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Monte Carlo
Probability Density Function

expresses the relative likelihood that a variable will
have a certain value
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Electromagnetic energy loss of protons

Distal distribution
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Nuclear interactions of protons
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® Detailed (analogue) simulation

@ All interaction events are simulated in chronological succession:

vacuum | mat. A \ mat. B

s <p(s) = exp(-s/h)
. 8« p(l. 0

® The method is nominally exact (for energies higher than ~ 1 keV)
® Feasible only for photons and low-energy electrons and positrons
0800 09 ® High-energy electrons and positrons are more difficult...
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Condensed history algorithms

group many charged particles track segments into one
single ‘condensed’ step

e elastic scattering on nucleus © ‘hard’ 0-ray production
multiple Coulomb energy >
scattering * ‘hard’ bremstrahlung

* soft inelastic collisions emission
collision stopping energy >
power * etc
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Monte Carlo applications to proton
radiation therapy

> Detector simulation

» Treatment head design
» Shielding

»> Quality assurance

> Patient dose calculations

Treatment head simulation
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Treatment head essentials
(Example: Francis H Burr Proton Therapy Center)

Range Modulator
Wheels

1st Scatterers

2nd Scatterers

- Aperture, Compensator Scanning Magnets
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Treatment head details
(Example: Francis H Burr Proton Therapy Center)

=k Data EventURL: [From XML File C:\Docume
=H| Detector Geometry([0]
I—l:l Detector Geometry[0]
;]- Detector Geometry[0] SubTypes
EF|I0NC1_Box_Phys(0]
=k 1 IFS_Box_Phys[0]
V|| FS_Box_Phys[0]
+HwI FS_AI_Phys[0]
= RMW_Box_Phys[0]
|| RMyW_Box_Phys[0]
:j- RMYY_Box_Phys[0] SubType
_-'r_]-lj RMW1_Al_Phys[0]
_-_b_]-le RMW2_Al_Phys[0]
HHT RMW3_AI_Phys(0]
=\ MAG1_Box_Phys(0]
Eivac1_Box_physio]
=kl MA_G1_BUX_Ph3rs[O] SuhType
V| MAG1_CP1_Phys[0]
V| MAG1_CP2_Phys[0]
V| MAG1_CP3_Phys[0]
V| MAG1_CP4_Phys[0]
+RVI MAG1T_ST_Phys[0]
~H | MAG2_Box_Phys(0]
Eivacz2_Box_Physio]
+Evl MAG2_Box_Phys[0] SubType
+H™|S55_Box_Phys[0]
|1 XRAY_Box_Phys[0]
;_Hj MJAW_Box_Phys[0]
;-_Hj YJAW_Box_Phys[0]
+H|10NC2_Box_Phys[0]
|_1|FM_Box_Phys[0]
—k7 SNOUTH_Box_Phys(0]
| 1| SNOUTH_Box_Phys[0]

H @ G s D G 1 I I ;l- Ei\JOUTH_AL_Phys[U]

Monte Carlo model of the nozzle (~1000 objects)




Monte Carlo model
of the nozzle at the
FHBPTC
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Monte Carlo model

of the nozzle at the
FHBPTC
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4D Monte Carlo: Geometry changes during the simulation
via C++ class architecture




Range Modulator Wheel Issues
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Aperture and Compensator

Monte Carlo simulation based on milling machine files
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Scanning Magnet simulation
(can be modeled “geometrically”)
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Parameters to characterize the beam
at treatment head entrance

1. Beam size and spread (IC measurement)
2. Beam angular spread (manufacturer info)
3. Beam energy (range!) (control system)

4. Beam energy spread (manufacturer info,
measured)

7 Are these parameters correlated ?
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of the Monte Carlo
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Example: Quality Assurance / Tolerance Studies

Alignment of second scatterer

100

80

60

40 A

20 A

second scatterer aligned

0 T
0 20 40 60 80 100 120

Depth [mm] Lateral distance to isocenter [mm]

80 -

60 -

40

20 A

second scatterer tilted by 5°
Alﬁglii ’ 0 20 40 60 80 100 120
l?}? Depth [mm] Lateral distance to isocenter [mm]




Dcal CG_)/
Output — Factor — WU

lic

Volume for absolute dosimetry




Absolute dosimetry (output factor prediction)
by simulating the 1onization chamber output charge

112 cm < SOBP, < 15 cm [ “ 120 cm <s0BP, <24 cm
Q
S
o

0.1 1 10
(SOBP, - SOBP, ) / SOBP

0.1 1 10
(SOBP, - SOBP, ) / SOBP,_
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CT conversion

Hounsfield Wnits (HU)

1000 1500 2000 2500 3000
HU

Photon Analyt. Planning System
HU versus rel. electron density
— Dose-to-water
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— HU conversion —

Material
composition weights [%]

Group HU range Density

[g/cm3]

Density
correction

(center of HU bin) H C N O Na MgP S ClI Ar K Ca Ti
[;-951] 0.0270 1.051 75.523.2 1.3
[-950;-121] 0.4800 0.977 10.3 105 3.1 749 0.2 02 03 03 0.2
[-120;-83 ] 0.9264 0.948 11.6 68.1 0.2 19.8 0.1 0.1 0.1
[-82;-53] 0.9577 0.958 11.3 567 09 30.8 0.1 0.1 0.1
[-52;-23] 0.9845 0.968 11.0 458 1.5 41.1 0.1 0.1 02 02
[22:7] 1.0113 0.976 10.8 356 22 509 0.1 02 02
[8;18] 1.0296 0.983 10.6 284 2.6 57.8 0.1 02 0.2 0.1
[19;79] 1.0609 0.993 10.3 134 3.0 723 0.2 02 02 02 0.2
[80;119] 1.1199 0.971 94 207 62 622 0.6 0.6 0.3
[120;199 ] 1.1117 1.002 95 455 25 355 0.1 2.1 0.1 0.1 0.1 4.5
[200;299 ] 1.1650 1.005 89 423 2.7 363 0.1 3.0 0.1 0.1 0.1 6.4
[300;399] 1.2244 1.010 82 391 29 372 0.1 39 0.1 0.1 0.1 8.3
[ 400 ;499 ] 1.2834 1.014 76 36.1 3.0 380 0.1 0.1 47 02 0.1 0.1
[500 ;599 ] 1.3426 1.018 7.1 335 32 387 0.1 0.1 54 02 11.7
[ 600 ;699 ] 1.4018 1.021 6.6 310 33 39401 0.1 6.1 02 13.2
[ 700 ;799 ] 1.4610 1.025 6.1 287 35 400 0.1 0.1 6.7 0.2 14.6
[800; 899 ] 1.5202 1.030 56 265 3.6 40501 02 73 03 15.9
[900 ;999 ] 1.5794 1.033 52 246 3.7 411 01 02 7.8 03 17.0
[ 1000 ;1099 ] 1.6386 1.035 49 227 38 41.6 0.1 02 83 03 18.1
[1100; 1199 ] 1.6978 1.038 45 21.0 39 42001 02 88 03 19.2
[1200; 1299 ] 1.7570 1.041 42 194 40 42501 02 92 03 20.1
[ 1300; 1399 ] 1.8162 1.043 39 179 41 429 0.1 02 9.6 03 21.0
[ 1400 ; 1499 ] 1.8754 1.046 36 165 42 432 0.1 02 10003 21.9
[ 1500 ; 1599 ] 1.9346 1.048 34 155 42 435 0.1 02 10303 22.5
[1600;1999]  2.0826 1.042 34 155 42 435 0.1 02 10303 22.5
[2000;3060]  2.4655 1.049 34 155 42 435 0.1 02 10303 22.5
[3061 ;] 4.5400 1.000 100.0

amz ° 27 HU groups with unique element composition

A ¢ 4000 densities



Patient information
Example:

CT scan:
134 CT slices, 512 x 512 voxels/slice

0.488 mm x 0.488 mm x 1.25/2.5 mm

Challenge 1:
- Memory Consumption
Challenge 2:
- Speed (many boundary crossings)
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Treatment

Patient Planning

Database

Treatment
Control
System

Treatment Head Patient
Geometry Geometry

Patient
Setup

Dose Calculation

POSitiOIl XYZ Monte Carlo
80000 Rotation
S c
g’f PltCh Dose Cube 1 Dose Cube 2

CT grid Planning Grid

Roll
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GUI program

X Drr App 2.0b
File | Clinics
N Monte Carlo

Reset

Quit

X Drr App 200

=0l

Number of slices| 134

[xmin, xmax]| -101.6, 104.3
[¥min, ymax]| -90.6, 161.9
[ZzZmin, Zmax]| -113.3, 125.6
Patient Treatment Orient | Head In
ACTIVE | ON

AIR GAP | 2.0

APERTURE ID | ASV2CTV
APERTURE Iso Dist | 21.87
APERTURE STATE | FROZEN
BEAM TYPE | PROTON

BEAM WEIGHT | 1638.00 e
COLLIMATOR ANGLE | -0

COMP BLK ID | NONE

COUCH ANGLE | 270 .

"AFROZEN DATE | 2003-09-30 19:52:27
GANTRY ANGLE | 65 5
ISOCENTER | -16.400, 25.000, 48.600
MACHINE ID | NPTCclinical

4MLC EXISTS | No

MODULATION | 12.340 e

|RANGE | 19.200 o

RANGE COMP ID | ASV2CTV

SAD | 227.00

SNOUT ID | 124

SOURCE SURFACE DIST | 218.1

STATE | FROZEN

TRACK OPTION | A6

[NFTC]

Dir | space:/diskarray/stripe?/praton_data/patient—J




Example 1

Case 1:

Para-spinal tumor

176 x 147 x 126 slices

voxels: 0.932 x 0.932 x 2.5-3.75 mm>
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1 Gy(RBE)
3 Gy(RBE)
5 Gy(RBE)
B 7 Gy(RBE)
9 Gy(RBE)
11 Gy(RBE)

13 Gy(RBE)
15 Gy(RBE)
17 Gy(RBE)
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Monte Carlo Pencil Beam

-4 Gy(RBE)
-3 Gy(RBE)
-2 Gy(RBE)
-1 Gy(RBE)

10 Gy(RBE) D
ose-to-water
20 Gy(RBE) Penumbra

30 Gy(RBE) Dose-to-tissue

M 35 Gy(RBE) :
40 Gy(RBE) Dose homogeneity

42 Gy(RBE)
44 Gy(RBE)
520008

NF 46 Gy(RBE)
= 48 Gy(RBE)




Example 2

Case 2:

Maxillary sinus

121x121x101 slices

voxels: 0.656 x 0.656 x 1.25-3.75 mm?
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Monte Carlo
Pencil Beam

2 Gy(RBE)
6 GV(RBE)
RBE)
RRBE)
PBE)
PBE)

WF)
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Monte Carlo Pencil Beam

10 Gy(RBE)

20 Gy(RBE)

30 Gy(RBE)
M 40 Gy(RBE)

50 Gy(RBE)

60 Gy(RBE)

65 Gy(RBE) |

70 Gy(RBE) ..

-8 Gy(RBE)

-6 Gy(RBE)

-4 Gy(RBE)

-2 Gy(RBE)

%% M +2 Gy(RBE)
: +4 Gy(RBE)
+6 Gy(RBE)

+8 Gy(RBE
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Conclusion

Monte Carlo simulations of the treatment head are useful for
Treatment head design
Quality assurance
Absolute dosimetry
Monte Carlo dose calculation can benchmark analytical methods
Monte Carlo is already fast enough for dose re-calculation
Monte Carlo is not (yet) fast enough for treatment planning
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