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Educational objectivesEducational objectives

Understand the mechanism and 
application of 4D CT imaging
Understand the central role of 
deformable image registration in 
4D dose calculations
Understand a framework for 4D 
dose calculation 



IntroductionIntroduction

Accuracy of MC is limited by:
Input radiation source description
Accuracy of input geometry and materials
Physical processes modeled
Cross-sections

This talk focuses on the patient 
geometric input, particularly the 
acquisition and use of time 
dependent CT images



IntroductionIntroduction

Formalism developed for intrafraction respiratory 
motion but can be extended for interfraction 
adaptive radiotherapy
Use of MC for 4D anatomic calculations is 
relatively new, however likely to increase in 
importance

4D data more available
MC more available
Deformable image registration algorithms more available
Adaptive radiotherapy schemes becoming more available

Overall desire to estimate the radiation dose as 
accurately as possible



Input requirements for 4D MC Input requirements for 4D MC 
calculationscalculations

4D CT-capable scanner to create 
anatomic input
Deformable image registration 
algorithm
4D-capable treatment planning 
system
Commissioned Monte Carlo system



4D Monte Carlo flowchart4D Monte Carlo flowchart



4D CT Imaging4D CT Imaging



4D thoracic CT imaging4D thoracic CT imaging

Vedam et al PMB 2003



What use are 4D CT scans?What use are 4D CT scans?

Determine tumor 
motion/screening
Motion inclusive treatment
Respiratory gated treatment
4D radiotherapy



4D CT imaging can be4D CT imaging can be

Ciné or helical acquisition
Sinogram or image sorting
Input signal can come from many 
sources
Patient is limiting factor!



Brief history of 4D thoracic CTBrief history of 4D thoracic CT



Vedam et al PMB 
2003 48:45-62

8 respiratory phases
Peak inhale
Early inhale
Mid inhale
End inhale
Peak exhale
Early exhale
Mid exhale
Late exhale

4D CT images4D CT images





Respiratory variabilityRespiratory variability

Courtesy Sonja Dieterich, Georgetown University

3 minutes later …



What 4D MD CT is available?What 4D MD CT is available?



Cone beam CTCone beam CT

Courtesy Sonke et al Med Phys 2005

3D MD CT 3D Cone Beam CT

Centroid



4D cone beam CT4D cone beam CT

Courtesy Sonke et al Med Phys 2005



Deformable Deformable 
image image 

registrationregistration



Deformable image registrationDeformable image registration

Non-rigid registration algorithms
Map objects/pixels in one image 
to another
Create a displacement vector 
field (DVF)
Characterized by similarity metric 
and interpolation method



Deformable image registrationDeformable image registration
Source image

DVF (3D view)DVF (2D view)

Target image



Similarity metric and Similarity metric and 
interpolation methodsinterpolation methods



Finite element analysisFinite element analysis



Large deformation Large deformation 
diffeomorphic image diffeomorphic image 

registrationregistration



Optical flowOptical flow



Splines: Splines: 
Thin Thin 
plate plate 
and band b



Calculus of variationsCalculus of variations



AccuracyAccuracy

All DIR algorithms 
have uncertainties
Very difficult to 
quantify on 
population or 
individual basis
Error O(mm) that 
should not be 
ignored



4D dose 4D dose 
computation computation 
frameworkframework



General framework: 3D and 4DGeneral framework: 3D and 4D



General framework: discrete 4DGeneral framework: discrete 4D



General framework: 4D deliveryGeneral framework: 4D delivery



Treatment scenario:Treatment scenario:
No explicit motion management No explicit motion management 

methodmethod



Motion inclusive treatmentMotion inclusive treatment



Treatment scenario:Treatment scenario:
Respiratory gatingRespiratory gating



Respiratory gatedRespiratory gated



Treatment scenario:Treatment scenario:
Dynamic motion compensationDynamic motion compensation



Dynamic compensationDynamic compensation



Summary and Summary and 
future directionsfuture directions



Current and future Current and future 
developmentsdevelopments

Audio-visual biofeedback
George et al Med Phys 2005, IJROBP 2006

Respiratory signal-conditioned acquisition
Vedam et al ASTRO 2005

5DF breathing motion model
Low et al IJROBP 2005

Ventilation assessment
Guerrero et al IJROBP 2005, PMB 2006

4D MC calculations
Rosu, Heath, Paganetti, Keall, Siebers …

4D CBCT MC calculations
HU errors cause both material and density errors



SummarySummary
Monte Carlo dose calculation has recently seen a 
resurgence of interest

Summer School and other MC workshops
AAPM Task Group report
Develop, user and vendor progress

The acquisition and use of 4D data sets during therapy is 
rapidly advancing

Better input data to MC algorithms

The increased accuracy offered by Monte Carlo and the 
increased geometric fidelity offered by 4D imaging 
techniques will allow treatment capabilities and clinical 
outcome data of unsurpassed quality 
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