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1.1. ぜ 

さ 0 0 4 - 5
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2005 1985 2 2 1-13
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ぜ ぜ ぜ 2 ぜ3
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ぜ し ぜ ぜ 1

ぜ

な Quality Of Life2QOL3 ぜ
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ぜ
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． ぜ2Intensity 

Modulated Radiation Therapy3 ぜ2Stereotactic Body Radiation 
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1.2. が ぜ か 

が ぜ に 1946 じ お ぜ

1954 が お [2-3] 1979

1983 ー が ぜ

が 1990

1998 2 ぜ お が ぜ さ

0 2001 ー

[4] が じ ぜ 23 2が .17

じ .5 が じ せ .1 3 [5]

2008 ぜ 2

3 さ 2 3 °

2 - ° ま 3 ぜ
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3 ぞ 0 ぞ 4 5

げ 2 1-33[7] が 0 0

2Bragg peak3 0
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Peak: SOBP3 けお げ けお

ぞ ぞ き
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1.2.2. ぜ  

1-5 ー が けお 0 さ 0 が

が ぜ
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0 が ぜ 2[6] [10] お 3 

 



 17 

 

 1-6 げ 

じ Dee2D13 Dee
0 だ Dee

み2G13
み じ Dee2D23 D1 D2

D2 み2G23 D1

0  

 



 18 

 

 1-7 げ 

じ じ 2が
7MeV 3 じ

じ 0 じ
0 0

 

  



 19 

 

 1-8 が ぜ 0 2 3 

1.2.3. ぜ 0  

が ぜ が が

609 0

0 1-9 が ぜ

0 で 41.2.4 て5

0 か く

0 0 く

が けお が

0 2 0 3 0



 20 

か が けお

0

1-10 2

1 0 0 mm

2 63 mm3 1 mm

SOBP

0

0 0

３ 0 0

0 0 し 0

0

0  

 



 21 

 

 1-9 0 で 

 

 1-10  

  



 22 
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2 1-133 0 く
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1.2.5. ぜ し  

が ぜ し 1-16

112 か  

 

 1-16 が ぜ し  
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が ぜ ぜ

お 0 2Computed tomography: CT3

ぞ けお CT 

ぜ けお CT

2Magnetic resonance imaging: MRI3 が 2Positron emission 

tomography: PET3 CT 」

けお  

ぜ CT MRI PET

お ぜ 2Radiation Treatment Planning System: RTPS3

OAR っ ICRU2International 

Commission on Radiation Units and Measurements3report 62

2 1-173[13] planning target volume2PTV3

clinical target volume2CTV3 internal margin2IM3 set-up 

margin2SM3 2 1-13 が ぜ

0 た ぞ

2 1-183[14-17] た

が PTV [17-18]
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 1-18 が ぜ planning target volume2PTV3 ．  

Clinical target volume2CTV3
ぞ 0  

1.3. ぜ 

ぜ ぜ CT

 ぜ

[22-23] ぜ ぜ

ぜ [24-25] ． ４
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ぜ2Adaptive Radiotherapy: ART3

[26-27]
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[28-30]  

ART 1997 ぜ

て [31] ART ぜ（

か ART ぜ

（ [32-33] ぜ

0 ・ 0 か が

ぜ 0 0 か

ART （ ぞ

ぜ ART ぜ ぞ

（ ぜ さ

[34-

36]  

1.4. 3 い が ぜ ．  

3 い つ ぞ

ぞ 3 い が ぜ2Three-

dimensional image guided proton therapy: 3D-IGPT3 ぜ 2

お kV 0 0 CT2kilo voltage cone-beam computed 
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tomography: kV-CBCT3 MV 0 0 CT2mega voltage cone-beam 

computed tomography: MV-CBCT3 ぜ CT
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が ぜ けお が SOBP
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ぜ

CT けお （

ぞ ． 2 1-193  

が ぜ 2

kV けお [37]

kV CT

0 [38]
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ぞ が ぜ け  

 

 1-19 が ぜ ． 

1.5.  

3D-IGPT （

．

． CT けお 3D-IGPT が

ART か

CT （

が お

ぞ せ 42.3.1. 
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お お ， 2

で お

， 3

OAR ぞ す OAR

た お  

けお 0 さ 0 ぜ

で 0 さ 0 ちげ 2

． .2016-2703  
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，2   

お  

2.1.  

が X ぞ ぞ

た ぞ ぞ

ぞ ３ ぜ

X お 3 23-dimenssional conformal radiation therapy: 3D-CRT3

け [39-41]  

ぜ

で 409 ° 5 mm 2

109 10 mm 3[42] が ぞ

けお ぜ

CT ぞ で 209 ぞ 0

ぞ [43-44]  

ぜ 2stereotactic irradiation: STI3

2 2-13 STI 2

1 2stereotactic radio surgery: SRS3 2
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ぜ2stereotactic radio therapy: SRT3

SRT ぜ2stereotactic body 

radio therapy: SBRT3 SBRT 0

1 12 Gy120 Gy ぞ

１ お き

SBRT X ぜ

[45] けお で 199

ぜ CT

ぜ

SBRT ぜ か ひ X

お SBRT ぜ か が ぜ 〜

か  

IGRT つ ぞ

ぞ IGRT 2 お

2 kV MV 0 0 CT2cone-beam computed tomography: 

CBCT3 3 お ぜ ぜ

けお ぞ
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が ぜ 41.4. 3 い が ぜ ． 5

IGRT ぞ

2 1-193 は

0 0

が げ

ご [46]  

 

 2-1 て 

2.2.  

CT お 3 い

げ

ぎ 2 3

2 3 げ

ぞ お  
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2.3.  

2.3.1.  

2-2 3 い が

お ART し

 

 

 2-2 ぜ し  



 40 

か ぜ

4 5 CT （ ぜ CT

0

Sum of squared difference 2SSD3 お

0 0 て

CT

0 た ぜ CT
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C,D,E 0 %, ', ( FG, FH, F(

 

（

Roll Pitch Yaw 2 2-33

か  



 41 

 

 2-3 Roll-Pitch-Yaw  

か ぜ す

4 2 3 5

ぜ CT お

CT

2FIJKL3 ぜ CT

2FMNOKM3
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Siddon [47] お げ ぜ

 

$$PQQ = $RSTUR − $VWUX 22-23 

2FYZ[[3

2\]IJKL3 2\]̂ 7_,[3

 

`!a78,Q = `!VWUX − $$PQQ 6. 6c⁄ (2-3) 

f ２ g 2 3 0

さ 0 が ぜ

が

1.16

FYZ[[ 1.16 お

 

h`i50#`!a,Q) = 6 j$k⁄ + ("$k − "P)
4 ∙ 9("$k − "P)

j$k

P∈RUSnTR

(2-4) 

9(%) = p
6, % > 8
8, % ≤ 8

(2-5) 

"P = QP#`!a,Q) (2-6) 
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uYv ぞ CTV 95 % EYv uYv

ぞ CTV 95 % ぞ

2D95%3 けお EZ ぞ w ぞ

\]̂ ,[ ぜ ぞ D(?)

ぜ ぞ 405

415  

2-3 1mm

2-4

ぞ 0 けお ぞ General-

purpose computing on graphics processing units2GPGPU3 お ぞ

2simplified Monte Carlo: SMC3 お [48-49]  

 

• CPU.Intel Xeon E5-2650 V3 

• 0.64 GB 

• 0 .NVIDIA Tesla K402 .12 GB3 
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2.3.2.  

けお で 2-1 X SBRT T11

2N0M0 2nonsmall cell lung cancer: NSCLC3 3 で CT

ぜ 4 CT けお

で 1 で

2 で 3

で  

CT 320 ぬ CT 2Aquilion ONE

3 0 0

Real-time Position Management2RPM, Varian Medical 

Systems3 けお RPM お

CT 2-4 0

0

0 ３

CT 0 ３

ぜ CT ぜ

16 ぬ In-room CT2Aquilion LB 3 お

2-1 ぞ Aquilion 
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ONE CT2four-dimensional Computed Tomography: 4D-CT3

10 CT

2 2-53  

 

 2-4  RPM お  

 

 2-5 4D-CT  
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 2-1 けお で  

で   TNM て  
[cm3] 

ぞ 
[mm] 

1 right-lower T1N0M0 16.3 5.1 

2 right-lower T2N0M0 1.8 2.8 

3 right-upper T1N0M0 3.5 2.1 

2.3.3.  

2 3 CT お が ぜ さ

ぞ ぜ

CT っ っ

10 GTV CTV

5 mm 0 CTV が

ぞ X CT お

が X お [50]

range uncertainty

4mm 0 0 2

0 3 さ 0 が ぜ

0 7.5 mm 2 2-63 PTPlan2

3 お ぞ ぞ 60 Gy 2relative 
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biological effectiveness; RBE3 ぜ CT 4 1

ぞ 15 Gy 2RBE3 180° 270° 2

く けお ぞ GPU お

SMC 3 で

2-2 ぞ [40, 51]  

 

 2-6 0  
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 2-2 OAR ぞ  

 ぞ  

CTV 99% ぞ2D99%3 ぞ260 Gy2RBE33 95 %  

 ぞ2Dmax3 45 Gy2RBE3  

 
20 Gy2RBE3 ぞ 2V20Gy3 359  

ぞ2Dmean3 20 Gy2RBE3  

 40 Gy2RBE3 ぞ 2V40Gy3 309  

 

50 Gy2RBE3 ぞ 2V50Gy3 509  

70 Gy2RBE3 ぞ 2V70Gy3 409  

ぞ2Dmax3 80 Gy2RBE3  

 

2.3.4. ぜ ぞ  

けお CT （ ぜ

CT お 2ば ） 3

4 5 4 5 2

2 2-73 ぜ

ぜ CT

が ぜ けお
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X ぜ

けお

CT 2 ぞ2 ぞ3

お SMC ぞ 4

± ぜ CT

げ ぜ CT

お ぞ 2

3  

お 3 ぜ

ぞ ぞ 2 2-83 ぞ

2 ぞ 0 ぞ 3 OAR2 3 DVH

ぞ お CTV っ お ぞ 0 CTV 

D959 けお ぞ D59 D959 けお CTV D95%

ぞ 2 ぞ 03 そ

CTV D59-D959 ぞ

OAR ぞ2Dmax3 GTV 20 Gy2RBE3

ぞ 2V20Gy3 Dmax V20Gy
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OAR ぞ  

 

 2-7  

CT 2Window Level: WL3 ３2Window width: WW3
せ

ぞ お ぞ  
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 2-8 ぞ 3  

さ 2Original plan: OP3 けお ぞ
ぞ 2Bone registration: BR3 ぞ

2Tumor registration: TR3 ぞ 2Range 
optimization for target: RO-T3 ぞ お  

2.4.  

ぞ 2-3 3 で 4

CT 261SD3 3.661.7 mm20.015.7 mm3

こ

げ ぞ

2-4 ぞ -5.0 mm

+3.5 mm  

ぞ ぞ

3 ぜ ぞ ぞ

で 2 4 ぞ 2-9

CTV D959 -12.7Gy2RBE3 -
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5.9Gy2RBE3 げ -1.7 Gy

2RBE3

0 ぞ

CTV

ぞ 90% ぞ 0  

ぞ 3 ぜ ぞ

ぞ 2-10 ぜ 4 261SD3

CTV D959 -3.764.1 Gy2RBE3 CTV D59-

D959 3.663.9 Gy2RBE3

CTV D959 CTV D59-D959 CTV D959 -2.062.3 

Gy2RBE3 CTV D59-D959 1.962.2 Gy2RBE3

げ ぞ

-1.061.3 Gy2RBE3 0.961.0 Gy 

2RBE3 OAR V20Gy -

0.560.99 -0.660.89 0.060.69

Dmax 0.262.4 Gy2RBE3 -0.263.3 Gy

2RBE3 -1.163.0 Gy2RBE3 OAR ぞ

ぞ ぞ
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ぞ けお Dmax

ぞ

OAR ぞ

で ぞ 0 ぞ

ぞ ぞ  

で 1 で 3 げ

ぞ ２ で 2 げ

ぞ CTV ぞた ぞ

２  

 2-3 ぞ  

で
 

CT1 
[mm] 

CT2 
[mm] 

CT3 
[mm] 

CT4 
[mm] 

1 4.12 4.47 1.73 4.12 

2 4.12 5.39 5.92 5.39 

3 2.00 2.45 2.00 0.00 
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 2-4 ぞ 

で
 

 
[deg.] 

 
 

[mm] 

ぞ 
[mm] 

CT1 CT2 CT3 CT4 

1 
180 28.5 -2.5 1.5 -1.5 -0.5 

270 5.5 0.0 0.0 -5.0 -6.0 

2 
180 32.5 -1.0 -5.0 -2.0 -2.0 

270 31.0 -1.0 2.0 -4.0 -6.5 

3 
180 17.5 2.5 3.5 3.0 0.5 

270 23.0 0.5 2.0 3.0 3.0 
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 2-9 ぞ で2[52] お3 

Original plan Bone registration Tumor registration Range adaptive 
plan

CT CTV ぞ
ぞ 90%  
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 2-10 3 ぜ ぞ ぞ  

ぜ 4 261SD3 で 2 0 Gy
ぞ 7 7 +

ぞ
ぞ  
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2.5.  

けお

げ お ば ）

2-3

ぜ

ぞ 0

ぜ

か が ぜ ．

ぞ

ぞ

ぞ ぞ ご

う 0 １ お  

3 で ぞ

ぞ

3 で 1 で げ

ぞ CTV ぞた ぞた
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ぜ ぞ
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ART げ
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ぞ 5 ず

CT お ね

2 ず

SMC ぞ 2 2908 27083 15

ず ぞ けお

2 ぞ

ART けお

 

2.6. ひ 

CT お 3D-IGPT
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げ

OAR ぞ で
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3.1.  

， 2 CT お 3D-IGPT

で お

2-4 ぞ

けお で げ

OAR ぞ か けお

で OAR けお で

SBRT で

こ さ

2Range optimization for target: RO-T3 OAR ぞ

 

  



 61 

3.2.  

OAR ぞ

ぞ

2Range optimization for target and OARs: RO-TO3

OAR2 3 で CT

けお RO-TO お  

3.3.  

3.3.1.  

ぜ が ぜ

で CT ぜ CT お

で で2 18 mm

3 そ

お 2 3-13 CT Aquilion 

ONE ぜ 4 ぜ CT 2 7

3 が ぜ In-room CT Aquilion LB  

CT お が ぜ さ っ

10 GTV CTV
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2 mm 0

0 OAR

4.5 mm 2 3-23 PTPlan お

ぞ 60 Gy2RBE3 30 ぞ 2 3

6 2 0° 30° 150° 160° 200° 330°3

く けお ぞ GPU

SMC ぞ 3-1

ぞ OAR ぞ [53-55]  

 

 3-1 けお で  

0 0 CT
0 ぜ CT  
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 3-2 0  

 

 3-1 ぞ OAR ぞ  

 ぞ ぞ  

CTV 60 Gy2RBE3 30 21 2 Gy2RBE33 

 18 Gy2RBE3 ぞ 2V18Gy3 159  

 
45 Gy2RBE3 ぞ 2V45Gy3 159  

ぞ2Dmax3 54 Gy2RBE3  

 
45 Gy2RBE3 ぞ 2V45Gy3 159  

ぞ2Dmax3 54 Gy2RBE3  

 ぞ2Dmax3 45 Gy2RBE3  
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3.3.2.  

RO-TO 42.3.1. 5 RO-T 2 2-43 OAR

OAR ぞ  

h`i50i#`!a,Q) = h`i50#`!a,Q) + 6 jix`⁄ + ("y − "zU%)
4 ∙ 9("y − "zU%)

jix`

y∈ix`

(3-1) 

u{|} OAR っ E~ っ ぜ ぞ

ぞ E�KG っ え ぞ

っ ぞ けお OAR Dmax 〜

Dmax ぞ  

RO-T 2-3 1mm

3-1

6 し 3-3 3-1

6 ％さ

3-1

ず  
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 3-3 し 2[56] お 3 

3-1 Ä}{5Å{#\]a,Q)

a20 ２ 3 2Field3 Q21 Filed
3 f = 0 2-3

1st iteration \]_,[ ± 1	mm 2Ä}{5Å{3 2\]3
1st iteration \]_,[61 mm \]_,[

２ ず 2g = 1,43 2g = 2,3,5,63
2nd iteration \]Ü,[2=\]_,[ ± 2	mm3 g = 2,5,6

Ä}{5Å{#\]Ü,Q) Ä}{5Å{#\]á,Q) で
2g = 33 ２
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3.3.3. ぜ ぞ  

， 2 けお ぞ 〜

2RO-T3 OAR す

RO-TO 4 7 ぜ CT

ぞ ぜ MIM 

Maestro®2MIM Software 3 づ ぞ  

4 づ ぞ し 3-4 7

ぜ CT 2CTV3 OAR っ

ぜ CT

ぞ

ぞ 0

2 0 0

3 ぞ ぞ

お

げ けお 〜 RO-T

RO-TO お

ぞ RO-T RO-

TO 2 ぞ
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RO-T RO-TO 4 7 ぞ MIM 

Maestro2MIM Software 3 1 づ ぞ

 

RO-TO お

RO-T RO-TO 4 ぞ ぞ

っ ぞ けお CTV ぞ 0 D95% ぞ

D59-D959 お OAR 2 cc

ぞ D2cc ぞ

ぞ2Dmean3  
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 3-4 ぜ CT お ぞ し 2[56] お3 
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3.4.  

で

こ 7 ぜ CT こ

2±1SD3 3.361.4 mm 2 3-23

げ

ぞ 3-3 ぞ RO-TO RO-T

2RO-T.-11.763.3 mm RO-TO.-4.164.7 mm3  

ぞ 4 ぜ ぞ

3-5 ぞ ぞ

CTV ぞた 2> 54 Gy2RBE33 RO-T RO-TO

ぞ ぞた RO-T OAR2

3 ぞた  

3-6 づ ぞ CTV OAR DVH

っ ぞ ぞ 3-7

ぞ ぞ お ぞ げ

RO-T RO-TO ぞ 02

.CTV D95% = -5.5 Gy2RBE3 .CTV D95% = -5.6 Gy2RBE3 RO-

T.CTV D95% = +3.7 Gy2RBE3 RO-TO.CTV D95% = -2.6 Gy2RBE33 ぞ
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2 .CTV D5%-D95% = -5.1 Gy2RBE3 .CTV D5%-D95% = 

-5.1 Gy2RBE3 RO-T.CTV D5%-D95% = -4.8 Gy2RBE3 RO-TO.CTV D5%-

D95% = +1.7 Gy2RBE33 RO-T

D2cc Dmean 3-1 ぞ

D2cc RO-TO

OAR ぞ き  

6 261SD3

RO-T RO-TO 61.3621.4 27.169.2 RO-TO

RO-T ２ 261SD3

RO-TO ２ 212.062.5 3 RO-T ２ 221.962.8 3

2 3-43  
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 3-2 ぞ  

CT No. 
 [mm]  [mm]  

[mm]  °    °   
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 3-3 ぞ 

CT No. 
RO-T [mm] 

Filed 1 Field 2 Field 3 Field 4 Field 5 Field 6 

1 -8.0 -10.5 -17.0 -16.0 -9.5 -11.0 

2 -11.5 -11.5 -14.0 -15.5 -9.0 -11.0 

3 -14.0 -11.5 -21.0 -14.0 -8.5 -11.0 

4 -13.5 -11.0 -22.0 -8.0 -8.0 -11.0 

5 -14.5 -10.0 -12.0 -5.5 -12.5 -11.0 

6 -11.5 -5.5 -13.5 -12.0 -12.5 -11.0 

7 -10.5 -12.5 -12.0 -9.0 -8.5 -8.5 

CT No. 
RO-TO [mm] 

Filed 1 Field 2 Field 3 Field 4 Field 5 Field 6 

1 -2.0 -6.0 -13.5 -6.0 -2.0 -4.0 

2 -5.5 -6.5 -10.0 0.5 0.5 0.0 

3 -13.0 -6.0 -17.0 -3.5 -4.0 -4.5 

4 -8.5 -7.0 -18.0 -2.5 0.5 -4.5 

5 -3.5 -1.5 -8.0 -1.0 -3.0 -7.0 

6 -2.5 0.0 1.5 -1.5 2.0 -3.0 

7 -2.5 1.0 -4.0 -1.0 1.0 2.0 
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 3-5 ぞ 4 ぜ づ ぞ

2[56] お3 

Original BR TR
RO-T ぞ 2TR with the RO-T3

RO-TO けお ぞ 2TR with the RO-
TO3  
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 3-6 4 ぜ DVH2[56] お3 
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 3-7 ぞ ぞ 2[56] お3 
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 3-4 2 ２  

CT No. 
２  [ ]  [ ]  

RO-T RO-TO RO-T RO-TO 

1 25 17 57.9 28.1 

2 26 9 112.4 46.5 

3 19 11 49.6 22.4 

4 20 11 49.6 17.4 

5 22 12 53.7 22.5 

6 23 14 60.7 32.7 

7 18 10 45.4 20.2 
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3.5.  

， 2 NSCLC OAR ぞ

さ で

ぞ OAR

OAR た で

RO-T ぞ

OAR ぞ RO-TO

ぞ OAR ぞ ぞ 0

ぞ ２ RO-T RO-TO

3-1

ぜ 10 mm 3

20° 30° 330°3 RO-T 2-4

OAR ぞ ぞ 0 ぞ

けお で

OAR ぞ す

RO-TO RO-T RO-TO けお
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で ° さ OAR

お  

， 2

けお RO-T ３ 2

2 ２ 261SD3

2.7±2.0 RO-T 20

RO-TO 10 ２

（

２ ２

3 ２ RO-T RO-TO 8 4

． ぬ

 

RO-TO RO-T

で OAR

3-X ぞ RO-

T ぜ ぞ

ぞ 0 RO-

T  
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3.6. ひ 

OAR ぞ ぞ

2RO-TO3 RO-TO お

OAR2 3 で

RO-TO OAR ぞ ぞ

さ ° か OAR

お

ART か ぬ

．  
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， 2 2NSCLC3

けお ぞ ぎ

ぞ

ぞ OAR ぞ CT 3D-IGRT

ART
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げ  

， 3 す OAR

2RO-TO3 で

で OAR ぜ

で で RO-TO お

さ ° OAR

ぜ お  

．

． けお

けお が
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