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Outline

• Reviewof classicaldosecalculation
algorithms

• Reviewof Convolution/Superposition and
Monte Carlo

• Impactof algorithm selectionandclinical
examples
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Attributesof a dosealgorithm

• Based on first principles

• Accuracy(as measuredagainststandard)

• Speed

• Expandable

good



2

5

Why haveaccurate dosealgorithms

• Effectivenessof radiationtherapydepends
on maximumTCPandminimumNTCP.
Both of thesequantities are very sensitiveto
absorbeddose(5% changein dose
correspondsto 20%changeis NTCP)

• We learnhow to prescribe from clinical
trials andcontrolled studies.Their outcome
dependson theaccuracyof reportingdata
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TheSourceof Radiation

Primaryphotons

Clinical Beam
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TheRadiationTransport Problem

• Incidentphotons

(spectrum)

• Scatteredphotons

• Scatteredelectrons
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Photon energy Tmean RCSDA(cm)
(MeV) muscle lung bone

1.25 0.59 0.23 0.92 0.14
2 1.06 0.44 1.76 0.26
4 2.4 1.2 4.8 0.72
6 3.86 1.9 7.6 1.16

assumes ρlung=0.25 g/cc
ρbone=1.85g/cc

T hmean
e tr

e

= ⋅ν σ
σ

Energy transfer to electrons
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Magnitudeof PhotonScatter

(cm) (cm)
Scatter (% of total dos e)

Co-60 6 MV 18 MV

5 5 x 5 12 % 8 % 7 %

10 10 x 10 24 % 18 % 14 %

20 25 x 25 48 % 38 % 27 %

Depth Field size

As thedepthincreases,the% scatterincreases
As theFS increases, the% scatterincreases
As theenergy increases,the% scatterdecreases
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Sourcesof % Errors/Accuracy

Absorbeddoseat calibrationpoint 2.0 1.0

at Present Future

Additional uncertaintyfor otherpts 1.1 0.5
Monitor stability 1.0 0.5

Beamflatness 1.5 0.5

Patientdata uncertainties 1.5 0.5

Beam and patientsetup 2.5 0.5

Overall excluding dosecalculation 4.1 0.5

Dosecalculation 2, 3, 4 1, 2, 3

Overall 4.6,5.1,5.7 2.6,3.1,3.8

Ahnesjo 1991

ICRU(1976) recommendationon dosedelivery accuracyis 5%

Algorithmsusedfor dose
calculation

Measurement based
Algorithms

Model based
Algorithms

Rely on measureddatain water,
coupled with empiricallyderived
correctionfactorsto account for
patient contour,internalanatomy and
beammodifi ers(Clarkson, ETAR)

Usemeasureddata to derivethemodel
parameters.Onceinitialized, themodel
can very accuratelypredict thedose
basedon thephysical lawsof radiation
transport (convolution, MC)
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Dosealgorithms

• Datacollected in watercanbeused directlyor
with someparameterization to accurately compute
dosein water-like media(Mil an/Bentley)

• Thechallengeis to computedosein human like,
inhomogeneousmedia.

• Most of theearlymethodssufferfrom the
assumptionof CPE,as they useTAR or TPR
valuesthathavebeenmeasuredunder CPE
conditions
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Inhomogeneity Correction
Methods

RTAR Batho ETAR

FFT DSAR DV

DSA MC
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O’Connor’s ScalingTheorem

Doseto point A and B are equal, provided thatall linear
dimensionsarescaledby thephantomdensity
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InhomogeneityCorrection
Methods

Effect of inhomogeneity is includedin the
calculationin oneof two ways:

• Indirectly, througha correction factor

• Directly, inherentto thealgorithm

waterinDose

mediuminDose
CF

−−
−−=
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Effective pathlength

• Modelstheprimary dosevariation

• Unreliable for regionsof e- disequilibrium
(lung treatedwith high energyphotons)

• Bestfor dosecalculationfar away from
inhomogeneity

Oftenusedin IMRT implementations
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Ratio of TissueAir Ratios
(RTAR)

• Is aneffectivepath-lengthcorrection factor

whered is thephysical depth andd’ is the
water-equivalent depth scaled by therelative
electrondensity of themedium

• r , denotesthefield sizeat depth d

• Doesnot considerposition or sizeof
inhomogeneity

CF d r
TAR d r

TAR d r
( , )

( , )

( , )
=

′

Batho, Power-law Method

• Originally was introducedasanempirical
correctionto accountfor bothprimary
beamattenuationandscatterchangesin
water,belowa singleinhomogenousslab

• Several investigatorsgeneralizedthe
method for multiple slabgeometries

• Theposition of theinhomogeneityis
consideredin thecalculation

Batho, Power-law Method

• Thecorrection factor is given by:

where d1 and d2 denotedistancesto the boundariesof the first &
secondslabupstreamfrom thepoint of calculation.

• For multiple slabstheequationis asfollows:

where di is the distancebetweenthedosepoint and theanterior
part of theith inhomogeneity underthesurface,havingdensity
ρi (where ρο=1)

CF d r
TARd r

TARd r
( , )

( , )

( , )
=

−

−
1

2
1

1 2

2

ρ ρ

ρ

1),(),( −−∏= iirdTARrdCF
i i

ρρ

d1d2
ρ1

ρ2

Batho, Power-law Method

• Workswell below a largeinhomogeneous
layerwith e- density lessthanthatof tissue

• If thee- densityis greater thanthatof
tissue, themethodover-estimatesthedose

• Improveswith TPRusedinsteadof TAR

• MethodassumeslateralCPE

Hasbeen usedin IMRT implementations



6

21

EquivalentTAR (ETAR)

• The first methoddesignedto becomputer
based,thatalsousesCT data

• Foundwidespread usein treatmentplanning

• Several investigators(Woo,Redpath, Yu)
generalizedthemethodto improveits
accuracy,application andspeed

EquivalentTAR (ETAR)

where:
TARmedium(d,r)=TARwater(d’ ,0)+SARwater(d’ ,r” ) and r” is

theradiusof theequivalent homogeneousmedium of density
ρ“ definedby:

r”= r Wijkρi jk∆Vijk

• ThemethodusesO’Connor’s theoremandappliesrigorously
for Comptonscattering.

• Althoughthecalculationis potentially 3D, thevolumeis
usuallycollapsedto the central slice to reducethe
computationalrequirements

• Predictsdecreasein dosefor ρ < 1.0
• Predictsincreasein dosefor ρ > 1.0

CF d r
TAR d r

TAR d r
medium

water

( , )
( , )

( , )
=

Hasbeen usedin IMRT implementations

FFT convolution

• Also avoids 3D scatter ray-tracing.

• Scattercomponentis modeledthrougha linear
approximation suchthatthescatterdosecalculationscanbe
implemented using3D FFT convolutions.Thedosein a
mediumat positionr is equal to:

Dose=primary+1st scatter+multiplescatter

• TheFFT methodrequiresa spaceinvariant kernel, that
doesnot exist however for thefirst scattercomponentin an
inhomogeneousmedium.

• Theenergyreleasedto thefirst scatterphotonsis correctly
calculated,but thetransport of thosephotonsis basedon
waterdensity

Hasnot beenusedin IMRT implementations

Diff erentialScatterAir Ratio
(DSAR) andDeltavolume(DV)

• TARmedium(d,r)=primary+scatter
whereScatter = ΣΣΣDSARmedium(i,j,k)
dSAR describecontributionsto doseat a point in waterfrom photons

scatteredin surroundingvolumeelementsasa functionof distance
• All thescatter is treatedasfirst scatterin theray-tracing,which is a

weak approximation for inhomogeneities,especially at low photon
energiesandlargefield sizes.

• TheDV is verysimilar to the DSAR method.
• Theapproachallows the first scatterandmultiple scatter contribution

to beseparatedexplicitly.
• Similar to theDSAR method, the assumption of local energydeposition

of thesecondaryelectronsrendersthe method lesssuitablefor high
photon energies.

Hasnot been used in IMRT implementations
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Dosealgorithmssofar

• Early algorithmswerefor themostpartcorrection
basedalgorithms, assumed CPEconditions,and
weredevelopedin theCobalt era

• Although theyevolved to include3D scatter
integration, theywerecumbersometo implement
andcontinuedto suffer accuracy

• Thatopenedthedoorto theconvolution,
superpositionandMonteCarlo algorithms

Adaptin g to the
new needs of
Radio therapy

TheMonteCarloMethod

• In thecontext of radiationtransport,MonteCarlo
techniquesare thosewhich simulatetherandom
trajectoriesof theindividualparticlesby usingmachine-
generatedrandomnumbers to sampletheprobability
distributions governingthephysical processesinvolved.

• By simulatinga largenumberof histories,information
can beobtainedabout theaveragevaluesof macroscopic
quantitiessuchas energydeposition.

• Sincetheparticlesare followedindividually, information
can beobtainedabout thestatistical fluctuationsof
particularkinds of events

... moreMonteCarlo

• MonteCarlocodes arebuilt on thefoundations
of measuredandcalculatedprobabili ty
distributionsandareupdatedbasedon new
theoreticaldiscoveriesthatdescribethe
interactions of radiation with matter

• MC is often usedto extract dosimetric
informationwhenphysical measurementsare
difficult or impossibleto perform

• Serveastheultimatecavity theoryand
inhomogeneity correction algorithms
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MonteCarloAdvantages
• Algorithmsarerelatively simple. Essentially they

arecoupledray tracingandprobability sampling
algorithms

• If thesampling algorithmis reliable, theaccuracy
of thecomputation is determinedby theaccuracy
of thecross section data

• Themethodis microscopic. Henceboundaries
betweengeometricalelementspose noproblem

• Thegeometriesmodeledmaybearbitrarily
complexand sophisticated

MonteCarloDisadvantages

• Sincethealgorithmsaremicroscopic, thereis little
theoreticalinsight derivedin termsof macroscopic
characteristicsof theradiation field

• Consumegreat amounts of computingresources
for a routinedayto daypractice (or maybenot …)

• Electronandphoton MonteCarlo still relieson
condensedhistory algorithmsthat employ some
assumptions,yieldingto systematic errors

31

MonteCarloSimulation

• Manydifferentimplementations(EGS4, MMC,
VMC,MCNP, Penelope, Perigrine,…) Thegoalis
thesamefor all:
• To accurately modeltheradiationtransportthroughany

geometry (eg. Linac andpatient)
• Do it asfastaspossiblewith asfew assumptionsand

compromises to thephysicsof radiationtransport

Monte Carlo

PhasespaceGeneration
Transport particles to IC exit window

Patient Calculations
Transportparticlesthroughpatient
dependentdevices.(jaws,blocks,
MLC, wedges,patient/phantom,or
portalimagingdevice)
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MC data versusmeasurements

5x5
10x10
15x15
20x20
30x30

5cm
10cm

20cm

6MV beam from Varian 2100C

FromJ Siebers, MCV
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Theeffectof noiseon treatment
plans

From J Siebers, MCV
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Theeffectof noiseon treatment
plans

FromJ Siebers, MCV
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Theeffectof noiseon treatment
plans

From J Siebers, MCV
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Theeffectof noiseon treatment
plans

FromJ Siebers, MCV
38

Theeffectof noiseon treatment
plans

From J Siebers, MCV

Prima ry
Fluence

Poly energe tic
Kern el

Mass
Atten uation
Coeffi cient

Convolution Equation

D r r r K r r dV
V

( ) ( ) ( ) ( )
� � � � �= ′ ′ − ′∫

µ
ρ Ψ

Evolution of themodel

• Homogeneousmedium- single energy

• Homogeneousmedium- spectrum

• Inhomogeneousmedium- spectrum
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Total EnergyReleasedper Mass

• This quantity is analogousto Kerma,only it
includesALL theenergy released,
regardless of thecarrier of thatenergy
(chargedparticlesor photons)

T r r r( ) ( ) ( )′ = ′ ′
µ
ρ
� �Ψ

Convolution Geometry

D(r)

dV

r-r’

r
r’

Source

r1’

r2’

r3’

D r r r K r r r r K r r( ) ( ) ( ) ( ) ( ) ( ) ( )
� � � � � � � � � …= ′ ′ − ′





+ ′ ′ − ′ +




∑ µ
ρ

µ
ρ1 1 1 2 2 2Ψ Ψ

Themappingsequence

CT

density

µ/ρµ/ρµ/ρµ/ρ lookup
table

D r r r K r r dV
V

( ) ( ) ( ) ( )
� � � � �= ′ ′ − ′∫

µ
ρ

Ψ

Convolution: IncidentFluence

Eachincidentfluencearray
pixel contains a value
proportional to thenumber
of photonstraveling
throughthatpixel.

Inciden t Fluence Array

D r r r K r r dV
V

( ) ( ) ( ) ( )
� � � � �= ′ ′ − ′∫

µ
ρ

Ψ
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From Incidentto Primary Fluence

Incident Fluenc e Array

D r r r K r r dV
V

( ) ( ) ( ) ( )
� � � � �= ′ ′ − ′∫

µ
ρ

Ψ

Convolution:KernelGeneration

Monte Carlo simulation of photons of a giv en energ y inter acti ng at a
point in water. The resulting energy released at the target poi nt is
absorbed in the medium in a “ drop -like ” pattern called a dose
deposition kernel

D r r r K r r dV
V

( ) ( ) ( ) ( )
� � � � �= ′ ′ − ′∫

µ
ρ

Ψ

Monte CarloKernel Geometry

rj+1

rj

θθθθi θθθθi+1

hνννν

Monoenergetic photons are forced to interact at the center of a 60 cm water
spherical phantom. Kernels are computed in the range of 100 KeV-50 MeV
photon energies.

D r r r K r r dV
V

( ) ( ) ( ) ( )
� � � � �= ′ ′ − ′∫

µ
ρ

Ψ

Evolution of themodel

• Homogeneousmedium- single energy

• Homogeneousmedium- spectrum

• Inhomogeneousmedium- spectrum
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Convolution: Polyenergetic
Kernel

Energy (MeV)

Wi

hννννi

Monoenergetic kernel 
database

hννννi

Ki

ΣΣΣΣ Wi(hννννi) Ki(hννννi)

K(MV)

Evolution of themodel

• Homogeneousmedium- single energy

• Homogeneousmedium- spectrum

• Inhomogeneousmedium- spectrum

Convolution: DoseComputation

lung ρρρρ=0.25 gr/cm3

muscle ρρρρ=1 gr/cm3

Convolution/Superposition:
Heterogeneities

lung ρρρρ=0.25 gr/cm3

muscle ρρρρ=1 gr/cm3
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Convolution Lung Calculation

Con volu tion/Superposition Homogeneous Scatter Homogeneous Primary
and Scatter

What is missi ng from the algo rith ms that we
currentl y use for IMRT dose calculation?

We haveto look at thewholepicture

•Themodelwasfirst describedby Bourlandand Chaney (1992).
•TheFSPB describes thedosedeposited by a small beam(squareor rectangular in
shape)of uniform density.
•TheFSPB canbegeneratedfrom measurementsby de-convolution of a broadbeam,or
from MonteCarlo.
•Pencil beamcontributesdoseto a point basedon thepoint’s position relative to the
pencil beam

Finite Size Pencil Beam (FSPB)
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Depth Dose
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Figureshowsmeasurements(smoothlines) anddosecalculatedwith the FSPB(blackdots)with
Corvus. Accurateto within + 2% or 2 mm.
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Incorporation of Inhomogeneity Correction
in FSPB

Examples of inhomogeneity corrections which are used in conjunction with FSPB are

dl
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Eg: Cadplan
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Eg: Corvus

- utilizes 1D density information along the ray line

Effective Path Length (EPL) Power Law

d1

d2

d3
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• The FSPB is not scaled laterally to account for changes

in radiation transport due to the inhomogeneity.

• Breaks down at interfaces and for structures smaller

than the pencil beam because of the assumption of

uniform field.

• Short computation times.

Advantages and Disadvantages
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What is really usedin IMRT?

60CT patient            Water phantom

0.25x0.25 pencil beam
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Pencil beamcalculations

0.25 cm                0.5cm                   1cm              2cm

EGS4-BEAM calculations on 2100C
62

MonteCarlo(solid)

Collapsedconeconvolution(dashed)

Effective path-length(circles)

JonesAO, (2005)

3.0 cmdiameter

0.5 cmdiameter

1.0cmdiameter

Clinical examples of this
High Tech IMRT approac h
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DVH comparisonfor lungtumorsin differentlocations

Theeffect of thealgorithmchoiceon thedoseto OAR canbemorecomplex
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Findings
Target

•EPL overestimatesthedose;magnitudedependson
- Targetdimensions
- Targetlocation - if surroundedby unit densitymaterial

- distancefrom boundary
•NI bothunderandoverestimates, depending on targetlocation
(superficial or centrally located)

Crit ical structures –spinal cord, esophagusand major air ways

Min dose:similar under-prediction by EPL andNI
Max andmeandose:deviation dependson thecontributionof theprimary beam,NI is
closerto MC

Crit ical structures – lung
Min dose:similar underestimation by both EPL andNI
For Max dose, Meandose, D33,and V20 theNI method is generallycloserto MC results

P. Rassiahthesis
70

Prostate

• ECUT=0.7,
• PCUT=0.0100
• Numberof histories= 50,000,000/beam(<1%SD)
• Numberof beams= 8
• Angles= 130,90,40,0,300,275,250,230
• Siemens10MV

• RTPexport from CORVUS (optimizedMLC delivery)
• Final dosecalculation computedwith MC EGS4-MCSim

• Isodoses arenormalizedto themaximum doseof the heterogenous
distribution(20%, 50%,70%,90%)
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Thick lines: heterogeneous
Thin lines: homogeneous 72

Black – heterogenous,
red - homogeneous

Horizontal

Vertical
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73

Horizontal

Vertical

Black – heterogenous,
red - homogeneous

74

Horizontal

Vertical

Black – heterogenous,
red - homogeneous

75 76

Lt Breast

• ECUT=0.7,
• PCUT=0.0100
• Numberof histories= 40,000,000/beam(<1%SD)
• Numberof beams= 2
• Angles= 310,136
• Siemens10MV

• RTPexport from CORVUS (optimizedMLC delivery)
• Final dosecalculation computedwith MC EGS4-MCSim

• Isodoses arenormalizedto themaximum doseof the heterogenous
distribution(10%, 20%,30%,40%, 50%, 60%,70%,80%,90%)
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Thick lines: heterogeneous
Thin lines: homogeneous 78

Horizontal

Vertical

Black – heterogenous,
red - homogeneous
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Horizontal

Vertical

Black – heterogenous,
red - homogeneous

80

Horizontal

Vertical

Black – heterogenous,
red - homogeneous



21

81 82

Head– Neck

• ECUT=0.7,
• PCUT=0.0100
• Numberof histories= 50000000/beam(<1%SD)
• Numberof beams= 7
• Angles= 305,290,115,0,270,225,200
• SiemensPrimus6MV

• RTPexport from CORVUS (optimizedMLC delivery)
• Final dosecalculation computedwith MC EGS4-MCSim

• Isodoses arenormalizedto themaximum doseof the heterogenous
distribution(20%, 50%,70%,90%)

Thick lines: heterogeneous
Thin lines: homogeneous

84

Horizontal

Vertical

Black – heterogenous,
red - homogeneous
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Horizontal

Vertical

Black – heterogenous,
red - homogeneous

86

Horizontal

Vertical

Black – heterogenous,
red - homogeneous

87 88
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• ECUT=0.7,PCUT=0.0100
• Numberof histories= 50,000,000/beam
• Numberof beams= 8
• Angles= 325(90),305(16),320(20),217,18,90,170,120,50(335) *parenthesis

denotescouchangles
• Siemens6MV

• Actual CT density – thick isodoselines
• CT voxelsreplacedby H2O – thin isodose lines

• Isodosesarenormalizesto themaximumdoseof the heterogenousdistribution
(20%,50%,70%and90%)

• RTPexportfrom CORVUS(optimizedMLC delivery)
• Final dosecalculation computed with MC EGS4-MCSim

• Isodosesarenormalizedto themaximumdose of the heterogenousdistribution
(20%,50%,70%, 90%)

LungSBRT

91
Black – heterogenous,
red - homogeneous

92
Black – heterogenous,
red - homogeneous



24

93
Black – heterogenous,
red - homogeneous

94
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Theeffectof dosecalculation
accuracyon IMRT

• Comparing MonteCarlowith pencil beam
and convolution/superposition

• Effect of systematicerror:errorinherentin
dosecalculation algorithm

• Convergence error: dueto algorithmerror in
determiningoptimal intensity

R. Jeraj (2002) 96

6MV, SSD=100cm1x5 cm2
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6MV, SSD=100cm 1x5 cm2

Lung from 4 to 12 cm

Separating optimizationfrom
final dosecalculation

R. Jeraj (2002)

20%
50 %
70 %
90 %
95 %
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DVH comparisonbasedon final
dosecalculationerror

Solid line: MC
Dashedline: superposition
Dotted line: pencilbeam

R. Jeraj (2002) 100

MC
PB

PB
PB dd −

MC
S

S
S dd −

Dose differencefor systematic error
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Superposition Pencilbeam

Err or
(% Dmax)

Tumor Lung Tumor L ung

Systematic − 0.1± 2 − 1 ± 1 + 8 ± 3 + 6 ± 5

Convergence 2-5 1-4 3-6 6-7

Err or
(% Dmax)

Tumor Rectum Tumor Rectum

Systematic − 0.3± 2 − 1 ± 1 + 5 ± 1 + 6 ± 1

Convergence 2-5 2-7 3-6 2-5

Err or
(% Dmax)

Tumor Spinal
cord

Tumor Spinal
cord

Systematic −1 ± 2 −3 ± 1 − 3 ± 2 + 2 ± 1

Convergence 3-6 1-3 3-4 1-3
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Conclusions

• Themotivation for high doseaccuracy stemsfrom:
• Steep doseresponseof tissue

• Narrowtherapeuticwindows

• Earlycalculationmodels arebasedon broadbeam
dataandassumeCPEconditionsthatintroduce
calculationerrors

• Inhomogeneity basedcomputationsalter boththe
relativedosedistribution and theabsolutedoseto
thepatient
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Conclusions

• Stateof theart algorithmsfor photondosecomputation
shouldbeused for bothconventionalandIMRT
planning
• Whatyou calculate is whatyou get…
• Better outcomeanalysisandstudies

• Pencil beamalgorithmscan introducesignificant
systematic andconvergenceerrors in IMRT andshould
beavoidedwhenpossible,althoughthemagnitudeof
deviationis planspecific

• MonteCarloalgorithmsarenow fastenoughto become
contendersin theRTP arena,but theydon’ t demonstrate
a clearimprovementovertheconvolution/superposition
implementation.


