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Margin betweenPTV andTreatedVolume

Conventional IMRT

FromBucci, M. K. et al. CA CancerJ Clin 2005;55:117-134.

PTV PTV

Treatedvolume Treatedvolume

CanIMRT shrinkthePTV?

• ICRU 62:

PTV = CTV + IM + SM

�Internalmotion and randomsetuperrors
leadto “doseblurring”

�IMRT cannotdo much about
systematic setuperrors

Educationalobjectives

1. Understandtheconceptsof motionblur
and PDF

2. Understandtheideaof de-blurring a dose
distributionthrough“4D” motion
optimization

3. Be ableto discusstherelativepotential
and limitationsof 4D motionoptimization
in comparisonwith marginsandgating
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Motion blur

McCarter& Beckham,PMB, 2001

25 %

Motion blur of dosedistribution

PTV

Courtesy:RandyTenHaken, Ann Arbor

CTV CTV

No blur With blur

Interplay effects

desired
value

CedricX Yu, David A Jaffrayand JohnW Wong:
“ The effectsof intra -fr action organ motion on
the delivery of dynamic intensity modulation”

Phys.Med. Biol. 43 (1998) 91–104.

Interplay effects betweenorganmotion
andMLC movement

JH Kung andP Zygmanski
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Interplay effectin fractionatedtreatments

• Interplay effects tendto averageout in a
fractionatedtreatment

• Residualdoseerrors havea narrow
Gaussiandistribution

• The standarddeviation(σ) is typically
lessthan1%

Bortfeld, Jokivarsi,Goitein, Kung,Jiang:Bortfeld, Jokivarsi, Goitein, Kung,Jiang:
““ Effects of In traEffects of Intra --Fraction Motion on IMRT . . .Fraction Motion on IMRT . . .”” ,,

Phys.Med.Biol. 47:2203Phys.Med.Biol. 47:2203--2220,July7, 20022220,July7, 2002

Interplay effectin 3D

ChenChen--Shou Chui,Ellen Yorke,LindaHong:Shou Chui,Ellen Yorke,LindaHong:
““ The Effects of IntraThe Effects of Intra --Fraction Organ Motion . . .Fraction Organ Motion . . . ”” ,,

Med.Phys. 30(7):1736Med.Phys.30(7):1736--1746,20031746,2003

3 breast,4 lung patients,±3.5mm to ± 10 mm
Simulationsfully 3D

Interplay

Blurring

Chui et al. results: 1 fx vs. 30 fx Summaryof effects

everywhereIMRT<1%
standard
deviation

Interplay

interfacesall<5%Deformation
(interface)

field edgesall20-30%Blurring
(smoothing)

wheretechnique
affected

how big
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Potential shortcomingsof interplay studies

• Assumption thatbreathingis not correlated
with MLC sequence

• Simulations:samemotionpattern every day
• With 1% standarderror there is a

5% chance to see deviations> 2% or
0.3 % chanceto see deviations> 3% …

• Biological effect of doseperfraction
variation

• Averaging may not work (well) for hypo-
fractionation

Biological effect

Bortfeld, Paganetti: “Biologic relevanceof daily dosevariations” , IJROBP65(3), 899-906, 2006
S. Zavgorodny: “Theimpactof inter-fractiondose variations” , PMB 49,5333-5345,2004

Motion probability density function, PDF

Breathingtrajectory

PDF
Probability DensityFunction
Likelihoodof a givenoffset

〈〈〈〈D〉〉〉〉 = ∫ Ds(x) pdf(x) dx

Outline

1. Dosimetriceffectsof respiratorymotion
and randomsetuperrors

2. 4D optimizationusingmotion probabilities

3. Uncertainties androbustoptimization
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Motion blur anddeconvolution Motion blur (smoothing)

staticprofile

McCarter& Beckham, PMB, 2001

motion blur

Target (CTV)field
edge

Motion compensation through“horns”
– a better alternative to margins?

McCarter& Beckham,PMB, 2001

staticprofile

motion blur

Target (CTV)

Motion compensation through
probability-basedde-blurring

• B. Lind et al. 1993, “Optimal radiation beam profilesconsidering
uncertaintiesin beampatient alignment” , Acta. Oncol. 32:331-42

• J. Li & L. Xing 2000, “ Inverseplanning incorporating organmotion” ,
Med.Phys.27(7):1573-1578

• M . Birkner et al. 2003, “Adapting inverseplanning to patientand
organgeometrical variation” , Med. Phys30(10):2822-2831

• J. Unkelbach & U. Oelf ke 2004, “ Inclusion of organmovementsin
IMRT…probability distributions” Phys.Med.Biol. 49:4005-4029

• A. Trofi mov et al. 2005, “Temporo-spatial IMRT optimization…”,
Phys. Med.Biol. 50 (2005) 2779–2798

• D. McShan et al. 2006, “MIGA” , Med.Phys.33(5):1510-1521

• …
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Pencil beamandorganmotion Voxelsmappedbackto referencegeometry:
Pencil beammoves

Dosedelivered to a moving targetover
themotion cycle:Motion Kernel

E. Rietzel,G. Chen
Lung example
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DVH for 4 differenttechniques

ITV
gating
tracking
probabili ty, “horns” 20% reduction

of mean doseto
left lung
comparedto ITV

Trofimov et al., PhysMed Biol. 50:2779-98, 2005

Liver case

inhale exhale

Liver case

• Intensitymapfor onebeam

gating edgeenhancement

Trofimov et al., PhysMed Biol. 50:2779-98, 2005

Liver case

30% reduction
of meandoseto
healthy liver
comparedto ITV

ITV
gating
tracking
probabil ity, “horns”

Trofimov et al., Phys MedBiol. 50:2779-98, 2005
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Outline

1. Dosimetric effects of respiratorymotion
and randomsetup errors

2. 4D optimization usingmotionprobabilities

3. Uncertaintiesand robustoptimization

• Dose conformality of edge-enhancedIMRT
with “horns” is almostasgoodasgatingor
tracking

• Is this too goodto betrue?

Problemswith probability -based “horns”

�PDF is not precisely known

�PDF maynot befully sampled

�Hornsmay bedifficult to deliver

Motion compensation – idealcase

Motion PDF

Motion-compensateddoseprofile
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Motion compensation – what canhappen

Motion PDF

Motion-compensateddoseprofile

Variationsof breathingPDF
(fromRPM data)

Inter-fractional variation
Onepatient,32 fractions

In ter-subject variations
186 patients

PDF

x

Idea:PDF+ error bars

Uncertainty in breathingpattern

T. Chanet al., “A robustapproachto IMRT optimization”,
PMB 51(2006):2567-2583

Robustedgeenhancedintensityprofile

Edgeenhancement
+
Margin

CTV
Intensity

T. Chanet al., PMB 51(2006):2567-2583
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Robust motioncompensation

Motion PDF

Motion-compensateddoseprofile

Robustmotioncompensation

Motion PDF

Motion-compensateddoseprofile

Reductionof integraldosecomparedto the
useof conventionalmargins:

• “Plain” probability-based deconvolution: 15%
(but targetcoveragenot guaranteed)

• Robust solution: 9%
(with guaranteedtargetcoverage)

Vrancicet al., “Experimental …robustoptimization…”, SU-FF-T-224

Clinical lung case

Reduction of meanlung dose
15.4%/ 14.1%
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CanIMRT shrinkthePTV?

• ICRU 62:

PTV = CTV + IM + SM

�Internalmotion and randomsetuperrors
leadto “doseblurring”

�IMRT cannotdo much about
systematic setuperrors

Probabil istic methodsand
random vs.systematicerrors
• Sofar we haveaddressedthis problem

• With systematic errors thereis no dose
averaging, soonecantry this:

Probabilistic methodsand
randomvs.systematicerrors
• Lof, Lind, Brahme1998,“An adaptive

control algorithm…”, PMB 43:1605-1628

• Yang,Mageras, et al. 2005,“A newmethod
for incorporating systematicuncertainties” ,
Med. Phys.32(8):2567-2579

• Baumet al. 2006,“Robusttreatment
planning…coverageprobabilities” ,
Radioth. Oncol. 78:27-35.

• No horns

• Leadsto a margin-like solutionwithout
having to definethePTV

Probabil istic methodsfor
systematic errors
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Conclusions

• Doseblurring due to randomsetup errorsand
respiration canbepartially compensated through
“ beamhorns”

• In thecaseof breathing motion, this method is almost
aseffectiveasgating or tracking

• However,themethodrelieson very stableand
reproduciblebreathing

• “ Robustification” has recently been achieved, but leads
to somelossof conformali ty

• It appearsthatrobustprobabili ty-basedplanningcan
reducehigh dosevolumeexpansionneededfor internal
motion and randomsetup errorsby about 50%

Thanks

• GregSharp

• GeorgeChen

• Eike Rietzel

• Yair Censor( University of Haifa, Israel)

• John Tsitsiklis (OR Center, MIT)

4D optimization with horns Outline

1. Dosimetriceffectsof respiratorymotion
and randomsetuperrors

2. 4D optimizationusingmotion probabilities

3. Uncertainties androbustoptimization
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PDF sampling, finite number of fractions

J.Unkelbach andU. Oelfke
“ Inclusionof organmovementsin IMRT treatment planning via inverseplanning
based on probability distributions”
Phys.Med. Biol. 49 (2004) 4005–4029

Solution: variancetermin objectivefunction

J.Unkelbach& U. Oelfke, Phys.Med. Biol. 49 (2004) 4005–4029
M. Chu, Y. Zinchenko, et al., Phys. Med. Biol. 50 (2005) 5463-5477
A. Olafsson & S. Wright, Phys.Med.Biol. 51 (2006) 5621-5642


