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Why haveaccurde dosealgorithms

« Effectivenes®f radiationtherapydepads
on maximumTCP andminimumNTCP.
Both of thesequantties are very sensitiveto
absabeddose(5% changen dose
corresponds$o 20%changds NTCP)

* Welearnhowto prescibe from clinical
trials andcontrolled studies.Thar outcome
dependson theaccuracyof reportingdata

TheRadiation Transrt Prodem

* Incidentphotons
(spectrum

» Scateredphotons

o Scateredelectons

The Sourceof Radiation

Primaryphaons

Clinical Bean

Energy transfer to electrons

Photon energy T mean Regpaltm)
(MeV) muscle lung bore

1.25 0.59 0.23 092 0.14
176 0.26
4.8 0.72
7.6

assumes py,,=0.25g/cc
Prone=1.850/cc




Magnitudeof PhotonScater Sourcesof % Errors/Accuracy

Ahnego 1991 atPresat Future

Absorbeddoseat calibrationpoint 2.0 1.0
Depth Field size Scatter (% of total dose) Additional uncertaintyfor otherpts 1.1 0.5
G G Eogct Oy &Y Monitor stability 1.0 0.5

o 5X 5 12.% 8 % 7% Beamflatness 15 0.5
10 10x 10 24 % 18 % 14 % ) e
20 25x 25 48 o 38 % 27 % Patientdata uncertainties 1.5 0.5

Beam and patientsetup 25 0.5

As thedepthincreases the % scattelincreases Ovenll excludingdosecdculation 4.1 0.5
As the FSincreases, the % scatterincreases Dosecaculation 2)3.4 123
As theenergy increasesthe % scatterdeceases
Ovenll 4.6,5.15.7 2.6,3.1,3.8

ICRU(1976 recommendationn dosedelivery accuracyis 5%

Algorithmsusedfor dose Dosealgorithms
calculation

Rely on measueddatain water, . .
cougedwith empiricallyderived  Datacollecta in watercanbe usel directly or

correctionfactorsto accaunt for with someparaméerization to accurdely compute
patient contour,internalanatany and dosein watekrlike media(M” anBentby)
beammodfi ers(Clarkson ETAR) . . .
Thechallengeis to computedosein human like,
Usemeasurediat to derivethemodel mhomogereousmeda.
Model based pararnetersol_wceulnltuzggedhthsmodel Most of the early methodssufferfrom the
W) | can very aceuratelypredict the dose assumptiorof CPE,asthey useTAR or TPR

Algorithms basedon thephysi iati
physicd laws of radiation
I EE R S valuesthathawe beenmeasuredinde CPE
condtions




Inhomogeniy Correcton
Methods
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InhomogeneityCorredion
Methods

Effect of inhomogenety isindudedin the
calculationin one of two ways:

« Indirecty, throughacorredion factor
« Directly, inherentto thealgorithm

_ Dose-in—-medum
Dos¢—in—watel

CF

O’Conna’s ScalingTheorem

density = 1

¥ i,
Doseto pointA and B are equd, provided thatall linear
dimensimsarescaledby the phantomdensity

Effective pathlength

* Modelsthe primary dosevairiation

« Unreliade for regionsof e disequilibrium
(lung treatedwith high energyphotons)

 Bestfor dosecdculationfar away from
inhomogendy

Oftenusedin IMRT implementéions




Ratio of TissueAir Raios
(RTAR)

TAR(',r)

TARd, 1)

* Isaneffectivepath-lengthcorrection factor
whered is thephysicd depth andd’ isthe
waterequivalert deph scded by therelative
electrondensty of the medium

* r, denoesthefield size atdeph d

» Doesnot corsiderpostion or size of
inhomogeneity

CF(d,r)=

Bathq Powerlaw Method

* Thecorrecton factoris given by: _
TARA,NY B

CHAN =" in
TARd,,1)

where d, and d, denotedistancego the boundariesof the first &

secondslabupstreamfrom the point of calculation.
» Formultiple slabsthe equationis asfollows:

CH(d,r) =[] TARd,ry"

whete d; is the distancebetweenthedosepoint and the anterior
pat of theit inhomogeney underthe surface havingdensty
pi (where p,=1)

Bathg Power-law Method

* Originally was introducedasanempiricd
correctionto accountor bothprimary
beamatteruationandscatterchangesn
water,belowa singleinhomogenouslab

» Seveal investgatorsgereralizedthe
method for multiple slabgeometiies

» Theposition of theinhomogeneitys
consideredn thecalculation

Bathq Power-law Method

» Workswell bdow alargeinhonogen®us
layerwith e dersity lessthanthatof tissue

« If thee densityis greaer thanthatof
tisswe, the methodover-estimateshe dose

» Improveswith TPRusedinsteadof TAR
» MethodassumesateralCPE

Hasbeen usedin IMRT implementations




EquivalentTAR (ETAR)

» Thefirst mehoddesignedo becomputer
basedthatalsousesCT data

» Foundwidespred usein treatmenplanning

» Se\eralinvestigdors (Woo, Redpah, Yu)
gereralizedthe methodto improveits
accuacy, application andspeed

FFT convolution

Also avads 3D scdter ray-tracing.
Scattercompmentis modeledthroughalinear
approximation suchthatthe scatterdosecalculationsanbe
implemented using3D FFT convolutions.Thedosein a
mediumat positionr is equd to:

Dose=primary+Ist scattetmultiple scater
TheFFT methodrequiresa spacenvariant kemel, tha
doesnot exist however for thefirst scattercomponentn an
inhomogeneousnedium.
Theerergyreleasedto thefirst scatterphotonsis correctly
calcuated,but thetranspot of thosephotonsis basedn
waterdersity

Hasnoat beenusedin IMRT implemertations

EquivalentTAR (ETAR)

TAFlmiiun(d ’ I')

where: TARB‘E" (d, r)

TAR eqipp{d D=TAR e’ 0)+SAR e (d' 1) and” is
theradiusof theequivalert homogereaus medum of density
p* definedby:

=1 Wy P AV
ThemethodusesO’ Connor's theoremandappliesrigorously
for Comptonscatering.

Althoughthe calculationis potertially 3D, thevolumeis
usuallycollapsedto the centrd slice to reducethe
computationatequiremets

Predictsdecreasén dosefor p< 1.0
Predictsincreasen dosefor p> 1.0

CH(d,r)=

Hasbee usedin IMRT implementéions

Diff erentialScatterAir Ratio
(DSAR) andDeltavolume (DV)

* TAR, cqiun{d,N=primary+scatter

whereScater = ZZ3DSAR . iunfi-j:K)

dSAR descrbe contritutionsto doseat a point in waterfrom phobns
scateredin suroundingvolumeelementssa functionof distarce
All thescater is treatedasfirst scatterin theray-tracing, whichis a
weak approximatdn for inhomageneities, especialy atlow photon
energiesandlargefield sizes.

TheDV is verysimilar to the DSAR method.

Theapproachallows the first scatterandmultiple scater contibution
to be separagdexplicitly.

Similar to the DSAR methal, the assumptia of local energydepogion
of the secondargledronsrendersthe methal lesssuitablefor high
photonenerges.

Hasnoat been used in IMRT implemenéations




Dosealgorithmssofar

« Early algaithmswerefor themostpartcorrection
basedalgorithms assumd CPEcondtions, ard
were devdopedin the Cobdt era

 Althoughtheyevolved to include3D scatter
integrdion, theywerecumbesometo implement
andcontinwedto suffer accuracy

» Thatopenedhedoorto theconvoluton,
supepositionandMonte Carlo algorithms

TheMonteCarloMethd

« In the contet of radiationtransportMonte Carlo
technigiesare thosewhich simulatethe random
trajectaies of theindividual paticles by usingmachine
generatedandomnumbes to samplethe probability
distributions governingthe physica processesvolved.
By simulatinga largenumberof histories,information
can beobtainedabaut the averagevaluesof macroscopic
quantitiessuchas energydeposition.

Sincethe particlesare followedindividually, information
can beobtainedabaut the statistical fluctuaions of
particularkinds of events

Adaptin g to the
new needs of
Radio therapy

... moreMonteCalo

» MonteCarlocodes arebuilt onthe foundations
of measure@ndcalaulated probability
distributionsandareupdaedbasedon new
theoreticaldiscoveiesthatdescribethe
interactiors of radiaton with matter

* MC is often usedto extradt dosiméric
informationwhenphysial measuremetsare
difficult or impossibleto perform

* Serve astheultimatecavity theoryand
inhomogeneit corredion algorithms




MonteCarlo Advartages MonteCarloDisadvantages

 Algorithmsarerelaively simple Essetially they
arecoupledray tracingandprobaility samging » Sincethealgorithmsaremicroscopic thereis little
algorithms theaeticalinsight derivedin termsof macrosopic
« If the sanpling algorithm s reliable, theaccuracy characteristicsf theradiation field
of thecomputation is determnedby theaccuracy » Consumegreat amouwnts of computingresouces
of thecross sectbndata for aroutinedayto daypractice (or maykenot ...)
» Themethodis microscopic Hencebourdaries » Electronandphoton Monte Carlo still relieson
betweergeometricablements pose no problem concensedhistory algorithmstha enploy same
« Thegeometriesmodeledmay bearbitrarily assumptionsyieldingto systenaic errors
compkx and sophisticated

MonteCarlo Simulaton Monte Carlo

PhasespaceGeneation

* Manydifferentimplenentaions (EGS4, MMC, Transprt particles to IC exitwindow,

VMC,MCNP, PenelopePeigring...) Thegoalis
the samefor all:
« To acaraely modeltheradiationtransporthroughany Patient Calculations
geomety (eg Linacandpatient) Transporiarticlesthroughpaient

* Do it asfastaspossiblewith asfew assimptionsand dependentdevices. (jaws, blocks
compromiss to the physicsof radiationtransport MLC, wedges patientph’antom (’)r

portalimaging device)




Theeffectof noiseon treament

MC dataversusmeasuements
6MV beam from Varian 2100C plans

ose (cGyMU)

FromJ SiebersMCV From J Siekers MCV

Theeffectof noiseon treament

Theeffectof noiseon treatmein
ETS

plans
— 601 (_I.'_‘
59 ( '.."

35 Gy
10 Gy

¥

| Noise=2% -

i

Noise=1%

. ~ = From J Sieters MCV

FromJ SiebersMCV .




Theeffectof noiseon treatmen
plans
s 61 Gy

59 Gy

35 Gy

10 Gy
w
| . Noise=4%

FromJ SiebersMCV

Convolution Equation

D(r) = | z(r')w(ﬁ K ¢ )V

Mass _/ \
Atten uation Primary Poly energe tic

Coefficient Fluence Kernel

Theeffectof noiseon treament
plans

From J Siebers MCV

Evolution of themodel

* Homogeneousnedium- single erergy
* Homogeneousnedium- spectum
* Inhomogeneoumedium- spestrum
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Total EnergyReleaseger Mass

» This quantty is amalogousto Kerma, only it
includesAL L theenemy released,
regardess of the carrier of thatenergy
(chargedpartidesor photons)

T(r) :%(mw)

Themappingsequence

CT
Wp lookup
table

density

o= %(F’)W(F’)K -V

Convolution Geometry

D(F) = Z{z(rz)w«z)K ¢

b *o DWOX (“*‘"'z)’f---}

Convoluion: IncidentFluen@

Eachincidentfluencearray
pixel contins avalue
proportonalto thenumber
of photonstravding
throughthatpixel.

D(r) = I%(F')WO’M( v

en t Fluence Array

11



From Incidentto Primary Fluene@

Incident Fluenc e Array
)
)
/

o) =| ﬁp(r")w(r’)K F-r)av

Monte CarloKernd Geanetry

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.

o= %(F’)W(F’)K -V

Convolution:KernelGeneaation

Monte Carlo simulation of photons of a given energy interacting at a
point in water. The resulting energy released at the target point is
absorbed in the medium in a “drop -like” pattern called a dose
deposition kernel

D(F) = jip'(r")w(r* K€ -)dv

Evolution of themodel

* Homogneousnedium- single erergy
* Homogneousnedium- spectum
* Inhomogeneoumedium- spestrum
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Convolution: Polyenegetic

g,

Energy (MeV)
Z W) K(hv;)

Kernel

Monoenergetic kernel
database

Convolution: DoseComputétion

Evolution of themodel

» Homogeneousmedium- single energy
* Homogeneousnedium- spectum
» Inhomogeneoumedium- spestrum

Convolution/Superposion:
Heterogendies

13



Convolution Lung Calaulation

Convolution/Superposition Homogeneous Scatter Homogeneous Primary
and Scatter

Finite Size Pencil Beam (FSPB)

*Themodelwasfirst describedy Bourlandand Charey (1992).

*TheFSPB descrbes the dosedeposited by a small beam(squareor recangularin
shape)of uniformdensty.

*TheFSFB canbegenersedfrom measurerantsby de-corvolution of a broadbeam,or
from MonteCarlo.

*Pencl beamcontibutesdoseto a point basedbon the paint’s position relative to the
pencil beam

What is missi ng from the algorith ms that we

Ccu

Depth Dose.

rrentl y use for IMRT dose calculation?

We haweto look atthewhole picture

FSPB in a homogenous media

Depth Dose Dose Profile

Relative Dose

:
e

90 1
Deph em Distance/ cm

5

Figureshows measirement{smoottines) anddosecdculatedwith the FSPB(blackdots) with
Corvus Accurateto within + 2% or 2 mm.

14



Incorporation of Inhomogeneity Correction
in FSPB

d
(d
km:j—d"gp)l
s Px

- utilizes 1D density information along the ray line

Examples of inhomogeneity corrections which are used in conjunction with FSPB are
Effective Path Length (EPL) Power Law

CF = |:TMR\PH) }
TMR

0]

Eg: Corvus

Wha isreally usedin IMRT?

Advantages and Disadvantages

* 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.

0.25x0.25 pencil beamn

[l__-. J

CT patient Water phantom [ i S0

15



Pencil beamcalculatons
T Mgl

| 30cmdiameter| | i
] B { | 5N 1.0cm diameter

k } . —= 7| 0.5 cmdiameter

L i "\5. i ! : | Dapth (sm)

A i]_ ! I | . MonteCarlo(solid)

Collapsedconeconvolution(dashed)

0.25 cm 0.5cm Icm Effective pathlength(circles)

EGS4-BEAM calculations on 2100C
JonesAO, (2005)

Clinical examples of this
High Tech IMRT approac h

MC vsPBvsNI/PB

6MV bean
Corvusimplemertation

Depth dose at CAX @
Z N
OK...Printll v
gi==c = : u .
— . 4
.
'

Relative dose

Distance/ cm




Planel

Relative dose

MC vs PB vs NI/PB

Depth Dose at CA:

Relative dose

NI
—FMC
1cmtarget

Depth/cm

P.Rassihthesis

P.Rassihthesis

Relative dose

«DVH _comgiEt

Distance /cm

P.Rassialthesis
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Findings

Target

*EPL overesimatesthe dose;magnitule dependson
- Targetdimensons
- Targetlocaion - if surroundedy unit density maerial
- distarce from boundary
NI bothunderandoverestimags, depenéhg on targetlocation
(superftial or centraly located)

Crit ical struct: nal c esohagusand major_airway

Min dose similar underprediction by EPL andNI
Max andmeandose deviation dependson the contribution of the primary beam\NI is
closerto MC

Crit ical structures —lung
Min dose similar understimation by both EPL andNI
For Max dose Meandose D33, ard V20 theNI mettod is gererally closerto MC resuls

P.Rassahthesis

Thick lines heterogeneous
Thin lines: homogereous

Prostate

PCUT=0.0100

Numberof histories= 50,000,000/beam(<1% SD)
Numberof beams= 8

Angles= 13090,400,300,275,250,230
SiemenslOMV

RTP expot from CORVUS (optimizedMLC delivery)
Final dosecalculaion computedwith MC EGS4MCSim

Isodose arenomalizedto the maxmum doseof the hetergenous
distribution(20% 50%, 70%, 90%)

Horizontal

Black — heterogenous,
- homogeneous

18



Horizontal

Black — heterogenous,
- homogeneous

Horizontal

Black — heterogenous, (‘*"FR('1
- homogeneous o e e

ECUT=0.7,

PCUT=0.0100

Numberof histories= 40,000,000/beam(<1% SD)
Numberof beams= 2

Angles= 310136

Siemens10MV

RTPexpot from CORVUS (optimizedMLC delivery)
Final dosecalculaion computedwith MC EGS4MCSim

Isodose arenomalizedto themaxmum doseof the hetergenous
distribution(10% 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%)
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Horizontal

[ :
Thick lines: heterogeneous

Thin lines: hormogereous k= e, CTRC

- homogeneous o e e

Horizontal Horizontal

Black — heterogenous, ( i Black — heterogenous,
- homogeneous - v - homogeneous




Thick lines heterogeeous
Thin lines: honogeneous

Head— Neck

(0[0]
Numberof histories= 50000000/beam(<1% SD)
Numberof beams= 7
Angles=305,290,15,0,20,2%5,200
SiemensPrimus6MV

RTP expot from CORVUS (optimizedMLC delivery)
Final dosecalculaion computedwith MC EGS4MCSim

Isodose arenomalizedto the maxmum doseof the hetergenous
distribution(20% 50%, 70%, 90%)

Horizontal

Black — heterogenous,
- homogeneous

21



Horizontal Horizontal

B = - iy - —~ —~
Black — heterogenous, AC Black — heterogenous, CTRC
G e T

- homogeneous = r - homogeneous

CTRC CTRC

e




LungSBRT

ECUT=0.7,PCU 0100
Numberof histories= 50,000,000/beam
Numberof beams= 8

Angles= 325(90)305(16),320(20),22,1890,170120,50335) *parenthesis
denatescouchangles
SiemensMV

Actual CT densiy — thick isodosdines
CT voxelsreplacedy H20 — thin isodose lines

Isodesesarenormalizsto the maximumdoseof the heterognaus distribution
(20%,50%, 70%aNnd90%)

RTPexportfrom CORVUS (optimizedMLC ddivery)
Final dosecalculaion computel with MC EGS4MCSim

Isodesesarenormalizdto the maximumdose of the heterognaus distribution
(20%,50%, 70% 90%)

Black — heterogenous,
- homogeneous

Black — heterogenous,
- homogeneous
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Black — heterogenous,
- homogeneous

Theeffectof dosecalcuation
accuracyon IMRT

» Compaing MonteCarlowith pencil beam
and convoluton/superposition

« Effect of sysematicerror: errorinherentin
dosecalculaton algorithm

» Convergene error: dueto algorithmerror in
determiningoptimal intensity

R. Jeraj (2002)

6MV, SSD=D0cm1x5cm?

24



Semrding optimizationfrom
final dosecalculation
50%

6MV, SSD=100m 1x5 crm? 70%
90 %

R. Jeraj (2002)

DVH compaisonbasedon final
dosecalculationerror

Dos=e differencefor systenatic errar

ds - dye

Solid line: MC
Dashedline: superposition
Dotted line: pencilbeam

R. Jeraj (2002)



-|||| Conclusons
| o ol T
[©uD)] (=
stematic

I » Themotivation for high doseaacuracy stemsfrom:
* Steep doserespmseof tissue
* Narrowtherapeuticwindows
« Earlycalculationmodds are basedon broadbeamn
dataandassune CPEcondiionsthatintrodice
calculationerrors

| » Inhomogeneiy baseccomputtonsalter boththe
| relativedosedistribuion and the absolute doseto

| | - thepatient

CTRC

Conclusons CTRC(

Canger Therapy & Resaarch Ceniey

« Stateof the art algorithmsfor photondosecomputation
shouldbe usel for bothconventionahndIMRT
planning

* Whatyou cdculate is whatyou get ...

» Bette outmomeanalysisandstudies
Pencil beamalgoiithms can introducesignificant
systematic andconvergencerrorsin IMRT andshould
beavddedwhenpossible althoughthe magnitudeof
deviationis planspedfic
MonteCarloalgorithmsarenow fastenoughto become
contendersn the RTP arena,but theydor't demonstrate
aclearimprovementoverthe convolution/siperposition
implementation.




