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Krakow	proton	beam	 
therapy	centre,	Poland

• IBA	Proteus	C-235	
• Clinical	operaEon	from	Oct	2016	
• 2x	Gantry	(~200	H&N	paEents	treated)	
• Eye	treatment	room	
• Experimental	hall

Eclipse TPS v.13.6
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FRED,	GPU-accelerated	 
Monte	Carlo	code
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Krakow	proton	beam	 
therapy	centre,	Poland

+

• IBA	Proteus	C-235	
• Clinical	operaEon	from	Oct	2016	
• 2x	Gantry	(~200	H&N	paEents	treated)	
• Eye	treatment	room	
• Experimental	hall

• In-house	developed	at	Sapienza	University	of	Rome	
• Condensed	history	for	conEnuous	processes	  
(dE/dx,	MCS,	energy	loss	fluctuaEons)	

• Single	steps	for	nuclear	events	
• Accelera?on	x1000	(tracking	rate	10^6	p+/s):		

• x10	-	physics	processes	mainly	contribuEng	to	
the	proton	dose	deposiEon			

• x100	-	parallelisaEon	on	GPU.

Eclipse TPS v.13.6

[Schiavi et al. 2017, PMB]
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FRED,	GPU-accelerated	 
Monte	Carlo	code
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[Schiavi et al. 2017, PMB]
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TPS Dose MC Dose 

Measured β+ activity MC β+ activity 

Workflow 

TPS Dose 

Treatment 

PET 

Measured 
β+ activity 

MC Dose 

MC 
β+ activity 

Bauer et al., Rad. Onc. 2013  
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Clinical  
diagnosis

Computed 
tomography

Treatment
planning

Treatment plan 
verification

Treatment
20-35 fraction

Beam model
(commissioning)

CT calibration
(HU → RPSP)

Independent MC  
dose computation

MC based PET  
activity  prediction

TPS Dose MC Dose 

Measured β+ activity MC β+ activity 

Workflow 

TPS Dose 

Treatment 

PET 

Measured 
β+ activity 

MC Dose 

MC 
β+ activity 

Bauer et al., Rad. Onc. 2013  

TPS Dose MC Dose 

Measured β+ activity MC β+ activity 

Workflow 

TPS Dose 

Treatment 

PET 

Measured 
β+ activity 

MC Dose 

MC 
β+ activity 

Bauer et al., Rad. Onc. 2013  

Dose measurements

Time consuming process
TPS Dose MC Dose 

Measured β+ activity MC β+ activity 

Workflow 

TPS Dose 

Treatment 

PET 

Measured 
β+ activity 

MC Dose 

MC 
β+ activity 

Bauer et al., Rad. Onc. 2013  

Plastic scintillator

Silicon 

photomultiplier

Integrated on-board  
front-end electronics

Treatment room of Krakow  
Proton Beam Therapy Centre

β+ activity measurements

Proton	therapy	treatment
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Automated	implementaEon	 
of	the	beam	model	phase	space	library 

	in	FRED
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Phase space library characterisation:Input:

Step 1: Fitting emittance parameters  
(εx, αx, βx, εy, αy, βy)

Step 2: Optimization of the beam energy (E) 
and energy spread (Eσ)

Step 3: Estimation of the the dosimetric 
calibration factor (SFMU)

GPUau
to

m
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(in 10 MeV steps)

(in 10 MeV steps)
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Phase space library characterisation:Input:

Phase space library 
nine parameters:  
εx, αx, βx, εy, αy, βy, 

E, Eσ, SFMU

Output:

Step 1: Fitting emittance parameters  
(εx, αx, βx, εy, αy, βy)

Step 2: Optimization of the beam energy (E) 
and energy spread (Eσ)

Step 3: Estimation of the the dosimetric 
calibration factor (SFMU)

GPUau
to

m
at

ed

(in 10 MeV steps)

(in 10 MeV steps)
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Beam	model	phase	space	library	in	FRED
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Beam	model	phase	space	library	in	FRED
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What	about	the	secondary	sigma?  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FRED central cross-section
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What	about	the	secondary	sigma?  

 15

MiniPix TimePix  
from Advacam

+

Water phantom 
+ 

Submarine

Sensor Thickness: 300 μm for Si 
Sensitive Area: 14 mm x 14 mm 
Number of Pixels: 256 x 256 
Pixel Pitch: 55 μm 
Readout Speed: 45 frames/s 
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Proton	beam	characterisaEon	in	water
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Proton	beam	characterisaEon	in	water
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Range shifter

p+, 1nA, clinical mode, 150 MeV

no Range shifter
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Range shifter

p+, 1nA, clinical mode, 150 MeV

no Range shifter
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Pixel detectors Timepix

24.07.2019 !19Cristina Oancea| 5th Annual LLU Workshop July 2019 | Loma Linda USA

H

A

E

Pixel cluster analysis

Events	display:	Mixed	Field

Cluster parameters: 
▪ Height [keV], H 
▪ Area [px], A 
▪ Energy [keV/px], E
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All events 

Events A

Events B

All data no filters

Height filter 200 to 650 keV  
for the 1st  peak

Height filter 800 to 1100 keV  
for the 2nd   peak

dir 31 
Close to the proton beam spot 
Minipix Timepix 300µm Si sensor

▪ Detector placed close to the 
proton beam spot 

▪ Dir 31  
▪ 1 frame 
▪ 256x256 pixels, 14 mm x 14 mm 
▪ Per-Pixel energy deposited 
▪ Mixed field 

2D visualization of Cluster Energy

protons

Highly 
energetic 
charged 
particles
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Spatial distribution of Event counts
All	events	 Events	A Events	B

Close	to	the	proton	beam	spot	
Minipix	Timepix	300µm Si sensor
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H OK clusters

A B

Cluster Energy distribution



Spatial distribution of events Energy (deposited)
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All events 

Events A

Events B

All data no filters

Height filter 1 to 11 kev  
for the 1st  peak

Height filter 12 to 200 kev  
for the 2nd  peak

Far from the proton beam spot 
Minipix Timepix 300µm Si sensor

▪ Detector placed far from the 
proton beam spot 

▪ Dir 35 
▪ Minipix Timepix Si sensor, 300 µm   

▪ 4 frame 
▪ 256x256 pixels, 14 mm x 14 mm 
▪ Per-Pixel energy deposited 
▪ Mixed field 

2D visualization of Cluster Energy

Secondary  
particles

protons
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Spatial distribution of Event counts

25.07.2019 !24
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Cluster Energy distribution Cluster Energy distribution
Cluster Energy distribution

H all clusters 
H OK clusters
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Far from the proton beam spot 
Minipix Timepix 300µm Si sensor



Spatial distribution of Event Energy (deposited)
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Events	AAll	events	 Events	B
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Cluster Energy distribution

H all clusters 
H OK clusters
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H OK clusters

H all clusters 
H OK clusters

Far from the p beam spot 
Minipix Timepix 300µm Si
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Facility 
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measurements 

Phase space library characterisation:Input:

Phase space library 
nine parameters:  
εx, αx, βx, εy, αy, βy, 

E, Eσ, SFMU

Treatment 
plans 

Input:

Output:

Measurements 

Step 1: Fitting emittance parameters  
(εx, αx, βx, εy, αy, βy)

Step 2: Optimization of the beam energy (E) 
and energy spread (Eσ)

Step 3: Estimation of the the dosimetric 
calibration factor (SFMU)

GPUau
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(in 10 MeV steps)

patients & QA

patients & QA

(in 10 MeV steps)
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Phase space library characterisation:Input:

Phase space library 
nine parameters:  
εx, αx, βx, εy, αy, βy, 

E, Eσ, SFMU

Treatment 
plans 

Input:

Import of the treatment plan accounting for 
phase space parametrization. Interpolation.

Conversion and calculation  
of treatment plans:

Output:

Calculation of Monte Carlo simulations
Measurements 

Step 1: Fitting emittance parameters  
(εx, αx, βx, εy, αy, βy)

Step 2: Optimization of the beam energy (E) 
and energy spread (Eσ)

Step 3: Estimation of the the dosimetric 
calibration factor (SFMU)

GPUau
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(in 10 MeV steps)

patients & QA
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(in 10 MeV steps)

GPU
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Facility 
commissioning 
measurements 

Phase space library characterisation:Input:

Output:

Phase space library 
nine parameters:  
εx, αx, βx, εy, αy, βy, 

E, Eσ, SFMU

Treatment 
plans 

Input:

Import of the treatment plan accounting for 
phase space parametrization. Interpolation.

Conversion and calculation  
of treatment plans:

 Validation: 
Comparison of 

measurements and 
simulations

Output:

Calculation of Monte Carlo simulations
Measurements 

Step 1: Fitting emittance parameters  
(εx, αx, βx, εy, αy, βy)

Step 2: Optimization of the beam energy (E) 
and energy spread (Eσ)

Step 3: Estimation of the the dosimetric 
calibration factor (SFMU)

GPUau
to

m
at

ed

(in 10 MeV steps)

patients & QA

patients & QA

(in 10 MeV steps)

GPU
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Phase	space	validaEon	in	water

FRED vs Measurements: <2%  
TPS vs Measurements: <4%
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182	simulated	and	measured	layers	  
of	verifica?on	plans	in	water

<GI	pass	rate>	(2mm/2%	criteria)	=	96.3(3.3)%

 30
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CT calibration
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CIRS phantom

Mono-energetic p+ field: 150 MeV, 10x10cm2

Phase	space	validaEon	in	heterogenous	phantom

CT
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CIRS phantom

range
shifter

Mono-energetic p+ field: 150 MeV, 10x10cm2

Phase	space	validaEon	in	heterogenous	phantom

CT
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Measurement
MatriXX

Phase	space	validaEon	in	heterogenous	phantom

Mono-energetic p+ field: 150 MeV, 10x10cm2
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GI=97.8%

Measurement TPS calculation
MatriXX ECLIPSE v13.6

MatriXX vs TPS

Mono-energetic p+ field: 150 MeV, 10x10cm2

GI 3D 2%/2mm

Phase	space	validaEon	in	heterogenous	phantom

Gamma Index tools: https://pymedphys.com
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Phase	space	validaEon	in	heterogenous	phantom

GI=97.8% GI=99.9%

Measurement TPS calculation FRED calculation
MatriXX ECLIPSE v13.6 FRED

MatriXX vs TPS MatriXX vs FRED
GI 3D 2%/2mm GI 3D 2%/2mm

Gamma Index tools: https://pymedphys.com 10^5 p+/spot , total sim. time 2’
Mono-energetic p+ field: 150 MeV, 10x10cm2
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Measurement TPS calculation FRED calculation
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Phase	space	validaEon	in	heterogenous	phantom

Gamma Index tools: https://pymedphys.com

Mono-energetic p+ field: 150 MeV, 10x10cm2
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Dbio = Dphys ⋅RBE

Photons 
TCP/NTCP

Protons 
TCP/NTCP Physical Biological

range uncertainties

(D, LET, α/β)
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LET validation: FRED vs TOPAS
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FRED for independent dose calculation  
and treatment planing studies

Radiobiological dose  
FRED RBE=1.1

Radiobiological dose  
TPS RBE=1.1

TPSRBE=1.1 vs FREDRBE=1.1
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FRED for independent dose calculation  
and treatment planing studies

Radiobiological dose  
TPS RBE=1.1

Eclipse v.13.6

Radiobiological dose  
FRED variable RBE

Carabe
TPSRBE=1.1 vs FREDRBE(Carabe)
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LET and RBE distributions for 
variable RBE dose calculations
LET distribution RBE distribution
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FRED for independent dose calculation  
and treatment planing studies

Radiobiological dose  
TPS RBE=1.1

Eclipse v.13.6

Radiobiological dose  
FRED variable RBE

Carabe
PTV

Brain stem
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Treatment planing studies
• PTV	Dmean	up	to	~8%	higher	that	prescribed	dose	

• OAR	(brain	stem)	D02	up	to	~5	Gy(RBE)	  
higher	than	calculated	in	TPS	

• The	mean	?me	to	recalculate	  
a	single	treatment	plan	was	3.7	min	

• 10^5	p/beam	
• 1.2×10^9	p/plan	
• 5.6×10^6	p/s	
• voxel	size:	0.7	mm	x	0.7	mm	x	1.2	mm.
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PTV RBE=1.1 Carabe RBE

Dmean 100.1% 
(0.0%)

107.9% 
(0.8%)

Brain stem RBE=1.1  
[Gy(RBE)]

Carabe RBE 
[Gy(RBE)]

D02
50.8 
(1.8)

55.6 
(2.1)

10	Head&Neck	pa?ents	treated	in	Krakow
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TPS Dose MC Dose 

Measured β+ activity MC β+ activity 

Workflow 

TPS Dose 

Treatment 

PET 

Measured 
β+ activity 

MC Dose 

MC 
β+ activity 

Bauer et al., Rad. Onc. 2013  
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Clinical  
diagnosis

Computed 
tomography

Treatment
planning

Treatment plan 
verification

Treatment
20-35 fraction

Beam model
(commissioning)

CT calibration
(HU → RPSP)

Independent MC  
dose computation

MC based PET  
activity  prediction

TPS Dose MC Dose 

Measured β+ activity MC β+ activity 

Workflow 

TPS Dose 

Treatment 

PET 

Measured 
β+ activity 

MC Dose 

MC 
β+ activity 

Bauer et al., Rad. Onc. 2013  
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Measured β+ activity MC β+ activity 

Workflow 
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PET 
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MC 
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Bauer et al., Rad. Onc. 2013  

Dose measurements

Time consuming process
TPS Dose MC Dose 

Measured β+ activity MC β+ activity 

Workflow 

TPS Dose 

Treatment 

PET 

Measured 
β+ activity 

MC Dose 

MC 
β+ activity 

Bauer et al., Rad. Onc. 2013  

Plastic scintillator

Silicon 

photomultiplier

Integrated on-board  
front-end electronics

Treatment room of Krakow  
Proton Beam Therapy Centre

β+ activity measurements

Proton	therapy	treatment
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FRED:	New	developments	and	future	applicaEons

• Interfacing	FRED	with	Eclipse	TPS	

• We	are	currently	tesEng	FRED	for	beam	models	 
of	IBA,	Varian,	and	Mevion	faciliEes	

• Scoring	in	mulEple	regions	to	enable	applicaEon	of	range	shiker,	 
dynamic	aperture	or	detector	development	for	range	monitoring	

• FRED	kernel	developments:	implementaEon	of	photon	interacEons	and	nuclear	
models	for	light	and	heavy	ions.	
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FRED	Interface	with	Slicer3D
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FRED:	New	developments	and	future	applicaEons

• PotenEal	clinical	applicaEons	of	GPU-accelerated	MC	code	FRED	are:		

• independent	QA	treatment	plan	recalculaEon,		

• fast,	in-room	dose	re-calculaEon	based	on	daily	CT	images	

• mulE-parameter	plan	opEmizaEon	(robust,	radiobiological,	arc	opEmizaEon).
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Conclusions

• These	results	confirm	excellent	performance	of	the	physics	
models	implemented	in	FRED.		

• FRED	dosimetric	accuracy	enables	its	applicaEon	in	clinical	
rouEne	and	potenEal	improvement	of	paEent	treatment	
with	protons.	
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