean A3} PTVE] ARARF S2(PTViow) oA pak

0.05 olsle] Foju|et A5 Helom OARFOIA= LT
kidney(Maximum, Mean), RT kidney(Maximum,
Mean), Spinal cord(Maximum, Mean), Bowel(Mean)
AFollA pgk 0.05 olske] F-oJu|et 4=2)7F Yestth
(Table 3).

T 43] AGC A8 g F HH7IA0 SAMST
I} 7} Q1AE9] Pearson AHAG E4AT PTVE] A
AR 84 (PTVieow) 2t PTV(Maximum, Mean), LT
kidney(Mean), RT kidney(Mean), Spinal cord(Mean)
oA pgk 0.05 oJste] frojufet 2] = Yk th(Table 4,
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Abdominal gas & PTV coverage variations
between Initial & AGC plans

p < 0.001
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-82.86% -14.21%
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Fig. 4. Abdominal gas and PTV coverage variations be-
tween Initial plan and AGC plans

Table 3. One sample t-test significance and Difference(%) between Initial plan and average of AGC plans

Fig. 5).
AGC plan 43] 2| Z27}4ol| 4] B kAL 235}
g 21 cc ofsfoln WEAG:E AbEslo] HliLe]

SrcHTable 1, 5.)
2. X|ZAIZH

Beam ON(%)2] ZA}= 1fxo|A 60%, 2fxoIA 51 %,
3fxo A 63%, 4fxoA 82% = =AE%al Pearson Af

WA B ARAET pgk 0,05 otz HR7FAEH )
A A3, o= HRIPAEH0] 718 Beam
ON()°] 43t} 2| 2AR O] S7k8h= AC 2 = 5= 9]

tH(Table 6, Fig, 6).

Initial plan A"era;‘::sf AGC | Ditterence (%) | p value Oniiza:i:i‘c’fntc_et%t
Abdominal gas(cc) 155.55 26.66 —82.86% 0.0001 o
PT V1000 0.95 0.81 -14.21% 0.0002 e
H.I 0.80 0.80 —0.44% 0.0773
PTV Mean 67.33Gy 64.26Gy -4.56% 0.0001 e
Min 53.47Gy 50.55Gy ~547% 0.0021 »
Max 77.90Gy 73.57Gy ~5.56% 0.0002
Mean 443Gy 439Gy ~1.02% 0.0006
Kidney Lt, Min 1.04Gy 1.06Gy 1.68% 0.2126
Max 16.36Gy 15.47Gy ~5.47% 0.0012
Mean 597Gy 5.90Gy ~121% 0.0073
Kidney Rt, Min 0.84Gy 0.85Gy 0.60% 0.6376
Max 18.12Gy 17.90Gy ~1.20% 0.0249 *
Mean 691Gy 6.86Gy —0.69% 0.0409 *
Spinal cord Min 0.74Gy 0.69Gy —7.09% 0.0502
Max 18.54Gy 18.26Gy -1.52% 0.0090 o
Mean 13.06Gy 12.71Gy -2.66% 0.0003 o
Bowel Min 1.41Gy 1.40Gy -0.71% 0.3081
Max 40.55Gy 40.57Gy 0.04% 0.9183

One sample t—test significance p=0.05*, p=0.01 **, p=0.001 ***
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Table 4, Correlation with Abdominal gas Pearson r's sig—

nificance of PTV and OAR in 4fx AGC plans

31018 9] 3¢1: A9 MRGARTA] 3571284

wisto] o A

&

Ago

e

7 919

i)

™

Table 5. Coefficient of variation of PTV, OAR, Beam ON(%)
in 4fx AGC plans

Correlation with gas

PEI Pearson r's significance

PTViow | 0.0304 *
HI 0.1342

PTV Mean 0.0058 o
Min 0.3295

Max 0.0026 -

Mean 0.0281 *
Kidney Lt, Min 0.7203
Max 0.1840

Mean 0.0174 *
Kidney Rt, Min 0.0750
Max 0.5029

Mean 0.0369 *
Spinal cord Min 0.0430
Max 0.4593
Mean 0.1611
Bowel Min 0.7905
Max 0.8071

Correlation with gas Pearsonr’s significance p<0.05*, p=0.01**, p=

0.001"**

[
i

(=]
N
1

PTV coverage (%)

0
o
1

78-

Fig. 5. Simple linear regression of abdominal variation

Simple linear regression of
Abdominal gas variation & V100% for AGC plans

2= 0.9401
p=0.0304

T

10

20

and PTVioos for AGC plans

T T

30 40

Abdominal gas variation (cc)

Mean Star_md;.ard Coeff!cie_:nt of
Deviation variation
Vofj;e 26.66cc | 103100 38.67%
g;a(‘;z) 6921% | 9.8230 14.19%
PTViow | 08150 | 1.2910 1.58%
HI | 07975 | 0.0026 0.33%
PTV Mean | 64.26Gy 0.2232 0.35%
Min | 50.55Gy | 0.5804 1.15%
Max | 73.57Gy | 03912 0.53%
Mean | 4.38Gy 0.0057 0.13%
Ki‘Lht“ey Min | 1.05Gy | 00221 2.10%
' Max | 1547Gy | 0.1453 0.94%
Mean | 589Gy | 00221 0.38%
Kigﬁey Min | 084Gy | 00191 227%
Max 17.90Gy 0.1040 0.58%
Mean | 6.86Gy 0.0275 0.40%
Spinal T T 0.68Gy | 0.0330 481%
cord
Max 18.26Gy 0.0932 0.51%
Mean | 1271Gy | 00377 0.30%
Bowel Min 1.40Gy 0.0163 1.17%
Max | 40.57Gy | 03142 0.77%

Table 6. Beam ON(%) changes according to abdominal
gas volume in 4fx ACG plans

Abdominal Beam ON(%)
gas(cc)
1fx 36.70 0.60
2fx 20.63 0.51
AGC plan
3fx 3398 0.63
4fx 15.34 0.82
=L n

1. M|
MRGARTY] =92 1-59H0] Ad7h<47] A=t vl
sho] AR R O] 28 HejttelS AR, A= A
HYet MRY} AAIE MRYAS2 559 Inter—frac—

79



AR A 281 214] 2020 ;32 © 73~83

Simple linear regression of
Abdominal gas variation &
Beam On time for Treatment plans

100

80

r?=0.9140
p =0.04392

60—

Beam On time (%)

40-

T T T T T T !
10 20 30 40
Abdominal gas variation (cc)

Fig. 6. Simple linear regression of abdominal gas variation
and Beam ON(%) for treatment plans

tional variations¥} Intra—fractional motion< Ajol&t
o= o, 1A 0] GAS Bl = AIrt Contouring
< 7oA o B EFAAES A 4 Qnk 1

= 5to] MRgARTS] & 74|
ARSI 4 A FAREAA} Fogeket ARt
o] mi o &2 Qe st oA He} ¢ =
Uelkon] PTVE} OARGI Tlafet Qpko 2 Siolet 4
A%}, £3] Initial plan¥} AGC plansgwt-7lol 4] PTV
AFHBt= 5% o) Aaon PTVE AAlw§-4]
(PTVigow)ollA= 10% o1e] AAE Kt o] 22 A%
H220] A1 Initial planollA WHE HF7E27F AGC
planoflA & 2252 AHAAHA T W2 refo] WA
ok 2o g2 Helh Wt oj2fet AvF A7) PTVOA &
S| U= A2 ofe] el A S A=
IMRT(Intensity Modulated Radiation Therapy) plan
o] 54 B W] F4lel fIAISkAL Sl PTVE] 360%=
ol Hol AY HR7kA0) Harrh Qe nx= A
O & HAZH, o]of fsl] OARS F9] F4lo] ofd ol
Bmo 2 ALHL AL Kol uhie] PTVEI} He
S0 o] SRS W0 2 Aluiste] Zo| A7) Ujeh
o Zoleh ALRE, 0|47 BRslAE A Hsje] Ho| 2
Initial plan¥} AGC plano| A= Azt VepgA|at,
B A 1{31o] o] Y (HEAS 7x) & 43]9] AGC

re
-
i
oft

80

planof|A e EFHR7}AE Ao we} A4 0 = [ofu|eh &
S YERAL o] T HEH = AlE8 JAat AA
B4 A2 A A 71 §19] AR} ALRE PTVO
Ke) A sl % FEaAA s, olelet Bk
TCP(Tumor Control Probability)2] 7342 o]oj#] g3
AL 7Hs7d0] ok 4= Qlek Eui Kyu Chie®] $15-oflA]
T APl PTV Marginol| o-7-5 7ol S3h AR
& ZAFelof ghtal B AIsteIthe ) FoF Alojol] B gt
gt A2 Aol A=A, 243 #l9lo] 589
ZAPEA] SR A 2= AR olojd 7hs/do]
AR, o] o= Aol A B3 AT AL
S Bz Zo|B g2, WA A& X7} Feju]skA] H,

HE7EA BTt 2 AR i o] 9ol EA7F

=t

t}, o]t QoA Initial planolA] Wokel ERIIAT}

Kol
59k0] Adaptive THIOAE PTVE OARY] HEetelvt
A 2HS T2 ABSIA W AR A B MR

AP 2 gk AR o] 2l gL B

i I .

I

A 2 A2 fotof g Aoy,

MRgARTE 3s}7] flaiA= B> 18} AJto]
FAIZHS MRgARTOA o] Q3 @

At AZEget, kst PTVEE OARS] 7oy
Reoptimization(J 2| A2h 7} 22> A9 =9 =
7k Qlste] 7|£0) A& #pgat Blasto] A gAlgto] ¥



A Fo] 2 Q57| ujiZolr), EUoA Algst= A%
MRgARTZHA}] 749 t2F&Ql 13] X 5AJ7] 1417
A IARY 3047FF A QT SERLe] AdEjel 4] RO
off whet 254 2pol7t Q& o AR 1020271 48
Tl 7189 A5 AH|e} Bl 1

QF 22 AAet AR S uHS

oAl w18 FEAEE el gl AlZtolt o]#gt o]
G2 Bohoudi O9] ¢1-ol A= PTVEH 3cm ©]8}e] &
Fo] AT OARS Contouringslo] Adaptive pland}=
fast and robust online adaptive SMART(Stereotactic
MR-guided Adaptive Radiation Therapy)& A<l
11, Spieler B¥} Men K9] 4-follA= Helidout A1} 3
A% OAR9] A5 Contouring & 018510 A ZAITHS:
o]7] 913t AFE ZPslal QUrt1s20 2 Ao = &
7hA8 A3} A BAIEY] AAEIAE R4S A EARE
=Y 7 Sl QS 2R} 51, rollA] 413 Beam
ON(%)-2 Image guided gating?} o] It} Beam
ON(®%)°] =th= A2 A7t PTV G99 Qtoll mF= A
7ro] oA} A WA AR AlZEo] AojA|aL F A& Al
7ro] Zroblth= Solth. oA A= F EAFS] Motion
error’} A= L0 & A4S 4= gl BERE i Aol A
= A& 7R H57EA7 Hojd4=5 Beam ON(%) H]
& St EoRlE Ao UBTh &, BE7kA7) dobd
= £ % Motion error7} 57Fsto] Al&H WA

=
Aol Ss] AEHA 9 7HeAdol At Alw 5 Al
) o X
= bl

flo ST iy

¥, ol I thE WAL A

A
=
Qe ARREI), ole AR Al A A Ho]

f

oh T o2 2 =
QP Q= Al AT ololAlnt, Tha] W) Hi7pAo)

155 St o2 M B% 5L Margin®] PTV
o] s shE A 24 B8 BET 4 9L, o)
WAL X2 A2 gLl 71018 Zlole} AR Fck

2 Ao T B4t REslgon FbRo
o AR A% ALA Bag B8

ol FF A A= 7l WA I Adaptive WA
A& Al A= AZ QA et Az 288 o gled]

1. Hidalgo M. Pancreatic cancer, N Engl J] Med
2010;362:1605-1617.

2. Herman JM, Wild AT, Wang H, Tran PT, Chang KJ,
Taylor GE, et al. Randomized phase III multi—insti—
tutional study of TNFerade biologic with fluoroura—
cil and radiotherapy for locally advanced pancreatic
cancer: final results, J Clin Oncol Off ] Am Soc Clin
Oncol. 2013;31:886—94.

3. NCCN Clinical practice guidelines in oncology

V.1,2008:pancreatic adenocarcinoma,

4, Chang DT, Schellenberg D, Shen J, et al, Stereotactic
radiotherapy for unresectable adenocarcinoma of
the pancreas, Cancer, 2009; 115(3): 665—672,

5. Koong AC, Le QT, Ho A, et al, Phase I study of ste—
reotactic radiosurgery in patients with locally ad—
vanced pancreatic cancer, Int J Radiat Oncol Biol
Phys. 2004; 58(4): 1017-1021,

6. Noel CE, Parikh PJ, Spencer CR, et al. Comparison
of onboard low—field magnetic resonance imaging
versus onboard computed tomography for anatomy
visualization in radiotherapy, Acta Oncol, 2015;
54(9): 1474-1482.

7. Liu F, Erickson BA, Peng C, Li XA, Characteriza—
tion and management of interfractional anatomic
changes for pancreatic cancer radiotherapy. Int J

Radiat Oncol Biol Phys, 2012; 83(3): e423—¢429,

8. Rudra S, Jiang N, Rosenberg SA, Olsen JR, Roach MC,

81



AR A 281 214] 2020 ;32 © 73~83

and Wan L, et al. Using adaptive magnetic reso—
nance image—guided radiation therapy for treat—
ment of inoperable pancreatic cancer. Cancer Med
2019;8:2123-2132,

9. Henke L, Kashani R, Yang D, et al, Simulated online
adaptive magnetic resonance—guided stereotactic
body radiation therapy for the treatment of oligo—
metastatic disease of the abdomen and central tho—
rax: characterization of potential advantages. Int J
Radiat Oncol Biol Phys, 2016; 96(5): 1078—1086.

10. Henke L, Kashani R, Robinson C, et al, Phase I trial
of stereotactic MR—guided online adaptive radiation
therapy (SMART) for the treatment of oligometa—
static or unresectable primary malignancies of the
abdomen. Radiother Oncol, 2018; 126(3): 519—526.

11. Hunt A, Hansen VN, Oelfke U, Nill S, and Hafeez
S. Adaptive radiotherapy enabled by MRI guidance,
Clin Oncol (R Coll Radiol) 2018;30:711-719.

12. Onal C, Guler OC, and Dolek Y, The impact of air
pockets around the vaginal cylinder on vaginal vault
brachytherapy, Br ] Radiol 2015;88 20140694,

13, Berger T, Petersen JBB, Lindegaard JC, Fok—
dal LU, and Tanderup K. Impact of bowel gas and
body outline variations on total accumulated dose
with intensity—modulated proton therapy in lo—
cally advanced cervical cancer patients, Acta Oncol
2017;56:1472-1478,

14, Estabrook NC, Corn JB, Ewingmm, Cardenes HR,

and Das IJ. Dosimetric impact of gastrointestinal air

column in radiation treatment of pancreatic cancer,

82

Br J Radiol 2018;91 20170512,

15. Pathmanathan, Angela U, van As, Nicholas J. Kerk—
meijer, Linda GW, Magnetic Resonance Imaging—
Guided Adaptive Radiation Therapy: A “Game
Changer” for Prostate Treatment? Int J Radia—
tion Oncol Biol Phys, Vol, 100, No. 2, pp. 361e373,
201803603016

16. Eui Kyu Chie, Radiation Therapy in Pancreatic
Cancer Korean J Gastroenterol 2008;51:101-110

17. Botman R, Tetar S.U, Palacios M A, Slotman B J, La—
gerwaard F.J, Bruynzeel A M.E, The clinical intro—
duction of MR—guided radiation therapy from a RTT
perspective, Clin Transl Radiat Oncol, 2019; 18: 140—
145

18. Bohoudi O, Bruynzeel AME, Senan S, Cuijpers JP,
Slotman BJ, and Lagerwaard FJ, et al, Fast and robust
online adaptive planning in stereotactic MR—guided
adaptive radiation therapy (SMART) for pancreatic
cancer, Radiother Oncol 2017;125:439—444.

19. Spieler B, Patel NV, Breto AL, Ford ], Stoyanova R,
and Zavala—Romero O, et al, Automatic segmenta—
tion of abdominal anatomy by artificial intelligence
(Al) in adaptive radiotherapy of pancreatic cancer,
Int J Radiat Oncol Biol Phys 2019;105:E130—E131,

20. Men K, Zhang T, Chen X, Chen B, Tang Y, and
Wang S, et al, Fully automatic and robust segmenta—
tion of the clinical target volume for radiotherapy of
breast cancer using big data and deep learning. Phys

Med 2018:50:13-19,



L

SHIE- 9] 321 Y MRgARTA] H-77k2-8-2) WSt ofgl AFHE e 2191 &4

Analysis of the cause of dose delivery errors due to
changes in abdominal gas volume during MRgART

pancreatic cancer

Department of Radiation Oncology, Seoul National University Hospital, Seoul, Korea.

Ha Min Yong, Son Sang Jun, Kim Chan Yong, Lee Je Hee

Purpose: The purpose of this study is to confirm the matching of the electron density between tissue and gas
due to variation of abdominal gas volume in MRgART (Magnetic Resonance-guided Adaptive Radiation Therapy)
for pancreatic cancer patients, and to confirm the effect on the dose change and treatment time.

Materials and Methods: We compared the PTV and OAR doses of the initial plan and the AGC[Abdominal gas
correction) plans to one pancreatic cancer patient who treated with MRgART using the ViewRay MRIdian Sys-
tem (Viewray, USA)] at this clinic. In the 4fx AGC plans, Beam ON(%) according to the patient's motion error was
checked to confirm the effect of abdominal gas volume on treatment time.

Results: Comparing the Initial plan with the average value of AGC plan, the dose difference was -7 to 0.1% in
OAR and decreased by 0.16% on average, and in PTV, the dose decreased by 4.5% to 5.5% and decreased by 5.1%
on average. In Adaptive treatment, as the abdominal gas volume increased, the Beam ON(%) decreased.
Conclusion: Abdominal gas volume variation causes dose change due to inaccurate electron density matching
between tissue and gas. In addition, if the abdominal gas volume increases, the Beam ON(%) decreases, and
the treatment time may increase due to the motion error of the patient. Therefore, in MRgART, it is necessary to

check the electron density matching and minimize the variability of the abdominal gas.

» Key words: ViewRay, MRgART, Electron density, abdominal gas

83



