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StereotacticStereotactic RadiosurgeryRadiosurgery with Gamma Knifewith Gamma Knife
Stereotactic Stereotactic RadiosurgeryRadiosurgery with with Gamma Gamma KnifeKnife®® is a technique used for is a technique used for 
treating brain disorders of different kind which are often inacctreating brain disorders of different kind which are often inaccessible for essible for 
conventional surgery conventional surgery one single high dose sessionone single high dose session

LeksellLeksell Gamma Gamma KnifeKnife®® C C 
((ElektaElekta))

Installed at the Installed at the ““CannizzaroCannizzaro HospitalHospital””
in in CataniaCatania and already in operation and already in operation 

since 2005since 2005

201 201 6060Co sources are arranged in Co sources are arranged in 
a hemispherea hemisphere

Gamma ray beams converge through a collimator Gamma ray beams converge through a collimator 
system to a common focal point (system to a common focal point (isocentreisocentre) where ) where 

the target volume has to be positionedthe target volume has to be positioned

irradiation of irradiation of 
the targetthe target

sparing healthy sparing healthy 
tissuestissues
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Radiation UnitRadiation Unit

By combining different irradiations (By combining different irradiations (shotsshots) a ) a 
complex target can be coveredcomplex target can be covered

MultiMulti--shots shots complete complete 
treatment!treatment!

Automatic Position System Automatic Position System 
(APS)(APS)

Connected to a stereotactic frame Connected to a stereotactic frame 
fixed to the patientfixed to the patient’’s heads head

(precise localization of the target (precise localization of the target 
volume)volume)

APSAPS
Stereotactic frameStereotactic frame

Mobile collimators (helmet)Mobile collimators (helmet)

18  14  8   4 (mm)
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LeksellLeksell GammaPlanGammaPlan

LeksellLeksell GammPlanGammPlan®® (LGP)(LGP) is the Treatment Planning Systemis the Treatment Planning System
It is a semiIt is a semi--empirical algorithm which computes the delivered dose according empirical algorithm which computes the delivered dose according to to 

the image data of the patient (TC or MRI or angiography)the image data of the patient (TC or MRI or angiography)

TPS assumptionsTPS assumptions

•• Average of emitted gamma: 1.25 Average of emitted gamma: 1.25 MeVMeV
•• Target made up of Target made up of waterwater!!

µµ = = 0.0063 mm0.0063 mm--11

A Monte Carlo simulation can be very A Monte Carlo simulation can be very 
important in order to validate the TPS important in order to validate the TPS 

dose distribution also in particular dose distribution also in particular 
configurationconfiguration

These approximations can achieve some These approximations can achieve some 
uncertainties in the dose computationuncertainties in the dose computation
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Monte Carlo simulation with GEANT4Monte Carlo simulation with GEANT4

A Monte Carlo simulation of the A Monte Carlo simulation of the 
Gamma KnifeGamma Knife®® was developed by was developed by 

using the toolkitusing the toolkit GEANT4GEANT4

•• geant4.9.2.p01geant4.9.2.p01
•• LowEnergyElectromagnaticLowEnergyElectromagnatic
package (Livermore)package (Livermore)
•• cut = 10 mm (in the whole system)cut = 10 mm (in the whole system)
•• cut = 0.01 mm (in the detector)cut = 0.01 mm (in the detector)

All the 201 All the 201 6060Co sources (and the respective Co sources (and the respective 
beam channels) are exactly the same!beam channels) are exactly the same!

simulation of an simulation of an ““elementary unitelementary unit””
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Monte Carlo simulation with GEANT4Monte Carlo simulation with GEANT4

~ ~ 3 3 GyGy/min/min

eeNiCo ν++⇒ −60
28

60
27

TwoTwo gamma:gamma:
EEγγ11 = 1.17 = 1.17 MeVMeV
EEγγ22 = 1.33 = 1.33 MeVMeV
((LGPLGP®® 1.25 1.25 MeVMeV))

Co27
60

Ni28
60

γ1

γ2

β -

β -

1

2

5,26y

(99.8%)
.313MeV

(99.8%)
1.17MeV

(100%)
1.33MeV

(.12%)
1.486MeV

Number of protons

Energy

Ground
level

Exited
level

•• fixed (W)fixed (W)
•• helmet (helmet (PbPb))

Collimators:Collimators:

Water phantomWater phantom

6060CoCo

GEANT4 GEANT4 GammaKnifeGammaKnife Sensitive detector
(ROGeometry used)
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Monte Carlo simulation with GEANT4Monte Carlo simulation with GEANT4

Target

γ
γ
γ

γ
γ
γ

γ
γ γγγγγγγγ

γ
γ
γ

γ

γ

Simulation of the whole systemSimulation of the whole system

201 sources and collimators, 
one fixed phantom

one source and collimator,
one rotating phantom

more simple and clear codemore simple and clear code
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Comparison with the experimental dataComparison with the experimental data

Dose delivered to a water phantom was measured by using GafChromic film HS

Films were irradiated with each final collimator 
(18, 14, 8 and 4 mm) (dose = 20 Gray) film HSfilm HS

Digital images (two dimensions) were taken 48 
hours later by using a flatbed scanner in 

transmission mode
Spatial resolution = 0.2 mm

For each single shot, comparisons between simulation output and experimental data 
were performed superimposing profiles (one-dimensional) and 2-D isodose curves in the 

axial plane through the isocentre, normalized at the maximum

Data analysis was performed by using the Data analysis was performed by using the γγ indexindex** methodmethod

Dose difference (DD)Dose difference (DD) Distance to agreement (DTA)Distance to agreement (DTA)

*A. Low *A. Low etet al., al., A A techniquetechnique forfor the quantitative the quantitative evaluationevaluation of dose of dose distributionsdistributions, , MedMed. . PhysPhys.. 25 (5), May 1998.. 25 (5), May 1998

γγ > 1> 1 points not passing the testpoints not passing the test
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Comparison with the experimental dataComparison with the experimental data
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Comparison of Monte Carlo and experimental isodose curves
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Overall good agreement between Geant4 simulation and the Overall good agreement between Geant4 simulation and the 
experimental dose distributions.experimental dose distributions.
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Geant4 Geant4 vsvs LGPLGP
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Monte Carlo simulation has been used to study the trend of the LMonte Carlo simulation has been used to study the trend of the LGP for a homogeneous phantomGP for a homogeneous phantom

14 mm collimator14 mm collimator
Comparison of Monte Carlo and LGP isodose curves
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Geant4 Geant4 vsvs LGPLGP

Geant4Geant4 vsvs LGPLGP

8 mm far from the centre (axial plane)8 mm far from the centre (axial plane) 8 mm far from the centre (coronal plane)8 mm far from the centre (coronal plane)

LGP correctly computes delivered dose for LGP correctly computes delivered dose for homogeneous phantomhomogeneous phantom

Comparison of Monte Carlo and LGP isodose curves
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Comparison of Monte Carlo and LGP isodose curves
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Presence of different density materialsPresence of different density materials

Comparison of homogeneous and inhomogeneous phantom
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Inhomogeneous phantom
Homogeneous phantom

AIR 
CAVITY
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Differences in dose distribution up to 4%Differences in dose distribution up to 4%
LGP underestimates the dose delivered to the target if it is LGP underestimates the dose delivered to the target if it is 

located close to air cavitieslocated close to air cavities

A cubic air cavity 3 cm of side was placed near the target volumA cubic air cavity 3 cm of side was placed near the target volume to e to 
simulate the presence of different density materials (i.e.: nasasimulate the presence of different density materials (i.e.: nasal cavity).l cavity).

γγ > 1> 1
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Improving computing performanceImproving computing performance

Gamma with isotropic directionGamma with isotropic direction
very long CPU time!very long CPU time!

The direction of the primary The direction of the primary 
particles has been sampled within particles has been sampled within 

an angle of semian angle of semi--aperture:aperture:
θθmaxmax = 2.5= 2.5°°

more more reasonablereasonable calculationcalculation
time!time!

lost events usefuluseful eventsevents

Total number of events: 3Total number of events: 3··101099

20 jobs of 1.5 1020 jobs of 1.5 1088 eventsevents
different seeds different seeds clock CPUclock CPU

A fifteen Linux A fifteen Linux quadriquadri--processors cluster was used to decrease the processors cluster was used to decrease the 
total calculation timetotal calculation time
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Clinical treatment simulation (multiClinical treatment simulation (multi--shots)shots)

The The GammaKnifeGammaKnife simulation has been upgraded and now a simulation has been upgraded and now a 
real clinical treatmentreal clinical treatment can be completely simulated!can be completely simulated!

•• The large amount of required histories is The large amount of required histories is 
divided into shorter simultaneous divided into shorter simultaneous 
subtaskssubtasks

•• The subtasks are generated with The subtasks are generated with different different 
seedsseeds to ensure that the histories are to ensure that the histories are 
statistically independentstatistically independent

•• The reduction time is related to the The reduction time is related to the 
number of simultaneous subtasksnumber of simultaneous subtasks

very long computation time needed very long computation time needed 
to achieve a good statistics due to to achieve a good statistics due to 

the the multimulti--shotsshots simulationsimulation

Cluster used before is Cluster used before is 
not enough!!!not enough!!!

GRID GRID technology has been exploitedtechnology has been exploited
(a possible solution in case of very long simulation)(a possible solution in case of very long simulation)

Calculation time decreased up to Calculation time decreased up to 
about about 20 hours20 hours

((~ 100 jobs simultaneously submitted~ 100 jobs simultaneously submitted))
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Clinical treatment simulation (multiClinical treatment simulation (multi--shots)shots)

Comparison of Monte Carlo and experimental isodose curves
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LGP output

Geant4Geant4 vsvs LGPLGP

7 shots7 shots
1 with 18 mm collimator1 with 18 mm collimator

6 with 14 mm collimator6 with 14 mm collimator

LGP computes delivered dose for homogeneous phantom with accuracLGP computes delivered dose for homogeneous phantom with accuracy y 
also in case of a multialso in case of a multi--shot clinical treatment!shot clinical treatment!

•• Homogeneous phantomHomogeneous phantom
•• Shot configuration from a Shot configuration from a real real 

clinical treatmentclinical treatment
•• Irregular shapeIrregular shape of the target volumeof the target volume
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Towards an advanced exampleTowards an advanced example……

We would like to propose the GammaKnife application as a Geant4 
advanced example. For this aim, we want to consider some requirements 
which are not mandatory but at least recommended:

• Reasonable simulation time (not necessarily using 
clusters or GRID)

• Good level of accuracy: to reproduce correctly the 
trends of the variables of interest concerning the 
specific simulated device

• Clearness of the code, wide-spread employment of 
messengers, as more as possible comments and 
simple macro files

extended benchmarks

phase-space

replacing long macro files
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Towards an advanced exampleTowards an advanced example……
old macro version ~ 1000 lines!!!

...

...

/run/initialize

## RING A: 44 ROTATIONS AT FIXED THETA = 84°

# ANGLE 1 --> PHI = 3.8°
/calorimeter/DeleteSDAndRO Delete
/calorimeter/angleTheta 84 deg
/calorimeter/anglePhi 3.8 deg

/run/beamOn 5000     

# # ANGLE 2 --> PHI = 11.4°
/calorimeter/DeleteSDAndRO Delete
/calorimeter/angleTheta 84 deg
/calorimeter/anglePhi 11.4 deg

/run/beamOn 5000     

...

...

# # ANGLE 201 --> PHI = 350°
/calorimeter/DeleteSDAndRO Delete
/calorimeter/angleTheta 54 deg
/calorimeter/anglePhi 350 deg

/run/beamOn 5000

...

...

/detector/setMachine MachineAngle.in

/detector/EventsForAngle 5000

...

new macro version 2 lines!!!

GKMacroRotation.mac GKMacroRotation.mac

...

...
A1 3.8 84
A2 11.4 84
A3 19 84
A4 26.6 84
...
...

MachineAngle.in

A function creates “on-flight” a tmp-file (a copy 
of the old macro) which is executed.
The user will define the events for each angle 
by using the command “EventsForAngle” only 
once 

GammaKnife
device version 
used
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Conclusions and future developmentsConclusions and future developments

•• The developed application correctly simulates the The developed application correctly simulates the GammaKnifeGammaKnife device device 
used for used for StereotacticStereotactic RadiosurgeryRadiosurgery. The alternative rotation method has . The alternative rotation method has 
been demonstrated to give realistic results.been demonstrated to give realistic results.

•• An acceptable level of accuracy in deposited dose distribution hAn acceptable level of accuracy in deposited dose distribution has been as been 
achieved.achieved.

•• The Treatment Planning System LGP has been successfully validateThe Treatment Planning System LGP has been successfully validated for d for 
homogeneushomogeneus phantom, also in case of multiphantom, also in case of multi--shots treatment. Some limits shots treatment. Some limits 
have been found and studied in presence of different density mathave been found and studied in presence of different density materials.erials.

•• Last reviews have sensibly simplified the code and also made morLast reviews have sensibly simplified the code and also made more e 
independent of the particular device version used for the treatmindependent of the particular device version used for the treatment.ent.

•• Total computation time is not yet satisfying, also in view of a Total computation time is not yet satisfying, also in view of a possible possible 
inclusion among the Geant4 advanced examples. Further studies hainclusion among the Geant4 advanced examples. Further studies have to ve to 
be carried out in order to find new and more efficient solutionsbe carried out in order to find new and more efficient solutions..
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Thanks for the attentionThanks for the attention


