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The radiotherapy chain 

Immobilization 

Imaging 

Tumor localization 

Treatment planning 

Patient positioning 

Treatment 

Quality assurance and 
verification 

W. Schlegel & A. Mahr: 3D Conformal Radiation Therapy Springer Multimedia DVD 
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Radiation treatment planning  
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Imaging (CT, MR & PET) 
 

Segmentation 
 

Definition of treatment parameters 
  

Dose calculation 
 

Evaluation of dose distribution / treatment plan 
 

Treatment delivery 

Radiation treatment planning loop 

W. Schlegel & A. Mahr: 3D Conformal Radiation Therapy Springer Multimedia DVD 

IMRT: Optimization 
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Outline 

•  Segmentation 

•  Dose calculation 

•  Definition of treatment parameters 

•  Evaluation of dose distribution / treatment plan 

•  IMRT & Optimization 
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Outline 

•  Segmentation 

•  Dose calculation 

•  Definition of treatment parameters 

•  Evaluation of dose distribution / treatment plan 

•  IMRT & Optimization 



Delineation of target and OAR’s 

W. Schlegel & A. Mahr: 3D Conformal Radiation Therapy Springer Multimedia DVD 



CT images for treatment planning 

 
 
 
 
 
 
 
 
 
 
 
                                              transversal slices 



CT images for treatment planning 

 
 
 
 
 
 
 
 
 
 
 
     transversal                             sagittal                                  coronal 



Image registration: CT & MR 

W. Schlegel & A. Mahr: 3D Conformal Radiation Therapy Springer Multimedia DVD 



Image registration: PET & MR/CT 

D. Thorwarth et al.: Potential role of PET/MRI in radiotherapy treatment planning 



Page 12 30/08/2017 | j.seco@dkfz.de 

PTV 

CTV 

Target volume definition 

GTV 

W. Schlegel & A. Mahr: 3D Conformal Radiation Therapy Springer Multimedia DVD 
 

ICRU report 50 

•  GTV = Gross tumor volume 
 Clinically evident tumor volume as may be visible in 
diagnositiv images or may be palpable in a clinical 
examination 

•  CTV = Clinical target colume 
 Covers GTV and margin containing microscsopic spread of 
tumor cells that is neither palpable nor visible 

•  PTV = Planning target volume 
 Margin to include setup uncertainties, organ motion, organ 
deformation, and delination uncertainties 
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Target volume definition: Radiation Side Effects is Volume Dependent 

D. Verellen et al.: Innovations in image guided radiotherapy 2007 Nature Reviews Cancer 
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Observer’s view 

•  delineate structures in all CT slices 
•  build 3D model 



Page 15 30/08/2017 | j.seco@dkfz.de 

Outline 

•  Segmentation 

•  Dose calculation 

•  Definition of treatment parameters 

•  Evaluation of dose distribution / treatment plan 

•  IMRT & Optimization 
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Dose definition 

Dose = Divergence of vectorial energy fluence EΦ 
      / absorbed Energy per mass 
 
𝐷=−   1/𝜚 𝛻∙(EΦ)= Δ𝐸/Δ𝑚     with   1  𝐺𝑦=1𝐽/𝑘𝑔  

primary photons 
scattered photons 
electrons 
neutrons, ... 

Slide by courtesy of Dr. Simeon Nill 
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Why do we calculate 3D dose distributions for treatment planning? 

•  Because we can… 

•  As a surrogate for cell kill 
 
à  Naive dose concept with evident weak spots 

•  Individual radiosensitivity for different cell types 
(both cancerous and healthy) 

•  Other factors: ionization density, dose rate, 
oxygenation, etc. 
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Dose calculation for open fields in water 
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Dose calculation for open fields in water 

•  Measured depth dose and lateral profiles in water 
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Base data for dose calculation: CT / Hounsfield units 

HU 
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Base data for dose calculation: Relative electron densities 

U Schneider, E Pedroni, A Lomax: The calibration of CT Hounsfield units for radiotherapy treatment planning 1995 PBM 41 
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Base data for dose calculation: Relative electron densities 
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Dose calculation for irregular fields in heterogeneous tissues 

•  Pencil beam algorithm 

•  Collapsed cone / convolution super position algorithm 

•  Monte Carlo algorithm 

 à Tradeoff between speed and accuracy 
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Dose calculation for irregular fields in heterogeneous tissues 

W. Schlegel & A. Mahr: 3D Conformal Radiation Therapy Springer Multimedia DVD 
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Dose calculation for irregular fields in heterogeneous tissues 

W. Schlegel & A. Mahr: 3D Conformal Radiation Therapy Springer Multimedia DVD 
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Outline 

•  Segmentation 

•  Dose calculation 

•  Definition of treatment parameters 

•  Evaluation of dose distribution / treatment plan 

•  Optimization 
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The first beam 

Slide by courtesy of Dr. Simeon Nill 
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Beam’s eye view 

Gantry 0° 

Gantry -90° 

Slide by courtesy of Dr. Simeon Nill 
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Beam limiting devices 

 
 
 
 
 
 
 
 
 
rectangular field        irregular field (MLC) 

Slide by courtesy of Dr. Simeon Nill 
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Multileaf collimator 

Tacke: Adaptation of High-Precision Radiotherapy to Moving Target Volumes in Real-Time Using Dynamic Multileaf Collimators 2009 



Dose distribution for one beam 

è need more than one beam!!! 

Slide by courtesy of Dr. Simeon Nill 



Dose distribution for two beams 

Slide by courtesy of Dr. Simeon Nill 



Dose distribution for five conformal beams 

Slide by courtesy of Dr. Simeon Nill 
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Outline 

•  Segmentation 

•  Dose calculation 

•  Definition of treatment parameters 

•  Evaluation of dose distribution / treatment plan 

•  IMRT & Optimization 
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Treatment plan quality indicators 

•  Inspection of transversal/sagital/frontal 2D dose distributions 
Conformality, hot spots, cold spots 

•  Homogeneity measures 

•  Conformity indices 
VolTarget(D>95%)/Vol(D>95%) 

•  Dose statistics 
Mean, maximum, minimum dose 

•  Dose volume histograms 
2D representation of 3D dose distribution 
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Slide by courtesy of Dr. Simeon Nill 
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Ideal DVHs - Targets 

IDVH 

100 

Vo
lu

m
e 

Dose Dpres 

Target 

Slide by courtesy of Dr. Simeon Nill 



Page 38 30/08/2017 | j.seco@dkfz.de 

•  Tolerance doses 

•  Irradiated volume 

•  Tissue organization 
•  Assume ‚fictional‘ functional sub-units of a tissue 
•  Their structural organization with respect to a certain 

functionality of a tissue is assumed to be either: 
a)  parallel 
b)  serial 

Ideal DVHs - OARs 

Slide by courtesy of Dr. Simeon Nill 
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OARs – Functionality – Serial Tissues 

Tissue Layer A 

Tissue Layer B 
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Slide by courtesy of Dr. Simeon Nill 
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OARs – Serial Tissues - Ideal DVHs 

•  Functionality determined by tolerance dose of the FSU 
•  Failure of 1 FSU determines loss of functionality 

IDVH 

100 
Vo

lu
m

e 

Dose Dtol 

Slide by courtesy of Dr. Simeon Nill 
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OARs – Functionality – Parallel Tissues 

Tissue Layer A 

Tissue Layer B 
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Slide by courtesy of Dr. Simeon Nill 
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OARs – Parallel Tissues - Ideal DVHs 

•  Functionality determined by tolerance dose of the FSU and the 
number of inactivated FSUs 

•  Failure of a large number of FSUs determines loss of functionality 

IDVH 

100 

Vo
lu

m
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Dose Dtol 

Slide by courtesy of Dr. Simeon Nill 
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DVH for plan comparison 

1 beam 5 beams 

target 
target 

brainstem brainstem 

Slide by courtesy of Dr. Simeon Nill 



Page 44 30/08/2017 | j.seco@dkfz.de 

QUANTEC 
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Outline 

•  Segmentation 

•  Dose calculation 

•  Definition of treatment parameters 

•  Evaluation of dose distribution / treatment plan 

•  Intensity Modulated RT (IMRT) & Optimization 
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Birkhoff G 1940 On drawings composed of uniform straight lines J. Math. Pures Appl. 19 221–36

Generating an Image from 360 degrees of linear projections!! 
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Radon Transform Principles 

• A linear transform   
f(x,y) à g(s,θ) 

•  Line integral or “ray-sum” 
•  Along a line inclined at angle θ  

from y-axis and s away from origin 

•  Fix θ to get a 1-D signal gθ(s) 

∫ ∫
+∞

∞−
−+= dxdysyxyxfsg )sincos(),(),( θθδθ

We have now a set of images gθ(s) 
which represent g(s,θ) 

The Radon Transform was introduced in 1917 by Johann Radon
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The optimization / inverse planning process is closely linked to 
intensity-modulated radiation therapy 

Concave  dose distributions 
 
à Optimization of intensity profiles 
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Fluence maps 

•  Divide beam’s eye view into bixel 
•  Assign different fluence weights to each bixel 

Bixel j Slide by courtesy of Dr. Simeon Nill 



The principle of IMRT 

à Two problems 
1.  How to find the fluences? 
2.  How to deliver the fluences? 
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How to find the fluences? 
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The intensity modulation is found by optimization of a quadratic objective 
function on a discrete representation of the patient anatomy… 

0≥

=∑

j

j
j

iji

w

wDD

•  Solution with projected L-BFGS 

1 run takes ~ 3 min with commercial system 

X-rays ~ 1000 pencil beams 
Particles ~ 30000 pencil beams 

Bixel j 

Voxel i 
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Inverse planning 

Slide by courtesy of Dr. Simeon Nill 
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Planning objectives 

Slide by courtesy of Dr. Simeon Nill 
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How to deliver the fluences? 
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Ein Photonen Linearbeschleuniger – so sieht ihn ein Physiker… 

W Schlegel & A Mahr: Conformal radiation therapy Multimedia DVD 2007 
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Step-and-shoot delivery 

W Schlegel & A Mahr: Conformal radiation therapy Multimedia DVD 2007 
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W Schlegel & A Mahr: Conformal radiation therapy Multimedia DVD 2007 
 
 

Dynamic IMRT delivery 



IMRT dose distribution 

Slide by courtesy of Dr. Simeon Nill 



Dose distribution for five conformal beams 

Slide by courtesy of Dr. Simeon Nill 
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At a glance: particle therapy 



With particle therapy, it is possible to deliver more conformal dose 
distributions… 

Superposition of spots with different energies and lateral position 103 MeV protons 87 MeV protons 64 MeV protons 



Inter-fractional motion – motion between different days… 



Intra-fractional motion – motion during irradiation… 



Nominal treatment 5 mm setup error 

Range and setup uncertainties in particle therapy 
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