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Learning Objectives 
 
1. Brief history of BT sources and delivery systems 
 
2. LDR BT sources and advancements 
 
3. HDR BT sources and advancements 
 
4. Robotic systems for BT delivery 
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Manually Delivered LDR BT 



Radium Needles and Tubes 
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• Low-energy LDR sources (seeds) 
– 125I and 103Pd most common with 131Cs gaining interest 
– about 4.5 mm long and 0.8 mm diameter copsules 
– treatments either temporary or permanent 

0.4 < DRx < 2 Gy/h 
 

• High-energy LDR sources (increasingly rarely)  
– 137Cs tubes and 192Ir ribbons or wire 
– treatments mainly temporary (137Cs or 192Ir), or permanent (192Ir) 

 

Current LDR Brachytherapy Sources 



Low-Energy LDR Seeds 



Low-Energy LDR Seeds 



Low-Energy LDR Seeds 

Understand the source geometry 



Low-Energy LDR Seeds 

Dynamic source orientation influences some dose distributions 



• Low-energy sources for HDR brachytherapy 
– electronic brachytherapy (eBT) can turn on/off 
– similar dose distributions to HDR 125I source 
– independence from a radioactive materials license 
– diminished shielding/licensing/security required 
– potential to replace radionuclide-based brachytherapy                               

like linacs replaced 60Co 
 

• Vendors for eBT brachytherapy systems 
– Carl Zeiss AG (INTRABEAM) 
– Xoft/iCAD (Axxent) 
– Nucletron/Elekta (esteya) 

 

Low-E HDR Brachytherapy Systems 



INTRABEAM System 



INTRABEAM X-ray Source 
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Axxent Controller 

http://cero.coolnetworx.net/uploads/Barcode.gif
http://www.odeecompany.net/imgodee/promotional-usb-drive.jpg


x-ray tube size 

x-ray source in cooling catheter 
light emission from e– 

and x-ray interactions 
with anode 

Axxent X-ray Source 



69.5 kV 
10 mm to 30 mm diam. 
specific to skin lesions 

esteya System 



Medical Physics discussion on eBT 



High-Energy LDR Sources 



Example of 2 cm tube source 
Note difference in active length and external length 

High-Energy LDR 137Cs Tubes 



Special forms of LDR 192Ir sources 

Left: example of a wire-type source,   Right: guiding needles for “hairpin” 

in “hairpin” form, e.g., for tongue implants 

High-Energy LDR 192Ir Hairpins 



First afterloader ever built 

Remote Afterloading BT 



3 or 6 channels 

 

Maximum: 48 sources 

(2.5 mm Ø pellets) 

Selectron LDR 137Cs Pellet Afterloaded 



Afterloader connected to GYN-applicator set 

Source pellets 
pneumatically 
sorted and 
driven to 
applicators 

Selectron LDR 137Cs Pellet Afterloaded 



• High-energy sources for HDR brachytherapy 
– 192Ir most common with 60Co under development 
– outer diameter < 1 mm 
– treatments from 2 to 20 minutes 

DRx > 12 Gy/h or > 0.2 Gy/min. 
– regulatory activity 4 to 12 Ci 
– shielding/licensing required 

 
• Vendors for HDR 192Ir brachytherapy RAUs 

– Nucletron/Elekta (microSelectron + Flexitron) 
– Varian (VariSource + GammaMed) 
– BEBIG (MultiSource) 

HDR Brachytherapy Systems 



HDR & PDR have identical dimensions 

Currently most Systems 

Laser welded 

     Ø 0,9mm 

     Ø 1,1mm 

µSelectron 1986 

µSelectron 1992 

Flexitron 2005 

     Ø 0,9mm 

µSelectron  1997 

     Ø 1,1mm 

GammaMed 1972 

HDR 192Ir Brachytherapy Sources 



Example of miniaturized source welded to the end of a drive cable. 

drive cable (wire) 

stainless steel 

welded connection 

HDR 192Ir Brachytherapy Sources 



Varian, GammaMed Plus Varian, VariSource 

Elekta/Nucletron, Flexitron 

BEBIG, MultiSource 

Elekta/Nucletron, microSelectron v3 

HDR/PDR 192Ir BT Afterloaders: Overview 



 
3.5 mm long, 0.9 mm diameter 192Ir source 

Nucletron/Elekta microSelectron 



 
5.0 mm long, 0.59 mm diameter 192Ir source 

Varian VariSource 



   BEBIG MultiSource   

3.5 mm long, 1 mm diameter source 
potential for dual HDR 192Ir + 192Ir or HDR 192Ir + 60Co 

integrated calibration system for daily verification 



Nucletron, microSelectron v3 

Afterloader Head Mechanism 



Refs: 
Thomadsen 2000, Achieving Quality in Brachytherapy. 

ESTRO Booklet 8 2004, A Practical Guide to QC of Brachytherapy Equipment. 

Table taken from Chap. 2 of: Comprehensive Brachytherapy 2013, (Eds. Venselaar, Baltas, Meigooni, Hoskin). 

Afterloader Properties 



And 2 pages more…… 
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Robotic based Afterloading Technology? 

Evolution 

192Ir, 
60Co, 
eBT, 

low-E seeds 

Robots! 

? 



Robot Definition 

Robot = a reprogrammable multifunctional manipulator 
designed to move materials, parts, tools, or 

specialized devices through variable programmed 
motions for performance of a variety of tasks. 

 
Robotics Institute of America® 

Podder et al, Med. Phys. 41, 101501-1-27 (2014) 



A seed afterloader for prostate BT: 
Robotic Assisted Seed Delivery 

seedSelectron 
(by Elekta/Nucletron, The Netherlands) 

Commerically Available LDR Robot 



Application of the seed afterloader 

Principle of loading of a needle 
Cassettes with 125I 

sources and spacers 

Commerically Available LDR Robot 

A seed afterloader for prostate BT: 
Robotic Assisted Seed Delivery 



Medical Physics 
AAPM and GEC-ESTRO guidelines for image-guided robotic brachytherapy: Report of Task Group 192 
 
Tarun K. Podder, Luc Beaulieu, Barrett Caldwell, Robert A. Cormack, Jostin B. Crass, Adam P. Dicker, Aaron Fenster, Gabor Fichtinger, 
Michael A. Meltsner, Marinus A. Moerland, Ravinder Nath, Mark J. Rivard, Tim Salcudean, Danny Y. Song, Bruce R. Thomadsen, and Yan Yu 
 
 
This is a joint Task Group with the Groupe Européen de Curiethérapie-European Society for Radiotherapy 
& Oncology (GEC-ESTRO). All developed and reported robotic brachytherapy systems were reviewed. 
Commissioning and quality assurance procedures for the safe and consistent use of these systems are also 
provided. Manual seed placement techniques with a rigid template have an estimated in vivo accuracy of 
3–6 mm. In addition to the placement accuracy, factors such as tissue deformation, needle deviation, and 
edema may result in a delivered dose distribution that differs from the preimplant or intraoperative plan. 
However, real-time needle tracking and seed identification for dynamic updating of dosimetry may 
improve the quality of seed implantation. The AAPM and GEC-ESTRO recommend that robotic systems 
should demonstrate a spatial accuracy of seed placement ≤1.0 mm in a phantom. This recommendation is 
based on the current performance of existing robotic brachytherapy systems and propagation of 
uncertainties. During clinical commissioning, tests should be conducted to ensure that this level of 
accuracy is achieved. These tests should mimic the real operating procedure as closely as possible. 
 

Podder et al, Med. Phys. 41, 101501-1-27 (2014) 

AAPM/GEC-ESTRO TG-192 Report: Robotic BT 



LDR Seed Robots Under Development 

EUCLIDIAN, Thomas Jefferson Univ. 



LDR Seed Robots Under Development 

MIRAB, Thomas Jefferson Univ. 



LDR Seed Robots Under Development 

UMCU, University Medical Center Utrecht 



Johns Hopkins  Univ. 

MRI-compatible 

LDR Seed Robots Under Development 





Summary 

• Numerous possibilities for LDR and HDR sources 
 

• Discriminate RAL system features across manufacturers 
 

• Diligence needed by medical physicists to remaining tech savvy 
 

• Future BT developments will grow more complicated with technology 
 

• Medical physicist should decide technology for clinic 



Dimos Baltas, University of Freiburg, Germany 
Bruce Thomadsen, University of Wisconsin, USA 

Jack Venselaar, Instituut Verbeeten, The Netherlands 
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The Field / Beam: 

Modern Radiation Therapy 
BRT versus ERT Similarities and Differences 

BRT 
ERT 



Field Catheter/Needle/Applicator 

ERT BRT 

• 2.5 mm 
• 5.0 mm 
• 10.0 mm 

MSS MLC 
2.5 mm 
or 
5.0 mm 
or 
10.0 mm 

Beam Shaping: Plane 

• 1.0 mm 

• ?? mm 

Modern Radiation Therapy 
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Dosimetric Kernel 
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Dosimetric Kernel 
BRT BRT 
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1/r2 = 0.007  0.7% 
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Delivery Technology: Intensity Modulation (2D) 

“Bixel”  Dwell Position 
“MUs”   Dwell Time 

Modern Radiation Therapy 
BRT versus ERT Similarities and Differences 



Delivery Technology 
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Delivery Technology 
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Dosimetric Kernel       Particles 
(Spot) 

 
Delivery Technology     IMRT (X, P) 

(Modulation, Dose-Volume-Prescription) 
 
Dose Distribution     SRS / SBRT        ? 

(Inhomogeneity) 
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Summary - I 



Modern Radiation Therapy 
Dose Distribution: Inhomogeneity 

SRS 
BRT 
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Modern Radiation Therapy 
Dose Distribution: Inhomogeneity 
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Modern Radiation Therapy 
Dose Distribution: Inhomogeneity 

V100 = 93% D90 = 103% 

SRS BRT 

10% 

30% 

50% 



Dosimetric Kernel       Particles 
(Spot) 

 
Delivery Technology     IMRT (X, P) 

(Modulation, Dose-Volume-Prescription) 
 
Dose Distribution     SRS / SBRT 

(Inhomogeneity) 
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Summary - II 
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• Immobilization 
• Positioning 
• External Coordinate System 
• CT-Acquisition 
• 3D-Patient Model 
• VOI-Definition 
• Prescription 
• Beam Configuration 
• Fluence Adjustment 
• DVH-Evaluation  
• Treatment Parameters Transfer 

Reference Point /  
Coordinate System 

Modern Radiation Therapy 
Workflow / Processes in ERT Treatment Planning 

3D-Patient Model 
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3D-Patient Model: Beam Configuration 

• Placement of Beams/Beam Configuration 
• Visual Control (BEV, skin projection) 
• DRRs 

Modern Radiation Therapy 
Workflow / Processes in ERT Treatment Planning 



Modern Radiation Therapy 
BRT versus ERT Similarities and Differences 

• Immobilization 
• Positioning 
• External Coordinate System 
• Implantation (Catheters = Beams) 
• CT-Acquisition 
• 3D-Patient Model 
• VOI-Definition 
• Prescription 
• Beam Configuration     Localisation 
• Fluence Adjustment 
• DVH-Evaluation 
• Treatment Parameters Transfer 

3D-Patient Model 

M
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3D-Patient Model: Anatomy (VOI) Definition 

• GTV, CTV, PTV 
• OARs 

Modern Radiation Therapy 
BRT versus ERT Similarities and Differences 

By Courtesy of Philips CT Imaging 

CT: Artifact Reduction 

w implanted catheters 



3D-Patient Model: Anatomy (VOI) Definition 

• GTV, CTV, PTV 
• OARs 

Modern Radiation Therapy 
BRT versus ERT Similarities and Differences 

SIEMENS Healthcare, Germany: SOMATOM Definition AS Open – RT Pro edition 

CT: Artifact Reduction 

w implanted catheters 



3D-Patient Model: Anatomy (VOI) Definition 

• GTV, CTV, PTV 
• OARs 

Modern Radiation Therapy 
BRT versus ERT Similarities and Differences 

Clinical Data and Images by courtesy of Dept. of Radiation Oncology, Offenbach, Germany 

3D-U/S 
w/o catheters 



3D-Patient Model: Anatomy (VOI) Definition 

• GTV, CTV, PTV 
• OARs 

Modern Radiation Therapy 
BRT versus ERT Similarities and Differences 

Clinical Data and Images by courtesy of Dept. of Radiation Oncology, Offenbach, Germany 

3D-U/S 
with metallic 
catheters 

w implanted catheters 



3D-Patient Model: Catheter (Beam) Configuration 

• Localisation of Catheters/Applicators (Beams) 
• Visual Control (BEV, skin projection) 
• DRRs 

Modern Radiation Therapy 
BRT versus ERT Similarities and Differences 

Axial Sagittal 



3D-Patient Model: Catheter (Beam) Configuration 

• Localisation of Catheters/Applicators (Beams) 
• Visual Control (BEV, skin projection) 
• DRRs 

Modern Radiation Therapy 
BRT versus ERT Similarities and Differences 

“Beams”  “MLCs”   



3D-Patient Model: Catheter (Beam) Configuration 

• Localisation of Catheters/Applicators (Beams) 
• Visual Control: (BEV, skin projection) 
• DRRs: What is the (analogue of) DRR in BRT? 

Modern Radiation Therapy 
BRT versus ERT Similarities and Differences 

Milickovic N., Baltas D, et al. “CT imaging based digitally reconstructed radiographs and their 
application in brachytherapy“, Phys. Med. Biol. 45, 2000 
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Modern Brachytherapy Treatment Planning 
• Immobilization 
• Positioning 
• External Coordinate System 
• Implantation 
• Image-Acquisition (CT, MR, U/S, CBCT) 
• 3D-Patient Model 
• VOI-Definition 
• Prescription 
• Catheters/Applicators (Sources) Localisation 
• Inverse Optimisation (Intensity modulated) 
• DVH-Evaluation 
• Treatment Parameters Transfer 



Modern Brachytherapy Treatment Planning 
Catheters/Applicators (Sources) Localisation 

In contrast to ERT, where the set-up of the real Beams (irradiation) is based on: 
• Immobilization of the patient as in planning process (CT)  
• (re)Positioning of the patient using the RP and the Machine 
  Coordinate System (Laser Projection of Isocentre) 
  RP = Laser-Iso 
• Imaging-based (2D/3D) verification of Target/Anatomy position 
• Fully automatic set-up of the beams and MLC-configurations 

1 
2 

3 



Modern Brachytherapy Treatment Planning 
Catheters/Applicators (Sources) Localisation 

In contrast to ERT 
In BRT the “Beams”, the implanted Catheters/Applicators, have to be 
firstly localised (reconstructed; definition of their 3D geometry) and 
registered to the anatomy out of the available imaging data. 
Exactly this Co-registration of Anatomy  Catheters/Applicators 
replaces the/corresponds to  RP  Laser-Iso Positioning of ERT.  

DICOM 



Modern Brachytherapy Treatment Planning 
Catheters/Applicators (Sources) Localisation 

The actual aim of the Localisation Process is: 
 

to define the 3D-positions of the sources or of the possible 
source dwell positions and register these to the relevant 
anatomy (PTV, OARs). 

 
This presumes: 

•  Localisation of the implanted Catheters/Needles/ 
   Applicators and 
•  Knowledge of Afterloader and Catheter/Applicator specific 
   Information/Characteristics. 



Knowledge of Afterloader and Catheter/Applicator specific 
Information/Characteristics 

Modern Brachytherapy Treatment Planning 
Catheters/Applicators (Sources) Reconstruction 

Tip 

Afterloader 



Knowledge of Afterloader and Catheter/Applicator specific 
Information/Characteristics 

Modern Brachytherapy Treatment Planning 
Catheters/Applicators (Sources) Reconstruction 

Chanel length 



Modern Brachytherapy Treatment Planning 
Catheters/Applicators (Sources) Localisation 

In general there are exist two methods for the Localisation of the 
sources/ possible source dwell positions. 
 
Source Path Method  

Here the “finger-print” of the individual implanted catheters/ 
applicators on the acquired images is utilized (interstitial 
implants, endoluminal and simple endocavitary applicators) 
 

3D-Applicator Model Method  
Here the 3D Applicator geometry (rigid) is preexisting and 
stored as a “3D-Object” including all required information for  
generation of sources/source dwell positions (source paths,  
all possible source dwell positions and channel length for each 
path, …) 

Plastic - CT Metallic - CT Metallic – U/S 

Breast Gyn Prostate 



Modern Brachytherapy Treatment Planning 
Catheters/Applicators (Sources) Localisation 

In general there are exist two methods for the Localisation of the 
sources/ possible source dwell positions. 
 
Source Path Method  

Here the “finger-print” of the individual implanted catheters/ 
applicators on the acquired images is utilized (interstitial 
implants, endoluminal and simple endocavitary applicators) 
 

3D-Applicator Model Method  
Here the 3D Applicator geometry (rigid) is preexisting and 
stored as a “3D-Object” including all required information for  
generation of sources/source dwell positions (source paths,  
all possible source dwell positions and channel length for each 
path, …) 

“3D-Object” 

source dwell positions 

GEC-ESTRO Recommendations, Hellebust T., Kirisits, C., Berger, D., et al., Rad Oncol 95, 
153-160, 2010. 



Modern Brachytherapy Treatment Planning 
Catheters/Applicators (Sources) Localisation 
The actual aim of the Localisation Process is: 
 

to define the 3D-positions of the sources or of the possible 
source dwell positions and register these to the relevant 
anatomy (PTV, OARs). 



Modern Brachytherapy Treatment Planning 
Catheters/Applicators (Sources) Localisation 

Session on 3D Imaging Localisation  
 

•  3D imaging modalities and techniques 
   C. Kirisits 
   
•  Catheter/Applicator and source localisation using 
   3D imaging  

  M. Rivard 
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Modern Brachytherapy Treatment Planning 
• Immobilization 
• Positioning 
• External Coordinate System 
• Implantation 
• Image-Acquisition (CT, MR, U/S, CBCT) 
• 3D-Patient Model 
• VOI-Definition 
• Prescription 
• Catheters/Applicators (Sources) Localisation 
• Inverse Optimisation (Intensity modulated) 
• DVH-Evaluation 
• Treatment Parameters Transfer 



Modern Brachytherapy Treatment Planning 
For all further steps in RTP-Workflow in BRT, following is 
given: 

• 3D-Model of the patient anatomy 
−  Target(s) 
−  OARs 

•  3D-Model of the implant 
− Catheter and/or applicators 
− (Possible and) active source dwell positions ASDPs 

•  Their Co-Registration 
− DICOM-coordinate system 

•  Dwell times for all ASDPs (Optimization, Inverse/Forward) 



Modern Brachytherapy Treatment Planning 

•  Dose-Calculation Engine 
   Monday Session on Dose Calculation 
  L. Beaulieu, P. Papagiannis and M. Rivard 
 
•  DVH-Calculation Engine 
   Tuesday Session on Optimization and Prescription 
  D. Baltas  and  C. Kirisits 
 

For all further steps in RTP-Workflow in BRT, following is 
presumed: 
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Dynamic and Adaptive Planning 
Modern Brachytherapy Treatment Planning 

Define „best-possible“ 
implant: Inverse 

Planning 

Implant next 
catheter/needle: 

Implantation/Navigation/Re
al Time Feedback 

Deviation from 
„best-possible“ 

acceptable? 
Real-Time 

Feedback/Planni
ng 

Yes 

No Re-optimize* 

Deviation 
from „best-
possible“ 

acceptable? 

Yes 

Adjust „best-
possible“ for 

remaining 
Catheters* 

No 

* Consider possible anatomical changes  



It presupposes the availability of: 

  A complete 3D anatomy model 
VOIs: Target(s), OARs 

  The Desired Dose Distribution 

Morphology (3D Imaging) 

Modern Brachytherapy Treatment Planning 
Define “best-possible” = Inverse Planning 



Inverse Planning:  
The automatic placement of an adequate number of catheters/applicators/needles 
based on dosimetric objectives and constraints. Consideration of (i) Medical (ii) 
Anatomical und (iii) Technical Implantation demands/presetting. It is solvable in 
clinically acceptable time only after discretisation. Clinically available for the 
discretized case (HIPO®) 

54 
HIPO® by Pi-Medical Ltd. for any localisation template based, combination of „template“ and applicators etc… 
IPSA by Nucletron an ELEKTA Company, for permanent prostate implants. 

Modern Brachytherapy Treatment Planning 

unfocused/ 
focused 

focal 



Inverse Planning:  
The automatic placement of an adequate number of catheters/applicators/needles 
based on dosimetric objectives and constraints. Consideration of (i) Medical (ii) 
Anatomical und (iii) Technical Implantation demands/presetting. It is solvable in 
clinically acceptable time only after discretisation. Clinically available for the 
discretized case (HIPO®) 

55 

HIPO® by Pi-Medical Ltd. for any localisation template based, combination of „template“ and applicators etc… 
IPSA by Nucletron an ELEKTA Company, for permanent prostate implants. 

Modern Brachytherapy Treatment Planning 



Inverse Planning:  
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based on dosimetric objectives and constraints. Consideration of (i) Medical (ii) 
Anatomical und (iii) Technical Implantation demands/presetting. It is solvable in 
clinically acceptable time only after discretisation. Clinically available for the 
discretized case (HIPO®) 

HIPO® by Pi-Medical Ltd. for any localisation template based, combination of „template“ and applicators etc… 
IPSA by Nucletron an ELEKTA Company, for permanent prostate implants. 
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based on dosimetric objectives and constraints. Consideration of (i) Medical (ii) 
Anatomical und (iii) Technical Implantation demands/presetting. It is solvable in 
clinically acceptable time only after discretisation. Clinically available for the 
discretized case (HIPO®) 

HIPO® by Pi-Medical Ltd. for any localisation template based, combination of „template“ and applicators etc… 
IPSA by Nucletron an ELEKTA Company, for permanent prostate implants. 

Modern Brachytherapy Treatment Planning 

Cervix-Ca: Applicator + Needles 
Data by courtesy of University of Vienna 



Dynamic and Adaptive Planning:  
Adaptation of the implant geometry and of the physical dose distribution during the 
implantation process for the Occurrence of (i) Changes in the Anatomy (Morphology) 
and (ii) Deviations in the catheter placement. 

Modern Brachytherapy Treatment Planning 

Virtual (inverse planned) 
versus 

Real (implanted) Catheters 



Dynamic and Adaptive Planning:  
Adaptation of the implant geometry and of the physical dose distribution during the 
implantation process for the Occurrence of (i) Changes in the Anatomy (Morphology) 
and (ii) Deviations in the catheter placement. 
Clinically available for the discretized case (HIPO®) 

HIPO® by Pi-Medical Ltd. for any localisation template based, combination of „template“ and applicators etc… 

Modern Brachytherapy Treatment Planning 

1 2 3 
Pre-Plan/Virtual Dynamic/Adaptiv 

Final Implant & 
Treatment Delivery 

Closed Loop Procedure 



Dynamic and Adaptive Planning:  
Adaptation of the implant geometry and of the physical dose distribution during the 
implantation process for the Occurrence of (i) Changes in the Anatomy (Morphology) 
and (ii) Deviations in the catheter placement. 

Modern Brachytherapy Treatment Planning 

Virtual (inverse planned) 
versus 

Real (implanted) Catheters 



Dynamic and Adaptive Planning:  
Adaptation of the implant geometry and of the physical dose distribution during the 
implantation process for the Occurrence of (i) Changes in the Anatomy (Morphology) 
and (ii) Deviations in the catheter placement. 

Modern Brachytherapy Treatment Planning 
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3D Imaging modalities and techniques
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Vienna 1918

Since ~1983

MRI since 1998

Clinical Evaluation

Drawing Diagram

Adler: Strahlentherapie 1918

Vienna 1918

CT since 1983 

Radiography

Painting



History of 3D volumetric imaging in brachytherapy

• Long tradition in staging and for GTV/CTV definition

• Projection of isodose distributions on single images

• Treatment planning with contouring, registration of 3D 

volumetric images with x-ray treatment plans, DVH

• Treatment planning directly on CT/MRI/US

• Image guided adaptive approach for application, planning and 

verification



Dimopoulos et al. 

Strahlenther Onkol. 2009

Image 

guided 

adaptive



3D visualisation



In-room imaging?

7

Delivery device

Delivery device

Room



Reconstruction using X-rays

AP radiograph lateral radiograph



Reconstruction using CT



Reconstruction using MRI



Ultrasound volume study

5 mm steps

0
5

10
15

20

25

35



Geometrical Accuracy (MRI)

Fransson et al. Strahlentherapie 2001

Distortions pronounced

at the periphery of field of view



MRI CT



DIAGNOSTIC PART PTV/CTV delineation :

•Mammography:
(before surgery)

• tumor size
• localization (quadrant)
• distance to skin/ chest wall



closed cavity open cavity

SURGICAL PART PTV/CTV delineation :

• clips



Reconstruction accuracy

CT scan 2mm slices 0° CT scan 2mm slices 45° CT scan 2mm slices 90°



Reconstructed catheter length at the tissue phantom
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Direct reconstruction by using CT or MR images

the dwell position problem !

+

ch
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offsetcatheter “tip end“

….     3.      2.      1.      0.

….     3.      2.      1.      0.

?

distance ~4mm

1.2.3.

0.1.2.

0.1.2.

X-ray dummy marker



Know the tool you are using!

Material

Plastic Titanium Steel

flexible rigid rigid

C
T

M
R

I
U

S

field strength (0.2T,1.5T,3T)

P S

T

P
S

T
S

different

materials

in 3T MRI

Different materials scanned in 0.2 T open MRI

Plastic needles Titanium needles
P

Steel

P

S

T

Ultrasound

Interstitial Applicator



Seed visualisation: prostate vs agarose gel

MR T2 (Philips 1.5T) MR T1 (Siemens 1.5T)

MR T1 (Philips 1.5T)CT (Siemens)

de Brabandere et al. R&O 2006



The problem: no visible source channel

How to reconstruct the tandem ring applicator directly on MR Images ?

How to identify the 1st source position of the ring ?

Do we need MR markers to identify the whole source channel (path) ?

MR markers in Tandem Ring at the MUV in cooperation with Nucletron



The problem: no visible source channel

How to reconstruct the tandem ovoids applicator directly on MR Images ?

How to identify the 1st source position of the ring ?

Do we need MR markers to identify the whole source channel (path) ?

MR markers in Tandem Ovoids provided by Jamema and  Umesh, Mumbai



The problem: no visible source channel

How to reconstruct the tandem ring applicator directly on MR Images ?

How to identify the 1st source position of the ring ?

Do we need MR markers to identify the whole source channel (path) ?

MR markers (Nucletron) Phantom scan at open MR 0.2T

•Applicator geometry in relation to outer shape/dimension must be known

•Not necessarily when using the Vienna ring, it helps to provide

additional information during the reconstruction process



Visualization of the “real” source positions in relation to the 
outer dimensions and holes of the Vienna ring applicator

r26



Do acceptance tests and check



A. De Leeuw et al. Tandem- Ovoids applicator reconstruction on MRI

MR Imaging Template in place Reconstruction of source path

Ovoids:

Tip-1st dwell position 6 mm

1st dwell position-

intersection 19 mm

Angle 120 °

Intrauterine Tandem:

Tip-1st dwell position 7 mm

Radiographs Auto-Radiography Template for Reconstruction

Ovoids Tandem
flist flest



D. Berger et al.

Direct reconstruction of the Vienna applicator on MR images

1st source position of ring

manual direct software integrated

5 – 10 min less than 5 min

If the relation between applicator shape and the source path is defined once,

the reconstruction process can be performed by directly placing the applicator in the MRI 

dataset.



Applicator surface



Source path



Applicator + Source path



Reconstruction



Reconstruction



Reconstruction



Reconstruction



Reconstruction



Reconstruction



Reconstruction



Reconstruction



Reconstruction

Better accuracy less time to reconstruct



Treatment Planning directly on MR

Import vendor provided archived 

applicator into planning images

Can use with 3D SPACE or T2 FSE

Courtesy

B. Erickson

MCW, USA



IMAGE FUSION I

• Transversal (Paratransversal) MRI + 3D MR sequence

• Volumes fusion based on DICOM coordinates
(patient/applicator/organs should not have moved between
MR and CT image acquisitions) 



“Standard” T2 FSE: 0.8 x 0.8 mm in-plane pixel size in paratransverse

view. 3.9 mm slice thickness 

Provided Primož Petrić, Ljubljana



“SPACE / FRFSE”: 1 x 1 mm in-plane pixel, 1 mm slice thickness

Provided Primož Petrić, Ljubljana



Manual checking of DICOM-coordinates-based registration

Provided Primož Petrić, Ljubljana



IMAGE FUSION II

• Transversal MRI + CT for better applicator reconstruction

• Volumes fusion based on DICOM coordinates
(patient/applicator/organs should not have moved between
MR and CT image acquisitions) 

Slide 44



• CT 
(better visibility of applicator)

• MR
(better visibility of structures)



CT / MRI fusion



CT / MRI fusion



CT / MRI fusion



CT / MRI fusion



CT / MRI fusion



CT / MRI fusion



CT T1+T2        CT+T2

Contouring

seeds

fusion

Mean 3 patients

See also de Brabandere et al. Brachytherapy 2013



Recommendations III

Applicator reconstruction

• Guidelines for reconstruction of the applicator in 
3D image based treatment planning:
 Applicator commissioning

 Applicator reconstruction

Hellebust et al. Radioth Oncol 2010



HR-CTV

Rectum

CT

MR

Bladder

Viswanathan AN, Dimopoulos J, Kirisits C, et al. IJROBP 2007



4 fractions of BT with 7Gy fraction size, in 2 applications in consecutive weeks

Planning with Oncentra GYN treatment planning system (Nucletron)

1st application 2nd application

MRI- based planning:

3D applicator reconstruction

target delineation

OAR delineation

Dose planning and optimization

CT- based planning:

3D applicator reconstruction

Automatic target transfer from 1st

MRI via applicator-based image

registration

OAR delineation

Dose planning and optimization

Combined MRI-/CT- guided BT for cervical cancer

Nesvacil et al. 2014



Applicator, target (HR CTV), OAR (rectum, bladder, sigmoid)

1st application: MRI



Applicator, target (HR CTV), OAR (rectum, bladder, sigmoid)

Dose planning and optimization on target+organ contours

1st application: MRI



3D applicator reconstruction

2nd application: CT



3D applicator reconstruction

Target transfer

Targets from first application MRI
2nd application: CT



Automatic image fusion based on 3D applicator model

2nd application: CT



Automatic target transfer from MRI to CT with applicator as

reference system

2nd application: CT



2nd application: CT

Contouring OAR on CT 



Contouring OAR on CT 

Target contour from
1st appliction MRI

OAR contours from
2nd application CT

2nd application: CT



Dose planning and optimization based on copied target and individual OAR

contours. All dose constraints for targets and OAR have to be achieved.

2nd application: CT



Outlook



transverse sagittal

before brachytherapyduring brachytherapy

Registration based on bones is not enough



Pre-treatment MRI



Pre-treatment MRI



Petric P, et al. Radiol Oncol 2014

Gyn Pre-planning: Intracavitary / Interstitial Insertion

Based on pre-brachytherapy MRI: With applicator in place

Week5: BT 0

(paracervical block)

R
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Actual needles

T

R

d

Pre-planned needlesHR CTV

Prescribed dosePrescribed dose

HR CTV

Prescribed dose

HR CTV

Actual needles

T T

T

A B

D

C

R




0

T C

T

R

d



T

C

R



Pre-planned needles

Actual needles

T

R

d

T

R

d

Pre-planned needlesHR CTV

Prescribed dosePrescribed dose

HR CTV

Prescribed dose

HR CTV

Actual needles

T T

T

A B

D

C

R




0

T C

R




0

T C

T

R

dC

T

R

d

T

R

T

R

d



TT

C

R



Pre-planned needles

Actual needles

T

R

d

Pre-planned needlesHR CTV

Prescribed dosePrescribed dose

HR CTV

Prescribed dose

HR CTV

Actual needles

T T

T

A B

D

C

R




0

T C

T

R

d



T

C

R
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Pre-planned needles
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TT

C
BT 1&2: IC/IS implant

A week later

Cervix cancer

N = 18 pts

IC/IS: 14 pts
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3D printed applicators

preplan

3D print

Virtual design

Implant

Courtesy – J. Lindegaard, Aarhus & 

Lindegaard et al. Radiother Oncol 2016 in press



Deformable registration

• Problem: fusing images (from different modalities), taken at
different times in the treatment (before, during, after BT)
I) Some organs move and change shape dramatically
(sigmoid),
II) insertion of applicator changes topography, …
Approximation by rigid registration fails.

• Aim: to register each voxel correctly with the corresponding
voxel in a different image set in order to evaluate the
received radiation dose.

• Currently, especially for the pelvic region and breast it is
theoretically not solved how tissue voxels can move,
expand and shrink.



Calculation of DVH for several fractions

DVH rectum
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Worst case assumption

Provided by K Tanderup



Rectum wall DVH in EQD2 

2.5 cm longitudinal shift of whole organ

< 0.5 Gy EQD2



Combination of EBRT and BT

Provided by Astrid de Leeuw / van de Kamer et al. Radiother Oncol 2010

2xF1 optimized PDR
EB + Node Boost

2xF1 optimized PDR



Differences between two methods

‘adding 3D Distributions’ versus 

‘adding Parameters’

HR-CTV Bladder Rectum

without with paraBoost without with paraBoost without with paraBoost

PDR

avg 1.5% 9.1% -0.5% 2.4% -0.2% 0.8%

SD 1.7% 6.2% 1.0% 3.3% 0.6% 1.0%

Is adding parameters a valid approximation?

Yes, provided no EB boost!

Provided by Astrid de Leeuw / van de Kamer et al. Radiother Oncol 2010
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Else Stougård Andersen , Karsten Østergaard Noe , Thomas Sangild Sørensen , Søren Kynde

Nielsen , Lars  Fokdal , Mer...

Simple DVH parameter addition as compared to deformable registration for bladder dose 

accumulation in cervix cancer brachytherapy

Radiotherapy and Oncology, Volume 107, Issue 1, 2013, 52 - 57

Deviation when using deformable image

registration to conventional DVH summation: 

D2cc 0.4± 0.3 Gyαβ3 (1.5± 1.8%)



More literature on deformable image registration for brachytherapy

Dose accumulation during vaginal cuff brachytherapy based on rigid/deformable

registration vs. single plan addition.

Sabater S, Andres I, Sevillano M, Berenguer R, Machin-Hamalainen S, Arenas M.

Brachytherapy. 2013

Deformable structure registration of bladder through surface mapping.

Xiong L, Viswanathan A, Stewart AJ, Haker S, Tempany CM, Chin LM, Cormack 

RA. Med Phys. 2006 Jun;33(6):1848-56.

Image-based dose planning of intracavitary brachytherapy: registration of serial-

imaging studies using deformable anatomic templates.

Christensen GE, Carlson B, Chao KS, Yin P, Grigsby PW, Nguyen K, Dempsey JF, 

Lerma FA, Bae KT, Vannier MW, Williamson JF. Int J Radiat Oncol Biol Phys. 2001 

Sep 1;51(1):227-43.



Automatic applicator based fusion

and target volume transfer

TRUS to CT

Schmid et al. 2016

Nesvacil et al. 2016



Further improvement with functional imaging?

Study on tumor volume regression

FDG-PET imaging for the assessment of physiologic

volume response during radiotherapy in cervix cancer.

Lin LL, Yang Z, Mutic S et al.

Int J Radiat Oncol Biol Phys. 2006 May 1;65(1):177-81.

Treatment planning studies

Sequential FDG-PET brachytherapy treatment planning

in carcinoma of the cervix

Lin LL, Mutic S, Malyapa RS et al. 

Int J Radiat Oncol Biol Phys. 2005 Dec 1;63(5):1494-501

Figure from: Lin LL et al. IJROBP 2006



Functional imaging

• Funtional MRI
 Dynamic contrast enhanced: DCE-MRI

 Diffusion weighted: DWI

• Repeated tumour imaging during RT
 Evaluation of response

 Identification of tumour subvolumes

• Evaluation of residual DWI signal after 
40-45Gy EBRT in 53 pts

Pre EBRT

After 40Gy EBRT

Aarhus University Hospital

Søren Haack, 2012

Persistent DWI (25 pts): 8 local failures

No residual DWI (28 pts): 1 local failure

DWI

DWI



Interobserver variation

Target contouring on MRI

• Two observers

• HR-CTV variations:
 Extend of vaginal and 

parametrial involvement

 Cranial border

• IR-CTV variations:
 Automargin and 

insufficient manual 
editing towards OARs

 Caudal border

Dimopoulos et al, R&O 2009



Interobserver studies

ESTRO AROI Teaching Course 

Chandigarh India, 03/2011

on line workshops for contouring for all participants

Stage II B cervix cancer with HR CTV for brachytherapy 

random sample of 10 participants



Small 

tumour

Large tumour, 

good response

Large tumour, 

poor response

Center 1 Center 2 Center 3 Center 4 Center 5 Center 6

Center 7 Center 8

Center 9 Center 10

Center 11 Center 12
EMBRACE ftp server

Reference delineations (master)

Collected structures data-set

Multicentre study 2 Gyn GEC ESTRO: Interobserver study contouring

Hellebust et al. 2013

Petric et al. 2013

April issue



Minor uncertainties 

close to sources

Large uncertainties

Small impact on reported dose

Large impact on 

reported dose !!

Does it matter where we differ?

Yes, it does.

Courtesy of Primoz Petric



Conclusions

QA on imaging techniques

Uncertainties from 

Contouring

Reconstruction

Fusion







Tissue segmentation and 
characterization

Prof. Luc Beaulieu, Ph.D., FAAPM

1- Département de physique, de génie physique et d’optique, et 

, ,

p p y q , g p y q p q ,
Centre de recherche sur le cancer, Université Laval, Canada

2- Département de radio-oncologie et Centre de recherche du CHU2 Département de radio oncologie et Centre de recherche du CHU 
de Québec, CHU de Québec, Canada

Vienna, May 29 – June 1 2016
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Learning Objectivesg j

• Provide an understanding of the challenges of tissue 
segmentation in brachytherapy

• Present and explain the TG-186 recommendations

• Look at DECT has the next step for tissue segmentation 
in radiation therapy.
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Factor based TG43
INPUT OUTPUTCALCULATION

Factor-based TG43

Superposition of DSource 

INPUT OUTPUTCALCULATION

TG43 Superposition of 
data from source 
characterization 

Dw-TG43characterizationTG43

There is no tissue segmentation, only organ contouring

From Åsa Carlsson-Tedgren



Factor based vs Model based
INPUT OUTPUTCALCULATION

Factor-based vs Model-based

Superposition of DSource 

INPUT OUTPUTCALCULATION

TG43 Superposition of 
data from source 
characterization 

Dw-TG43characterizationTG43

INPUT OUTPUTCALCULATION

D
Source
Characterization +

INPUT OUTPUTCALCULATION

Model Based Dm,m

DTissue/applicator

Characterization +
MBDC

Model-Based 

Dose Calculation 

Algorithms Dw,mTissue/applicator 

information

Algorithms

From Åsa Carlsson-Tedgren



Definition of the scoring medium

D

g

Dx,y
x: dose specification y: radiation transport

medium medium
• x,y: Local medium (m) or water (w),y ( ) ( )

DTG43

FROM: G Landry, Med Phys 2011



On-going Debate

“Results suggest that cells in cancerous andgg
normal soft tissues are generally not
radiologically equivalent to either water or theradiologically equivalent to either water or the
corresponding average bulk tissue”

Thomson, Carlsson, Williamson. PMB 58 (2013) , , 5 ( 3)



Procedure: tissue segmentation

(Density)i, 
(Medium)i

From F. Verhaegen



Cross section assignments (segmentation)g ( g )

• MDBCA requires assignment of interaction cross section on a• MDBCA requires assignment of interaction cross section on a 
voxel-by-voxel basis

• In EBRT one only needs electron densities ρe (e–/cm3) from CT 
scan

• In BT (energy range 10-400 keV) the interaction probabilities 
depend not only on ρe but also strongly on atomic number Zdepend not only on ρe but also strongly on atomic number Z



Cross section assignments 

A t  ti  t ti   d • Accurate tissue segmentation, sources and 
applicators needed: identification (ρe ,Zeff)
 e.g. in breast: adipose and glandular tissue have 

significantly different (ρe ,Zeff); dose will be differentg y (ρe , eff);

If thi  t  i  t t   i t d• If this step is not accurate  incorrect dose
 Influences dosimetry and dose outcome studies
 Influences dose to organs at risk



Large Cavity Theory Cross Sectiong y y

TG‐186



TG 186 recommendationsTG-186 recommendations

• Consensus material definition

• Material assignment methodMaterial assignment method

CT/CBCT tif t l• CT/CBCT artifact removal



Recommendations

• Extract electron density from CT calibration (see TG53, TG66 …)

 Use the density from CT for each voxel
 Use recommended tissue compositionsp

 Organ-based (contoured) assignments
o Prostate from Woodard et al, BJR 59 (1986) 1209-18

All h  f  C 6 i io All others from ICRU-46 composition

 From CT calibration: breast, adipose, muscle and bone



Consequences: 
U t i ti i t d ith thi ?Uncertainties associated with this process?

Li it d t• Limited measurements
 e.g. 1930s’ data of prostate from a specimen of 14 year old boy 1

• Considerable tissue composition variability
 e g  Adipose tissue water content between 23% to 78%2 e.g. Adipose tissue water content between 23% to 78%

• Patient-specific distribution of tissue types 
 e.g. Breast adipose vs glandular composition: 16% to 68%3,4

1) A. H. Neufeld, Canadian Journal of Research 15B, 132-138 (1937). 
2) B. Brooksby, B. W. et al., PNAS 103 (23), 8828-8833 (2006).
3) R. A. Geise and A. Palchevsky, Radiology 198 (2), 347-50 (1996)
4) The Myth of the 50-50 breast, MJ Yaffe et al., Med Phys 36 (2009)4) The Myth of the 50 50 breast, MJ Yaffe et al., Med Phys 36 (2009)



Consequences: 
U t i ti i t d ith thi ?Uncertainties associated with this process?

H  ti   f   i di id l t  th  th• Human tissues vary from one individual to the other
• Reports (like ICRP 23 or ICRU 44) provides average 

compositionscompositions

(W d d & Whit )(Woodard & White)



Cross sectionsCross sections

Attenuation DW,M / DM,M

G Landry et al., Med Phys 2010 and Med Phys 2011 



Sensitivity AnalysisSensitivity Analysis

G Landry et al., Med Phys 2010



Sensitivity AnalysisSensitivity Analysis

26%26%

G Landry et al., Med Phys 2010



Sensitivity AnalysisSensitivity Analysis

9%9%

G Landry et al., Med Phys 2010



Sensitivity AnalysisSensitivity Analysis

“If A80/G20 breast is representative of the average
breast cancer patient then our A70/G30 breast
results indicate that the compositional uncertainty
and the use of breast density from CT data translate
into second order effects [≈±10%] compared to
effect of going from water to average breast tissueg g g
[≈30%]”

G Landry et al., Med Phys 2010



Sensitivity Study: ProstateSensitivity Study: Prostate

• About 3% D90 difference from TG-43
 Two compositions found in literature disagree Two compositions found in literature disagree…

…By 3%
 Effect of inter seed attenuation on average also 3 4% Effect of inter-seed attenuation on average also 3-4%

Carrier et al, IJROBP 2007; G. Landry et al. Med. Phys. 38 (2011)



Sensitivity Study: 192IrSensitivity Study: Ir

• Water vs soft-tissus: almost little effect!

Melhus et al, Med Phys 33 (2006). 
From clinical cases: Mikell et al  IJROBP 83 (2012); Desbiens et al  Radiother  From clinical cases: Mikell et al., IJROBP 83 (2012); Desbiens et al, Radiother. 
Oncol (2013); FA Siebert et al., Brachytherapy 5 (2013)



Recommendations

If tif t  (  f  t l )• If artifacts (e.g. from metals)

 O id  h  d i  i  h  d d d f l  / i   Override the density using the recommended default organ/tissue 
density

 Assign tissue composition based on organ contoursg p b g



Recommendations

If l  if   b  • If relevant, artifacts must be 
removed prior to dose 

l l icalculations

• Manual override of tissue 
composition and density is the composition and density is the 
simplest approach.

• Advanced approaches: if used, 
t b  f ll  d t d

Sutherland et al, Med. Phys. 38, 
4365 (2012) 

must be carefully documented



Recommendations

• If no CT (US and MRI)
 U  t d  ith d d ti   Use contoured organs with recommended tissue 

compositions
 For 192Ir, water is a good approximation for soft tissues 

only.
Ai  l  b   h ld b  i d l Air, lung, bone, … should be assigned correctly
o Could potentially be generated on MRI (Yu et al., IJROBP, In 

press; DOI: 10 1016/j ijrobp 2014 03 028)press; DOI: 10.1016/j.ijrobp.2014.03.028)

 Use accurate source and applicators geometry and  Use accurate source and applicators geometry and 
composition



Recommendations

R i t  f  d• Requirements from vendors
 Accurate geometry (information accessible to users 

for commissioning)
 Responsible for providing accurate composition of  Responsible for providing accurate composition of 

seeds, applicators and shields.
 To provide a way for the manufacturers (of the  To provide a way for the manufacturers (of the 

above) or alternatively the end users to input such 
information into the TPSinformation into the TPS

 Poke your favorite vendor, this will be critical



Other issuesOther issues



What is the problem with this figure?



An easier case

Air

Air



Seed/Applicator Model AccuracySeed/Applicator Model Accuracy 
Requirements

• Patient CT grids (>1 mm voxel) are probably not adequate 
for accurate modeling on the spatial scale of for accurate modeling on the spatial scale of 
brachytherapy sources and applicators.

• MBDCA vendors should use analytic modeling schemes or 
recursively specify meshes with 1 10 μm spatial recursively specify meshes with 1–10 μm spatial 
resolution.

• Vendors to disclose their geometry, material assignments, 
d f t i  t l  t  b th d  d TPS and manufacturing tolerances to both end users and TPS 

vendors (if responsible for data entry and maintenance)

TG-186 Section IV-B



If TPS Applicator Librar pro idedIf TPS Applicator Library provided 
• Preferred approach• Preferred approach
 Will ease the verification task. 

• Vendor must provide visualization or reporting tools to end 
if h f h i l d d li duser to verify the correctness of each included applicator and 

source model 
 Ideally against independent design specifications. 

• In addition, TPS vendors must disclose sufficient information 
regarding the model or recursive mesh generation to allow g g g
verification of the spatial resolution requirement specified in 
recommendation (2) in TG-186 Section IV-B



TG 186 Section IV B: ApplicatorsTG-186 Section IV.B:  Applicators
“  i  h  ibili  f h  d  li i l h i i  • “It is the responsibility of the end-user clinical physicist 
to confirm that MBDCA dose predictions are based upon 

ff l d ll l d l dsufficiently accurate and spatially resolved applicator and 
source models, including correct material assignments, 
to avoid clinically significant dose-delivery error prior to 
implementing the dose algorithm in the clinic.”



Example: Solid Applicator 
Models in Acuros BV



Open Issues: Is there a better approach?

• No simple method to extract Zeff from standard imaging p eff g g
modalities

• Dual/Multi energy CT?Dual/Multi energy CT?



DECT for Brachytherapy and related topicsDECT for Brachytherapy and related topics
• Bazalova M et al 2008a Dual-energy CT-based material extraction for tissue segmentation in Monte Carlo 

dose calculations Phys. Med. Biol. 53 2439–56dose calculations Phys. Med. Biol. 53 2439 56
• Bazalova M et al 2008b Tissue segmentation in Monte Carlo treatment planning: a simulation study using 

dual-energy CT images Radiother. Oncol. 86 93–8
• Goodsitt M M et al 2011 Accuracies of the synthesized monochromatic CT numbers and effective atomic 

b  b i d i h  id kV i hi  d l  CT  M d  Ph  8 numbers obtained with a rapid kVp switching dual energy CT scanner Med. Phys. 38 2222–32
• Heismann B and Balda M 2009 Quantitative image-based spectral reconstruction for computed tomography 

Med. Phys. 36 4471–85
• Heismann B J et al 2003 Density and atomic number measurements with spectral x-ray attenuation method Heismann B J et al 2003 Density and atomic number measurements with spectral x ray attenuation method 

J. Appl. Phys. 94 2073–9
• Landry G et al 2010 Sensitivity of low energy brachytherapy Monte Carlo dose calculations to uncertainties 

in human tissue composition Med. Phys. 37 5188–98
L d  G t l  Th  diff  f i  d  t  t   ti  i  M t  C l  d  l l ti  f  • Landry G et al 2011 The difference of scoring dose to water or tissues in Monte Carlo dose calculations for 
low energy brachytherapy photon sources Med. Phys. 38 1526–33

• Mahnken A H et al 2009 Spectral rhoZ-projection method for characterization of body fluids in computed 
tomography: ex vivo experiments Acad. Radiol. 16 763–9

• Landry G et al  2011 Simulation study on potential accuracy gains from dual energy CT tissue segmentation 
for low-energy brachytherapy Monte Carlo dose calculations Phys. Med. Biol. 56 6257–6278

• Bourque AE et al. 2014 A stoichiometric calibration method for dual energy computed tomography. Phys
Med Biol  59 2059-88Med Biol. 59 2059-88

• Literature is extensive in radiology and DECT is also of interest in hadron therapy Literature is extensive in radiology and DECT is also of interest in hadron therapy 
(stopping power)



How does it work?How does it work?



How does it work?How does it work?

SECT DECT

M. Bazalova et al., PMB 53 (2008)



Dual energy x ray CT material extractionDual-energy x-ray CT material extraction

• CT images are represented by HU = 1000x(μ/μw-1)
– μ and μw are the linear attenuation coefficients of a material μ μw

and of water

• dual-energy material extraction (DECT) is based ongy ( )
– Taking CT images at two tube voltages (e.g. 100 kVp and 140 

kVp)p)
– The farther apart the energy the better!
– Parameterization of the linear attenuation coefficient results in 
ρe and Z maps



Linear attenuation coefficientLinear attenuation coefficient
Describes attenuation of a photon beamDescribes attenuation of a photon beam
Torikoshi et al:  ),(),()( 4 ZEGZEFZE  
• ρe = ρZ/A*NA = electron density 
• Z  effective atomic number

 ),(),()( ZEGZEFZE e 

• Z = effective atomic number
• F(E,Z) and G(E,Z) are the photoelectric absorption and scattering 

terms (Rayleigh and Compton) of μterms (Rayleigh and Compton) of μ

For polychromatic x-rays:For polychromatic x-rays:
 ),(),(4 ZEGZEFZ jijijiej  

x-ray spectra represented by weights ωi at Ei

i

Torikoshi et al, Phys. Med. Biol. 2003; 48: 673-685.
Tsunoo T, et al , NSS Conference Record, IEEE, 2004; 6: 3764-3768



Linear attenuation coefficientLinear attenuation coefficient
Having the densities the same material measured at twoHaving the densities the same material measured at two

tube voltages, one can solve for Z:

1




1i Z 4F E1i ,Z  G E1i ,Z  
i

 Z 4F E Z  G E Z  

 0
2  2i Z F E2i ,Z  G E2i ,Z  

i


Or, solve for both Z and density simultanetously

M. Bazalova et al., PMB 53 (2008); Bazalova et al Radiother Oncol 86 (2008) 



F(E Z) and G(E Z) functionsF(E,Z) and G(E,Z) functions

  μ = μphotoeffect+ μCompton+Rayleigh

• (μ/ρ) = Z5N /A*F(E Z) =>      μ = ρ Z4*F(E Z)• (μ/ρ)p = Z5NA/A F(E,Z) =>      μp= ρeZ4 F(E,Z)
• (μ/ρ)C+R = ZNA/A*G(E,Z) =>   μC+R= ρe*G(E,Z)

F(E,Z) G(E,Z)



Putting these equation to practicePutting these equation to practice

G. Landry et al., PMB 56 (2011)



Putting these equation to practicePutting these equation to practice

Cote et al, Med Phys 43



Putting these equation to practicePutting these equation to practice

Cote et al, Med Phys 43y



Lesson learned?Lesson learned?

DECT l l ti  f  l    ithi  % • DECT calculations for low energy sources within 4% 
of ground truth
 7 tissue bins SECT at <9%; 3 tissue bin (like EBRT) 

failed!

• DECT very sensitive to noise and motiony
 May make DECT difficult for patient imaging (CT dose 

/ mAs settings)
 Simultaneous imaging

• Still a very active field of research!



ConclusionConclusion
• Voxel-by voxel cross section assignment is a critical step

 Tissue segmentation; Applicator and source description

 Follow TG 186 guidelines to ensure centre to centre consistency Follow TG-186 guidelines to ensure centre-to-centre consistency

 Poke/Question your favorite TPS/Applicator vendor(s)…

• For 192Ir, water is a good representation of soft tissue only

 Air, bone, metals, … should be segmented and assigned the right 
material/densitiy

• Dual-Energy/Multi-Energy-CT should be explored activelyDual Energy/Multi Energy CT should be explored actively

 Potential accurate solution to (ρe ,Zeff) assignments

 Hot research topics





QA of 3D imagingQA of 3D imaging

Prof. Luc Beaulieu, Ph.D., FAAPM
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DisclosuresDisclosures

• None for this section



Learning Objectivesg j

• Defining the role of imaging in brachytherapy

• Identifying the various imaging modality usedy g g g y

• Gives key pointers relative to the content of an efficientGives key pointers relative to the content of an efficient 
QA/QC program

• Provide an overview of topics that need further guidance



Key References (and refs therein)Key References (and refs therein)

• Comprehensive Brachytherapy: physical and clinical aspect. JLM Venselaar, 
D Baltas  AS Meigooni and P J  Hoskin  CRC Press  Taylor & Francis  2013D Baltas, AS Meigooni and P.J. Hoskin. CRC Press, Taylor & Francis, 2013.
 In particular chapter 14. See chapters 4,9,16 and 24.

M d  T h l  f R di ti  O l  A C di  f  M di l Ph i i t  • Modern Technology of Radiation Oncology: A Compendium for Medical Physicists 
and Radiation Oncologists . J. Van Dyk
 Vol 3, Chapter 7; Vol 1, Chapter 7; Vol 2, Chapter 2

• AAPM Report No. 100, “Acceptance Testing and Quality Assurance Procedures for 
Magnetic Resonance Imaging Facilities”, E.F. Jackson et al., 2010; Firbank MJ, et al. 
“Quality assurance for MRI: practical experience”  Br J Radiol 73:376 383  2000; Quality assurance for MRI: practical experience . Br J Radiol 73:376-383, 2000; 
Physics of MRI, 1992 AAPM summer school, P. Sprawls and M.J. Bronskill (Eds)

• Pfeiffer D et al  “AAPM Task Group 128: quality assurance tests for prostate • Pfeiffer D et al. AAPM Task Group 128: quality assurance tests for prostate 
brachytherapy ultrasound systems”. Med Phys 2008;35(12):5471–89. 

• NEMA  NU 2 2001 standard for basic QA/QC of PET; EB Sokole et al  EJNNMI • NEMA, NU 2-2001 standard for basic QA/QC of PET; EB Sokole et al., EJNNMI 
2010;37:662-671 and 672-681; Mutic et al, Phys. Med 2003;30:2762-92

• 2013 ESTRO course on Advanced Imaging Physics• 2013 ESTRO course on Advanced Imaging Physics



2D2D vsvs 3D imaging3D imaging2D 2D vsvs 3D imaging3D imaging

Role of Imaging



Various ways to look at the worldy







St-Hilaire et al., Radiother Oncol 100 (2011)



New World Old WorldNew World

• Multiple point of views
 D  t ll  (V l!)

Old World

• 2D planar views
 B  d li t Do not all agree (Vol!)

• Organ/structure-based 

 Bones and applicators

• Dose and constraints to points g /
planning
 DVH, max dose constraints

• Dose and constraints to points 
and/or based on applicator, 
catheter and needle location

• Heterogeneities
 Tissues and applicators • Water-based dosimetry Tissues and applicators

• Advanced Tx schemes

Water based dosimetry

• Limited in term of new Txd a ced sc e es
 Source/applicators
 Functional “planning”

• Limited in term of new Tx
approaches

 Real-time planning

i i d

• Dose-outcome relationship 
not directly related target 

• Dose-outcome revisited?
ot d ect y e ated ta get 

doses





D. Todor, ABS Winter School 2014.



For non–image-based brachytherapy, the American
Association of Physicists in Medicine Task Group reports
56 and 59 provide reasonable guidance on procedure-p g p
specific process flow and QA.

However, improved guidance is needed even for
established procedures such as ultrasound-guidedp g
prostate implants.

Adaptive replanning in brachytherapy faces unsolved
problems similar to that of image-guided adaptivep g g p
external beam radiotherapy.



This report was intended to indicate the QA concerns arising This report was intended to indicate the QA concerns arising 
from the convergence of brachytherapy and imaging—
highlighting areas in which technical improvements are highlighting areas in which technical improvements are 
needed.

Three-dimensional (3D) image-based brachytherapy creates new error 
pathways not necessarily addressed in traditional QA aimed at devices, 

 d l l tisources, and calculations



Imaging what for?Imaging, what for?

L li ti  f  d li t• Localization of sources and applicators
 Positions, angles, …

• Definition of organs/structurese o o o ga s/s uc u es
 CTV, PTV, OARs, …
 Functional information? Functional information?

D  l l ti• Dose calculation
 Electron density
 Materials: tissues, sources, applicators, contrast agent, …



Demands of 3D dose calculationDemands of 3D dose calculation 

on QA of imagingg g











UltrasoundsUltrasounds

• Intrinsically real-timey
 2D+1 and 3D+1

 Standard B-mode is not the only thing you can do

 Elastography  Doppler  CE (micro bubbles)  tissue  Elastography, Doppler, CE (micro bubbles), tissue 
typing and “cell” imaging (apoptosis) -> mpUS!

 STD for prostate seed implant

 Alternative for prostate HDR brachytherapy Alternative for prostate HDR brachytherapy

 Can be used for applicator insertion guidance

 Can be use for breast brachy insertion



UltrasoundsUltrasounds

B t• But:
 Image visual appearance is very different than CT or MRI

 Needle and catheter localization: YES (but tips difficult)

 Applicator tracking: OK Applicator tracking: OK

 Seeds and spacers visualization: Not really

k d/ d b b f d ( 3D tracked/motorized probe to be favored (imaging 
reconstruction accuracy)

 No electronic density for dose calculation

 Probe motion inducing organ motion or deformation ? Probe motion inducing organ motion or deformation ?



Ultrasounds QA/QC programUltrasounds QA/QC program



Ultrasounds QA/QC programUltrasounds QA/QC program



Ultrasounds QA/QC programUltrasounds QA/QC program



Ultrasounds QA/QC programUltrasounds QA/QC program

Modern Technology of Radiation Oncology, Vol 3, Chapter 7



CTCT

M t l  il bl  i i  d lit  f  t t t • Most commonly available imaging modality for treatment 
planning in radiation oncology
 Relatively fast Relatively fast
 3D (and 4D) by collection of 2D slices (partial volume)
 Electronic density can be obtained (must be calibrated!)y
 Bone, air, bladder, rectum: OK
 Excellent resolution in the transverse plane
 Material maps possible for DE/ME-CT

• Resolution limited along the scan axis: needle tips?
• Not very good for soft tissue
• Metal will produce artefacts
• Large patients will create artefacts



CT QA/QC ProgramCT QA/QC Program

Comprehensive Brachytherapy: physical and clinical aspect, Chapter 14



CT QA/QC ProgramCT QA/QC Program



MRIMRI

• Best soft tissue definition
 Gold standard for most pelvic sites
 3D image acquisition  3D image acquisition 
 Good resolution in all planes (isotropic 1 mm voxel size 

possible!)p b )
 Large choice of sequences

 Specific QA/QC to make sure image sets from various sequences p Q /Q g q
are not spatially shifted! 

l bl Functional MRI possible
 Specific QA/QC must be implemented

 Real-time MRI…



MRIMRI

B /Ai  d fi iti  • Bone/Air definition poor
• Must have compatible catheters and applicators

 M  till d CT t  t l li ti May still need CT to get localization
 Issue with prosthesis and dental work

• No electron density (might not be an issue for high energy 
brachytherapy, 192Ir and over)y py, )

• Distortions: non-homogeneity of main magnetic field across 
the volume, spatial non-linearity of gradients. , p y g

• Voxel size and proton density: related to strength of signals
• Partial volume effect
• Chemical-shift artefacts; Motion artefacts; Field of view 

artefacts; RF artefacts;



MRI QA/QC ProgramMRI QA/QC Program



MRI QA/QC ProgramMRI QA/QC Program
The ACR magnetic resonance accreditation phantom (ACR 
MRAP) h  b  d i d  i   b d  f i  MRAP) has been designed to examine a broad range of instrument 
parameters. These include:

 Geometric Distortion Geometric Distortion
 Spatial Resolution
 Slice thickness and positionp
 Interslice Gap
 Estimate of Image Bandwidth
 Low Contrast Detectability
 Image Uniformity
 Si l t N i  R ti  (SNR) Signal-to-Noise Ratio (SNR)
 Physical and Electronic Slice Offset
 Landmark Landmark

Phantom test guidance for the ACR MRI accreditation program. American College of Radiology, 
Reston, 1998; MRI quality control manual. American College of Radiology, Reston, 2000



MRI QA/QC ProgramMRI QA/QC Program

Comprehensive Brachytherapy: physical and clinical aspect, Chapter 14



PET/SPECTPET/SPECT

• Functional information
• Help in defining targets(?)
• Must be used in conjunction with another imaging modality

• Flood-field uniformity,
• Spatial resolution and linearity
• Uncertainty: y

 Reconstruction method, attenuation correction, calibrations, noise, 
scatter, random and dead-time corrections

 i  l d  d  i  i h  i  i i  i  d  patient related: dose, motion, weight, patient activity prior and 
during uptake, blood glucose level

 Radiotracer: uptake period, injection vs calibration, residual activity  Radiotracer: uptake period, injection vs calibration, residual activity 
in syringe, injection method

 Image analysis: partial volume correction, analysis software, ROI 
d fi iti  SUV d fi itidefinition, SUV definition



PET QA/QC programPET QA/QC program
• NEMA, NU 2-2001 std for basic QA/QC
• EB Sokole et al., EJNNMI 2010;37:662-671 and 672-681
• RT specific: Mutic et al, Phys. Med 2003;30:2762-92

• Related image fusion issues
 Coordinate system and registration Coordinate system and registration
 Different image resolution
 Deformation between imaging modalities (from various origins)

G Reed et al., J. Contemp Brachy 2011;1: 26-31



Unsolved issuesUnsolved issues

• True organ/structure shape and volumeTrue organ/structure shape and volume
 May change with time

• Functional imaging for brachytherapy
 How std are SUVs?

• Deformable registration
 Algorithms matter: Kirby N et al.,  Med Phys 40, 2013.g by , y 4 , 3
 QA/QC program?

• Real-time procedures
 Secondary check of contours  dosimetry   ? Secondary check of contours, dosimetry, … ?





CT artefactsCT artefacts



Artefacts MAR TopogramArtefacts MAR Topogram

Yazdi M, Gingras L, Beaulieu L. Int J Radiat Oncol Biol Phys 2005;62(4):1224–31. 



CT artefactsCT artefacts

S ft  l ti  il bl  f• Software solutions available from:
 Philips (Big Bore product line) O-MAR

h // h l /h l h / d / /b ll b bhttp://www.usa.philips.com/healthcare/product/HCNCTB107/brilliance-ct-big-bore-
ct-simulator

 GE Smart Metal Artefact Reduction: 
http://www3 gehealthcare com/en/Products/Categories/Computed Tomography/Radihttp://www3.gehealthcare.com/en/Products/Categories/Computed_Tomography/Radi
ation_Therapy_Planning/Metal_Artifact_Reduction

 Siemens iMAR - iterative Metal Artifact Reduction: 
https://www.healthcare.siemens.com/computed-tomography/options-
upgrades/clinical-applications/imar

http://ips.com/
https://www.healthcare.siemens.com/computed-tomography/options-


ConclusionConclusion

• 3D imaging modalities are essential for modern brachytherapy

• Adequate QA/QC program is necessary for• Adequate QA/QC program is necessary for

 Accurate localization of sources and applicators

 Contouring (large uncertainties still remaining)

 Dose calculation

• Brachytherapy moved to 3D is recent but multi modality • Brachytherapy moved to 3D is recent but multi-modality 
imaging is already at our door

 D f bl  i i Deformable registration

 Quantitative functional imaging
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Learning Objectives 
 
 
1. Goal of brachytherapy reconstruction 
 
 
2. History of reconstruction methods 
 
 
3. Areas to concern for commissioning 
 
 
4. Recent literature summary 



 
 
 
 

accurately identify position of radiation field 
relative to tumor (and healthy) tissues 

Goal of Brachytherapy Reconstruction 



 
 
 
 

accurately identify position of radiation field 
relative to tumor (and healthy) tissues 

Goal of Brachytherapy Reconstruction 



 
 
 
 

accurately identify position of sources 
(markers or applicators) relative to contours 

Tasks of Brachytherapy Reconstruction 



Historical Reconstructions Methods in Brachytherapy 
1. Orthogonal x rays 
 
 
 
 
 
2. Stereo shifts (table/couch or x-ray tube) 
 
 
 
 
3. Fluoroscopy 



Historical Reconstructions Methods in Brachytherapy 
1. Orthogonal x rays 
 
 
 
 
 
2. Stereo shifts (table/couch or x-ray tube) 
 
 
 
 
3. Fluoroscopy 



Orthogonal X Rays for Brachytherapy Reconstructions 

courtesy Eugene Lief, 2005 AAPM + ABS Summer School 



courtesy Aronowitz & Rivard, J. Contemp. Brachy. 6, 185-190 (2014) 



Orthogonal X Rays for Brachytherapy Reconstructions 

courtesy Eugene Lief, 2005 AAPM + ABS Summer School 



Historical Reconstructions Methods in Brachytherapy 
1. Orthogonal x rays 
 
 
 
 
 
2. Stereo shifts (table/couch or x-ray tube) 
 
 
 
 
3. Fluoroscopy 



Stereo Shift Method: Film Based 

courtesy Jerome Meli, 1994 AAPM + ABS Summer School 



Stereo Shift Method: Film Based 
F.M. Khan (1994) 
The Physics of 

Radiation Therapy 

 



Historical Reconstructions Methods in Brachytherapy 
1. Orthogonal x rays 
 
 
 
 
 
2. Stereo shifts (table/couch or x-ray tube) 
 
 
 
 
3. Fluoroscopy 



Fluoroscopy for Brachytherapy Reconstructions 

courtesy Eugene Lief, 2005 AAPM + ABS Summer School 



Fluoroscopy for Brachytherapy Reconstructions 

courtesy Eugene Lief, 2005 AAPM + ABS Summer School 

AP     LAT 



Historical Reconstructions Methods in Brachytherapy 
1. Orthogonal x rays 
Strengths high spatial resolution (< 0.5 mm) 
  less susceptible to high-Z artifacts than CT 
Weaknesses not suitable for dozens of seeds 
  planar representation of 3D anatomy 
  limited by magnification uncertainty 
 
2. Stereo shifts (table/couch or x-ray tube) 
Strengths good spatial resolution (~1 mm) 
Weaknesses highly sensitive to uncertainties in shift direction 
  limited perspective 
 
3. Fluoroscopy 
Strengths practical for intraoperative imaging  
Weaknesses crude 3D representation 
 



 
 
 
 

accurately identify position of sources 
(markers or applicators) relative to contours 

Tasks of Brachytherapy Reconstruction 



Assumptions of 3D Brachytherapy Reconstruction 

 
 

markers + contours 
 
 
 

sources                                 images 
 
 
 

radiation                                                               tissues 
 



Assumptions of 3D Brachytherapy Reconstruction 

 
 

markers + contours 
 
 
 

sources                                 images 
 
 
 

radiation                                                               tissues 
 

dynamic 
internal 

components 

correct wire 
trajectory 

observer 
variations 

contrast, 
averaging, 
distortion 

position, 
orientation 

rigid applicator 



Test Assumptions: Reconstruction Commissioning 
• source dynamic internal components 

> 1 mm for some LDR sources 
 
 

 
 



Automatic Seed Reconstruction: Threshold-Based 

Liu, et al., Phys. Med. Phys. 48, 1191-1203 (2003) 



Automatic Seed Reconstruction: Threshold-Based 

Liu, et al., Phys. Med. Phys. 48, 1191-1203 (2003) 

99% seeds identified, 
3 mm localization error 



Automatic Seed Reconstruction: Hough Transform 

Holupka, et al., Med. Phys. 31, 2672-2679 (2004) 



Holupka, et al., Med. Phys. 31, 2672-2679 (2004) 

Automatic Seed Reconstruction: Hough Transform 

seed localization error 
ranged from 1-3 mm 

(a) Seed positions as determined by the described algorithm. 
(b) Theoretical seed coordinates. The seeds appear in the 
inferior to superior direction because the point dose 
approximation was used and the true orientation is not needed. 

(a) A simple binary image containing lines. 
(b) The Hough transform of the image. 
(c) The Hough transform contrasted to 
display the underlying structure. 



De Brabandere, et al., Brachytherapy 12, 580-588 (2013) 

Seed Reconstruction Uncertainties: CT & MRI 



De Brabandere, et al., Brachytherapy 12, 580-588 (2013) 

Seed Reconstruction Uncertainties: CT & MRI 

MRI-based seed reconstruction 
was less accurate than CT, with a 
mean interobserver variation in 

seed positioning of 3 mm (1 SD). 
This resulted in a non-negligible 
mean interobserver variation in 

D90 of about 7% for T1 + T2. 



r26 

Test Assumptions: Reconstruction Commissioning 
• correct wire trajectory (Vienna ring) courtesy of Christian Kirisits 
 
 



courtesy Jason Rownd, 2005 AAPM + ABS Summer School 

Applicator Reconstruction Errors 

know what to expect, 
the ring is circular! 



Applicator Reconstruction: ESTRO Recommendations 

Hellebust, et al., Radiother. Oncol. 96, 153-160 (2010) 



Applicator Reconstruction: ESTRO Recommendations 

Hellebust, et al., Radiother. Oncol. 96, 153-160 (2010) 



US Needle Reconstruction Uncertainties: Phantom 

Siebert, et al., Med. Phys. 36, 3406-3412 (2009) 

0.5 mm needle tip uncertainty, 
better accuracy with lower gain 



US Needle Reconstruction Uncertainties: Patient 

Batchelar, et al., Brachytherapy 13, 75-79 (2014) 



US Needle Reconstruction Uncertainties: Patient 

Batchelar, et al., Brachytherapy 13, 75-79 (2014) 

59%           27%           11%            3% 

1-3 mm needle tip uncertainty, 
comparable accuracy to CT 



Test Assumptions: Reconstruction Commissioning 
• rigid applicator: 

required approach for source localization using applicator library 
consider flexible catheters (HDR prostate and breast) sim-to-treatment 



Schindel, et al., J. Contemp. Brachy. 5, 250-257 (2013) 

Dosimetric Influence of Reconstruction Errors 



Schindel, et al., J. Contemp. Brachy. 5, 250-257 (2013) 

Dosimetric Influence of Reconstruction Errors 

1.5 mm reconstruction error 
changed dose metrics by 5% 



Take Home Message 

• BT reconstruction methods have advanced over past 40 years 

• 3D imaging datasets permit volumetric rendering not possible with: 

– orthogonal x rays 

– stereo shift planar x rays 

– fluoroscopy 

• differing strengths/weaknesses for modern imaging methods 

• learn the reconstruction process and datachain 

• identify uncertainties at each stage in the reconstruction process 



Batchelar, et al. Brachytherapy 2014;13:75-9. 
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Objectives/Outline:Objectives/Outline: 

T  To :
 review the basic principles of the MC method
 li  i  i l i  f  b h d i   outline its implementation for brachy dosimetry 

(and especially type A and type B uncertainties)

so as to identify:

 its potential to provide reference dose distributions
 TG-43 uncertainties

 its potential for clinical implementation



The problem …
• Let us start from the simplest case (point isotopic monoenergeticLet us start from the simplest case (point isotopic monoenergetic

photon source in infinite medium of given composition)
• If I know everything there is to know about the source and the 

medium  can I calculate dose at a point i ?i medium, can I calculate dose at a point i …?

r



The problem …
• Let us start from the simplest case (point isotopic monoenergeticLet us start from the simplest case (point isotopic monoenergetic

photon source in infinite medium of given composition)
• If I know everything there is to know about the source and the 

medium  can I calculate dose at a point i ?i medium, can I calculate dose at a point i …?
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The problem …The problem …

Energ CSDA range 1
For brachytherapy photons: 

d ll l i h Energy 
[keV]

CSDA-range 
electrons [g/cm2] [cm]

30 1.8E-03 2.5
100 1.2E-02 5.6
350 1 1E 01 8 9

1
• secondary e- ranges are small relative to photon 

m.f.p. 
•e- radiative energy loss is negligible 350 1.1E-01 8.9

1000 4.4E-01 14

e radiative energy loss is negligible
• CPE can be assumed to exist at all points (except 

close to a source or high Z materials)

Dose to a point can be approximated by collision KERMA throughout a geometry 
of mm sized voxel elements 

In short, to know the dose distribution one needs to know the energy distribution 
of fluence  Φ  at all points of a geometry:of fluence, ΦΕ, at all points of a geometry:

Table from: Venselaar, Baltas, Meigooni, Hoskin (Eds), Comprehensive Brachytehrapy: physical and 
clinical aspects. CRC Press, Taylor & Francis, © 2013



The problem …
• Let us start from the simplest case (point isotopic monoenergeticLet us start from the simplest case (point isotopic monoenergetic

photon source in infinite medium of given composition)
• If I know everything there is to know about the source and the 

medium  can I calculate dose at a point i ?i medium, can I calculate dose at a point i …?

r

iiipr prΨ)
ρ
enμ

(=prKD :CPEunder 

• BUT WHAT ABOUT SCATTER DOSE…?



The problem …
• Point isotopic monoenergetic photon source in infinite medium Point isotopic monoenergetic photon source in infinite medium 

of given composition
• If I know everything there is to know about the source and the 

medium  can I calculate dose at a point i ?i medium, can I calculate dose at a point i …?

r iiipr prΨ)
ρ
enμ

(=prKD 

For Dscat at point i need the depends on:
the probability of a primary photon interacting in one of a 

number of possible interaction types at every point of the 

iscEΨ

p yp y p
geometry, 

the probability distribution determining the new direction of a 
photon and its energy degradation, p gy g ,

the probability this process is repeated due to multiple scattering 
at every point of the geometry

Dscat at point i, CANNOT be analytically calculated 
NOT because of its stochastic nature, but due to the complexity of the calculation



The problem …
Energy 
[keV]

CSDA-range 
electrons [g/cm2] [cm]

1
en1 / [keV] electrons [g/cm2] [cm]

30 1.8E-03 2.5 0.56
100 1.2E-02 5.6 0.85
350 1.1E-01 8.9 0.71
1000 4 4E 01 14 0 58

 en 

How important is Dscat in brachy …?

It d d   ENERGY! 1000 4.4E-01 14 0.58It depends on ENERGY!

Figure from: Baltas, Sakelliou, Zamboglou (Eds), The Physics of modern brachytherapy for 
oncology, Taylor & Francis Books Inc, 2006



The problem …The problem …
How important is Dscat in brachy …?

Do not forget: in brachy
r2 reigns!!!

It depends on distance from source(s)!

Figures from the Carleton U. TG-43 database available online @: 
http://www.physics.carleton.ca/clrp/seed_database

http://www.physics.carleton.ca/clrp/seed_database


The problem …The problem …
How important is Dscat in brachy …?

It associates the dose distribution with the entire calculation geometry (ρ, Z, 
di i ) h h j h h f idimensions) rather than just the path from a source to a point.

E.g. for dimensions:

Figure from: Venselaar, Baltas, Meigooni, Hoskin (Eds), Comprehensive Brachytehrapy: physical 
and clinical aspects. CRC Press, Taylor & Francis, © 2013



The problem …The problem …
How important is Dscat in brachy …?

It associates the dose distribution with the entire calculation geometry (ρ, Z, 
di i ) h h j h h f idimensions) rather than just the path from a source to a point.

E.g. for dimensions:

Figures from: Papagiannis, Pantelis, Karaiskos, Br J Radiol (2014) 87: 20140163



The problem …The problem …
How important is Dscat in brachy …?

It associates the dose distribution with the entire calculation geometry (ρ, Z, 
di i ) h h j h h f idimensions) rather than just the path from a source to a point.

E.g. for materials:



The MC method …The MC method …

Since we know the Physics underlying radiation transport through matter 
(probabilities for interaction: site  type and associated energy/direction distributions)  (probabilities for interaction: site, type and associated energy/direction distributions), 

can’t we reproduce (simulate) all possible photon tracks? 

Could I then calculate any related quantity at all points…?



The MC method …
The Central Limit Theorem: the sum of a large number of identical, independent 

random variables is approximately normally distributed

The MC method …

random variables is approximately normally distributed.

So, if I want to calculate an unknown quantity, m, 
and k is a random variable of expectation value E(k)=m and variance Var(k)=b2.

If k1, k2, …, kN are N RANDOMLY selected values of k,

then: is normally distributed with E(          )=Nm and V (          )=Nb2

or equivalently: 

or:  

So, if I want to estimate the photon fluence (or any related quantity ) at point r, I 
can average the contribution of N photon tracks RANDOMLY sampled from the 

probability distribution of all possible tracksp b b y b p b



The MC method …
Do I know the probability distribution of possible tracks?
A photon “moves” from phase space element to phase space element.

The MC method …

p p p p p
A photon track is composed of the sequential phase space elements or photon states,

Sj(rj,Ej,Ωj) just before each interaction j.

The probability of occurrence of each photon state j only depends on the probability
of occurrence of state j-1.

Or in other words: the probability that the photon interacts at rj-1, the probability that
a specific kind of interaction occurs and the probability that during this
interaction the photon is scattered in direction Ωj with energy Ej given Ωj-1 and Ej-1.

These probability distributions are known in Physics….!
rjrj-2 j

Ωj-1 Ωj

Hence, the only component missing is a method to RANDOMLY sample from the
above, known, probability distributions.

rj-1

, , p y



The MC method …
How do I sample RANDOMLY from a known probability distribution?
There are numerous mathematical methods  In example: 

The MC method …

There are numerous mathematical methods. In example: 
Inversion theorem 

Let x be a continuous random variable distributed over the interval [a, b] with a[ , ]
probability density function f(x) and a cumulative probability distribution
function F(x) that is invertible. Given a random number, r, in the interval [0, 1],
a value x* of x can be randomly selected according to:a value x of x can be randomly selected according to:

Let x be a discrete random variable taking N values, xi of probability, Pi so that:

Given a random number, r, in the interval [0, 1], a value x* of x can be randomly
selected according to:

x*= xj where j= min{  j: }x = xj where j= min{  j: }



The MC method …
Simple examples:
Choosing emission direction for a mono-energetic point source.
Th  i i  i  i t i  d th  b bilit  f i i  i t   lid l  l t The emission is isotropic and the probability of emission into a solid angle element 

dΩ equals the fraction of this solid angle in the 4π geometry so that:

Figure from: Venselaar Baltas Meigooni Hoskin (Eds)Figure from: Venselaar, Baltas, Meigooni, Hoskin (Eds), 
Comprehensive Brachytehrapy: physical and clinical 

aspects. CRC Press, Taylor & Francis, © 2013



The MC method …
Choosing interaction site.
The probability that a photon interacts within dx after travelling a distance x is 

μexp( μx) so that:μexp(-μx) so that:

Choosing interaction type.
Interaction type is a discrete Interaction type is a discrete 
random variable of i values so that 
Pi=μi/μtotal. 
So given r, I choose interaction j so that:

j= min{  j: }j= min{  j: }

Figure from: Venselaar Baltas Meigooni Hoskin (Eds)Figure from: Venselaar, Baltas, Meigooni, Hoskin (Eds), 
Comprehensive Brachytehrapy: physical and clinical 

aspects. CRC Press, Taylor & Francis, © 2013



The MC method …
 Similar procedures (available in the literature from the 50’s) are used for

sampling randomly from the probability distributions for every process
involved in photon transportinvolved in photon transport.

 MC is a statistical method to approximate dose at all points of a geometry
 The method inherently accounts for real sources, inhomogeneities, and

h t di i di t i t d tphantom dimensions according to input data.
 The collision KERMA can be calculated within voxels by scoring the

energy transferred to charged particles from interactions within the voxel
d i hi b l (d d ) ( l )and weighing by voxel mass (dm=ρdV) (analogue MC).

 Alternatively, photon energy fluence can be scored in each voxel and
weighed by μen/ρ to obtain collision KERMA (track length estimator).g y μ /ρ g



The MC method …
MC simulations for single source dosimetry are ALWAYS a set of 2 MC 

simulations
one for the distribution of energy absorbed 

at all points of the geometry per starting particle 
and and 

one for the air kerma of the source per starting particle

In multiple source MC dosimetry (e.g. a clinical case) results from single 
source positions can be weighed by ti, summed 

and multiplied by TRAK (SK*ttot) and multiplied by TRAK (SK ttot) 



The MC method …
The general outline of a MC code is:

ProbabilityRandom 
numbers

Probability 
distributions and 

input data

Monte Carlo 
codecode

Th  ti  th  

Results !

The questions then are:
1. What is the accuracy of the method?
2. How efficient can the method be?



Type A uncertainty
Recall that : 

b h d f k i i k b f ib, the stdev of unknown quantity m is not known but for N>> approximates m

and the square root of the variance approximates b.q pp

therefore forms precision confidence interval (k=3) of our tally and it must be

as low as possible.

Type A uncertainty decreases ~ 1/sqrt(N)

 i d l i i f l ( h type A uncertainty decreases as voxel size increases for analogue MC (at the expense
of volume averaging)

 the only other way to decrease type A would be to reduce Var(k) which is in essence
an efficiency gain and will be discussed later



Type A uncertainty

 TG-43 U1* suggests that enough histories, N, should be used to ensure that dosimetry
l h l i i iresults have relative uncertainties <2% at r<5 cm

 AAPM/ESTRO** recommendations are MC Type A uncertainties (k=1)<0.1% for/ yp
distances < 5 cm and Type A uncertainties (k=1)<0.2% for distances <10cm

 TG-138 (AAPM/ESTRO)*** suggests MC type A<0 1% when feasible TG 138 (AAPM/ESTRO) suggests MC type A<0.1% when feasible

* Rivard et al., 2004. Update of AAPM Task Group No. 43 Report: A revised AAPM protocol for
brachytherapy dose calculations. Med. Phys. 31(3), p.633.
** Perez Calatayud et al 2012 Dose calculation for photon emitting brachytherapy sources withPerez-Calatayud et al., 2012. Dose calculation for photon-emitting brachytherapy sources with
average energy higher than 50 keV: report of the AAPM and ESTRO. Med. Phys. 39(5), p.2904
*** DeWerd et al., 2011. A dosimetric uncertainty analysis for photon-emitting brachytherapy sources:
report of AAPM Task Group No. 138 and GEC-ESTRO. Med. Phys. 38(2), pp. 782p p y ( ) pp



Type B uncertainty
All other aspects of the simulation contribute  to type B uncertainty

Random Probability 
distributions andnumbers distributions and 

input data

Monte Carlo 
code

Results !



Type B uncertainty … random number generator

Pseudo random number generators are used, e.g. Lehmer type, multiplicative-
congruential of the form:

r =Br mod2Mrn+1=Brnmod2

with B,M and r0 (the “seed” of the sequence) appropriately selected.

• These generators are generally robust in benchmarked and extensively used 
codes 

• These generators are periodic with a period of 2M. Exceeding this period might 
underestimate result varianceunderestimate result variance

• If you are using different simulations to estimate Var(k) make sure the seed is 
d ffdifferent



Type B uncertainty … code
What MC code should I use? / Should I prepare my own?

 Codes benchmarked and extensively used in the literature:
PTRAN, MCNP, GEANT4, PENELOPE, and EGS.

TG-43U1*: Monte Carlo codes not previously used in brachytherapy dosimetry,
should be more rigorously tested and documented in the peer-reviewed literature
before proposing to use their results clinicallybefore proposing to use their results clinically.

TG-43U1*: “regardless of the transport code chosen and its pedigree, all
investigators should assure themselves that they are able to reproduce previouslyinvestigators should assure themselves that they are able to reproduce previously
published dose distributions for at least one widely used brachytherapy source
model. This exercise should be repeated whenever new features of the code are

l d ll d f ”explored, upon installing a new code version, or as part of orienting a new user.”



Type B uncertainty … scoring
 CPE can be assumed and only photons need be simulated
Photon-only simulation introduces errors >2% @ distances at or below 1.6, 3, and
7mm for Ir-192, Cs-137, and Co-60 sources, respectively (Perez-Calatayud et al.7 9 , 37, , p y ( y
2012) but this is source specific and clinically irrelevant in most cases.

 Scoring cell dimensions are important! See Taylor et al (2007) for details and Scoring cell dimensions are important! See Taylor et al. (2007) for details and
Rivard et al. (2004) and Perez-Calatayud et al. (2012) for recommendations

 F l MC i i l i ill d t A b t i l For analogue MC increasing voxel size will reduce type A but increase volume
averaging

 For track length estimators reducing voxel thickness while preserving surface
will reduce volume averaging without affecting type A



Type B uncertainty … cross sections

Probability distributions are in the form of a cross section data base.
Total partial and differential photon cross sections are required including atomic form Total partial and differential photon cross sections are required including atomic form 
factors F(x, Z) and incoherent scatter factors S(x, Z)
These cross sections must be: complete (in terms of E, Z) self-consistent and up to 
date/accuratedate/accurate.
Self-consistency is also required with mass energy absorption data used for kerma
calculation from energy fluence

Up to date cross sections are used in all current versions of benchmarked MC codes: 
EPDL97 (LLNL) in the ENDL or ENDF/B-VI formats or the DLC-146 format (ORNL) or 
XCOM (NIST) database. Mass energy-absorption coefficients for water by Seltzer and 
Hubbell (available on line at NIST).
Data readily available online through NIST  (http://www.nist.gov/pml/data/xraycoef/)Data readily available online through NIST  (http://www.nist.gov/pml/data/xraycoef/)

 TG-138 (AAPM/ESTRO) cites ~1% cross section type B that contributes to dosimetric 
uncertainty at r=5 cm about 0 76 % (low E) and 0 12% (high E)uncertainty at r=5 cm about 0.76 % (low E) and 0.12% (high E)

http://www.nist.gov/pml/data/xraycoef/


Type B uncertainty … input
Source geometry
Information is required on geometry, materials, density, elemental composition, 
and dimensions. 
The uncertainty of this information is more crucial for low energy sources
For reference dosimetry of new sources geometry and dimensions should be 
verified experimentally in a sample of sources  verified experimentally in a sample of sources. 
If the source includes parts of non-negligible mobility, MC should be performed 
for different configurations and results averaged.

e microscopy (6711) seed cut out view 
(3631 A/M)

contact tr. radiography 
(IsoSeed I25.S17plus)

Pics from: Rogers & Cygler (Eds), Clinical dosimetry
measurements in radiotherapy (2009 AAPM Summer 

School), Monograph No. 34, Medical Physics Publishing 2011

Pantelis et al, J Contemp Brachytherapy 5(4),  
240 (2013)



Type B uncertainty … input
Source geometry
Besides verified, the uncertainty in construction details (tolerances) must be 
included in the uncertainty budget. In example: uncertainty map for an I-125 seedy g p y p 5

S d S l  IsoSeed I25.S17plus: 
MC dose rate distr. % uncert.: geo. + type A % uncert.: geo. + type A + cross secs.

Pantelis et al, J Contemp Brachytherapy 5(4),  240 (2013)



Type B uncertainty … input
 Phantom geometry (for single source dosimetry)
Remember dose from scatter depends on geometry dimensions…!
or patient segmentation and source/applicator position (for patient dosimetry)p g / pp p ( p y)

 Geometry in simulation for SK (for single source dosimetry)

In order to comply with the definition of SK :

Ai ( i t) d t t t l di t f th i• Air (point) detector at large distance from the source in vacuo
• Photon emissions of energy lower than δ=5 keV (i.e. characteristic x-rays of Ti
encapsulation following photoelectric absorption of 125I photons) must be
suppressed.



Geometry for actual measurement of SK
For low energy sources, simulations must also account for the WAFAC - 7.6o half 
angle.

• Due to polar angle
averaging, SK increases
for sources with
radioactivity distributed
over cyl. ends, leading
to ΛWAFAC lower thanto ΛWAFAC lower than
Λpoint results.
• This effect depends on
the ratio of markerthe ratio of marker
diameter to marker
length.
• Differences between
ΛWAFAC and Λpoint range
from non-detectable to
3.5%.

Figure from : J. F. Williamson, Med. Phys. 27 (4) 643 2000 



How efficient can MC be …? 

Traditionally, MC was said to be too slow for clinical use and therefore reserved for
high quality single source dosimetry in reference conditions that was theng q y g y
partitioned to TG-43 quantities and used in TPS for treatment planning purposes.



How efficient can MC be …? 

Traditionally, MC was said to be too slow for clinical use and therefore reserved for
high quality single source dosimetry in reference conditions that was theng q y g y
partitioned to TG-43 quantities and used in TPS for treatment planning purposes.

 Total tCALC scales with N which is determined by the level of desired type A Total tCALC scales with N, which is determined by the level of desired type A
uncertainty which is proportional to

MC f B h j t /N d ti f h t l t ki (20% 70%)

N
kVar )(

MC for Brachy enjoys tCALC/N reduction from photon only tracking (20%-70%)

 In brachy however, tCALC/N is large when multiple scattering occurs



How efficient can MC be …?

tCALC scales with N, type A uncertainty scales with

 The only means to decrease tCALC for a given level of type A uncertainty is
variance reduction.

 Variance reduction:
• Simple techniques: geom. truncation, E cut off, phase space files*, analytical

i tt ti (PSS)primary scatter separation (PSS), …

(* Pantelis et al. On source models for 192Ir HDR brachytherapy dosimetry using model based algorithms
Phys. Med. Biol. 61, 2016)y , )

• Elaborate techniques**: techniques to bias the sampling distributions while using
correction factors to eliminate the biasing effect in the sample mean of the quantitycorrection factors to eliminate the biasing effect in the sample mean of the quantity
of interest
(** see Sheikh-Bagheri, D., Kawrakow, I., Walters, B., and Rogers, D.W.O. 2006. Monte Carlo simulations:
Efficiency improvement techniques and statistical considerations. Integrated New Technologies into the Clinic:y p q g g
Monte Carlo and Image-Guided Radiation Therapy—Proceedings of the 2006 AAPM Summer School)



Monte Carlo for TPS?Monte Carlo for TPS?
 tCALC reductions from: photon only tracking (20%-70%), track length scoring (20-

30), pre-calculated source phase space (30%-40%), variance reduction (40-60) +3 ), p p p (3 4 ), (4 )
(inherent) parallelization and reduction of tCALC/N from availability of multi-core 

processors have facilitated clinically viable calculation times:
 sub minute to minutes for LDR applications sub-minute to minutes for LDR applications

MCPI (GEPTS): Chibani & Williamson 2005 Med Phys 32, 3688
BRACHYDOSE (EGSnrc): Thomson et al 2010 Med. Phys. 37, 3910C O ( G ) 0 0 y 37, 39 0

ALGEBRA (GEANT4): Afsharpour et al. 2012 Phys Med Biol 57, 3273
 2.5–17 minutes for 403–1403 2mm voxels for HDR rectal application
BRACHYGUI (PTRAN) Poon et al 2008 J Phys Conf Ser 102, 012018.

 f th  d ti  f f t /N f  GPU i l t ti i ht d  th  t i k further reduction of of tCALC/N from GPU implementation might do the trick:
 sub-sec for single source, 2 sec for HDR+shield implant

Hissoiny et al  Med  Phys  39 (2012)Hissoiny et al, Med. Phys. 39 (2012)
 Tian et al, “Monte Carlo dose calculations for high-dose–rate brachytherapy using 

GPU-accelerated processing,” Brachytherapy 15(3), pp. 387 (2016).



Monte Carlo: summary

 !Monte Carlo based TPS not clinically available for brachytherapy yet!

 MC is the gold standard for single source dosimetry in brachytherapy (TG-43
data)data)

 Several public domain codes are available that have been extensively
benchmarked, and ample literature/experience/recommendations are availablep / p /

 Type B uncertainties associated with MC results for single source dosimetry are
(mainly) user-related

 MC i i h tl i t d ith l l f t A t i t MC is inherently associated with a level of type A uncertainty

Other uses ?Other uses…?
• MC for TPS
• MC for benchmarking TPS dose calculations
• MC for the calculation of experimental dosimetry corrections



Further reading …
• J. Seco, F. Verhaegen (Eds), Monte Carlo Techniques in Radiation Therapy. CRC
Press, Taylor & Francis, © 2013

• Venselaar, Baltas, Meigooni, Hoskin (Eds), Comprehensive Brachytehrapy:
physical and clinical aspects. CRC Press, Taylor & Francis, © 2013

• Rivard, M.J. et al., 2004. Update of AAPM Task Group No. 43 Report: A revised
AAPM protocol for brachytherapy dose calculations. Medical Physics, 31(3), p.633.

• Perez-Calatayud, J. et al., 2012. Dose calculation for photon-emitting
brachytherapy sources with average energy higher than 50 keV: report of the AAPMy py g gy g 5 p
and ESTRO. Medical physics, 39(5), pp.2904–29.

and references thereinand references therein

• references cited herein
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Learning Objectives 
 
1. Review need for international BT dosimetry formalism 
 
 
2. Explore the TG-43 BT dosimetry formalism 
 
 
3. Example calculations and TPS source commissioning 



Brachytherapy Dosimetry? 



Brachytherapy Dosimetry? 

Dutreix, et al., Dosimétrie en Curiethérapie (Paris, 1982). 



Brachytherapy Dosimetry! 

Rivard, et al., Med. Phys. 36, 2136-2153 (2009) 



• Accurate interpolation of dose distribution is achieved because geometric 
dependence of dose falloff (as function of r and θ) is accounted for. This 
allows use of a limited dataset while providing robust dose calculation. 
 

• Analytic, uniform approach to brachytherapy dose calculation is readily 
available, thereby promoting consistent clinical practice worldwide. 

 

Why Follow the TG-43 Dose Calculation Formalism? 

Rivard, et al., Med. Phys. 31, 633-674 (2004) 
Perez-Calatayud, et al., Med. Phys. 38, 2904-2929 (2012) 



Medical Physics 
Update of AAPM Task Group No. 43 Report: 
A revised AAPM protocol for brachytherapy dose calculations 
 
Since publication of the TG-43 protocol in 1995, significant advances have taken place in the field of permanent source 
implantation and brachytherapy dosimetry. To accommodate these advances, the AAPM deemed it necessary to update 
this protocol for the following reasons: 
 
(a) eliminate minor inconsistencies and omissions in the original TG-43 formalism and its implementation. 
 
(b) incorporate subsequent AAPM recommendations, addressing requirements for acquisition of dosimetry data as well 
as clinical implementation. These recommendations, e.g., elimination of Aapp (see Appendix E) and description of 
minimum standards for dosimetric characterization of low-energy photon-emitting brachytherapy sources, needed to be 
consolidated in one convenient document. 
 
(c) critically reassess published brachytherapy dosimetry data for the 125I and 103Pd source models introduced both prior 
and subsequent to publication of the TG-43 protocol in 1995, and to recommend consensus datasets where appropriate. 
 
(d) develop guidelines for determination of reference-quality dose distributions by experimental and Monte Carlo 
methods, and promote consistency in derivation of parameters used in TG-43 formalism. 

Low-Energy BT Dosimetry Report 

Rivard, et al., Med. Phys. 31, 633-674 (2004) 



Medical Physics 
Dose calculation for photon-emitting brachytherapy sources with average 
energy higher than 50 keV: Report of the AAPM and ESTRO 
 
Purpose: Recommendations of the AAPM and ESTRO on dose calculations for high energy (avg energy > 50 keV) 
photon-emitting brachytherapy sources are presented, including physical characteristics of specific 192Ir, 137Cs, and 60Co. 
Methods: This report was prepared by the High Energy Brachytherapy Source Dosimetry (HEBD) Working Group, and 
includes considerations for applying the TG-43U1 formalism to high-E photon-emitting sources with particular attention to 
phantom size effects, interpolation accuracy dependence on dose calculation grid size, and dosimetry parameter 
dependence on active length. 
Results: Consensus datasets for commercially available sources are provided, along with recommended methods for 
evaluating these datasets. Recommendations on dosimetry characterization methods, mainly using experimental 
procedures and Monte Carlo, are established and discussed. Included are methodological recommendations on detector 
choice, detector energy response characterization and phantom materials, and measurement specification methodology. 
Uncertainty analyses are discussed and recommendations are given for sources without consensus datasets. 
Conclusions: Recommended consensus datasets for high-energy sources are derived for sources that were 
commercially available as of January 2010. Data are presented according to the AAPM TG-43U1 formalism, with 
modified interpolation and extrapolation techniques of the AAPM TG-43U1S1 report for the 2D anisotropy function and 
radial dose function. 
 

High-Energy BT Dosimetry Report 

Perez-Calatayud, et al., Med. Phys. 39, 2904-2929 (2012) 



Rivard, et al., Med. Phys. 31, 633-674 (2004) 

BT Dose Calculation Geometry 

reference position 
r0 = 1 cm 
θ0 = 90° 



dimensions need to be in centimeters (cm), not millimeters 

Origin and Angular Notation 

Perez-Calatayud, et al., Med. Phys. 39, 2904-2929 (2012) 



Low-Energy LDR Seeds 

Dynamic source orientation influences some dose distributions 



 

  
 

    dose rate to water at point P(r,θ) 
   SK  air kerma strength 
   Λ  dose rate constant 
 GL(r,θ) geometry function (line-source approximation) 
 gL(r) radial dose function 
 F(r,θ) 2D anisotropy function 

Rivard, et al., Med. Phys. 31, 633-674 (2004) 

TG-43 2D Formalism 
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TG-43 2D Formalism 

source strength 
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TG-43 1D Formalism: Comparisons 



 

  
 

    dose rate to water at point P(r,θ) 
   SK  air kerma strength 
   Λ  dose rate constant 
 1/r2  geometry function (point-source approximation) 
 gP(r) radial dose function 
 φan(r) 1D anisotropy function 

Rivard, et al., Med. Phys. 31, 633-674 (2004) 

TG-43 1D Formalism 

( )D r

2
0( ) ( ) ( )K P anD r S

r g r r
r

φ= Λ
 
 
 





reference air kerma rate  (RAKR) 
ICRU 38, ICRU 60 

BT Source Strength 

Rivard, et al., Med. Phys. 31, 633-674 (2004) 
Perez-Calatayud, et al., Med. Phys. 38, 2904-2929 (2012) 
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Dose Rate Constant 

Perez-Calatayud, et al., Med. Phys. 39, 2904-2929 (2012) 



Perez-Calatayud, et al., Med. Phys. 39, 2904-2929 (2012) 

HEBD Dose Rate Constants 



Rivard, et al., Med. Phys. 26, 2445-2450 (1999) 
Rivard, et al., Med. Phys. 31, 633-674 (2004) 

Geometry Function 



HEBD Radial Dose Functions 

Perez-Calatayud, et al., Med. Phys. 39, 2904-2929 (2012) 



2D Anisotropy Function 

slide courtesy of Luc Beaulieu 

• F(r,θ) is always unity for a perfect point source 
 

• F(r,θ) = 1 at θ0 
 

• F(r,θ) accounts for dose-rate variation over angles due to 
differing attenuation by source capsule, internal components, … 
 

• Must know source orientation use 2D formalism 
– otherwise, use the 1D formalism 



HEBD 2D Anisotropy Function: HDR 192Ir 

Granero, et al., Med. Phys. 38, 487-494 (2011) 



HEBD 2D Anisotropy Function (upper) 

Perez-Calatayud, et al., Med. Phys. 39, 2904-2929 (2012) 



HEBD 2D Anisotropy Function (lower) 

Perez-Calatayud, et al., Med. Phys. 39, 2904-2929 (2012) 



 
 
 
 
 
 
 
 
 
 
prefer societal-recommended datasets 
otherwise use AAPM/RPC Registry data and original pubs 
websites (ESTRO, Univ. Carleton, etc) also post datasets 

Example Dosimetry Parameter Dataset 



HEBD 2D Along-Away QA Table 

Perez-Calatayud, et al., Med. Phys. 39, 2904-2929 (2012) 



NNDC photon spectrum http://www.nndc.bnl.gov/nudat2/ 
H2O @ 0.998 g/cm3 (22°C) 

dry air (0% humidity) 

HEBD Reference Data 

Perez-Calatayud, et al., Med. Phys. 39, 2904-2929 (2012) 

http://www.nndc.bnl.gov/nudat2/


• HEBD Report (AAPM+GEC-ESTRO) Med. Phys. 2012 
 

• IROC Houston website (Brachytherapy Source Registry) 
(rpc.mdanderson.org/RPC/BrachySeeds/Source_Registry.htm 
 

• ESTRO website 
http://www.estro.org/about/governance-organisation/committees-
activities/tg43 
 
• University of Carleton website 
http://www.physics.carleton.ca/clrp/seed_database 

Locale for Dosimetry Parameter Datasets 

http://rpc.mdanderson.org/RPC/BrachySeeds/Source_Registry.htm
http://www.estro.org/about/governance-organisation/committees-
http://www.physics.carleton.ca/clrp/seed_database


Data Interpolation/Extrapolation Methods 

Perez-Calatayud, et al., Med. Phys. 39, 2904-2929 (2012) 



 

 

 

 

 
 
 
The aim of this work is to evaluate performance of a commercial BT TPS with vendor TG-43 data, 
analyze possible discrepancies with respect to a proper reference source and its implications for 
standard treatments, and judge the effectiveness of certain widespread recommended quality 
controls to find potential errors related with interpolations of TG-43 tables. 

Valdés, et al., J. Appl. Clin. Med. Phys. 16, 3-17 (2015) 

TG-43 Dataset Resolution 



 

 

 

 

 
 
 
 
 
 
 
 

 
differences > 2% encompassed ~17% of surrounding source volume 

Valdés, et al., J. Appl. Clin. Med. Phys. 16, 3-17 (2015) 

TG-43 Dataset Resolution 



Granero, et al., Med. Phys. 38, 487-494 (2011) 

Monte Carlo Uncertainty Analysis: HDR 192Ir 



Example TLD Uncertainty Analysis: 125I 

Gearheart, et al., Med. Phys. 27, 2278-2285 (2000) 



Rivard, Med. Phys. 34, 754-762 (2007) 

Example MC Uncertainty Analysis: 131Cs 



Brachytherapy Dose Uncertainties (TG-138) 

DeWerd, et al., Med. Phys. 38, 782-801 (2011) 



DeWerd, et al., Med. Phys. 38, 782-801 (2011) 

Measurement Uncertainty in RAKR and Dose 



Summary 

• BT dosimetry in the clinic generally follows the TG-43 formalism 
– Luc will next show you its limitations and advancements in accuracy 

 
• uniform BT (over time and space) requires standization 

– consistent formalism (and formats) 
– consistent dosimetry parameters 
– consistent reference data 
– consistent TPS approach 

 
• HDR/LDR and HE/LE have different planning approaches 

 
• medical physicist must know the data trail and commission the source(s) 
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Limitations of TG-43 based 
d i  TG   h  “ ” dosimetry: TG-43 versus the “true” 
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Learning ObjectivesLearning Objectives

• Review the limitations of TG4343

• Understand how these limitations translate to • Understand how these limitations translate to 
clinical tumor sites and brachytherapy 

d  ( l ti  t  MC)procedures (relative to MC)

• Be able to anticipate potential TG43 failures



TG 43: Brachytherapy DosimetryTG-43: Brachytherapy Dosimetry

Update of AAPM Task Group No. 43 Report: A revised AAPM
protocol for brachytherapy dose calculations

© 2004 American Association of Physicists in Medicine

Rivard et al, Med Phys 31, 633-674 (2004)



The good!The good!
• Each source model is specifically taken into accountp y

• S (and RAKR) link to a primary standard! • Sk (and RAKR) link to a primary standard! 

• The values of the various parameters are compiled 
following a rigorous process
 Process includes a review and consensus by a group of 

experts

• Analytical formulation leads to fast dose computationy p
 Hundreds of thousands of iterations possible in a few 

seconds



What’s all the fuss about?What s all the fuss about?



TG 43: Brachytherapy DosimetryTG-43: Brachytherapy Dosimetry

≠≠

From Rivard



The limitationsThe limitations
• Homogeneous water medium assumed

• Full scatter condition assumed
 5 cm beyond the last position of interest for low energy seed (15  5 cm beyond the last position of interest for low energy seed (15 

cm geometry) 
 20 cm beyond the last position of interest for E > 50 keV (40  20 cm beyond the last position of interest for E > 50 keV (40 

cm radius geometry)

• No electrons (Dose vs Kerma)• No electrons (Dose vs Kerma)
 Dose may not be related to photon fluence close to the source 

(e g 60Co)(e.g. Co)

• Full 3D source geometry not taken into account
 Close to the source
 Extended line sources, …
 Shielded applicators or directional sources



Why should you care?



Significant dose differences e pectedSignificant dose differences expected

≥ 10% or more relative to TG-43

D  i  h  f d l i  i  RTDose is the fundamental quantity in RT



Factor based vs Model basedFactor-based vs Model-based

S

INPUT OUTPUTCALCULATION

Superposition of 
data from source 
characterization

Dw-TG43
Source 
characterizationTG43

characterization 

Source

INPUT OUTPUTCALCULATION

Dm,m

Source
Characterization +

MBDC
Model-Based 

Dose Calculation 

Dw,mTissue/applicator 

information

Algorithms

From Åsa Carlsson-Tedgren



Sensitivity of Anatomic Sites to Dosimetric 

Li it ti f C t Pl i S tLimitations of Current Planning Systems
anatomic photon  absorbed  attenuation shielding scattering beta/kerma 

site energy dose attenuation shielding scattering dose
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low XXX XXX XXXlow XXX XXX XXX
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low XXX XXX XXX

GYN
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low XXX XXX
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high XXX XXX

low XXX XXX XXX

hi h XXX XXX
lung

high XXX XXX

low XXX XXX XXX

high XXX
penis

high XXX

low XXX XXX

eye
high XXX XXX XXX

eye
low XXX XXX XXX XXX

Rivard, Venselaar, Beaulieu, Med Phys 36, 2136‐2153 (2009)



Prostate HDR BrachytherapyProstate HDR Brachytherapy 

17 catheters; rectum set to air!

Ma et al, Brachytherapy 2015



Prostate LDR BrachytherapyProstate LDR Brachytherapy

4%≈ 4% ↓

≈ 3% ↓≈ 3% ↓

JF Carrier et al., IJROBP 2007



CalcificationsCalcifications

CA Collins-Fekete et al., Radiother Oncol 2014



Average of 42 selected patients g p
with visible calcifications

CA Collins-Fekete et al., Radiother Oncol 2014



Summary for Prostate BrachytherapySummary for Prostate Brachytherapy

• Minimal impact for HDR brachytherapy
 CTV PTV CTV-PTV
 OARs: rectum, bladder, urethra

• Important effect for seed implantsImportant effect for seed implants
 D90: -7% average due to ISA and tissues
 C l ifi i  %  D  (l  d ) Calcifications: -10% average on D90 (large std.)



Sensitivity of Anatomic Sites to Dosimetric 
Li it ti f C t Pl i S tLimitations of Current Planning Systems

anatomic photon  absorbed  attenuation shielding scattering beta/kerma 
site energy dose attenuation shielding scattering dose

prostate
high
low XXX XXX XXXlow XXX XXX XXX

breast
high XXX

low XXX XXX XXX

GYN
high XXX

low XXX XXX

skin
high XXX XXX

low XXX XXX XXX

hi h XXX XXX
lung

high XXX XXX

low XXX XXX XXX

high XXX
penis

high XXX

low XXX XXX

eye
high XXX XXX XXX

eye
low XXX XXX XXX XXX

Rivard, Venselaar, Beaulieu, Med Phys 36, 2136‐2153 (2009)



Various ApproachesVarious Approaches

Images Courtesy of: Dr. Firas Mourtada



Various Approaches
InterstitialInterstitial ConturaContura

Various Approaches

MammoMammo SAVISAVI



Contrast

Papagiannis , Pantelis, Karaiskos, Br J Radiol, 87, 20141063 (2014) 

Contrast recommendations were made!

Kassas, Mourtada, Horton, Lane, Med. Phys 31(7),1976-1979 (2004). 



Air

Richardson, Ramino, Med Phys, 37(8), 3919-3926  (2010) 



00--4%4%00 4%4%

00--6%6%

00--9%9%00 9%9%



Skin Doses: study on 59 patientsSkin Doses: study on 59 patients

TLD skin dose meas.
• TPS-TLD: -13% toTPS TLD: 13% to 

47% 

• Average: 16% 

overestimation

MC A < 5%• MC or Acuros: < 5%

Raffi JA et al, Med. Phys. 37 (2010). 



• 5 Contura patients• 5 Contura patients

courtesy of F. Mourtada



• 30 patients evaluated Skinmax, Ribmax, D90, V100, 
V150  V200V150, V200

• Variety of applicators including interstitial• Variety of applicators including interstitial
• Results for interstitial were within 3% or 3cc

• Balloon based:
Ski 8% i l di  % if l  i  t l l / i l  • Skinmax – 8% including >10% if only using central lumen/single 
dwell

• Ribmax 5% on average• Ribmax- 5% on average
• Target coverage less (3.5% – 8%)

L  b ll  h d t  diff  i  V  t• Larger balloons had greater differences in V100, etc.

courtesy of F. Mourtada



Xoft eBx

Shane White et al Med Phys 41 (2014)



Summary for Breast BrachytherapySummary for Breast Brachytherapy

• The experts agree that in using TG43 for 192Ir procedures: • The experts agree that in using TG43 for 192Ir procedures: 
 If you are using high levels of contrast – your overall dose is 

decreaseddecreased
 Skin dose is over-estimated (~ 4-10%)
 D  t  ib  i  d ti t d (   %) Dose to ribs is under-estimated (~ 5 -7%)
 Dose coverage is probably slightly over-estimated

• If you use seeds or electronic brachytherapy sources
 Very large effect due to breast composition (adipose and 

glandular tissues)
 Very large effect from bones (ribs)



Sensitivity of Anatomic Sites to Dosimetric 
Li it ti f C t Pl i S tLimitations of Current Planning Systems

anatomic photon  absorbed  attenuation shielding scattering beta/kerma 
site energy dose attenuation shielding scattering dose

prostate
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low XXX XXX XXXlow XXX XXX XXX
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Rivard, Venselaar, Beaulieu, Med Phys 36, 2136‐2153 (2009)



GYN Standard Applicators 

too many to list

Standard T&R 
T d

Standard Cylinder
R l hi ld d

Fletcher-Williamson T&O

Tande
m

Regular or shielded

Rectal shieldFlang
e

I t titi lInterstitial
Fletcher Shielded 

Shielded 
Ovoids

Shielded ovoids
courtesy of F. Mourtada



Shielded applicators with cappp p

MCNPX 2.5 simulations compared with p
TG-43 predicted doses (Plato TPS)

iair

Price, Horton, Eifel, Mourtada, ABS annual meeting, 2007



Ye, Brezovich, Shen, Duan, Popple, Pareek, Med Phys, 31 (7), 2097-2106 (2004) 





 VS-2000 source

 Applicator part #: Applicator part #: 
AL07334001

IJROBP, vol 83, No 3, pp 
e414-e422, 2012



ICRU Rectal Point Dose Impact of GBBS relative to TG-43

Source+boundary
Applicator
Ti hTissue hetero
All



TG43 90o

180o 270o



Shielded GeometryShielded Geometry
Petrokokkinos et al., MedPhys 38, 1981-1992 (2011)



WG Shielded Applicator Test CaseWG Shielded Applicator Test Case



Summary for GYN BrachytherapySummary for GYN Brachytherapy

• The new brachy dose calculation algorithms provide 
d di ib i fmore accurate dose distributions for GYN 

brachytherapy than the standard TG-43.

• Unshielded GYN CT/MR applicators impact is within Unshielded GYN CT/MR applicators impact is within 
+/-5% 

• Shielded Applicator can significantly reduces dose to 
OAROARs



Sensitivity of Anatomic Sites to Dosimetric 
Li it ti f C t Pl i S tLimitations of Current Planning Systems

anatomic photon  absorbed  attenuation shielding scattering beta/kerma 
site energy dose attenuation shielding scattering dose

prostate
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low XXX XXX XXXlow XXX XXX XXX
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high XXX

low XXX XXX XXX
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low XXX XXX

skin
high XXX XXX

low XXX XXX XXX

hi h XXX XXX
lung

high XXX XXX

low XXX XXX XXX
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high XXX
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low XXX XXX XXX XXX

Rivard, Venselaar, Beaulieu, Med Phys 36, 2136‐2153 (2009)



HDR 192Ir Skin Molds/Flaps

courtesy J. Perez-Calatayud



HDR 192Ir Shielded (Leipzig) Applicators ( g)

Cup-shaped of tungsteng
Horizontal and Vertical
Diameters 1 cm, 2 cm, 3 cm

Plastic cap 1 mm, to reduce 
45skin dose due to electrons       

courtesy J. Perez-Calatayud



Oncentra® ACE TG-43

courtesy Y. Niatsetski



Oncentra® ACE TG-186

courtesy Y. Niatsetski



Oncentra® ACE Skin Mold Differences

target
TG-43 TG-186 TG-43 TG-186

target
D95 (Gy) D95 (Gy) Dose (%) Dose (%)

PTV 4.07 4.11 101.7 102.7PTV 4.07 4.11 101.7 102.7

no big deal for skin moldno big deal for skin mold

ROI
TG-43

V (cm3)
TG-186

V (cm3)
TG-43
V (%)

TG-186
V (%)V25 (cm3) V25 (cm3) V25 (%) V25 (%)

sternum 31.31 31.12 89.00 88.45

clavicle 7.10 7.03 75.05 74.35

lung 34.51 30.37 4.18 3.68

courtesy of M Rivard



AcurosTM BV TG-43

courtesy R. Park



AcurosTM BV TG-186

courtesy R. Park



AcurosTM BV Shielded ApplicatorAcuros BV Shielded Applicator

TG 43 TG 186 TG 43 TG 186
target

TG-43
D95 (Gy)

TG-186
D95 (Gy)

TG-43
Dose (%)

TG-186
Dose (%)

PTV 4.50 4.50 100.0 100.0

collimation is important

TG 43 TG 186 TG 43 TG 186
ROI

TG-43
V25 (cm3)

TG-186
V25 (cm3)

TG-43
V25 (%)

TG-186
V25 (%)

skin 3.97 2.88 60.1 43.7

bone 3.32 5.85 3.88 6.83

courtesy of M Rivard



Comparing TG 43 and MC for Skin BTComparing TG-43 and MC for Skin BT

evaluate scatter defect, air gap

5x5 cm2 clinical mesh

courtesy of Jose Perez-CalatayudVijande et al, J Contemp Brachy 4, 34-44 (2012)courtesy J. Perez-Calatayud



Comparing TG-43 and MC for Skin BTg

surface 5 mm depth

over/under dose compensation between adjacent spheres
+5% to -7% -4% to -7%

Vijande et al, J Contemp Brachy 4, 34-44 (2012)

over/under dose compensation between adjacent spheres

courtesy J. Perez-Calatayud



Summary for Skin BrachytherapySummary for Skin Brachytherapy

• Challenges due to irregular surface
 Interplay between scatter and shielding effects

• Departure from TG43 calculated dose depends on 
shielding and/or presence of air gapss e d g a d/o  p ese ce o  a  gaps
 Small for PTV with unshielded geometry
 Need further dose recalculation studies of (large)  Need further dose recalculation studies of (large) 

patient cohorts



Sensitivity of Anatomic Sites to Dosimetric 
Li it ti f C t Pl i S tLimitations of Current Planning Systems

anatomic photon  absorbed  attenuation shielding scattering beta/kerma 
site energy dose attenuation shielding scattering dose

prostate
high
low XXX XXX XXXlow XXX XXX XXX

breast
high XXX

low XXX XXX XXX

GYN
high XXX

low XXX XXX

skin
high XXX XXX

low XXX XXX XXX

hi h XXX XXX
lung

high XXX XXX

low XXX XXX XXX

high XXX
penis

high XXX

low XXX XXX

eye
high XXX XXX XXX

eye
low XXX XXX XXX XXX

Rivard, Venselaar, Beaulieu, Med Phys 36, 2136‐2153 (2009)



Penil brachytherapyPenil brachytherapy

GTV V100 [SD] V100 [SD] V150 [SD] V200 [SD] D 1cc [SD] D 0 5 cc [SD] D 0 1 cc [SD] Dmax [SD]
PTV Urethra

TG43 99.2 [1.7] 74.3 [15.0] 20.7 [2.8] 8.9 [0.9] 6.9 [2.2] 31.6 [14.1] 76.5 [5.3] 88.8 [9.4]
Monte Carlo 97.0 [3.0] 70.0 [14.1] 18.6 [2.3] 8.7 [1.1] 7.2 [3.1] 36.2 [13.8] 68.5 [4.5] 85.0 [9.0]

MC TG43d

GTV V100 [SD] V100 [SD] V150 [SD] V200 [SD] D 1cc [SD] D 0.5 cc [SD] D 0.1 cc [SD] Dmax [SD]

MC ‐ TG43 dose 
difference (Gy)

MC ‐ TG43 dose 

‐8.1

10 6

‐3.7

4 2

‐0.3

2 9

0.4

5 1

4.6

14 6

‐2.3

2 3

‐4.3

5 8

‐2.0

9 7
difference (%)

‐10.6 ‐4.2‐2.9 5.1 14.6‐2.3 ‐5.8 ‐9.7

Carlone et al, World Brachy Congress 2016



Head and Neck?
anatomic 

site
photon  
energy

absorbed  
dose attenuation shielding scattering beta/kerma 

dosesite energy dose g g dose

prostate
high
low XXX XXX XXX

breast
high XXX

low XXX XXX XXX

GYN
high XXX

low XXX XXX

high XXX XXX
skin

high XXX XXX

low XXX XXX XXX

high XXX XXX
lung

high XXX XXX

low XXX XXX XXX

penis
high XXX

penis
low XXX XXX

eye
high XXX XXX XXX

l XXX XXX XXX XXX
y

low XXX XXX XXX XXX

Rivard, Venselaar, Beaulieu, Med Phys 36, 2136-2153 (2009)



GeometryGeometry

• Tooth filling

• Bone and air cavity

• Tooth filling

• Scatter condition

y



TG43 vs MCTG43 vs MC

Poon et al, Med Phys 36 (2009)

MC = solid lines; TG43= dashed lines
59

MC = solid lines; TG43= dashed lines



TG43 vs MCTG43 vs MC

• Target dose unaffected
 D i t d b  i Dominated by primary

• DTG43 > DMC brain stem
 Screening by bones Screening by bones

• DTG43 > DMC close to skin

( )
60

Poon et al, Med Phys 36 (2009)



AcurosBV vs TG43AcurosBV vs TG43
Si b t t l J C t B h th 2013

• 49 consecutive patients, 2001-2009

Siebert et al, J Contemp Brachytherapy 2013

 floor of mouth carcinoma
 larynx carcinoma

d parotid carcinoma

2 5 Gy/Fx• 2.5 Gy/Fx

BV 8 8 d A• BV 8.8 and Acuros 1.3.1



AcurosBV vs TG43AcurosBV vs TG43
Si b t t l J C t B h th 2013Siebert et al, J Contemp Brachytherapy 2013

• DTG43 > DMC by ≈ 3%DTG43 > DMC by  3%
 CTV D90 and V100
 Range -4% to +7% Range -4% to +7%

• Larger volumes lead to 
larger differenceslarger differences
 Primary vs scatter

contributions to total dose contributions to total dose 
important



MC TG43 St d f 22 ti tMC vs TG43: Study from 22 patients

V Peppa et al., Radiother Oncol (2016), In Press



Summary for H&N BrachytherapySummary for H&N Brachytherapy

• Differences small on average for CTV/PTV
 Over and under dosage is patient specific(!)
 Effects greater at distance from CTV

• OARsOARs
 Indices statistically different for mandible, parotid, skin, 

spinal cord.sp a  co d.
 But absolute difference small in most cases.



Ho Important in the clinic?How Important in the clinic?

Site / Application Importance

Shielded Applicators Huge

Eye plaque -10 to -30% (TG129)

B t B h 5% t 40%Breast Brachy -5% to -40%

Prostate Brachy -2 to -15% on D90y

GYN Depends on applicators

H&N -4% to +7%



Back to Physics!



Importance of the Physics: Scatter Conditionsp y

Perez-Calatayud et al, Med Phys 2004 



Primary vs ScatterPrimary vs. Scatter
Primary dominate total dose for the first 6 cmPrimary dominate total dose for the first 6 cm

Source: http://www.physics.carleton.ca/clrp

http://www.physics.carleton.ca/clrp


Importance of the Physics: Water vs Tissues
103Pd

125I
Esteya

153Gd 169Yb 157Co

p y
Xoft

I Gd 169Yb 157Co

< 100 keV large differences
TG‐186



Importance of the Physics: Attenuation by MetalsImportance of the Physics: Attenuation by Metals

From NIST website



R l f th bRule of thumb

Energy Range Effect

192Ir Scatter condition192Ir Scatter condition

Shielding (applicator related)
103Pd/125I/eBx Absorbed dose (μen/ρ)

Att ti ( / )Attenuation (μ/ρ)

Shielding (applicator, source)g ( pp , )

Rivard, Venselaar, Beaulieu, Med Phys 36, 2136-2153 (2009)



RememberRemember
• TG 43 is still the recommended STD for: • TG-43 is still the recommended STD for: 
 Prescription dose levels 
 Dose planning/optimization

• Beyond TG43Beyond TG43
 Follow TG-186 recommendations 
 For tissue assignments
 For dose reportingo  dose epo t g
 ATTN to physics!



ConclusionConclusion
• TG43 presents limitation for many clinical sites• TG43 presents limitation for many clinical sites
 From a few % to many tens of % for shielded geometries

• Algorithms desperately needed for low energy g p y gy
brachytherapy: seeds or eBx
 Much larger effects expectedg p

• New approaches depend on going beyond TG43• New approaches depend on going beyond TG43
 Shielded and directional applicators
 Di ti l  Directional sources
 eBx and low energy brachytherapy.
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Dosimetry using the 
Advanced Collapsed cone Engine (ACE)
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Dosimetry using the 
Advanced Collapsed cone Engine (ACE)

h d d i d d i l bMethod used since decades in external beam RT
(for a review see: Ahnesjö and Aspradakis 1999 Phys. Med. Biol. 

44(11) R99)

Method for brachy outlined in a series of publications:
 Russell KR & Ahnesjö A 1996 Phys Med Biol 41(6):1007Russell KR & Ahnesjö A 1996 Phys Med Biol 41(6):1007
Carlsson AK & Ahnesjö A 2000 Med Phys 27(10):2320

 Carlsson ÅK & Ahnesjö A 2000 Phys Med Biol 45(2):357–82
 Carlsson AK & Ahnesjö A  2003 Med Phys 30(8):2206 Carlsson AK & Ahnesjö A. 2003 Med Phys 30(8):2206.

 Russell KR et al 2005 Med Phys 32(9):2739
 Carlsson Tedgren A & Ahnesjö A 2008 Med Phys 35(4):1611

and implemented for 192Ir dosimetry in Oncentra Brachy:
 user manuals 

 white paper by Elekta: ACE Advanced Collapsed cone Engine



Objectives/Outline:Objectives/Outline: 

T  To :
 review the basic principles of the method

 li  i  i l i outline its implementation

so as to identify:

 strengths and weaknesses 
 analogies and differences between (current/future) 

commercially available MBDCAs
 potential improvements over TG-43

 potential shortcomings relative to reference dose distributions



The method … • Let us start again from the simplest case (point 
isotopic monoenergetic photon source in infinite 

i

isotopic monoenergetic photon source in infinite 
medium of given composition)

• at any point I know more than Dprim:

)irexp(2
ir4π

R=Ψ R  ir
ir4π

ii Ψ)
ρ
μ(=T

iiiiprim Τ)
μ
enμ(Ψ)

ρ
enμ(=KD :CPEunder 

iDiiiii )1μ(Τ)enμ(1Ψ)enμ-μ(KΤ=S 

f k h f h k h

iprimDiiiii )1
enμ

(Τ)
μ

-(1Ψ)
ρ

(K-Τ=S 

• If I know the spectrum of the source I know the 
amount of energy per unit mass scattered in first 

interactions of primary photons, S1sc



The method …
• I know S1sc at each pointI know S1sc at each point

 d    di ib  hi    ll h  

iprimDiiiii )1
enμ
μ(Τ)

μ
enμ-(1Ψ)

ρ
enμ-μ(K-Τ=1scS 

i
• I need a way to distribute this energy to all other 

points …
θ

rr

j



The method …
• I know S1sc at each pointI know S1sc at each point

 d    di ib  hi    ll h  

iprimDiiiii )1
enμ
μ(Τ)

μ
enμ-(1Ψ)

ρ
enμ-μ(K-Τ=1scS 

i
• I need a way to distribute this energy to all other 

points …
rrscjsc

),(),(1h1h  •Suppose

θ

r
dVR sc

scjsc
1

),(1,1pp

is the fraction of 1sc energy released at a point (@ the 
origin) that is absorbed @ (r θ) per unit of volume

r

j
origin) that is absorbed @ (r,θ), per unit of volume

),(1h rsc•Can I calculate                  …. ?
• From 1st principles:





 ,1),1exp(2

1
)(

1

),(),(1h scenrscr
d

d

dVR sc

rrsc 

)(1h r
• Since I know the spectrum of 1sc photons, I can 

l l t  ),(1h rsccalculate 



The method …
• It is more efficient to use MC to calculate ),(1h riscIt is more efficient to use MC to calculate

and fit an analytical expression

1)1exp(1)(1),()(1h enrscdRrrsc  

),(1h risc

1)1exp(2
1)(1

,1),1exp(211
),(1h

scenrsc
scdR

scenrscdrR scdVR sc
rsc













i

2
)exp(

,1,12)1(

rbB

scscdren










i
θ

where: 
2r


 1

1)(1 enscdRB 

r








,1

,1
)1(

scb

scenden
B






,

• What material should I choose for the calculation of 
h…?



Th th d i d !The method …is ready!
(and it’s convolution/superposition)

• I can calculate D1sc @ any point from any 
point, e.g.:

11i
θ
r -r dVθ)ir-jrh(1sc iS iρ

 θ),ir-jrh( dV iρ 1sc,iS
jρ

1  jh1sc,iR
jρ

1=1scD







 ji

rj-ri
j

dVθ),irjrh(1sc,iS
jρ



and the total dose to j would be:


V

dVjh 1sc,iS
jρ
iρ=1scD j

BUT…:
1 I need to be efficient (reduce the # of the N6 evaluations required) & work 1. I need to be efficient (reduce the # of the N6 evaluations required) & work 

with finite voxels
2. I need to account for inhomogeneities
3. I need to account for higher order of scatter (D2sc, D3sc, …, Dmsc)
4. I need to work with real sources
5. I need to account for finite patient dimensions5. I need to account for finite patient dimensions



1. I need to be efficient
• It is inherently beneficial to work in spherical 
coordinates to lift the kernel singularity since: 

dV=dS dr=r2 dΩ dr = r2 sinθ dθ dφ drj φj


V
dVjh i1sc,S

jρ
 iρ1scD ji

  


r
sin2r

2r

)exp(
 i1sc,S

jρ
 iρ


 drdd

rbB

• Instead of evaluating ALL directions around a 
scerma generating point, I can DISCRETIZE space 

using a number M of solid angle elements, ΔΩM, 

i

g g M
defined by (θ0,φ0)M, and assume scerma does not 

vary with θ within ΔΩ (i.e. on dS for a given r)

  ddbB )e p(SiρD

 




 

rbB

drd
r

rbBji

dr )0exp(01sc,iS iρ

)exp(1sc,iS
jρ
iρ1scD





r
00,

jρ



1. I need to be efficient

An oversimplified example: 
one solid angle element per cubic voxel sideg p

Μ=6, ΔΩ=2π/3



1. I need to be efficient
Our oversimplified example on a plane (one array Our oversimplified example on a plane (one array 

of voxels or one image):

scerma does not vary with θ within ΔΩ  less scerma does not vary with θ within ΔΩ  less 
fitting for Bθ, bθ

BUT
• I still need to evaluate Di->j for all points j at 

different radial distance

OR
• I could evaluate Di->j only for j at exactly θ0, φ0

Hence each cone defined by ΔΩ is collapsed to 
its main axis and scerma from each point is 

t t d l  li  d fi d b  th  transported along lines defined by the 
directions from volume discretization in ΔΩ

(order of evaluations required~MN4)



1. I need to be efficient

Can the CC method be both efficient AND 
accurate…?

• At the limit of fine discretization (ΜN3  At the limit of fine discretization (ΜN3, 
ΔΩdΩ) the collapsed cone method can be 
exact (but inefficient) 

Figure from: Carlsson & Ahnesjö
Med. Phys. 35 (4) 1611 (2008)



1. I need to be efficient

Can the CC method be both efficient AND 
accurate…?

• I can reduce the number of directions sinceI can reduce the number of directions since
scerma from voxel A 

not distributed to voxel B’ 
d  t  th  CC i ti  due to the CC approximation 

will be compensated by 
scerma from another point A’ along the same 

Figure from: Ahnesjö

p g
transport direction

Figure from: Ahnesjö
Med. Phys. 16, 577 (1989)



1. I need to be efficient

Can the CC method be both efficient AND 
accurate…?

YES if I optimize the number of directions

• Optimization criterion…?



1. I need to be efficient

Can the CC method be both efficient AND 
accurate…?

YES if I optimize the number of directions

Optimization criterion…?

• THE SCERMA GRADIENT!!!



1. I need to be efficient

Can the CC method be both efficient AND accurate…?

The less scerma varies the more I can reduce the number of directions 
(increase of efficiency) without a considerable loss of accuracy

Which cases are less/more forgiving…?



1. I need to be efficient

Can the CC method be both
efficient AND accurate…?

The less scerma varies the 
more I can reduce the 
number of directions 
(increase of efficiency) 

without a considerable loss 
of accuracy

Which cases are less/more Which cases are less/more 
forgiving…?

Figures from the Carleton U. TG-43 database available online @: 
http://www.physics.carleton.ca/clrp/seed_database

http://www.physics.carleton.ca/clrp/seed_database


1. I need to be efficient Can the CC method be both efficient 
AND accurate…?

The less scerma varies the more I 
can reduce the number of 

directions (increase of efficiency) 
without a considerable loss of 

accuracy

The approximation by CC that scerma is 
transported linearly will only break p y y
down at increased distances where 

r2ΔΩ=ΔS >>
unless resolution is coarse unless resolution is coarse 
(voxel cross section ~ ΔS)

Figure from: Ahnesjö
Med. Phys. 16, 577 (1989)Med. Phys. 16, 577 (1989)



1. I need to be efficient Can the CC method be both efficient 
AND accurate…?

The less scerma varies the more I 
can reduce the number of 

directions (increase of efficiency) 
without a considerable loss of 

accuracy

The approximation by CC that scerma is 
transported linearly will only break p y y

down (ray artefacts) at increased
distances where r2ΔΩ=ΔS >>

How increased …?How increased …?

It depends on how rapidly the kernel 
d  ith di tdecreases with distance.

Rapidly decreasing kernels are 
more forgiving. 



1. I need to be efficient

All that is missing then is:

 th d t  d fi   id • a method to define a grid 
of transport lines along the 

discretization directions 
dand 

• a set of recursive equations 
to calculate stepwise on 

each transport line and not 
from point to point



1. I need to be efficient

M h d  d fi   id f Method to define a grid of 
transport lines along the 
discretization directions 



1. I need to be efficient

M h d  d fi   id f Method to define a grid of 
transport lines along the 
discretization directions 

maxl
voxel

jl  



Equations for the transport of scerma
1. I need to be efficient

∆r

Equations for the transport of scerma
generated at each point along a 

transport line

∆r1

θ
Under the collapsed cone approximation: 

• Scerma does not vary with θ within ΔΩ

1

2

(Bθ, bθ constant along transport line) 
and scerma generated, emitted and 

absorbed along transport line
r

2
and assuming:

• Scerma generated per unit r is constant 

Dose from points along Δr1 in voxel 1, to voxel 2 :

• Scerma generated per unit r is constant 
within the same voxel (scerma does not 

vary considerably within voxels)

 )exp(1sc,1S
ρ2

 ρ1
211scD drd

r
rbB 


  

1
dr )'exp(1sc,1S

ρ2
 ρ1 rr

r
rbB 


 

)]1exp(1)[exp(1sc,1S
ρ2
ρ1 rbrb

b
B

 





Equations for the transport of scerma
1. I need to be efficient

∆r

Equations for the transport of scerma
generated at each point along a 

transport line

∆r1

θ

∆r2 Under the collapsed cone approximation: 
• Scerma does not vary with θ within ΔΩ

r1

2

(Bθ, bθ constant along transport line) 
and scerma generated, emitted and 

absorbed along transport line

r

2
and assuming:

• Scerma generated per unit r is constant 

Averaging scerma from voxel 1, over points 
ithi  Δ 2 i  l 2 

• Scerma generated per unit r is constant 
within the same voxel (scerma does not 

vary considerably within voxels)

'
2Δrr

)]'exp()]1exp(1[1sc,1S
ρ2

 ρ1'
2Δrr

211scD drrbrb
b
Bdr 





 




within Δr2 in voxel 2 :

)]2exp(1)][1exp(1)[exp(1sc 1S ρ1
2Δr

rρ2

2Δr
r

211scD

rbrbrbB

b









)]2exp(1)][1exp(1)[exp(
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21sc,1S
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rbrbrb
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Equations for the transport of scerma
1. I need to be efficient

Equations for the transport of scerma
generated at each point along a 

transport line

∆r2 Under the collapsed cone approximation: 
• Scerma does not vary with θ within ΔΩ

1

2

θ
(Bθ, bθ constant along transport line) 

and scerma generated, emitted and 
absorbed along transport line

2
and assuming:

• Scerma generated per unit r is constant • Scerma generated per unit r is constant 
within the same voxel (scerma does not 

vary considerably within voxels)Scerma from points along Δr2 in voxel 2, to voxel 
2

' )]'(exp[1sc,2S
ρ2

 ρ2
221scD drd

r
rrbB  


 

2:

∆r2
r’

0
dr')]'(exp[1sc,2S

r
rrbB    0≤r’≤r

0<r≤∆r2

r’
r

)]exp(1[1sc,2S rb
b
B



 



Equations for the transport of scerma
1. I need to be efficient

∆r

Equations for the transport of scerma
generated at each point along a 

transport line

∆r1 ∆r2 Under the collapsed cone approximation: 
• Scerma does not vary with θ within ΔΩ

1

2

θ
(Bθ, bθ constant along transport line) 

and scerma generated, emitted and 
absorbed along transport line

2
and assuming:

• Scerma generated per unit r is constant 

Averaging scerma from voxel 2, over points 
ithi  Δ 2 i  l 2 

• Scerma generated per unit r is constant 
within the same voxel (scerma does not 

vary considerably within voxels)

2Δr
)]exp(1[1sc,2S

2Δr
221scD 


 drrb

b
Bdr   

within Δr2 in voxel 2 :

)}2Δrexp(1[2Δr{
1 2S

2Δr
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2Δr
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Equations for the transport of scerma
1. I need to be efficient

∆r

Equations for the transport of scerma
generated at each point along a 

transport line

∆r1

θ

∆r2 Under the collapsed cone approximation: 
• Scerma does not vary with θ within ΔΩ

1

2

(Bθ, bθ constant along transport line) 
and scerma generated, emitted and 

absorbed along transport line
θ

2
and assuming:

• Scerma generated per unit r is constant 

Overall, exiting voxel 2:

• Scerma generated per unit r is constant 
within the same voxel (scerma does not 

vary considerably within voxels)

221scD211scD21scD 

2Δr
)}2Δrexp(1[2Δr{

21sc,2S)]2exp(1[
2Δr2ρ

1)exp()]1exp(1[21sc,1S1ρ 
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1. I need to be efficient Equation for the transport of scerma
generated at each point along a 

transport line

Δr
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Input:

1. I need to be efficient
Input:

• Dprim distr.
• Source primary spectrum for calculating 

S
An efficient algorithm for the 

calculation of dose from 1st

scatter:

S1sc

• 1st scatter kernel  
• Individual voxel density data

scatter:
• Calculate S1sc distr., from Dprim distr.

• Choose ΔΩ: optimal number of 

Assumptions:
CC: 

• S does not vary with θ within ΔΩ (Bθ  directions
• Construct lattice of transport lines (Bθ, 

bθ per ΔΩ, relative to direction of 

• S1sc does not vary with θ within ΔΩ (Bθ, 
bθ constant along transport line)

• S1sc generated, emitted and absorbed 
along transport lineθ p

primaries)
• Ray-trace along each transport line for 

Δri and iteratively calculate Di

along transport line
and:

• S1sc generated per unit r is constant 
i y i

• Sum Di from all transport lines within the same voxel (scerma does not 
vary considerably within voxels)

)]exp(1[11  irbii B 
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1. I need to be efficient
Implementation corrections:Implementation corrections:

• S1sc does not vary with θ within ΔΩ (Bθ, 
θ bθ constant along transport line)

 bθ evaluated recursively as a moving 
average of previous and current step

θ1

θ2

• S1sc generated per unit r is constant 
within the same voxel (scerma does not 

θ3 within the same voxel (scerma does not 
vary considerably within voxels)

 in high scerma gradient regions scerma is 
estimated piecewise from a log linear estimated piecewise from a log-linear 

interpolation over r



2. inhomogeneities Medium can be of varying density 
What changes…?

Our basic equation already accounts for: 
• Density @ scatter release voxel

V
dVjh 1sc,iS

jρ
 iρ=1scD j y

• Density @ energy absorption voxel
V jρ

The kernel also changes …!
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2. inhomogeneities Medium can be of varying density 

So if we also scale all distances with 
density we solve the problem and our 

method is in accordance with 
O’Connor’s theorem:

When considering two media of 
different densities but the same atomic 
composition exposed to the same beam, p p ,
the dose at corresponding points in the 

two media will be the same provided 
that all geometric distances in the two g

media are scaled inversely with density



2. inhomogeneities Medium can be of varying density 

This affects only the exponential 
attenuation term in our recursive 

equation which now has to be:

)
1

exp( 



i

irib  )
1

e p(  iib 



2. inhomogeneities Medium can be of varying material
(different elemental composition 

d Z ff)and Zeff)

This affects cross sections 
and hence Bθ bθ

,1),1exp(2
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and hence Bθ,bθ
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Can’t we scale the kernel?
Yes and different approaches have 
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Yes and different approaches have 
appeared in the literature. 
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ACE scales attenuation and absorption 
voxel-wise according to:

m
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2. inhomogeneities Medium can be of varying material
(different elemental composition 

d Z ff)and Zeff)

ACE scales attenuation and absorption 
voxel wise according to: Th   i  i  livoxel-wise according to:

scb

m
scmbmb 1

,1 


 










The same recursive equation applies
BUT:

• additional input is required to calculate 

m
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p q
η1sc , χ1sc : the energy spectrum of 1sc 

photons generated at each point.
This is taken from calculations in water so:

scb

w
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w
mBmB 1
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This is taken from calculations in water so:
• the scaling is APPROXIMATE and its 
accuracy deteriorates as materials yield 
different 1sc spectrum from water (as Z different 1sc spectrum from water (as Z 

increases due to coherent & photoelectric  
phenomena-x ray fluorescence and S(x,Z))



3. Higher order of scatter
Instead of using h1sc with S1sc obtained from 

Dprim, to obtain D1sc

couldn’t I distribute S1sccouldn t I distribute S1sc

due to ALL orders of scattering 
in a single step 

i   diff  k l  i  h ?using a different kernel, i.e. hmsc …?

I could, but it is NOT a good idea due to:
• hmsc reducing less than h1sc with r 

ray artefacts
• accuracy close to boundaries of finite accuracy close to boundaries of finite 
geometries (discussed in the following)

Figures from: Carlsson & Ahnesjö Phys. Med. Biol. 45  357 (2000)



3. Higher order of scatter
I have to repeat the method 2 times:

D i  S  CC with h  DDprim S1sc CC with h1sc D1sc

D1sc S2sc CC with Hmsc Dmsc

Figures from: Carlsson & Ahnesjö Phys. Med. Biol. 45  357 (2000) & Med. Phys. 35 (4) 1611 (2008)



3. Higher order of scatter

I have to repeat the method 2 times: • The second step is approximate in that I 
do not know the orientation of Hmsc

Dprim S1sc CC with h1sc D1sc

msc

I can assume it is isotropic or align it with 
h1sc

D1sc S2sc CC with Hmsc Dmsc
• Calculation time increases to 

(M1sc+Mmsc)N3

• Required Mmsc is <  M1sc since the 
gradient of D1sc is considerably less than 

that of Dthat of Dprim



3. Higher order of scatter

I have to repeat the method 2 times: An analogous recursive equation applies
with the difference that Hmsc is better fit 

Dprim S1sc CC with h1sc D1sc

msc

by a bi-exponential function

)()( dD1sc S2sc CC with Hmsc Dmsc
2

)exp()exp(),(H
r

rdDrcCrmsc  


Additional input is required to calculate 
inhomogeneity corrections: the energy 

spectrum of msc photons generated at each p p g
point



4. real sources

Input must now be source specific:
• Primary dose distribution

Implementation detail:
Primary dose distribution is fit by an y

• Distribution of primary photon energy 
spectrum 

• Distribution of 1sc photon energy 

y y
analytical expression 

Distribution of 1sc photon energy 
spectrum 

• Distribution of msc photon energy 
spectrum V ave. Ψ anis

Att. anis. 
spectrum

μ/ρ, μen/ρ data for the calculation of 
scerma, as well as 1sc & msc

k l  t b  i h d  th  This allows calculations @ resolution 

V ave. 
correction

ΨΕ anis. 
correction

Correction due to 
ΨΕ diffs over θ

kernels, must be weighed over the 
appropriate energy spectra

This allows calculations @ resolution 
different than that used in the MC 

simulation to derive the primary dose 
distributionb



5. finite patient dimensions

Kernel data are 
traditionally calculated 

in full scatter geometries 
(8mfp)

This overestimates msc dose 
close to the edges of a 

bounded geometry g y

Figure : unpublished data, courtesy of L. Beaulieu



5. finite patient dimensions

l d   di i ll  

Diff. phantoms, Diff. phantoms
Hmsc in R=50cm Hmsc in R=10cmKernel data are traditionally 

calculated in full scatter 
geometries (8mfp)

Hmsc in R=50cm Hmsc in R=10cm

This overestimates msc dose close to the 
edges of a bounded geometry 

Differences could be lifted if a msc kernel 
calculated in a phantom of equal 

dimensions to the geometry was used.d e s o s to t e geo et y was used.

Figure from: A. C. Tedgren et al. Phys. Med. Biol. 60  5313 (2015)



Important implementation details
All calculation settings are preset! All calculation settings are preset! 
 The user only selects between two 

options denoted as: standard and high 
accuracy levelsaccuracy levels.

These options control:
• the extent of each of the 4 regions in the 

lti l ti C t i  l l ti  multiresolution Cartesian calculation 
grid used

• the number of directions for 1sc and 
msc dose calculations.

 Material assignment is ROI based (TG-
186 + applicator materials) otherwise 

water is considered within the patient 
external contour

 Density can be uniform (ROI based) or y ( )
HU based (ICRP 44/46 data + method 

in Knöös et al. Radiother. Oncol. 5, 337,  
1986)9

Figures from a white paper by Elekta: ACE Advanced Collapsed cone Engine, B. van Veelen, Y. Ma,  L. Beaulieu



In short:In short:
ACE

(Oncentra Brachy)

Long heritage √

Angular discretization adaptive (“accuracy” selection & # 
sources) 

Spatial discretization adaptive multi-resolution Cartesian 
grid (“accuracy” selection)g ( y )

Pre-calculated data as input Primary dose for source model, 
energy spectra, kernels

E di i iEnergy discretization
-

Primary scatter separation √

Ray-tracing for primary √

Successive scattering Prim. dose1st scatter SCERMA 
 multiple scatter SCERMA



In short:
ACE

(Oncentra Brachy)

Applicator libraries √Applicator libraries √

Pre-fixed calculation 
settings to optimize √

t vs. accuracy
Type A uncertainty

(through pre-calculated √( g p
data)

√
cross sections ray effects spectral

Type B uncertainty

cross sections, ray effects, spectral 
changes in low E/high Z, approx. 

inhomogeneity correction, ray trace in 
high scatter gradients kernel tiltingType B uncertainty high scatter gradients, kernel tilting, 

use of geometry specific kernels

Wh t l k f t B hi h di t h l tWhere to look for type Bs: high gradients such as very close to 
the source(s), away from implant, 
close to geom. boundaries, high Z 

inhomogeneitiesinhomogeneities



In short:
ACE

(Oncentra Brachy)

In short:

(Oncentra Brachy)

Material definition individual voxel density from CT 
+ user defined (ROI based)
materials from list based on 

TG186 (ICRU 46, Woodard & 
White 1986)

dens. based in future version?
Dose reporting medium local medium

Dose calculation grid geometry defined by imaging

Use in plan optimization X
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Dosimetry using Dosimetry using a Grid-Based 

Boltzmann equation Solver (Acuros)

• GBBS algorithms used primarily for neutron transport and • GBBS algorithms used primarily for neutron transport and 
shielding problems

• Method evaluated for brachy in the literature as early as 2000
Th  fi  GBBS l i h  i d i   i ll  • The first GBBS algorithm incorporated in a commercially 

available 192Ir brachytherapy TPS was Acuros
• Acuros is based on the Attila GBBS developed at Los Alamos 

National Laboratory, optimized for brachytherapy and later also for 
external beam therapy.

Method can be reviewed in a number of publications:
 Daskalov GM et al 2000 Med. Phys. 27(10):2307
 Daskalov GM et al  2002 Med  Phys  29(2): 113 Daskalov GM et al, 2002 Med. Phys. 29(2): 113

 Gifford K A et al, 2006 Phys. Med. Biol., 51(9): 2253
Gifford et al 2008 Med. Phys. 35(6): 2279

+
 BV-Acuros user manual



Objectives/Outline:Objectives/Outline: 

T  To :
 review the basic principles of the method

 li  i  i l i outline its implementation

so as to identify:

 strengths and weaknesses 
 analogies and differences between (current/future) 

commercially available MBDCAs
 potential improvements over TG-43

 potential shortcomings relative to reference dose distributions



The basic idea …

Remember, if I know the energy distribution of fluence, ΦΕ, at all points of a 
geometry, I know the dose distribution!

Can’t I formulate an equation describing ΦΕ, at my simple problem (point isotropic Ε
source in infinite homogeneous medium) and solve it…?



The basic equation is the LBTE

Let  be the angular fluence (dΦ/dΩdE=dN/dAdΩdE) denoting the number 
of photons in phase space element                i e  passing through a voxel of area dA

)ˆ,,(,  ErE


)ˆ( Erof photons in phase space element               , i.e. passing through a voxel of area dA
normal to      located at   , with      wιthin Ω and Ω+dΩ and E between E and E+dE.

),,( Er
̂ r ̂

h fl f h h h

At any part of this “phase space”, conservation of E dictates particle density balance.

 )ˆ,,(,ˆ ErE
The net flow of photons through a 

phase space cell equals: ̂

h d i iphotons scattered in it 
from all others (E’, Ω’)

)ˆ,,( Erscatq 

 h  i d b    ˆ+ photons emitted by a source 
in it )(

4

),(
prr

Epq 



 


h  b b d  - photons absorbed or 
scattered out of it )ˆ,,(,),(  ErEErt



L B T EL.B.T.E.



The LBTE

Rearranging the equation, and dropping notation for angular Φ and E distr. οf  Φ
(these can be discerned by the argument):(these can be discerned by the argument):

)()ˆ,,()ˆ,,(ˆ prr
P pq

scatqErtEr 
  )(

1 4
),,(),,( prr

p
scatqErtEr 


 




Where:
μt is the total linear interaction coefficient
qp is the primary photon density due to any of P point sources present at a phase space cell
qscat is the scatter photon densityqscat is the scatter photon density

OK !OK…!

Can I solve the LBTE for Φ …?



The LBTE )(
4

)ˆ,,()ˆ,,(ˆ prr
P pq

scatqErtEr 
 

There is no analytical (closed form) solution of the LBTE.

)(
1 4

)()( p
p

scatqt
 



This is because it is an equation of 6 variables which is integro-differential 
since the scatter source is:

EddErEErsErscatq 

 ˆ)ˆ,,()ˆˆ,,(
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i.e. : I must integrate for the scatter source and this depends 
on the solution itself at all other (E’,Ω’) points of the phase space…!

h  l  i  i   l  h  i  i ll  The only option is to solve the equation numerically 
(and this is exactly what Acuros and similar algorithms do) by:

 separating variables: )ˆ()()()ˆ(),()ˆ,,(  YEfrYErEr p g
 solve the LBTE iteratively: 

•make initial guess for        
•approximate integration for the scatter source by summation over discrete E, Ω 

)(r
approximate integration for the scatter source by summation over discrete E, Ω 

elements
•approximate derivatives by finite differences over discrete space elements 

•correct initial guess  and continue until a convergence criterion is met•correct initial guess, and continue until a convergence criterion is met



The method

Let us take a closer look at qscat:

EddErEErsErscatq 

 ˆ)ˆ,,()ˆˆ,,(
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04
The probability of a photon scattering from Ω’ to Ω (for a given energy) 

depends only on cosθ [-1,1], where θ is the scattering angle p y [ , ], g g
and 

the number of photons scattered in a given direction (for a given energy) 
depends on the solid angle element around the direction: sinθdθdφ



depends on the solid angle element around the direction: sinθdθdφ
or 

the area on the unit sphere defined by the solid angle around the direction

Hence, I can expand qscat in an infinite series of spherical harmonics.



The method

It would not strike you as odd that 
any function in R3any function in R

can be expanded as a 3 term series 

provided the basis for this expansion is 
orthogonal, e.g.:

1ˆˆˆˆˆˆ
0ˆˆˆˆˆˆ
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i, j, and k are said to form an orthogonal basis

Many orthogonal bases exist!



The method

Many orthogonal bases exist

In example:
 Legendre polynomials, Pn(x), are a series of functions that exhibit orthogonalityg p y , n( ), g y

for -1≤x≤1:

and therefore they can be used to expand any 
function defined in [-1,1] in an infinite series:

xnPnwxf ),()( 
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The method

We can truncate the expansion of μs up to N 
(N=3 is adequate for 192Ir anisotropic scattering)
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Note that truncation pertains to the detail in the description of scatter cross 
i  i  h i l di  d h   h  NOT di i d i  di i

1

section in spherical coordinates and that we have NOT discretized in direction



The method m: 0 1 2 3

Many orthogonal bases exist

m: 0  1  2  3

0

1

In example:
 Spherical harmonics, , are a ),( m

lY

l: 2

3
p , ,

series of functions defined on the surface 
of a sphere that exhibit orthogonality:
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and therefore they can be used to expand 
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any function defined on the surface of a 
sphere in an infinite series:

 l

Various types of spherical harmonics
are available.
A particular set, of order l=N












dmYfC

l
m
lY

l

lm
mlCf

)()(

,
0

),(,),(



 (orthogonal basis) + the
corresponding weights of a function
are called a quadrature set of




 dm
lYfmlC ),(),(,  order N.



The method

Many orthogonal bases exist

In example:
 Spherical harmonics, , are a ),( m

lYp , ,
series of functions defined on the surface 

of a sphere that exhibit orthogonality:
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and therefore they can be used to expand 
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any function defined on the surface of a 
sphere in an infinite series:
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The method

OK.
Let us agree that instead of :

EddErEErsErscatq 

 ˆ)ˆ,,()ˆˆ,,(

04
)ˆ,,( 




Let us agree that instead of :
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qscat can be written as :
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is there a benefit?



The method

We have separated r and E, from direction variables and turned integration to We have separated r and E, from direction variables and turned integration to 
summation for direction in the scatter source 
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Let us continue with E 
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Let us continue with E …



The method

 Energy is divided in g=1,..,G groups of width ΔEg so that energy decreases as group 
order decreases
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order decreases
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Our equations 
become:
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The method
 Up to now, our set of equations is EXACT 

but we need to separate r from E to solve it iteratively
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The method

 if we define a spectral weighting factor: f(E) so that:  
E

dEEfEfrEr 1)(,)()(),( 
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become:
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 All that is left then is to discretize direction and space and solve iteratively!



The method

  dEEfEfrEr 1)(,)()(),( 

The importance of f(E):
Th  t l i hti  f t  t  h t  fl  t   fl  

E

The spectral weighting factor connects photon fluence to energy fluence 
at any point of a geometry and hence depends on the actual geometry and 

its physical properties.

However, as G increases, and ΔΕG become narrow, the energy group cross sections μt,g, 
 appro imate the contin o s (E)  (E) and do not depend hea il  on f(E)μs,g, approximate the continuous μt(E), μs(E) and do not depend heavily on f(E).

This means that generic multi group cross sections (of ΔΕG <<) are used with analytic This means that generic multi group cross sections (of ΔΕG <<) are used with analytic 
or semi-analytic f(E) appropriate for the problem at hand.



The method

Let us make the final step:
We ask our equations to hold for a number of directions M determined by a q y

quadrature set SN of order N (Discrete Ordinates Method-DOM)
(M is linked to N in a different way for different quadrature sets)
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The method … is ready

I have GxM equations of the form (1) @ each 
voxel (GxMxNvox in total) )1()(

4
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• begin with E1 (highest energy group)
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• make an initial guess for
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0)(,1 iternmake an initial guess for

• calculate cross sections from (3) & (5)
• calculate the expansion from (4)
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p (4)
• use these in (2) to calculate qscat,1,n

• solve (1) for 1)(,1  iterrn


)()()()(, ft
gE
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• if convergence criterion met, proceed with g=2
• if convergence criterion not met, re-iterate

BUT…:
1. I need to be efficient (t~ GxMxN x#iters x order of legendre exp ) & work 1. I need to be efficient (t  GxMxNvoxx#iters.x order of legendre exp.) & work 

with finite voxels
2. I need to account for inhomogeneities
3 I d t  k ith l 3. I need to work with real sources
4. I need to account for finite patient dimensions



1. I need to be efficient

The iterations are needed because I do not know qscat within the energy group 
i.e. scattering events with minimal energy transfer

When do I expect delays in convergence?



1. I need to be efficient

The iterations are needed because I do not know qscat within the energy group 
i.e. scattering events with minimal energy transfer

When do I expect delays in convergence?

Multiple scattering with minimal energy 
transfer that occurs in the 192Ir energy range gy g

as well as 
coherent scattering that is significant at low 

energies and high Z materials  energies and high Z materials, 
delay convergence

Algorithms to force convergence are used 
(DSA-Diffusion synthetic acceleration)



1. I need to be efficient

The multigroup (G), DOM (SN), cross section expansion (PN) method converges to an 
analytic solution of the LBTE for G, N infinity  

and 
no volume averaging is expected for fine spatial discretization (Nvoxinfinity)

BUT BUT 
I need to be efficient

and since t~ G x M x Nvox (x #iters. x order of legendre exp.),
even if  I have the perfect finite differencing algorithm for solving the system of equations,

I need to reduce G, M, N !!!I need to reduce G, M, Nvox !!!



1. I need to be efficient, angular discretization

Guess what happens when I reduce M (order of SN) …
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1 I need to be efficient angular discretization1. I need to be efficient, angular discretization

• discretization artifacts or “rays”: an artificial buildup of particle fluence along the finite 
b f d dnumber of directions used

with high gradients of scatter fluence, at points where primary dose is small
with     N & voxel size at the expense of calculation time and potential volume with     Ndirections & voxel size at the expense of calculation time and potential volume 

averaging 
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1. I need to be efficient, angular discretization1. I need to be efficient, angular discretization

How can I relax the demand on SN without ray effects?

The LBTE is linear so assuming:

N y

)ˆ()ˆ()ˆ(   rcollr
P uncr 

For any direction, we can split our system of equations in two:
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Equation (1) for the primary (uncolided) part of the fluence can be analytically solved!!!

I can ray-trace the solution for the spectrum of primary photons through the geometry and 
arrive at very quick and accurate: initial guess and qscat,1,n0)(,1  iterrn



Then I proceed to solve the system of equations (2) for the collided fluence to refine my 
solution with the higher orders of scatter 

This is known as the 1st scatter source method



1. I need to be efficient, angular discretization

• Acuros uses the first scatter source method so the photon spectrum exiting a source needs 
to be known

•Acuros uses Triangular-Chebyshev quadrature sets for angular discretization and the 
integration for the generation of the scattering source

• The angular discretization scheme is adaptive with SN order e a gu a  d sc et at o sc e e s adapt e t  SN o de  
ranging from N=4 (24 discrete directions) to 30 (960 discrete directions) varying both 

within an energy group (gg) and between energy groups (gg’)

Guess which energies are given larger N …! 



1. I need to be efficient, energy discretization

Remember: Energy discretization is realistic if cross sections do not vary considerably 
within each group and appropriate f(E) is very important

Acuros (for 192Ir) uses an adaptive G=37 group cross section set. 
For the uncollided component all 37 groups are used  with gEEf  /1)(For the uncollided component all 37 groups are used, with 

For the collided (scattered) component, this group is collapsed applying an appropriate 
(proprietary) energy weighting function f(E).

gEEf /1)(

Acuros uses cross section generated by CEPXS, a multigroup-Legendre cross-section g y , g p g
generating code.

CEPXS does not include coherent scattering and uses the Klein-Nishina incoherent 
scattering cross sections.scattering cross sections.



1. I need to be efficient, spatial discretization

For spatial discretization, Acuros partitions the computational volume (the CT image series) 
into variable sized Cartesian elements. 

Computational element size varies based on material properties and the 
gradient of the scatter photon fluence. 

The spatial derivatives in the LBTEs are replaced by finite differences at multiple points e spat a  de at es  t e s a e ep aced by te d e e ces at u t p e po ts 
within each computational element 

Supplementary equations are used to describe fluence variation between these points and 
preserve particle balance (DFEM - linear discontinuous Galerkin finite-element method) preserve particle balance (DFEM linear discontinuous Galerkin finite element method) 
Hence the angular fluence is known everywhere in each element, not only at the points 

where spatial derivatives are evaluated 
BUT BUT 

spatial discretization errors can ensue at points in high fluence gradients

iΔx

)1ix(,)1ix(,)ix(, 




 gmgm
x
gm

i



2. inhomogeneities

The method inherently accounts for inhomogeneities assuming 
material properties are constant within each computational elementmaterial properties are constant within each computational element

(!!! restriction on computational element size !!!)
through: 

• μt,g , μs,l,g

• primary fluence ray tracing 
• dose calculation
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(note that D is calculated as a post processing operation)



3. real sources
Input must now be source specific:Input must now be source specific:

• Energy distribution of primary fluence 
(in essence the source phase space file)

Acuros uses effective sources: 
pre-calculated source specific phase p p p

space file
+ 

a number of points within the source a number of points within the source 
volume for ray tracing the primary 

fluence in the geometry

Brachy sources are small BUT 
the number of point sources used 
for ray tracing can be important

Figure from: L. Petrokokkinos et al. Med. Phys. 38  1981 (2011)



4. finite patient dimensions

Inherently taken into account

(there is no geometry specific input to the method apart from f(E) and the method 
accounts for geometry specific scatter conditions)



Important implementation details

All calculation settings are preset! 
 user specifies D output grid (affects t) and resolution (affects t & 

accuracy)accuracy)
 D calculation grid is automatically defined as the D output grid +10 

cm in all directions, unless CT image boundary is reached
 Density is HU based through a user editable calibration Density is HU based through a user editable calibration

 Material assignment is based on a density lookup table and data 
from ICRP 23 (1975)



In short:In short:
ACE

(Oncentra Brachy)
Acuros

(BrachyVision)

Long heritage √ √

Angular discretization adaptive (“accuracy” selection & # adaptive (24 to 960 auto. varying 
sources) within/between energy groups)

Spatial discretization adaptive multi-resolution Cartesian 
grid (“accuracy” selection)

adaptive multi-resolution Cartesian 
grid (auto. based on scatter fluence g ( y ) g (

gradient)
Pre-calculated data as input Primary dose for source model, 

energy spectra kernels
Phase space file for source model

energy spectra, kernels
Energy discretization

-
37 groups (adaptive  for the scatter

fluence using an appropriate 
i hti f ti f(E))energy weighting function f(E))

Primary scatter separation √ √

Ray tracing for primary √ √Ray-tracing for primary √ √

Successive scattering Prim. dose1st scatter SCERMA 
 multiple scatter SCERMA

Prim. fluence1st scatter source



In short:

ACE
(Oncentra Brachy)

Acuros
(BrachyVision)

Applicator libraries √ √Applicator libraries √ √

Pre-fixed calculation 
settings to optimize √ √

t vs. accuracy
Type A uncertainty

(through pre-calculated √ √( g p
data)

√
cross sections ray effects spectral

√
cross sections ray effects E and

Type B uncertainty

cross sections, ray effects, spectral 
changes in low E/high Z, approx. 

inhomogeneity correction, ray trace in 
high scatter gradients kernel tilting

cross sections, ray effects, E and 
spatial discretization, ray trace in 

high scatter gradients
Type B uncertainty high scatter gradients, kernel tilting, 

use of geometry specific kernels

Wh t l k f t B hi h di t h l t hi h di t h lWhere to look for type Bs: high gradients such as very close to 
the source(s), away from implant, 
close to geom. boundaries, high Z 

inhomogeneities

high gradients such as very close 
to the source(s), away from 

implant
inhomogeneities



In short:

ACE
(Oncentra Brachy)

Acuros
(BrachyVision)

In short:

(Oncentra Brachy) (BrachyVision)

Material definition individual voxel density from CT 
+ user defined (ROI based)

CT based:
individual voxel density from CT + 

materials from list based on 
TG186 (ICRU 46, Woodard & 

White 1986)

material from density look up table 
based on ICRP 23 1975

CT based in future version
Dose reporting medium local medium originally water now both water and 

local medium
Dose calculation grid geometry defined by imaging (user defined) output grid + 10cm 

(unless end of CT image is met)
U i l ti i ti X X (?)Use in plan optimization X X (?)





Commissioning and Evaluation of 
Dose Calculation Algorithms
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Disclosures

• Elements from TG-186 and of the 
AAPM/ESTRO/ABG Working Group on AAPM/ESTRO/ABG Working Group on 
Model-based Dose Calculation Algorithms 
will be presented. 

� WG is working with all brachytherapy TPS 
vendors.
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Learning Objectives 

• TPS Commissioning.

• Commissioning of dose calculation: 

� TG43

� Review TG186 commissioning 
requirements 

� Overview of the Commissioning under � Overview of the Commissioning under 
the AAPM-ESTRO-ABG Working Group 
on Model-based dose calculation 
algorithm



Commissioning

Google:

“Process by which an equipment, facility, or plant (which “Process by which an equipment, facility, or plant (which 
is installed, or is complete or near completion) is tested 
to verify if it functions according to its design objectives 
or specifications”



Basics
• General software functions (manufac. specs.)

• Training

• Integration into IT environment

• Acceptance testing plans (annual!)

� Applicators’ library (dimension, …)

� Input source strength (each source change)

� Volume rendering (DVHs!)� Volume rendering (DVHs!)

� Transfer to TCS

� Reports

• …



Consider AAPM Task Group Reports and Guidance

– TG-53 QA for Clinical Radiotherapy Treatment Planning (1998)

– TG-56 Code of Practice for Brachytherapy (1997)

– TG-59 High Dose Rate Tx Delivery (1998)

Consider AAPM Summer School texts

TPS Commissioning Guidelines

Consider AAPM Summer School texts

– 1994 Chapters 28, 30, 31, 32

– 2005 Chapters 6, 7, 11, 22, 32, 48

Consider Bruce Thomadsen’s 1999 text

Achieving Quality in Brachytherapy

Consider 2004 ESTRO Booklet 8 textConsider 2004 ESTRO Booklet 8 text

A Practical Guide to Quality Control

of Brachytherapy Equipment

Consider 2013 CRC press book

Comprehensive Brachytherapy: 

physical and clinical aspect



AAPM TG-53 TPS Commissioning

Fraass, et al., Med. Phys. 25, 6208-6236 (1998)



2004 ESTRO Booklet 8



Chapter 9.2 on TPS Commissioning
9.2 Physicists tasks at commissioning and continued use of a BT TPS

Dose calculation algorithms

Source data

Basic dose calculations

Documentation of dose distributions

Influence of source manipulations

Influence of shields, missing tissue and tissue inhomogeneitiesInfluence of shields, missing tissue and tissue inhomogeneities

Dose volume histograms

Optimisation routines

Reconstruction techniques

From M. rivard



9.2.6 Influence of shields, missing tissue, and inhomogeneities (abridged)

Presently, only simple correction algorithms are applied in some TPS. The 
effect of these algorithms must be verified and documented. 

yes

Chapter 9.2 on TPS Commissioning

Published shielding or tissue inhomogeneity data are based on MC. 

Validation of these MC data should be done by comparing with measured 
data, such as those obtained using TLD or small ionisation chambers.

Algorithms are under development to account for scatter conditions and 

yes

ouch!

yes

yes
tissue inhomogeneities.

Validation of these algorithms should be done in a similar way to the method 
used for checking the shielding algorithms. ouch!

yes

From M. Rivard



AAPM TG-53 TPS Commissioning

Confirmation of dose model input data (from publications) for 
each source type. The basic literature datasets selected for use 
and comparisons should be identified.

Comparison of single point, 2-D and 3-D dose distributions with 
hand calculations for a single source, for each source type in the 
source library.

Comparison of point, 2-D and 3-D dose distributions with hand 
calculations for multiple source configurations, for at least one 
source type.

Any applicator shielding effects included or neglected should be 
explained and documented.

Verify correct behavior of dose calculations, sometimes including 
tissue multiple scattering and attenuation, at selected distances 
from the source.

Fraass, et al., Med. Phys. 25, 6208-6236 (1998)



Let’s take a step back…



TG 43 Ingredients

Dose parameters, Dose parameters, TPS TPS –– Dose Dose CalcCalc Dose parameters, Dose parameters, 
DVHs, isodosesDVHs, isodoses



Before Starting

Get TG 43 parameters for 
sources used in your clinic



1- Concensus data sets

AAPM Publications such as TG43U1/S1



2- RPC and Original Publications
• http://rpc.mdanderson.org/RPC/home.htm

http://rpc.mdanderson.org/RPC/home.htm


2- RPC and Original Publications
• http://rpc.mdanderson.org/RPC/home.htm

http://rpc.mdanderson.org/RPC/home.htm


3- ESTRO and Carleton websites

• http://www.estro.org/estroactivities/Pages/TG43BTDOSM• http://www.estro.org/estroactivities/Pages/TG43BTDOSM
ETRICPARAMETERS.aspx

• http://www.physics.carleton.ca/clrp/seed_database/

http://www.estro.org/estroactivities/Pages/TG43BTDOSM
http://www.physics.carleton.ca/clrp/seed_database/






Example of Dosimetry Parameter Dataset



Example of Dosimetry Parameter Dataset

From M. Rivard

1D b) :  ˙ D (r,θ) = Sk ⋅ Λ ⋅
r0

r

 
 

 
 

2

⋅ gP (r) ⋅ϕ(r)

= 0.4 • 1.011 • (1/2)2 • 0.879 • 0.931



Notes

1. Sk is in unit of cGy cm2 h-1 (or U)

2. At (r=r0, θ= θ0), D0 (1, 90)= Sk Λ.

3. If ttx >> t1/2 D= D0/λ =D0 t1/2/ln2.

4. If ttx << t1/2 (< 0.05 t1/2 ) D= D0 ttx

•

•

•

•



Before Starting Tx

Source StrengthSource Strength
� Certificate

� Well-Chamber measurements (NIST- tracable)



(3, 90)

(5, 90)

(X=3, Y=3 ; r=4.24, θ=45)

Test configuration: LDR seeds

(r=3, θ=0)(r=3, θ=180)

(1, 90)

(3, 90)

(2, 270)

(X=3, Y=3 ; r=4.24, θ=45)

(4, 270)

(6, 270)



(3, 90)

(5, 90)

(X=3, Y=3 ; r=4.24, θ=45)
(5, 90)

(9, 90)

(X=5, Y=5 ; r=7,07, θ=45)(r=7,07, θ=235)

Low energy seeds vs 192Ir

(r=3, θ=0)(r=3, θ=180)

(1, 90)

(3, 90)

(2, 270)

(4, 270)

(r=5, θ=0)

(1, 90)

(5, 90)

(2, 270)

(6, 270)(4, 270)

(6, 270)

(6, 270)

(10, 270)



Report Sheet

r (cm) Theta Hand Calc TPS Difference

1 1 901 1 90

2 2 270

3 3 90

4 4 270

5 … … … … …

6 4.24 456 4.24 45

…



Validation Before Tx

• Hand Calculations versus TPS

� Various distances from the source

� < 1%� < 1%

• More complexe geometries / multiple sources (e.g. RTOG 
0232)

� Make an excel spreadsheet

� MathLab routines

� Python / C++ …

� < 2%



Possible validation by QARC/RPC



When to Perform

• After each source change (HDR)

• Adopting a new source model (e.g. LDR)

• Any change in your system 

� New software version

� New hardware

• New concensus data set

• …At least once a year• …At least once a year



Validation related to Tx

• Should an independant verification be performed?
� YES� YES

� Second, validated TPS (reading DICOM-RT)

� Home-made validated TG43 implementation
(MathLab/C++/VB + DICOM-RT import)

� Nomogram type chart



C. Tremblay, MS thesis, 2003



Going Beyond TG43



Superposition of Source 

INPUT OUTPUTCALCULATION

Factor-based vs Model-based

Superposition of 
data from source 
characterization 

Dw-TG43
Source 
characterization

Source

TG43

INPUT OUTPUTCALCULATION

Dm,m

Dw,mTissue/applicator

information

Source
Characterization +

MBDC

From Åsa Carlsson-Tedgren

Model-Based

Dose Calculation

Algorithms





1. recommendations to MBDCA early-adopters to evaluate:
• phantom size effect

Approved by

• phantom size effect
• inter-seed attenuation
• material heterogeneities within the body
• interface and shielded applicators

2. commissioning process to maintain inter-institutional consistency

3. patient-related input data

4. research is needed on:
Approved by

ESTRO (BRAPHYQS, EIR)
AAPM (BTSC, TPC)
ABS (U.S. Phys Cmte) 
ABG (Australia)

4. research is needed on:
• tissue composition standards
• segmentation methods
• CT artifact removal

Beaulieu, et al., Med. Phys. 39, 6209-6236 (2012)



MBDCAs

• Software commissioning guidance (TG186):

Level Source Positions Phantom BenchmarkLevel Source Positions Phantom Benchmark

Dose Distribution

1 single H2O full scatter TG43

2 single, multiple virtual geometry 
mimicking 

MC derived from 
same geometry

clinical scenario



• Level 1: MBDCA should fall back to TG43 in 

TG186 Commissioning Proposal

• Level 1: MBDCA should fall back to TG43 in 
well controlled conditions
• Full scatter: R-r ≥ 5 cm or 20 cm

• All water

• From TG43 expect <2%...



192Ir Test Geometry for MBDCA
Water

20 cm at least



Acuros vs TG43: TG-43 conditions (L1)

TG43 

Difference in 

TG43 
anisotropy
function

Papagiannis P, Pantelis E, Karaiskos P. Current state of the art brachytherapy treatment 
planning dosimetry algorithms. Br J Radiol 2014;87(1041):20140163. 

Difference in 
source modeling



8 dwell positions1 dwell position

ACE vs TG43: TG-43 conditions (L1)

STD (320/180)

Super High 

(1620/180)

Ma et al. Brachytherapy 
2015;14:939–52



Lessons Learned

• Single source geometry is a difficult problem
(gradients, …)(gradients, …)

• Go back to the physics and understand your 
model-based algorithm strength and limitation

• Set proper evaluation tolerences
� <2% for doses >10% of the prescription dose.



Specific commissioning process

• MBDCA specific tasks

“Currently, only careful comparison to Monte “Currently, only careful comparison to Monte 
Carlo with or w/o experimental measurements can 
fully test the advanced features of these codes”.



Your choice of pain…

Commissioning 2 MBDCA

• Your clinical TPS

Performing measurements

• But you cannot beat the house…• Your clinical TPS

• and a MC TPS

• But you cannot beat the house…

TG138: DeWerd et al, Med. Phys. 38 (2011)



Specific commissioning process

This is not sustainable for the clinical physicists



Vision 20/20 Paper: 2010

V. NEEDED INFRASTRUCTURE
While MBDCAs are expected to produce more
accurate dosimetric results than the current TG-43

V.A. Centralized dataset 

management

Rivard, Beaulieu, Mourtada, Med. Phys. 37, 2645-2658 (2010)

While MBDCAs are expected to produce more
accurate dosimetric results than the current TG-43
formalism, the authors feel that the medical community
should not immediately replace the current approach
without careful consideration for widespread
integration. Assessment of the current infrastructure is
needed before assigning new resources, with
opportunity for further cooperation of national and
international professional societies.

management
Societal recommendations and reference data do the
clinical physicist no good if they cannot be readily
implemented. Having quantitative data available
beyond the scientific, peer-reviewed literature may be
accomplished through expansion of the joint
AAPM/RPC Brachytherapy Source Registry. An
independent repository such as the Registry to house
the reference data would facilitate this process–
especially with international accessibility.



Offset Source Geometry

test of scatter conditions HDR 192Ir benchmark for Acuros BV

Zourari, et al., Med. Phys. 37, 649-661 (2010)



Need Standardized MBDCA 
Benchmarks

Excellent reference HDR 192Ir benchmarks in MedPhys
�Acuros BrachyVision

Petrokokkinos et al., MedPhys 38, 1981-1992 (2011)



MBDCA Commissioning Workflow

reference

test cases

comparison

tools

Beaulieu, et al., Med. Phys. 39, 6208-6236 (2012)

reference

materials



TG-186 Recommended Materials



• Commercial MDBCA for 192Ir sources 

• Soft tissue assignments not an issue and water is 
ok

TG-186 Recommended Materials

ok

• Air, lung (inflated), (cortical) bone must be 
considered.

• TG-186 recommends using ICRU Report 46 
compositions

• Applicator geometries and compositions are given 
by the vendors’ library of applicators …



Applicator Geometry & Composition Verification

BV TPS 

Applicator 
In house MC model derived 

from physical verification

Ti screw?
Air?

Air pocket?

Applicator 

Library-

Solid Model

from physical verification

and vendor CAD

Brachytherapy 10 (3): S36, 2011part #: AL07334001

From F. Mourtada



Results - CT/MR ovoid dosimetry

part #: AL07334001
From F. Mourtada



WG Charges

• Develop a limited number (approximately 5) of well-defined test 
case plans and perform MBDCA dose calculations and 
comparisons.comparisons.

• Identify the best venue for housing the reference plans/data, and 
put in place in collaboration with identified partners of the 
Registry.

• Propose to the community well-defined prerequisites for test case plans to be 

submitted to the Registry.submitted to the Registry.

• Develop a review process for evaluation as new reference data meeting the 

prerequisites.

• Engage the vendors to promote uniformity of practice.



DICOM (512 mm)3

1 mm voxels
Generic source

HDR 192Ir
W-alloy Shielded
GYN applicator

TPS Commissioning Phantom: 
AAPM+ESTRO+ABG

Monte Carlo codes:
o ALGEBRA

TPS: 
BRACHYVISIONo ALGEBRA

o BrachyDose

o Geant4 

o MCNP5 

o MCNP6 

o Penelope

BRACHYVISION
(Acuros BV)

ONCENTRABRACHY 
(Collapsed-Cone)

58



Level 1 Dosimetry Benchmark
Medical Physics

A generic high-dose-rate 192Ir brachytherapy source for evaluation of model-based 
dose calculations beyond the TG-43 formalismdose calculations beyond the TG-43 formalism
Ballester, Carlsson Tedgren, Granero, Haworth, Mourtada, Paiva Fonseca, Zourari, Papagiannis, Rivard, Siebert, 
Sloboda, Smith, Thomson, Verhaegen, Vijande, Ma, and Beaulieu

Conclusions: A hypothetical, generic HDR 192Ir source was
designed and implemented in two commercially available TPSs
employing different MBDCAs. Reference dose distributions for this
source were benchmarked and used for evaluation of MBDCA

Ballester et al., Med. Phys. 42, 3048-3062 (2015)

calculations employing a virtual, cubic water phantom in the form of
a CT DICOM image series. Implementation of a generic source of
identical design in all TPSs using MBDCAs is an important step
toward supporting univocal commissioning procedures and direct
comparisons between TPSs.



test of scatter

conditions

L2: Offset Source Geometry



test of shielding

L2: Shielded GYN Applicator



Commissioning Workflow

1. Access the Registry

2. Download a test case 2. Download a test case 
plan and MC reference 
dose distribution 
(DICOM)

3. Calculate dose locally 
using the plan and 
MBDCA

From R. Sloboda 62

MBDCA

4. Compare and evaluate 
MBDCA and reference 
dose distributions



Supporting Infrastructure

63



Supporting Infrastructure

64



Supporting Infrastructure

65



Supporting Infrastructure

66



Commissioning Workflow

1. Access the Registry

2. Download a test case 2. Download a test case 
plan and MC reference 
dose distribution 
(DICOM)

3. Calculate dose locally 
using the plan and 
MBDCA

From R. Sloboda 67

MBDCA

4. Compare and evaluate 
MBDCA and reference 
dose distributions



Commissioning Process

• Main steps:
� Calculate dose locally using the MBDCA� Calculate dose locally using the MBDCA

Level 2

From R. Sloboda
68



Commissioning Process

• Main steps:
� Compare & evaluate MBDCA and ref. doses� Compare & evaluate MBDCA and ref. doses

Level 2

BrachyGuide

P. Papagiannis 

et al.

69

et al.

From R. Sloboda



Take Home Message: Commissioning
• TG43 remains the reference dose engine for 

prescription, planning and optimization

� Advanced dose engine for dose recalculation� Advanced dose engine for dose recalculation

• TG-186 recommendations include:

� TPS acceptance testing & commissioning

� tissue & material assignments

� dose reporting approaches

• New commissioning infrastructure available soon

� Bypass the need for a second model-based TPS

� Watch for WCB 2016 announcement!



Vienna, May 29 – June 1, 2016

Advanced Brachytherapy 

Physics



Dose plan evaluation

Christian Kirisits

Medical University of Vienna

Advanced Brachytherapy Physics, 2016

Disclosure:

Christian Kirisits reports no conflicts of interest

Christian Kirisits was a consultant to Nucletron, an Elekta 

Company

Medical University of Vienna receives financial and 

equipment support for training and research activities from 

Nucletron, an Elekta Company and Varian Medical



How to evaluate a treatment plan?

Dose points and volumes (dimensions)



Central plane

Mean central dose (MCD)

Reference dose = 85% MCD

ICRU 58



Point A

2cm2cm

2cm 2cm



Point A / target dose

84 Gy

84 Gy

60 Gy



How to evaluate a treatment plan?

Dose points

Dose distribution



D2cc: 5.9 Gy

D2cc: 4.0 Gy



Point A / target dose

84 Gy

84 Gy

60 Gy

D90 = 65 Gy EQD2



84 Gy

93 Gy

D90 = 75 Gy EQD2

Point A / target dose



Point A / target dose

84 Gy

84 Gy

84 Gy

D90 = 90 Gy EQD2

~ 500 Gy



How to evaluate a treatment plan?

Dose points

Dose distribution

Dose volume histogram parameters



Absolute or Relative 

Dose Volume Parameters?

Organ or Organ Wall?



DVH 

relative Volume

Wall Total

Volume 22 cm³ 34 cm³

D
30

60.5 Gy 53.8 Gy

D
10

111.1 Gy 97.3 Gy

D
5

138.4 Gy 125.0 Gy

D
1

186.4 Gy 176.5 Gy

-12.4 %

-14.1 %

-10.7 %

-5.4 %
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Wall Total

Volume 22 cm³ 34 cm³

D
10cc

40.9 Gy 52.0 Gy

D
5cc

71.6 Gy 79.2 Gy

D
2cc

115.7 Gy 117.7 Gy

D
1cc

140.3 Gy 141.6 Gy

D
0.1cc

206.7 Gy 206.0 Gy

21.4 %

9.6 %

1.7 %

0.9 %

-0.4 %

DVH 

absolute Volume
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BladderD2cc

Parameter deviation

Volume 28 cm³

D2cc 131 cm³

D0.1cc 234 cm³

D10 116 cm³

D5 143 cm³

V100 5%

V100 1,3 cm³

Volume 20 cm³

D2cc 128 cm³

D0.1cc 241 cm³

D10 128 cm³

D5 161 cm³

V100 7%

V100 1,5 cm³

Rectal whole organ

Rectal wall

Parameter deviation

Volume 28 cm³ 46 cm³

D2cc 131 cm³ 131 cm³ 0%

D0.1cc 234 cm³ 234 cm³ 0%

D10 116 cm³ 95 cm³ -22%

D5 143 cm³ 122 cm³ -17%

V100 5% 3% -62%

V100 1,3 cm³ 1,3 cm³ 0%

Volume 20 cm³ 27 cm³

D2cc 128 cm³ 128 cm³ 0%

D0.1cc 241 cm³ 241 cm³ 0%

D10 128 cm³ 117 cm³ -10%

D5 161 cm³ 146 cm³ -10%

V100 7% 5% -37%

V100 1,5 cm³ 1,4 cm³ -1%

Rectal whole organ

Rectal wall



D2cc = 81 Gy EQD2

D0.1cc= 108 Gy EQD2

ventral

dorsal

high dose area 

corresponding to 0.1cc

Pötter et al. Radiother & Oncol 2005

Georg et al. Radiother & Oncol 2009

Endoscopic mapping

2cc
1cc

0.1cc

Bladder

Rectum

ICRU 38 Ref. Points

GTV

Sigmoid
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> 1400 patients



Preliminary dose response studies

EMBRACE and retro-EMBRACE

Dose response curve

0%

10%

20%
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EBRT

EBRT 70 Gy

BT 0 Gy

EQD2 70 Gy

D2cc 70 Gy

EQD2 70 Gy

D0.1cc 70 Gy

EQD2 70 Gy

1.0

HDR mono

0

4 x 9.5 Gy

??95 Gy??

4 x 6.0 Gy

43 Gy

4 x 8.2 Gy

73 Gy

1.7

HDR boost

35.7 Gy 13 fr.

2 x 8.5 Gy

??80 Gy??

2 x 5.4 Gy

59 Gy

2 x 7.3 Gy

71 Gy

1.2

Do we need more than one dose parameter?



Rectum:

D2cc 63%

D0.1cc 80%

Typical dose distribution



Rectum:

D2cc 63%

D0.1cc 100%

Optimized only based on limited parameter set
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DVH for OAR



Dose

V



Dose

V



Dose

V
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Rectum DVH: 45 Gy whole pelvis EBRT plus 4 fractions of HDR 

brachytherapy (total target dose 85Gy EQD2)

From upcoming ICRU report 88



28

Rectum DVH: 45 Gy whole pelvis EBRT plus 15 Gy EBRT tumor boost plus 

2 fractions of HDR brachytherapy (total target dose 85Gy EQD2)

From upcoming ICRU report 88



LINKING DVH PARAMETERS TO CLINICAL 

OUTCOME for TARGET/TUMOUR

1
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0 10 20 30 5040 90 1007060 80 110 120 130 140
0

0.1

0.2

0.3

0.5

0.4

0.9

0.7

0.6

0.8

D90 (HR CTV)

Entire population (n=141)

Tumours > 5cm (n=76)

Dimopoulos et al. IJROBP 2009, Strahlentherapie 2009

141 patients

FIGO: IB-IVA, median 

follow-up:

51 months

D90 for the HR-CTV and 

probability of local control

20% less D90 per fraction ~ 10 Gy less for total dose



DVH for target volumes
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Can we reach the same dose levels by keeping 

OAR constraints with EBRT?

IGBT IMXTIMPT

14 Gy

10 Gy

7 Gy

5 Gy

3 Gy

Georg et al. – IJROBP 2008



Trends in the Utilization of Brachytherapy in 

Cervical Cancer in the United States

Hahn K, Milosevic M, Fyles, A, Pintilie M, Viswanathan A

Int J Radiat Oncol Biol Phys 2013



How to evaluate a treatment plan?

Dose points

Dose distribution

Dose volume histogram parameters

More than one DVH parameter

Slide 33



75 %

85 %

100 %

150 %

CTV

30 Gy

34 Gy

40 Gy

60 Gy

32 ccm

5 ccm

100 %

200 %

30 Gy

60 Gy

32 ccm

21 ccm

CTV

Dose-volume relationships for interstitial implants

Minimum target dose

Reference dose (85% ICRU58)

Mean central dose

High dose volume

Minimum target dose

High dose volume



Standard loading



Inverse optimization
without thinking



Inverse optimization
Taking into account experience from manual opt.



Spatial dose distribution



Limitations

DVH parameters

Spatial dose distribution (Hot spots)

Dwell time distribution to take into account 

not contoured structures

parametrial tissue

vagina

nerves

vessels

ureter
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Manual optimization
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Inverse optimization
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Manual plan
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IPSA



HIPO with dwell time gradient restriction

44
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How to evaluate a treatment plan?

Dose points

Dose distribution

Dose volume histogram parameters

More than one DVH parameter

Spatial dose distribution and anatomy



How to evaluate a treatment plan?

Slides on multi-sector prostate dosimetry



Sector analysis of prostate implants 

Bice WS, Prestidge BR, Sarosdy MF. 

Medical Physics 28, 2561 (2001)



Points AND Volumes!

From upcoming ICRU 88 report



Dose to skin

Dmax < 100 % or 120 % or 140 %

J.A. Vargo, V. Verma, H. Kim, R. Kalash, D.E. Heron, R. Johnson, S. Beriwal Extended (5-year) Outcomes of

Accelerated Partial Breast Irradiation Using MammoSite Balloon Brachytherapy: Patterns of Failure, Patient 

Selection, and Dosimetric Correlates for Late Toxicity. Int J Radiat Oncol Biol Phys, 81 (2014)

L.W. Cuttino, J. Heffernan, R. Vera et al. Association between maximal skin dose and breast brachytherapy

outcome: A proposal for more rigorous dosimetric constraints. Int J Radiat Oncol Biol Phys, 81 (2011)

D.W. Arthur, F.A. Vicini, D.A. Todor et al. Contura multi-lumen balloon breast brachytherapy catheter: 

Comparative dosimetric findings of a phase 4 trial. Int J Radiat Oncol Biol Phys, 86 (2013)

Dmax < 70  % within GEC ESTRO and European Trials
T. Major, C. Polgar, K. Lövey, G Fröhlich. Dosimetric characteristics of accelerated partial breast irradiation 

with CT image--based multicatheter interstitial brachytherapy: a single institution's experience. Brachytherapy

(2011)



Dose to skin – only Dmax counts?



skin parameter mean std

Vol 534 ± 275

D0,1cc 66 ± 21

D1cc 46 ± 8

D10cc 30 ± 4

max.skin_point 57 ± 46

DVH_max 108 ± 54

mamille 17 ± 4

Area of D0.1cc 1 ± 1

Area of D1cc 5 ± 3

Area of D10cc 26 ± 11

Dose to skin
PD
D10cc

D1cc

D0.1cc

skin point 

skin data of 23 patients

Dose in cGy, Vol in cm³ and Areas in cm²

Berger et al. Brachytherapy 2008



How to evaluate a treatment plan?

Dose points

Dose distribution

Dose volume histogram parameters

More than one DVH parameter

Spatial dose distribution and anatomy

Anatomy, topography and morphology 

(functional imaging)





Prescription to Basal Point

V(PD) = 11.5cm³

V(2xPD) =  2.2cm³

V(Basal) =  7.8cm³



2mm moved Basal Point

2mm

V(PD) = 11.1cm³

V(2xPD) =  2.1cm³

V(Basal) =  7.3cm³

(-3.5%)

(-4.5%)

(-6.4%)

V



V(PD) = 11.5cm³

V(2xPD) =  2.2cm³

V(Basal) =  7.8cm³



V(PD) = 11.6cm³

V(2xPD) =  2.2cm³

V(Basal) =  7.8cm³

(-0.9%)

(0.0%)

(0.0%)

V

2mm moved Basal Point

2mm



V(PD) = 11.5cm³

V(2xPD) =  2.2cm³

V(Basal) =  7.8cm³



V(PD) = 11.5cm³

V(2xPD) =  2.2cm³

V(Basal) =  7.8cm³

Prescription at Ref.Point



(61%)

(90%)

(80%)

V

V(PD) = 18.5cm³

V(2xPD) =  4.2cm³

V(Basal) =  14.5cm³

2mm

2mm moved Ref. Point
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Summary on

GYN recommendations

Prostate recommendations

Endovascular (intraluminal) recommendations

Outlook on

Breast 



Recommendations for gynaecological

brachytherapy

GYN GEC ESTRO recommendations I (Haie-Meder et al.) - contouring

GYN GEC ESTRO recommendations II (Pötter et al.) - dose parameters

GYN GEC ESTRO recommendations III (Hellebust et al.) - reconstruction

GYN GEC ESTRO recommendations IV (Dimopoulos et al.) - imaging

ABS recommendations on GYN general (Viswanathan and Thomadsen, ABS 

Cervical Cancer Recommendations Committee) -general

ABS recommendations on GYN HDR (Viswanathan et al.)

ABS recommendations on GYN PDR (Lee et al.)

ICRU/GEC-ESTRO 89 report (coordinators: R. Pötter and C. Kirisits, 

committee members: B. Erickson, C. Haie-Meder, J. Lindegaard, E. van 

Limbergen, J. Rownd, K. Tanderup, B. Thomadsen)
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Target definition



Tumor Extension 

before EBT

Advanced disease, significant remission after EBRT: 

Change of GTV/CTV with time (4D RT) (FIGO IIB)

Target Volume of BT 

Based on dimensions and

Topography at time of BT

GTV 

HR  CTV

BT 

at brachytherapyat diagnosis



Various patterns of response guided adaptive CTVVarious patterns of tumor response adapted CTV

Chapter 5



Various patterns of response guided adaptive CTVVarious patterns of tumor response adapted CTV

Chapter 5



Various patterns of response guided adaptive CTVOAR concept and related volumes

Chapter 6



Radiobiology: Time-dose pattern

Chapter 7



General principles for assessment and reporting of physical and 

equieffective EBRT and BT dose (all reporting levels) 

Physical dose and number of fractions is assessed for target, OARs, dose points:

•BT

•EBRT

Total equieffective dose (EQD2) is calculated according to the  linear quadratic model 

through the following steps:

•BT EQD2 for each fraction

•Total BT EQD2

•Total EBRT EQD2

•Accumulated total EBRT+BT EQD2*

*Based on current assumptions outlined in chapter 9

Reporting of radiobiological parameters:

a/b values for tumour and OARs*

In addition T1/2 and recovery model for LDR and PDR treatments*

*At present: a/b=3 Gy for late effects in OAR and 10 Gy for tumour, and T1/2=1.5h

Chapter 7



Radiotherapy & Oncology

Volume 105, Issue 2 , Pages 266-268, November 2012

Bioeffect modeling and equieffective dose 

concepts in radiation oncology –

Terminology, quantities and units

Søren M. Bentzen, Wolfgang Dörr, Reinhard Gahbauer, Roger W. 

Howell, Michael C. Joiner, Bleddyn Jones, Dan T.L. Jones, Albert J. van 

der Kogel, André Wambersie, Gordon Whitmore



Filling the gap in central shielding: threedimensional analysis of the EQD2 dose in

radiotherapy for cervical cancer with the central shielding technique

Tomoaki Tamaki, Tatsuya Ohno, Shin-ei Noda, Shingo Kato, Takashi Nakano

14

Journal of Radiation Research, 

2015, pp. 1–7
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See also Abe al.



FROM PLANNING AIMS TO PRESCRIPTION

Traditional concepts:

“when prescribing to a target, the prescription dose is 

the planned dose to cover this target as completely as 

possible.”

or

prescription to a 100% isodose which is “to cover” 

the target volume”

Chapter 8



Need for common terminology according to 

ICRU reports on proton treatment and IMRT

Planning aim dose

– Set of dose and dose/volume constraints for a treatment

Prescribed dose

– Finally accepted treatment plan (which is assumed to be 

delivered to an individual patient)

Delivered dose

– Actually delivered dose to the individual patient

17

Chapter 8



Need for common terminology according to 

ICRU reports on proton treatment and IMRT

Example:

Previously: 4x7 Gy ~ 84 Gy EQD2 prescribed, D90 was mean 93 Gy

Planning aim was to deliver 4 x 7 Gy ~ 84 Gy, D2cm³ for rectum, sigmoid 

< 70 Gy EQD2, bladder < 90 Gy EQD2

Prescribed dose was mean 93 Gy± 13 Gy (1SD) EQD2 to D90 HR CTV

Delivered dose ? Depending on variations and uncertainties – on 

average no systematic deviation from prescribed dose

18



Level 1 - Minimum standard for reporting

Source and dose calculation:

Radionuclide and source model

Source strength

Dose calculation algorithm

19

Chapter 11



Level 1 - Minimum standard for reporting

Comprehensive clinical gynecologic examination 

Volumetric imaging (MRI, CT, US, PET CT) at time of diagnosis and BT

FIGO/TNM stage

Baseline morbidity and QoL assessment

Schematic 3D documentation on a clinical diagram indicating dimensions 

and volumes for:

– GTVinit ( GTV at diagnosis) 

– GTVres (GTV at brachytherapy)

– CTVHR (GTVres (plus residual pathologic tissue plus whole cervix)

– (CTVIR: GTVinit and CTVHR plus safefy margin if used for 

prescription)

20



Level 1 - Minimum standard for reporting

Dose reporting:

TRAK

Point A dose 

Recto-vaginal reference point dose

D0.1cm³,D2cm³ for bladder, rectum 

or

Bladder reference point for radiographs

21

Chapter 8 and Chapter 10



Level 2 - Advanced standard for reporting

All that is reported in level 1 plus:

3D delineation of volumes (on volumetric images with applicator and on 

clinical diagrams):

GTVres

CTV HR

(CTV IR if used for prescription)

With maximum width, height, thickness and with volume

Chapter 5



Level 2 - Advanced standard for reporting

All that is reported in level 1 plus:

Dose reporting for defined volumes:

D98, D90, D50 for CTVHR

(D98, D90 for CTVIR if used for prescription)

D98 for GTVres

D98 for pathological Lymph nodes

23

Chapter 8



DVH for target volumes

24



Level 2 - Advanced standard for reporting

All that is reported in level 1 plus:

Dose reporting OARs:

Bladder reference point dose

D0.1cm³,D2cm³ for sigmoid* 

D2cm³ bowel (if fixed)*

Intermediate and low dose parameters in bladder, rectum, sigmoid, bowel 

(e.g. V25Gy, V35Gy, V45Gy or D98%, D50%, D2%)

Vaginal point doses at level of sources (lateral at  5 mm)**

Lower and mid vagina doses                  (PIBS, PIBS ±2cm)**

25

Chapter 8
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DVH for OAR

Chapter 8
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45 Gy whole pelvis EBRT plus 4 fractions of HDR brachytherapy (total target dose 

85Gy EQD2)

Chapter 8



28

45 Gy whole pelvis EBRT plus 15 Gy EBRT tumor boost plus 

2 fractions of HDR brachytherapy (total target dose  85Gy EQD2)

Chapter 8



Vaginal Reference Points

Chapter 8



Isodose (surface) volume

30

Chapter 8



Terminology for fractionated dose delivery

Chapter 9



0.5 cm0.5 cm

axial
coronal

sagittal

2cm

2
cm

2
cm

2cm

0.5 cm 0.5 cm

Pt A Pt A

2
cm

Pt A

Point A

Chapter 10



0.5 cm0.5 cm

2cm

2
cm

2
cm

2cm

0.5 cm 0.5 cm

Pt A Pt A

2
cm

Pt A

axial coronal sagittal

Point A

Chapter 10



Dose estimation in case of radiographs

Chapter 10



Treatment planning

Overall planning aim for dose distribution of 
combined EBRT and BT treatment course

Relative dose contribution EBRT/BT, EBRT schedule 

E
B
R
T

B
T

BT timing, BT dose & fractionation

Reassessment of BT planning aim based on 
response

BT preplanning for application

Definition of loading pattern, optimization of dwell 
positions and dwell time

Chapter 12



Dose-response for local control

EBRT BT

Tanderup

ESTRO 2nd Forum

Geneve, 2013

& 

Radiother Oncol 2016



Initial GTV

Initial GTV

CTVLRCTVIRCTVHRInitial GTV GTVres

week 7

week 1 week 2 week 3 week 4 week 5 week 6

week 1 week 2 week 3 week 4 week 5 week 6

week 1 week 2 week 3 week 4 week 5 week 6 week 7

EBRT Chemotherapy Brachy PTV

-45
Initial 

GTV-T

CTV-

N

LR  

CTV-T

IMRT + IGRTRChTh + BT in < 50 days

Small pelvis

Large pelvis

+ Para-aortic

Nodal CTV-E based on Risk Group Residual GTV-T, Adaptive HR CTV-T, IR CTV-T

High Risk

Intermediate 

Risk

Low 

Risk

CT

V-E

Initial 

HR 

CTV-T

EMBRACE II



D90 

CTVHR

EQD210

D98 

CTVHR

EQD210

D98 GTV

EQD210

D98 

CTVIR

EQD210

Point A

EQD210

Planning 

Aims 

> 90 Gy

< 95 Gy

> 75 Gy >95 Gy > 60 Gy > 65 Gy

Limits for 

Prescribed 

Dose

> 85 Gy - >90 Gy - -

EMBRACE II - dose prescription protocol



Bladder D2cc

≥ 90Gy

80-89Gy

70-79Gy

60-69Gy

< 60Gy

30-40%

15-30%

Fokdal, submitted



Bladder 

D2cm³

EQD23

Rectum 

D2cm³

EQD23

Recto-

vaginal 

point 

EQD23

Sigmoid/

Bowel D2cm³

EQD23

Planning 

Aims 

< 80 Gy < 65 Gy < 65 Gy < 70 Gy*

Limits for 

Prescribed 

Dose

< 90 Gy < 75 Gy < 75 Gy < 75 Gy*

* for the sigmoid/bowel structures these dose constraints are valid in case of non-mobile 

bowel loops resulting in the situation that the most exposed volume is located at a similar part 

of the organ

EMBRACE II - dose prescription protocol



Example

Planning aim Prescribed dose

CTVHR D90 EQD210 ≥ 90 Gy 92.3 Gy

Bladder D2cm³ EQD23 ≤ 80 Gy 80.6 Gy

Rectum D2cm³ EQD23 ≤ 65 Gy 64.3 Gy

Sigmoid D2cm³ EQD23 ≤ 70 Gy 51.7 Gy
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Conclusion

Concepts and terminology for

prescribing

recording and reporting

In a level concept:

•Level 1 - Minimum standard for reporting

•Level 2 - Advanced standard for reporting

•Level 3 - Research oriented reporting



GEC/ESTRO recommendations on high dose 

rate afterloading brachytherapy for localised

prostate cancer: an update.



Planning aim dose

Prescription dose





Definition of target volumes / planning aim dose

CTV1 Prostate

CTV2 Peripheral zone

CTV3 Suspected tumor location (if available)

Urethra

needles

dose points

Kovacs et al. GEC-ESTRO/EAU recommendations. Radiother Oncol 2005



MR imaging before treatment (T2)
(a) central lobe, (b) peripheral zone, (c) tumor, (d) prostate.

a

b

c
d



100%

150%

200%

Definition of target volumes and dose

CTV1 CTV2 CTV3



Intraluminal Brachytherapy
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Reference Isodose Length / Reference Volume Length
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Reporting Endoluminal Treatments

(example: Oesophagus)

PD Prescribed Dose

RDD Reference Depth Dose

RLD Reference Lumen Dose

RLDi Reference Lumen Diameter

RD Reference Depth

ASL Active Source Length

defined as the entire length of the

radioactive source arrangement or

the distance between first and last 

dwell position.

RIL Reference Isodose Length

defined as the length at reference

depth enclosed by 90% of the

reference depth dose  
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Dose distribution in endoluminal brachytherapy



Breast Brachytherapy

No clear guidelines by now

Target coverage (D90, V100)

High dose volumes (V150, V200)

Index values (DNR, DHI, COIN)

Skin dose



Need for common terminology

Planning aim dose

– Set of dose and dose/volume constraints for a treatment

• 4 x 7 Gy to D90 to achieve 84 Gy EQD2 to D90 for HR CTV 

in cervix (EBRT+BT)

• 145 Gy to D90 for prostate LDR

• 8 x 4 Gy to D90 for breast APBI

Prescribed dose

– Finally accepted treatment plan (which is assumed to be 

delivered to an individual patient)

Delivered dose

– Actually delivered dose to the individual patient

55
From ICRU 88



Thanks for your attention!
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Conclusion

Concepts and terminology for

prescribing

recording and reporting

In a level concept:

•Level 1 - Minimum standard for reporting

•Level 2 - Advanced standard for reporting

•Level 3 - Research oriented reporting





PHYSICAL - BIOLOGICAL DOCUMENTATION OF GYNAECOLOGICAL HDR BT

PATIENT ,  ID-number tumour entity cervix ca

EXTERNAL BEAM THERAPY TUMOUR OAR FIGO, TNM IIB 

dose per fraction 1,8 Disoa/bGy Diso a/bGy cT2b pN0
fractions without central shield 25 44,3 43,2
fractions with central shield 0,0 0,0 GTV at diag. 88 cm

3

total dose 45,0 44,3 43,2
chemoth. cisplatin

BRACHYTHERAPY F 1 F 2 F 3 F 4 F 5 F 6
date dose values in Gy

physicist

MR / CT MR MR MR MR TOTAL TOTAL

applicator(s): type tandem-ring tandem-ring tandem-ring tandem-ring BT BT + EBT

applicator(s): dimensions r34i60 r34i60 r34i60 r34i60

eval plan, remarks 2 2 3 2 mean stddev

TRAK [cGy at 1m] 0,54 0,49 0,47 0,44 1,94

prescribed dose PD 7 7 7 7

PD isoa/bGy 9,9 9,9 9,9 9,9 0,0 0,0 39,7 83,9

volume of PD [cm
3
] 121,1 106,9 97,7 89,5 103,8 11,7

PDx2 14,0 14,0 14,0 14,0 0,0 0,0

PDx2 isoa/bGy 28,0 28,0 28,0 28,0 0,0 0,0 112,0 156,3

volume of PDx2 [cm
3
] 41,6 33 30 26,1 32,7 5,7

pres. point level (A / My / [mm]) A A A A

pres. point [mm left / mm right] 22 / -22 A A 19 / -19

dose to + A left 7,6 7,1 6,7 6,5

Aleft - Disoa/bGy 11,1 10,1 9,3 8,9 0,0 0,0 39,5 83,8

dose to - A right 7,8 6,9 7,3 6,7

Aright - Disoa/bGy 11,6 9,7 10,5 9,3 0,0 0,0 41,1 85,4

dose to A mean 7,7 7,0 7,0 6,6 0,0 0,0

Amean - Disoa/bGy 11,4 9,9 9,9 9,1 0,0 0,0 40,3 84,6

GTV  [cm
3
] 8,8 7,8 5,5 6,1 7,1 1,3

D 100 = MTD 9,3 8,9 6,9 6,2

D 100 iso a/bGy 15,0 14,0 9,7 8,4 0,0 0,0 47,1 91,3

D 90 13,3 12,0 11,7 10,6

D 90 iso a/bGy 25,8 22,0 21,2 18,2 0,0 0,0 87,2 131,4

V 100 = volume of PD [%] 100,0% 100,0% 99,9% 99,1% 99,8% 0,4%

CTV  [cm
3
] 53,5 51,5 40 40,4 46,4 6,2

D 100 = MTD 5,0 5,0 3,5 3,8

D 100 iso a/bGy 6,3 6,3 3,9 4,4 0,0 0,0 20,8 65,1

D 90 8,1 7,0 6,9 6,4

D 90 iso a/bGy 12,2 9,9 9,7 8,7 0,0 0,0 40,6 84,8

V 100 = volume of PD [%] 95,9% 90,4% 89,3% 86,8% 90,6% 3,3%

volume of mean A-dose [%] 92,7% 90,4% 89,3% 88,9% 90,3% 1,5%
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Introduction on Dose Optimization 

Bridge "inverter"between China and Hong Kong, since the traffic flows in Hong Kong on the left.  



Introduction on Dose Optimisation 

The Mapping process or The Dose Operator: 

From Source/Energy 
Fluence Distribution  Ψ 

To Dose Distribution D 
 

D = Ψ. A 

A is the energy absorption per unit mass (dose) and unit energy fluence 
Operator or the Energy Absorption Operator 



The Mapping process or The Dose Operator: 

A dose distribution D is achievable, if there exist a source/ 
energy fluence distribution  Ψ  that is able to generate it! 

  The dose space {D} defines the space of all physically 
 achievable dose distributions 
 
  The source/energy fluence space {Ψ} defines the space 
 of all physically possible source/energy fluence 
 distributions 

Introduction on Dose Optimisation 
 



While the determination of D from Ψ, the solution of the so-called forward 
problem, is always possible, the inverse problem, i.e. determination of Ψ 
for a specified D is not always possible. 
 
The forward problem is the dose calculation problem for which a unique 
solution exists. 

Introduction on Dose Optimisation 

{Ψ*}, {D*} : all possible 
 
{Ψ}, {D}    : physically  
                   possible 
                   (feasible) 



As an analytical solution for Ψ cannot be (always) obtained we consider 
the Inverse Problem to determine Ψ for a desired D equivalent to 
determine: 

(a) the position and number of catheters 
(b) the position and number of source dwell positions (SDPs) or 

sources 
(c) the source dwell times 

 
such that the obtained dose distribution D is as close as possible to the 
desired one. 
 
This process is called Inverse Optimisation or Inverse Planning. 

Introduction on Dose Optimisation 

{Ψ}    {D} :            D = Ψ. A 



Introduction on Dose Optimisation 
 

A is the energy absorption per unit mass (dose) and unit energy 
fluence Operator or the Energy Absorption Operator 

{Ψ}    {D} :            D = Ψ. A 

In other words, A is the dosimetric Kernel 
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The Mapping process or The Dose Operator: 



Introduction on Dose Optimisation 

Ψ is the Source/Energy Fluence Distribution 

D = Ψ. A 

Ψ  is for a single stepping source delivery system (afterloader) the Source 
Propagation Function 
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The Mapping process or The Dose Operator: 



Introduction on Dose Optimisation 
 

D = Ψ. A 

Ψ  is for a single stepping source delivery system (afterloader) the Source 
Propagation Function 

A  is the energy absorption per unit mass (dose) and unit energy fluence 
Operator or the Energy Absorption Operator 

The Mapping process or The Dose Operator: 
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Introduction on Dose Optimisation 
 

D = Ψ. A 
The Mapping process or The Dose Operator: 
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While the determination of D from Ψ, the solution of the so-called forward 
problem, is always possible the inverse problem, i.e. determination of Ψ 
for a given D is not always possible. 
 
The forward problem is the dose calculation problem for which a unique 
solution exists. 

Introduction on Dose Optimisation 



• Manual 
• Geometrical 
• Dose Points 
• Graphical 

Set Values for Parameters: 
Dwell Times {t} 
 for given SDPs 

Predict Result: 
Dose Values {D} 

 

Result 
Appropriate ? 
(visual/DVHs) 

End 

Yes 

No 

Forward Planning 
or Optimization 

The “Forward Planning” 
in Brachytherapy (1990 – 1999) 
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As an analytical solution cannot be (always) obtained we consider the 
Inverse Problem to determine the position and number of catheters, the 
position and number of source dwell positions (SDPs), and the source 
dwell times, such that the obtained dose distribution approaches as 
much as possible the desired one via an Optimisation Process. 
 

This process is called Inverse Optimisation or Inverse 
Planning. 

D = Ψ. A 

Introduction on Dose Optimisation 
 

The “Inverse Planning & Optimisation” 



Inverse Optimisation and Planning 
(2000 – today) 

It presupposes the availability of: 

  A complete 3D Source Dwell Position model 
 (Catheters/Applicators) 

  A complete 3D anatomy model 
VOIs: Target(s), OARs 

  The Desired Dose Distribution 
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Desired Dose Distribution: 
Even if the “ideal” dose distribution can be easily defined: 
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due to the “nature” of the dosimetric Kernel A(r), D     {D*} as defined 
here does not belong to the Physically achievable dose distributions   
D      {D}. 

Inverse Optimisation and Planning 
(2000 – today) 
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Dose – 
Window 

Dose 

Vo
lu

m
e 

Min 
(Low) 

Max 
(High) 

0% 
0 

100% 
▲ 

▼ 

Dose - Volume – Pairs DV 
for GTVs, CTV/PTV, 

OARs 
 

       V =     0% => Dmax = DH  
 
       V = 100% => Dmin  = DL 

Define Dose Window 
for Target(s) & OAR(s) 

“Desired” Dose 
 Distribution 

Desired Dose Distribution: 

The Desired Dose Distribution for the 
Inverse Optimisation Process is then 
defined as {DV}, and/or {VD} desired value 
sets. 



Inverse Optimisation and Planning 
(2000 – today) 

Objectives and Objective Functions: 
The selected and defined Dose-Volume parameters, usually DV, for the 
inverse optimisation process define the Objectives of the optimisation. 
 
The measure of how well these values are achieved defines the 
“Metrics” – the Objective Functions of the optimisation methodology 
(algorithm). 
 
A natural measure quantifying the similarity of a dose distribution at N 
sampling points with dose values di to the corresponding desired dose 
values di* is a distance measure.  A common measure is the Lp norm: 

( )    
1

1

*
ip

pN

i

p
iddL







 −= ∑

=

For p = 2, i.e. L2 we have the Euclidean distance. 



Grid-based Method Random-Sampling Method 

Voxel-size 
Dose value 

dV = V/N 
N = sampling points 

ct local density 

ROI/VOI 

Inverse Optimization and Planning 
(2000 – today) 

Attention: 
The dose distribution is analysed on the basis of a finite number of dose points, the 
sampling points. The sampling method can be: 

• regular 3D grid (dose grid) or 
• random (quasi) sampling or 
• geometry/implant adapted 

 



General Form of an Objective Function 
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DL for VLow 

di
j is the dose at the jth-sampling point for the ith-objective function: 
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Inverse Optimisation and Planning 
(2000 – today) 

High-Objective 
DH for VHigh 
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Adjustable parameters 



General Form of an Objective Function 
di

j is the dose at the jth-sampling point for the ith-objective function: 

∑ ∑= =
= cath

k
ASDPN

k

N

l
i
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i
j dSxd

1 1 ,
2 ~  (x)

Catheters Active  SDPs Dwell time tlk 

Inverse Optimisation and Planning 
(2000 – today) 

•  x²lk = tlk to avoid negative (non-physical) dwell time values tlk 
 

•         can (should) be calculated in a pre-processing step and are then   
 available in a sense of a Look-Up-Table for the optimisation process. 
 Implementations in this way (HIPO) make optimiser independent of the 
 dose calculation engine considered (TG 43, MC-LUTs, BS, CC, other Engines) 

i
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General Form of an Objective Function 

Inverse Optimisation and Planning 
(2000 – today) 

Transition Function ϴ: 
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Linear:   Solution utilizing Linear Programming (exact solver)  
  or stochastic/probabilistic numerical solvers 
 
Non-Linear:   deterministic numerical solvers 

( )( ) ( )[ ][ ]       1 
1
∑
=

−−Θ=
iN

j

pi
j

i
L

i
j

i
L

i
i dDdD

N
f xx



( )( ) ( )[ ][ ]       1 
1
∑
=

−−Θ=
iN

j

pi
j

i
L

i
j

i
L

i
i dDdD

N
f xx

Low-Objective for PTV 
DL = DV for V100%  L 
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DH = DV for V0% 
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General Form of an Objective Function and DVH 

Inverse Optimisation and Planning 
(2000 – today) 
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General Form of an Objective Function: The norm  factor p  

The Norm Factor p  
p = 0 :  Volume counting for deviation 
 1 :  Linear weight proportional to deviation 
 2 :  Variance (square-weighted) based Objective Function 

Inverse Optimisation and Planning 
(2000 – today) 

Low-Objective 
DL 

High-Objective 
DH 



General 

Inverse Optimisation and Planning 
(2000 – today) 

Optimising the values of the Objective Functions results to 
Optimisation of the 3D Dose Distribution. 
 
Due to the fact that in general Objective Functions are defined as over-
dosages (High-Objective) or under-dosage(s) (Low-Objective), 
Optimisation of an Objective Function value means Minimization of its 
value (ideally 0) by adjusting the independent parameter values { t }. 



Inverse Optimisation and Planning 
(2000 – today) 

A short Introduction into the 
Multiobjective (MO) 
Problem ... 



Inverse Optimisation and Planning for brachytherapy has to consider 
several Objectives and is thus a Multiobjective (MO) problem. 
We have competing Objectives. Increasing the dose in the Target will 
increase the dose outside it. 
A trade-off between the Objectives exist and we never have a 
situation in which all the Objectives can be in the best possible way 
satisfied simultaneously. 

Inverse Optimisation and Planning 
(2000 – today) 

Facts 



A plan/solution x1 dominates a plan/solution x2 if and only if the two following 
conditions are true: 
 
   x1 is no worse than x2 in all objectives, i.e.   fj(x1) ≤ fj(x2)  ∀  j=1,...,M. 
 
   x1 is strictly better than x2 in at least one objective, 
    i.e.  fj (x1) < fj (x2) for at least one j ∈ {1,...,M}. 

 

Inverse Optimisation and Planning 
A Multi-Objective (MO) Problem 

Among a set of solutions P, the non-dominated set of solutions P' are those that are 
not dominated by any other member of the set P: The Pareto Optimal Set. 
When the set P is the entire feasible search space then the set P' is called the global 
Pareto Optimal Set. 
 
The image f(x) of the Pareto Optimal Set is called the Pareto Front (PF). 
The Pareto Optimal Set is defined in the parameter space, while the Pareto Front is 
defined in the Objective Space. 

Dominance & Pareto Front 



Inverse Optimisation and Planning 
A Multi-Objective (MO) Problem 

Example of a bi-objective space (f1, f2). We assume as mentioned already the minimization 
problem. 
The Pareto Front is the boundary between the points P1 and P2 of the feasible set F. Solutions 1 
and 3 are non-dominated Pareto optimal solutions. Solution 2 is not Pareto Optimal as 
solution 1 has simultaneously smaller values for both objectives. There is no reason why 
solution 2 should be accepted rather than solution 1. Therefore the aim of MO optimisation is 
to obtain a representative set of non-dominated solutions. 

Pareto Front (PF): non-dominated 
                               solutions/plans  

Underdosage of PTV 
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F:  Feasible 
     solutions/plans 



Inverse Optimisation and Planning 
A Multi-Objective (MO) Problem 

The Multiobjective Optimisation (MO) 
consists of two main Steps: 

1.   Estimation/Localisation 
        of the Pareto Front   (Optimisation) 

2.   Selection of the 
        most appropriate Plan  (Decision) 

Some issues: 
• Computationally intensive (time) 
• Decision Tools (expertise) 



Inverse Optimisation and Planning 
A Multi-Objective (MO) Problem 

Examples of a Pareto Front 
Left:  there is a strong trade-off between the objectives/ objective functions f1 and f2. The smaller the 
f1 value is that we want the larger is the corresponding f2 value. The “ideal point/plan” I lies far away 
form the front. There is a high dependence on the selection of the f1 value. 

I 

Right: there is a weak trade-off between the objectives/ objective functions f1 and f2. It is possible to 
optimise (minimise) the f1 significant and close to the “ideal point/plan” I. Only very close to I we 
observe a rapid increase of f2. This is a case where for a set of parameters we can obtain 
simultaneously almost individual optimal values for f1 and f2 

I 

The “ideal solution/plan” I: 
I = (f1,min , f2,min) 



Inverse Optimisation and Planning 
A Multi-Objective (MO) Problem 

Bi-Objective Pareto Fronts obtained for 22 prostate implants. The variety shows that a 
single objective optimization with constant importance factors does not give always a good 
result. In general a strong trade-off is observed. * 

*Lahanas, Milickovic, Baltas, Zamboglou: “Application of Multiobjective Evolutionary Algorithms for Dose Optimization Problems in 
Brachytherapy”, EMO 2001, LNCS 1993, 574-587, 2001. 

Conformity 
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PTV 
Example of a Pareto Front: there is a strong 
trade-off between the objectives/ objective 
functions f1 and f2. The smaller the f1 value is that 
we want the larger is the corresponding f2 value. 
The “ideal point/plan” I lies far away form the 
front. There is a high dependence on the 
selection of the f1 value. 



Inverse Optimisation and Planning 
A Multi-Objective (MO) Problem 

Trade-off between three objectives (objective functions) for a prostate implant: 
 
  f1 : PTV coverage,  f2 : urethra overdose and  f3 :  rectum overdose. 
 
There resulting three two-dimensional projections are shown. These show the trade-off between 
two objectives in each case. 
While for two objectives a solution very close to the optimal can be found, this becomes more difficult 
as more objectives are considered. The complexity of the Pareto Front increases rapidly with the 
number of objectives / objective functions. 



Although inverse Optimisation and 
Planning is a MO-Optimisation problem 
the majority of available Optimisation 
Algorithms in brachytherapy are Single 
Objective Optimisation Algorithms. 

Inverse Optimisation and Planning 
(2000 – today) 

Facts 



Create a single Objective Function via weighted Aggregation 

wm : the Importance Factors (IFs) for the individual Objective Functions fm   

 or Penalties for the penalisation of the violation of the individual objectives. 
 
 These are considered as a measure of the significance of each of the 
 objectives/objective functions in the optimisation process. 
 

The optimisation process equals then the minimisation of the 
Aggregated Objective Function f. 
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Inverse Optimisation and Planning 
(2000 – today) 

The M objective functions fm are combined into a single objective function 
f,  by using a weighted sum (aggregation) of all objectives: 



Create a single Objective Function via weighted Aggregation 

Inverse Optimisation and Planning 
(2000 – today) 

The minimisation of the Aggregated Objective Function f can be interpreted as finding 
the value f for which the line with slope –w1/w2 just touches the boundary of F as it 
proceeds outwards from the origin. 

Pareto Front 



The plan/solution which is obtained in the Weighted Aggregation approach depends on 
the shape of the Pareto Front and the importance factors/penalties used. 
Planner is not aware if there exist a better “choice” on the Pareto Front just next door! 

Inverse Optimisation and Planning 
(2000 – today) 

Create a single Objective Function via weighted Aggregation 

f1  

f2  

Planner: 
w1f1 + w2f2  

w´1f1 + w´2f2   ???  
Empirically estimated penalisation schemes, 
found to result to „good“ dose distributions 
are ussually saved as presets / protocols / 
class solutions 
and can be used as starting points for the 
individual patient plan optimisation process. 



Inverse Optimisation and Planning 
(2000 – today) 

Facts 

Planner freedom is limited due to: 
 

  The particular implemented Algorithm, since it  
    defines the kind of Objectives and Objective Functions can be 
    considered 
 

 
But keep in mind: This is Nothing different to IMRT! 



Inverse Optimisation and Planning 
(2000 – today) 

Objectives and Objective Functions 

Diversity in considering: 
 

  Underdosage – Low Dose Limit DL 

• Targets (GTVs, CTVs, PTV) 
• Surface and/or volume 

  Overdosage – High Dose Limit DH 

• Targets (GTVs, CTVs, PTV) 
• OARs 
• Surface and/or volume 

  Artificial VOI e.g. Normal Tissue (NT)  

• Overdosage – High Dose Limit DH 
•   …. ? 



Inverse Optimisation and Planning 
(2000 – today) 

Numerical Solvers / Optimisers (minimisation of aggregated f) 

Diversity in considering: 
 

  Exact Solver 

• Linear Programming (LP) (e.g. Simplex) 

  Deterministic 

•  Gradient based (e.g. Broyden-Fletcher-Goldfarb-Shanno-BFGS, 
   L-BFGS, Fletcher-Reeves-Polak-Ribiere-FRPR, …) 
•  Gradient-free (e.g. Nelder-Mead Simplex Algorithm, …) 

  Stochastic/Probabilistic  

• Simulating Annealing (SA) 
• Genetic/Evolutionary Algorithms (GA) 
 All those solvers are based on iterative approaching of global minimum !!! 



The penalisation of the individual objective functions: 

A. reflects the radiation sensitivity of the 
tissues and organs  

B. causes always the calculation of a sub-
optimal dose distribution 

C. enforces always the optimisation engine to 
a non-good convergence 

D. reflects the subjective relative importance of 
the objectives towards calculation of an 
acceptable treatment plan 
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Inverse Optimisation and Planning 
(2000 – today) 

A short Introduction into the 
Topographic Inverse Optimisation 
and Planning TOP ... 



Inverse Optimisation and Planning: 

Topography based (TOP) 

TOP:  Additional not morphology (VOIs, DVHs) 
  based Features, and/or local History: 
 

  Dwell Time Modulation Restriction (MR) 
 (Smoothness of Source Movement) 



Independently of the used Inverse Optimization Algorithm it is not an uncommon 
result for HDR implants that there exist a few very dominating Dwell positions where 
the largest part of the total dwell time is spent. 
This leads obviously to a selective extension of high dose volumes around such dwell 
positions. If there is no information available about its necessity (e.g. location of a 
GTV/IDL), then it is reasonable to investigate whether this can be avoided.   

20 40 60 80 100 120 140 160 180 200
0

5

10

15

20

25

Dw
ell

 T
im

e  
   (

s)

Dwell Position

? 

Inverse Optimisation and Planning  
Topography based (TOP) : MR 



Inverse Optimisation and Planning  
Topography based (TOP) : MR 

Dwell Time Modulation Restriction (MR) - Smoothness of 
Source Movement - can be achieved by considering 
Dwell Time (Modulation) related Objective Functions: 
 
 Overall Dwell Time 

 Smoothness of Dwell Time Modulation within Catheters 

 Pseudo: Restricting the maximal possible Dwell Time 
 per Source Dwell Position  
  



MR: Modulation Restriction* 
Topographic Optimisation (TOP) 

* Using HIPO (Pi-Medical Ltd) implementation in Oncentra Brachy & OcP (Nucletron B.V.) 

PTV = CTV 1 = 78 cm³ 
15 x Catheters 
282 x ASDPs 
3.6 ASDPs / cm³ 
 
6 x Objectives/Objective Functions 
4,000 Dose Sampling Points 



Modulation/Gradient Restriction 
Parameter = 0.0  

Modulation/Gradient Restriction 
Parameter = 0.12  

Topographic Optimisation (TOP) 
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Total Dwell Time:  686.4 s => 675.3 s   (-1.6%)  
COIN:    0.884  => 0.888 
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MR: Modulation Restriction* 

Topographic Optimisation (TOP) 

/ 94.44 

/ 29.18 

* Using HIPO (Pi-Medical Ltd) implementation in Oncentra Brachy & OcP (Nucletron B.V.) 



 “..local History”:   Pre-delivered Dose 
                                   Part of Implant 

di
j(x) has a “History”. 

Inverse Optimisation and Planning: 

Topography based (TOP) 
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“History”:   
• Pre-delivered Dose (previous Implants or ERT) 

• Fixed contribution of a part of the implant 
 (Fixed contribution form Ring + Tandem & TOP of 
 additional interstitial needles)    



(A)  Only 15 Catheters (B)  15 + 1 Catheters, freely optimized 

(C)  15 + 1 Catheters, TOP: 
Dwell times for (A) “frozen” 

Additional Catheter used for  
Local Dwell Time Adjustment 

TOP: Topographic Optimisation 

* Using HIPO (Pi-Medical Ltd) implementation in Oncentra Brachy & OcP (Nucletron B.V.) 



(A)  Only 8 Catheters (B)  8 + 1 Catheters, freely optimized 

(C)  8 + 1 Catheters, TOP: 
Dwell times for (A) “frozen” 

Additional Catheter used for  
Local Dwell Time Adjustment 

TOP: Topographic Optimisation 

* Using HIPO (Pi-Medical Ltd) implementation in Oncentra Brachy & OcP (Nucletron B.V.) 
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As an analytical solution for Ψ cannot be (always) obtained we consider 
the Inverse Problem to determine Ψ for a desired D equivalent to 
determine: 

(a) the position and number of catheters 
(b) the position and number of source dwell positions (SDPs) or 

sources 
(c) the source dwell times 

 
such that the obtained dose distribution D is as close as possible to the 
desired one. 
 
This process is called Inverse Optimisation or Inverse Planning. 

D = Ψ. A 

Introduction on Dose Optimisation 
 



Inverse Optimisation and Planning 
(2000 – today) 

It presupposes the availability of: 

  A complete 3D anatomy model 
VOIs: Target(s), OARs 

  The Desired Dose Distribution 

Morphology 



In general, it includes clinical constraints such as: 
 

(a) a realistic range of number of catheters or sources/source 
dwells and the possible positions and orientations of the 
catheters 

(b) clinical implantation rules/settings 
(c) anatomical constraints 
 

It is the procedure where the ideal implant is imaged in a virtual 
environment. 

Introduction on Dose Optimisation 
 

This process is called Inverse Optimisation or 
Inverse Planning. 
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Inverse Planning: Discretisation Case 
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The automatic placement of an adequate number of catheters/applicators / needles 
based on dosimetric objectives and constraints is solvable in clinically acceptable 
time only after discretisation: 

Inverse Planning: 
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The automatic placement of an adequate number of catheters/applicators / needles 
based on dosimetric objectives and constraints is solvable in clinically acceptable 
time only after discretisation: 



Overview of Commercially available Inverse 
Optimisation and Planning Tools for HDR BRT 



Inverse Optimisation and Planning: 

Perspectives 

 
  Radiobiology Based Inverse Planning & Optimisation 

•  EUD, gEUD, TCP/NTCP, ... 
•  Inhomogeneous Cancer Tissue Characteristics 
    (Hypoxic areas, etc..) 
 

  Robustness (Machine Uncertainties, ...) 
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Learning Objectives

1. Accepted standard units for brachytherapy source strengthp y py g

2. Source calibration traceability and standards labs

3. Calibration methods and techniques

4. Calibration uncertainties

5. Future calibrations



Photon Sources Examined

High Energy Low Energy

High Dose Rate 192Ir, 60Co electronic (x rays)

Low Dose Rate 137Cs 125I 103Pd 131CsLow Dose Rate Cs I, Pd, Cs



2004 AAPM TG-43U1
Brachytherapy Dosimetry FormalismBrachytherapy Dosimetry Formalism

RAKR nearly identical to air-kerma strength SK (distance specification)
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 D r ,  D r, dose rate to water in water at point P(r,)

SK air-kerma strengthSK air kerma strength

 dose-rate constant

gL(r) radial dose function

GL(r,) geometry function (line-source approximation)

F(r,) 2D anisotropy function



Brachytherapy Source Strength
Only the reference air kerma rate (RAKR) K is a quantity that is traceableOnly the reference air kerma rate (RAKR) KR is a quantity that is traceable 
to a standards laboratory (i.e., NMI or PSDL)

RAKR defined as kerma rate to air @ 1 meter
in vacuo, corrected for attenuation/scatter

RAKR defined on the source transverse-plane for photons with E > δ
δ threshold is dependent on source calibration protocolδ threshold is dependent on source calibration protocol

RAKR has units Gy/s, also Gy/h or μGy/s (unit conversion - convenience)RAKR has units Gy/s, also Gy/h or μGy/s (unit conversion convenience)

mg Ra, mgRaEq, mCi (apparent activity), Bq are not traceable quantities

Obsolete units: mg Ra, mgRaEq, mCi (apparent activity), Bq



The Good Olde Days



Black Death



All Authorities Agree on Correct Unit
(1974) NCRP Report 41(1974) NCRP Report 41

(1983) French Cmte on ionizing Radiation Measurements

(1984) British Cmte on Radiation Units and Measurements

(1985) ICRU Report 38: Dose and volume specification for reporting intracavitary therapy in gynecology ( ) p p p g y py gy gy

(1987) AAPM TG-32: Specification of brachytherapy source strength

(1997) ICRU Report 58: Dose and volume specification for reporting interstitial brachytherapy

(2004) ESTRO Booklet 8: A practical guide to quality control of brachytherapy equipment( ) p g q y y py q p

etc., etc., etc.

ICRU, GEC-ESTRO, and AAPM explicitly recommend against Aapp



NRC Information Notice 2009-17

“The NRC has received reports of numerous medical events caused by 
errors in confusing the units of source strength in the specification oferrors in confusing the units of source strength in the specification of 

sources—specifically, units of air-kerma strength and apparent activity in 
units of millicurie (mCi).”

“human error caused all these events”

27% overdose errors with 125I

78% overdose errors with 192Ir

use of apparent activity for brachytherapy sources is
f d i blunsafe and inexcusable



Influence of Missing Calibration on 103Pd Dosage

Williamson, et al., Med. Phys. 32, 1424-1439 (2005)



Impact of Missing Time Calibration on Movies

Wired 22.04 (MMXIV)



Philosophy

Uncertainty is aUncertainty is a
Quantitative Measure ofQuantitative Measure of

QualityQuality



AAPM + ESTRO TG-138 Report

Medical Physics
A dosimetric uncertainty analysis for photon-emitting brachytherapy sources: 
Report of AAPM Task Group No. 138 and GEC-ESTRO

This report addresses uncertainties pertaining to brachytherapy single-source dosimetry preceding clinical use. The
International Organization for Standardization (ISO) Guide to the Expression of Uncertainty in Measurement (GUM) and the
National Institute of Standards and Technology (NIST) Technical Note 1297 are taken as reference standards for uncertainty
f li U t i ti i i d t t t tili i M t C l th d t ti t b h th dformalism. Uncertainties in using detectors to measure or utilizing Monte Carlo methods to estimate brachytherapy dose
distributions are provided with discussion of the components intrinsic to the overall dosimetric assessment. Uncertainties
provided are based on published observations and cited when available. The uncertainty propagation from the primary
calibration standard through transfer to the clinic for air-kerma strength is covered first. Uncertainties in each of the
b h th d i t t f th TG 43 f li th l d di ith t f t th li i dbrachytherapy dosimetry parameters of the TG-43 formalism are then explored, ending with transfer to the clinic and
recommended approaches. Dosimetric uncertainties during treatment delivery are considered briefly but are not included in
the detailed analysis. For low- and high-energy brachytherapy sources of low dose rate and high dose rate, a combined
dosimetric uncertainty <5% (k=1) is estimated, which is consistent with prior literature estimates. Recommendations are
provided for clinical medical physicists, dosimetry investigators, and source and treatment planning system manufacturers.
These recommendations include the use of the GUM and NIST reports, a requirement of constancy of manufacturer source
design, dosimetry investigator guidelines, provision of the lowest uncertainty for patient treatment dosimetry, and the
establishment of an action level based on dosimetric uncertainty. These recommendations reflect the guidance of the
American Association of Physicists in Medicine (AAPM) and the Groupe Européen de Curiethérapie–European Society for
Therapeutic Radiology and Oncology (GEC-ESTRO) for their members and may also be used as guidance to manufacturers
and regulatory agencies in developing good manufacturing practices for sources used in routine clinical treatments.

DeWerd, et al, Med. Phys. 38, 782-801 (2011)



Methodology for Uncertainty Estimation

Guide to Expression of Uncertainty in Measurement
ISO GUM (2010) precision ≠ accuracyISO GUM (2010) precision ≠ accuracy
Type A (statistical: standard deviation of results)
Type B (non-Type A uncertainties)

Law of Propagation of Uncertainty (no covariations)Law of Propagation of Uncertainty (no covariations)
TG-138 applies principles for expressing brachytherapy 
dosimetric uncertaintiesdosimetric uncertainties

expanded uncertainty, k = 2 (95.45% confidence, 21/22)
special case for large # DOFp g
k = t-factor otherwise with covariations

DeWerd, et al, Med. Phys. 38, 782-801 (2011)





Low-Energy Calibration Uncertainty

DeWerd, et al, Med. Phys. 38, 782-801 (2011)



High-Energy Calibration Uncertainty

DeWerd, et al, Med. Phys. 38, 782-801 (2011)



Summary of TG-138 Report

• AAPM + ESTRO recommend GUM methods
for expressing dosimetric uncertaintiesfor expressing dosimetric uncertainties

• precision ≠ accuracyp y

• Type A (statistical: standard deviation of results)
Type B (non Type A uncertainties)Type B (non-Type A uncertainties)

• low-E (8.7%, k=2) high-E (6.8%, k=2)( , ) g ( , )

• expanded uncertainty, k=2 (95% confidence 21/22) 

• pre-Tx recommendations: SK, exp, MC, vendors

li i l ti t i ti l• clinical practice uncertainties are larger



AAPM Calibration Recommendations

Medical Physics
Third-party brachytherapy source calibrations and physicist
responsibilities: Report of the AAPM Low Energy Brachytherapy
Source Calibration Working Group

Compiling and clarifying recommendations established by previous AAPMp g y g y p
Task Groups 40, 56, and 64 were among the working group’s charges, which also
included the role of third-party handlers to perform loading and assay of sources. This
document presents working group findings on the responsibilities of the institutionaldocument presents working group findings on the responsibilities of the institutional
medical physicist and a clarification of the existing AAPM recommendations in the
assay of brachytherapy sources. The AAPM leaves it to the discretion of the
i tit ti l di l h i i t h th th f t ’ i tit ti l h i i t’institutional medical physicist whether the manufacturer’s or institutional physicist’s
measured value should be used in performing dosimetry calculations.

Butler, et al, Med. Phys. 35, 3860-3865 (2008)



AAPM Calibration Recommendations

number to be assayed

Butler, et al, Med. Phys. 35, 3860-3865 (2008)



AAPM Calibration Recommendations

action by medical physicistaction by medical physicist

Butler, et al, Med. Phys. 35, 3860-3865 (2008)



Calibration and Measurement
Capabilities Ionizing RadiationCapabilities Ionizing Radiation



US: National Institute of Standards and Technology



NIST: WAFAC (Low-E Sources)

Seltzer, et al. J Res NIST 108, 337-358 (2003)



NIST: WAFAC (Low-E Sources)

Seltzer, et al. J Res NIST 108, 337-358 (2003)



NIST: WAFAC (Low-E Sources)

Soares, et al., Metrologia 46, S80-S98 (2009)



NIST: Electronic Brachytherapy



Germany: Physikalisch-Technische Bundesanstalt



PTB: RAKR Capabilities



PTB: Grossvolumen Extrapolationskammer (GROVEX)

Selbach, et al., Metrologia 45, 422-428 (2008)



PTB: GROVEX II (Low-E Sources)

With a value of 1.3%, the total uncertainty is well below the targeted value of 2%.

As the next step the measuring device will be optimized for routine measurementsAs the next step, the measuring device will be optimized for routine measurements
so that a calibration service can be started in the near future.

Schneider, et al., Metrologia 49, S198-S202 (2012)



UK: National Physical Laboratory



NPL: HDR 192Ir Graphite Calorimetry

Sander, et al., Metrologia 49, S184-S188 (2012)



Italy (ENEA-INMRI): HDR 192Ir Graphite Calorimetry

Guerra, et al., Metrologia 49, S179-S183 (2012)



France: LNE–LNHB HDR 192Ir Calibration

Douysset, et al. Phys Med Biol 50, 1961-1978 (2005)



LNE–LNHB: 125I Air-Kerma and Absorbed Dose to Water

Aubineau-Lanièce, et al. Metrologia 49, S189-S192 (2012)



Sweden: HDR 192Ir Calibration Audit

chamber close to wall

The well-type chamber of the Swedish Secondary Standard Laboratory is traceable e e type c a be o t e S ed s Seco da y Sta da d abo ato y s t aceab e
to the HDR 192Ir primary standard at NPL, and all Swedish hospitals use well-type 
chambers fulfilling recommendations for use in brachytherapy.

Carlsson Tedgren and Grindborg, Radiotherapy Oncol 86, 126-130 (2008)



IAEA TECHDOC 1274



Chapter 5: Calibration at the SSDL and Hospital Level
5 1 Establishment of standards for photon and intravascular sources5.1. Establishment of standards for photon and intravascular sources

5.1.1. Traceability in calibrations at SSDLsy
The recommended detector is an appropriately calibrated well type chamber. 
The preferred traceability method is to have the well type chamber calibrated 
against the primary standard at the PSDL. Calibrations at an ADCL or the 
IAEA Dosimetry Laboratory can serve as an alternative. This calibration 
should be carried out for each radionuclide and source type to be usedshould be carried out for each radionuclide and source type to be used.

5.1.2. Traceability in calibrations at hospitals5.1.2. Traceability in calibrations at hospitals
It is recommended that for brachytherapy sources be calibrated with an 
appropriately calibrated well type chamber. For traceability, the well type 
chamber should be calibrated at the SSDL (or ADCL).



Chapter 5: Calibration at the SSDL and Hospital Level
5 2 Maintenance of standards for photon sources and intravascular sources5.2. Maintenance of standards for photon sources and intravascular sources
Well type chambers should be recalibrated regularly. SSDL recalibrations at 
137Cs quality can be made at a PSDL or the IAEA Dosimetry Laboratory. q y y y

5.3. Maintenance of standards for 192Ir quality
Upon calibrating well type chambers every 2 years with HDR 192Ir sources, 
some chamber types have shown calibration factor constancy to within 0 5%some chamber types have shown calibration factor constancy to within 0.5%, 
and chamber-to-chamber variation of the ratio of HDR 192Ir source calibration 
to 137Cs and 60Co also within 0.5%. Thus, a practical solution for checking ato Cs and Co also within 0.5%. Thus, a practical solution for checking a 
well chamber HDR 192Ir source calibration factor is for the physicist to monitor 
chamber response throughout its lifetime by bracketing the 192Ir average 
energy of 397 keV with 137Cs and 241Am sources.



Chapter 5: Calibration at the SSDL and Hospital Level
5 5 Guidance on constancy limits for well type chambers5.5. Guidance on constancy limits for well type chambers
Chamber output stability should be checked at least 4 times per year. If the 
calibration factor from 137Cs re-calibrations, and periodic constancy checks, , p y ,
remain the same within 1% for high-energy photon sources, or within 1.5% for 
low-energy photon sources, it can reasonably be assumed that the calibration 
factor for other sources has not changed. Recalibration is recommended if it 
is observed that response changes by more than the limits given above.

5.6. Electrometer to be used5.6. Electrometer to be used
IEC 60731 describes desired characteristics of electrometers. They also shall 
be capable of measuring up to 0.2 μA for HDR sources and have a signal 
resolution of 0.1%. For LDR sources, signal resolution should be < 10 fA or 
less; this may be achieved by charge resolution of 0.2 pC when used in 
h i t ti d It b t h t l t t tcharge integration mode. It may be necessary to have two electrometers to 

cover the full range of brachytherapy sources to be calibrated.



Chapter 6: Calibration Using Free In-air Measurements
6 1 General6.1. General
The free in-air measurement technique cannot be used for low-energy 
sources due to air-kerma calibration factor uncertainties, low air-kerma rates, , ,
and uncertainties due to air humidity. For long-lived radionuclides, e.g., 137Cs, 
a source can be a working standard.

6.2. Formalism for reference air kerma rate
KR reference air kerma rateKR reference air kerma rate
NK chamber air kerma calibration factor at desired photon energy
MU measured charge, corrected for T, P, recombination, transit error
t time for collecting charge
kscat correction for room scatter
k ti f t f if l t fl ithi th itkn correction factor for non-uniform electron fluence within the cavity
d measurement distance from source center to chamber center
d f reference measurement distance (i e 1 meter)dref reference measurement distance (i.e., 1 meter)



Chapter 6: Calibration Using Free In-air Measurements
6.3. Ionization chambers to be used
For HDR sources, chambers volumes > 0.5 cm3 can be used (e.g. Baldwin-
Farmer 0.6 cm3 chamber). For LDR sources, chamber volumes up to 1,000 

3 b d f ffi i t i l b t h l if it ticm3 may be used for sufficient signal, but have large non-uniformity correction 
factor uncertainties. For 192Ir, chambers should have air-kerma calibration 
factors vary less than 5% between 60Co and 60 keVfactors vary less than 5% between Co and 60 keV.

6.4. Air kerma calibration of ionization chambers

6.5. Correction factors for free in-air measurements

6.6. Uncertainty of free in-air calibrationy

etc., etc.



Chapter 7: Calibrations Using Well Type Chambers
7.1. General guidance

7.2. Calibration of SSDL reference sources

7.3. Calibration of hospital’s well type chamber
The hospital’s well chamber system is calibrated at the SSDL using the SSDLThe hospital s well chamber system is calibrated at the SSDL using the SSDL 
reference source. The response curve, spacer and insert, ion recombination, 
atmospheric communication, and air kerma calibration are checked.p

7.4. Calibration of hospital’s non-standard 137Cs sources

7.5. Guidance for some special cases

7.6. Calibration of source trains

7.7. Traceability of 137Cs source calibrations
etc., etc.



2004 ESTRO Booklet 8



Chapter 3: Calibration of Brachytherapy Sources
3 3 In air measurement technique3.3 In-air measurement technique

3.4 Calibration using well type chambers

3.5 Calibration using solid phantoms
Measurements in solid phantoms are not suitable for low energy sourcesMeasurements in solid phantoms are not suitable for low-energy sources.

3.6 Relative measurements
Readings of consecutive source deliveries can be compared and deviations larger than 
3% or 5% should be investigated Serious incidents may be identified before treatment3% or 5% should be investigated. Serious incidents may be identified before treatment.

ESTRO Booklet N08 (2004)



Chapter 9.2 on TPS Commissioning
9 2 6 Influence of shields missing tissue and inhomogeneities (abridged)9.2.6 Influence of shields, missing tissue, and inhomogeneities (abridged)

Presently, only simple correction algorithms are applied in some TPS. The y, y p g pp
effect of these algorithms must be verified and documented. yes

Published shielding or tissue inhomogeneity data are based on MC. 

Validation of these MC data should be done by comparing with measured

yes

Validation of these MC data should be done by comparing with measured 
data, such as those obtained using TLD or small ionisation chambers. ouch!

Algorithms are under development to account for scatter conditions and 
tissue inhomogeneities. yes

Validation of these algorithms should be done in a similar way to the method 
d f h ki th hi ldi l ithused for checking the shielding algorithms. ouch!

ESTRO Booklet N08 (2004)



Comparison of RAKR Measurement Methods

Adequate measurement precision (within 0.5%) using well chambers and
Farmer chambers in-air or in-plastic phantoms.

Baltas, et al., Intl J Radiat Oncol, Biol, Phys 43, 653-661 (1999)

Farmer chambers in air or in plastic phantoms.



UK IPEM Code of Practice for HDR 192Ir RAKR

This COP aims to eliminate systematic differences between users, and reduce This COP aims to eliminate systematic differences between users, and reduce 
uncertainties by recommending the well chamber method of source calibration 
over the previously recommended (Aird et al., 1993) Farmer method.

Bidmead, et al., Phys Med Biol 55, 3145-3159 (2010)



Implementation of UK IPEM Code of Practice

Improved measurement precision using well chambers instead of Farmer chambers.

Awunor, et al., Phys Med Biol 56, 5397-5410 (2011)



Custom Room-Scatter Correction Factors

Monte Carlo calculations of KSC (for f calculation) produced better agreementMonte Carlo calculations of KSC (for f calculation) produced better agreement
to analytical calculations than to Selvam et al. (2001).

Kumar, et al., Appl Radiat Isot 70, 282-289 (2012)



RAKR for LDR 137Cs

Good agreement (1.07%) between measured and MC-simulated NK values.

Sharma, et al., J Appl Clin Med Phys 12, 275-285 (2011)



US RAKR Standard for HDR 192Ir

7-distance technique

RAKR agreement across labs within 1%

Rasmussen, et al., Med Phys 38, 6721-6729 (2011)

RAKR agreement across labs within ~ 1%.



New HDR 192Ir Calibration Methods: Are They 
Needed?

Austerlitz, et al., Determination of absorbed dose in water at the 
reference point D(r0, θ0) for an 192Ir HDR brachytherapy source using a 
Fricke system. Med Phys 35, 5360-5365 (2008).

Chang, et al., An innovative method for 192Ir HDR calibration by farmerChang, et al., An innovative method for Ir HDR calibration by farmer 
chamber, V-film, and solid phantom. NIM-A 646, 192-196 (2011).

Fourie and Crabtree, A technique for calibrating a high dose rate 192Ir 
brachytherapy source. Australas Phys Eng Sci Med 35, 85-92 (2012).

Kaulich, et al., Direct reference air-kerma rate calibration of 192Ir for
a thimble-type ionization chamber in a cylindrical solid phantom.
Metrologia 49, S241-S245 (2012).

etc., etc.



Take Home Message
1 Independent assay of RAKR from the manufacturer is required1. Independent assay of RAKR from the manufacturer is required.

2. Calibration methods are established for all brachytherapy sources.

3. Calibration infrastructure (i.e., SSDL availability) is variable.

4. Future improvements forthcoming in calibration methods and infrastructure.4. Future improvements forthcoming in calibration methods and infrastructure.



Aird, et al. BIR & IPSM, London, UK, 1993.
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Objectives:Objectives: 
After this lecture the attendants should:

 have a clear understanding of:
• dosimeter selection criteria & brachytherapy dosimetry challenges

 be familiar with:
• a general terminology introduced to describe dosimeter characteristics

• a general formalism for absorbed dose measurement
th k ti & ti l f t f tili d d i t• the key properties & operational features of utilized dosimeters

(mainly TLD and radiochromic Film)

 be informed of: be informed of:
• current trends

• relevant literature
• sources for further reading



Experimental dosimetry in brachytherapy
WHY…?

“theory is an interpolation of experiment” 
(J.H. Hubbell in: X-Ray Spectrom. 28(4), 215–223, 1999)(J.H. Hubbell in: X Ray Spectrom. 28(4), 215 223, 1999)

Experimental dosimetry is needed for:
• establishing source reference dose rate distributions 

(for clinical TG43-based TP)
i i i d QA i f TPS• commissioning and QA testing of TPS 
(planned dose is accurate)

• dose verification in phantom or “in-vivo”dose verification in phantom or in-vivo
(planned dose is accurately delivered)



Experimental dosimetry:
Use of a detector (dosimeter) providing a measurable signal 

that is of a known relationship with the absorbed dose in its volume

• The relationship between signal and dose is known for absolute dosimeters 
(calorimeters ion chambers & Fricke gels)(calorimeters, ion chambers & Fricke gels)

• All other dosimeters must be calibrated relative to an absolute one in a beam 
quality Q0, to obtain the absorbed dose sensitivity:

i l tl th lib ti ffi i t

)0(
)0(

)0(, QwD
QM

QS wAD 

or equivalently the calibration coefficient: 

)0(
)0(

)0(, QM
QwD

QwADN 

• Dose to a medium in the absence of the detector (water) is of interest
• The calibration must be traceable to international standards

0

* The terminology used in this lecture is that introduced in: 
Rogers & Cygler (Eds), Clinical dosimetry measurements in radiotherapy (2009 AAPM Summer 

School), Monograph No. 34, Medical Physics Publishing 2011



Dosimeter characteristics/requirements :Dosimeter characteristics/requirements :
(1) Sensitivity: must be high enough for low dose rate measurements. If the

sensitivity is too high it may cause rapid saturation at high dose ratesensitivity is too high, it may cause rapid saturation at high dose rate
(2) Adequate dose range and (preferably) linearity of the response as a

function of accumulated dose
(3) Insensitivity of response to influence quantities (dose rate, temperature,

pressure, directional effect, accumulated dose, etc.): response should be
independent, or variation should be known or measurable in order to performindependent, or variation should be known or measurable in order to perform
adequate correction

(4) Energy response: preferably independence of response as a function of energy
(5) Repeatability: stability for repeated measurements over a short period of time
& Reproducibility: stability of material, construction, etc. over a long period of

timetime
(6) Accuracy/precision: the derivation of the dose from the dosimeter response

must be possible with minimum uncertainty, but the requirements may differ for
d ff ldifferent applications

Quoted from: 
Mayles, Nahum, Rosenwald (Eds): Handbook of radiotherapy physics: theory and practice,

© 2007 by Taylor & Francis Group LLC



Dose range / linearity / saturation:Dose range / linearity / saturation:

)())(()(det DMDMlkDD 

where: kl is the intrinsic 
linearity (normalized to 1 @ 
some D0) and α relates D0 to 0) 0

M(D0) 
• Detector response is linear if kl

is 1 for any D M(D)is 1 for any D, M(D)

• !!!This is not always the case!!!y

Figure from:
Rogers & Cygler (Eds), Clinical dosimetry measurements in radiotherapy (2009 AAPM Summer 

School), Monograph No. 34, Medical Physics Publishing 2011



Influence quantities:Influence quantities:

A series of correction factors must be applied (if appropriate) to correct theA series of correction factors must be applied (if appropriate) to correct the 
dosimeter reading for any measurement condition affecting it

In example:

•environmental conditions

•background correction:

)1(
M

M
k bkgd
bkgd 

•dose rate dependence:

)(
Mbkgd

)())(()(
...
DMDMkDM d )())(()( DMDMkDM dr



Sensitivity calibration & energy response:Sensitivity, calibration & energy response:
Our calibration coeff. (inverse of dosimeter A.D. sensitivity) 

actuall comprises 2 partsactually comprises 2 parts:

)()(
)(
)(det

)(det

)(
)(
)(

)(, QbqkQf
QM

QD
QD

QwD
QM
QwD

QwADN 

• we define the absorbed dose energy dependence of the detector as the ratio 
of dose to water per unit dose to the detector at a given beam quality, 

)(
)()(

det QD
QDQf w

• We define the intrinsic energy dependence of the detector as the ratio of dose 
required to be absorbed to produce a unit signal 

)(
)()( det

QM
QDQkbq 



Sensitivity calibration & energy response:Sensitivity, calibration & energy response:
Our calibration coeff. (inverse of dosimeter A.D. sensitivity) 

actuall comprises 2 partsactually comprises 2 parts:

)()(
)(
)(det

)(det

)(
)(
)(

)(, QbqkQf
QM

QD
QD

QwD
QM
QwD

QwADN 

• we define the absorbed dose energy dependence of the detector as the ratio 
of dose to water per unit dose to the detector at a given beam quality, 

This depends on physical properties and radiation quality (cross
)(
)()(

det QD
QDQf w

This depends on physical properties and radiation quality (cross 
sections) and detector geometry. It can be calculated via MC! 

• We define the intrinsic energy dependence of the detector as the ratio of dose 
required to be absorbed to produce a unit signal 

)()( det QDQkb 

This depends mainly on the physical process underlying the conversion of 
dose to the measured signal (and hence LET). It can only be measured!

)(
)(

QM
Qkbq 



Practical significance of f(Q), kbq(Q)
 Using a detector at the same quality as calibration (Q0) is straightforward:

)()()()( QNf tQMQD 
frel or krel >1 => detector under-responds …!

 Using a detector at a quality Q different than calibration (Q0):

)0(,).()0()0( QwADN
i

ifactorcorrQMQwD frel or krel <1 => detector over-responds …!
g q y Q Q0

)0(,

)(,)0(,).()0()(
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cannot be generally assumed energy independent

)0,()0,()0(,).()0( QQrel
bqkQQrelfQwADN

i
ifactorcorrQM 

rel
bqkrelf , b g y gy p

must be calculated  
must be measured

bqf

relf

rel
bqk

or taken from the literature for matching exp. conditions (Q, Q0, detector make, 
size, set up, …) 



Dosimeter characteristics/requirements :Dosimeter characteristics/requirements :
(1) Sensitivity: must be high enough for low dose rate measurements. If the

sensitivity is too high it may cause rapid saturation at high dose ratesensitivity is too high, it may cause rapid saturation at high dose rate
(2) Adequate dose range and (preferably) linearity of the response as a

function of accumulated dose
(3) Insensitivity of response to influence quantities (dose rate, temperature,

pressure, directional effect, accumulated dose, etc.): response should be
independent, or variation should be known or measurable in order to performindependent, or variation should be known or measurable in order to perform
adequate correction

(4) Energy response: preferably independence of response as a function of energy
(5) Repeatability: stability for repeated measurements over a short period of time
& Reproducibility: stability of material, construction, etc. over a long period of

timetime
(6) Accuracy/precision: the derivation of the dose from the dosimeter response

must be possible with minimum uncertainty, but the requirements may differ for
d ff ldifferent applications

Quoted from: 
Mayles, Nahum, Rosenwald (Eds): Handbook of radiotherapy physics: theory and practice,

© 2007 by Taylor & Francis Group LLC



Brachy dosimetry is challenging …
fzyD )(

.

for an Ir-192 HDR source
KS

zyD ),(

Dose rate varies from ~20 Gy/s @
(0.5cm,900) from an Ir-192 HDR source( 5 ,9 ) 9
to ~2 μGy/s @ (5cm,900) from an I-125
LDR source
Sensitivity high for low uncertainty doseSensitivity high for low uncertainty, dose
range high, (preferably) with kl=kdr=1
Spatial dose gradient is high (i.e.
~25%/mm in the radial direction @
(0.5cm,900) from an Ir-192 HDR source)
Volume must be small positionalVolume must be small, positional
accuracy is very important
(1% rel. uncert. in D(1cm,900) requires
0.05mm uncertainty in r, assuming 1/r2

dose dependence since: )
If solid phantoms are used to increase

rD
rD  2

If solid phantoms are used to increase
positional accuracy a correction is
required from Dw,phant to Dw,w at each
meas positionmeas. position

Figure from: Taylor, Yegin, Rogers, Med. Phys. 34(2) 445 (2007)



Brachytherapy Q is source/position dependent…Brachytherapy Q is source/position dependent…

h t fl di t t ti ti l itt d f

may be considerable 
(especially for low E) 

BUT

rel
bqkrelf ,

photon fluence vs distance per starting particle emitted from a 
point 125Ι (top) and 192Ir (bottom) source centered in a 15cm 

radius water phantom, multiplied by distance squared

BUT
• They are source dependent 

(source materials)( )
• and position dependent (source 

spectra vary with distance, 
angle)angle) 

especially for high Z detectorsespecially for high Z detectors

Figure from: Papagiannis, Pantelis, Karaiskos, Br J Radiol (2014) 87: 20140163



Calibration:
Beam quality:Q0

(Co-60 or MV linac photon beam) Calibration:
!!! Calibration uncertainty will be propagated as a 

type B unc component to experimental results !!!type B unc. component to experimental results !!!

Absorbed dose sensitivity calibration y

dosimeter
)0(,

1
)0(
)0(

)0(, QwADNQwD
QM

QS wAD 

is usually performed using a Linac
where: 

M(Q ) is the dosimeter readingM(Q0) is the dosimeter reading
Dw(Q0) is dose to water at the point of measurement 

in the absence of the detector obtained using an 
established reference dosimetry protocol (e.g. 

TRS398) and an ion chamber with a dose to water 
calibration traceable to international standardscalibration traceable to international standards



Let us do single source dosimetryg y
(TG-43 characterization of a source)

using TLD as is traditionally done in the literature.

Figures from: Rogers & Cygler (Eds) Clinical dosimetry measurements in radiotherapy (2009Figures from: Rogers & Cygler (Eds), Clinical dosimetry measurements in radiotherapy (2009
AAPM Summer School), Monograph No. 34, Medical Physics Publishing 2011



TLD: basic principles
• In imperfect crystals (i.e. TLD100: LiF doped

with Mg and Ti in trace amounts) part of the
energy absorbed by ionising radiation isenergy absorbed by ionising radiation is
stored and re-emitted upon heating in the
form of light. Light is detected and correlated
t th b b d dto the absorbed dose.

• Stored energy is in the form of the fraction of
e- freed by irradiation, that is trapped in ay , pp
metastable energy state.

• When the crystal is heated, part of these e-

recombine with holes trapped inrecombine with holes trapped in
luminescence centers and emit light (thermo-
luminescence, TL)

• The curve of TL output versus temperature
(glow curve) shows peaks characteristic of
trap energy depths in the crystaltrap energy depths in the crystal

• Besides TL crystal, glow curve shape varies
with heating rate & max temperature

Figures from: Attix: Introduction to radiological physics and radiation dosimetry, © 2004 by Wiley-VCH Verlag GmbH & Co
Mayles, Nahum, Rosenwald (Eds): Handbook of radiotherapy physics: theory and practice, © 2007 by Taylor & Francis Group LLC

Rogers & Cygler (Eds), Clinical dosimetry measurements in radiotherapy (2009 AAPM Summer School), Monograph No. 34, Medical Physics Publishing 2011



TLD: sensitivity/linearityTLD: sensitivity/linearity

i ff i i f i i i h• TLD is effective in terms of interacting with
photons in the brachytherapy E range

• The TL mechanism however is inefficientThe TL mechanism however is inefficient
• About 0.04% of TLD absorbed dose is emitted

as TL energy per unit mass
• Individual TLD calibration is required as well as

meticulous care in reproducible conditions of
use to ensure precision/accuracyp / y

• TLD dynamic dose range is wide. It comprises a
linear D region followed by a region of supra-
linearity and eventually saturationlinearity and, eventually, saturation

• Linearity cannot be assumed and has to be
measured by irradiating TLD groups in gradedy g g p g
doses in the region of interest

Table from: Mayles, Nahum, Rosenwald (Eds): Handbook of radiotherapy physics: theory and practice,© 
2007 by Taylor & Francis Group LLC



TLD: influence factorsTLD: influence factors

• TLD response is not significantly affected from environmental conditions• TLD response is not significantly affected from environmental conditions
(normal room temperatures, moderate exposure to light).

BUT
Traps are not stable @ room temperatures  and annealing @ 400 0C for 1 h is 

required to ensure trap stability.
F di ff t l T k Thi b iti t d b li i tiFading can affect low T peaks. This can be mitigated by eliminating 

corresponding traps (annealing @ 80 0C for 24 h pre-irradiation) or 
emptying them before readout (annealing @ 100 0C for 2 h pre-irradiation 

and 10 min post-irradiation)

• background correction is necessary for PM dark current and TL non related• background correction is necessary for PM dark current and TL non-related 
to D (the latter is reduced with N2 gas purging during readout)

• TLD response is dose rate independent



General formalismGeneral formalism
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ww
phant and can be calculated using MC

I d t M N (Q ) ti k d kI need to measure: M, NAD,w(Q0), corrections kl , and kbq ,
calculate: g(t), f, pphant , 
and know: SK ,

with as low an uncertainty as possible!



Uncertainty requirements for single source 
dosimetry

I th i th d l i l d ti f i d i t tIn their methodological recommendations for measuring dosimetry parameters:

 TG-43U1* advises on using a dosimeter system with sufficient precision and TG 43U1 advises on using a dosimeter system with sufficient precision and
accuracy to permit dose-rate estimations with combined 1σ Type A uncertainty <5%
and 1σ Type B uncertainty <7% for a total 1 σ uncertainty <9% for LE sources

 Joint AAPM-ESTRO report** advises on using a dosimeter system with sufficient
precision and accuracy to permit dose-rate estimations with k=1 Type A (statistical)p y p yp ( )
uncertainties 3% and k=1 Type B uncertainties 6%

* Rivard et al., 2004. Update of AAPM Task Group No. 43 Report: A revised AAPM protocol for
brachytherapy dose calculations Med Phys 31(3) p 633brachytherapy dose calculations. Med. Phys. 31(3), p.633.
** Perez-Calatayud et al., 2012. Dose calculation for photon-emitting brachytherapy sources
with average energy higher than 50 keV: report of the AAPM and ESTRO. Med. Phys. 39(5),
p 2904p.2904



TLD: absorbed dose energy dependence
• TLD dose changes more than water at Q<<Q0

due to higher Z than water, so frel<1
A i TLD i l it (di i

)0()0(
)()(

)0,(
QTLDDQwD
QTLDDQwD

QQrelf 

• Assuming TLD is a large cavity (dimensions
large compared to max. e- range & small
compared to photon m.f.p.):

for LDR sources relative to Co 60

7.0
)0()(

)()(
)0,( 

Qw
TLDen

Qw
TLDenQQrelf





for LDR sources relative to Co-60.

This is only an approximation.

• MC is used to account for:
• photon spectra @ each point in Q, Q0
• TLD attenuation,
• v. averaging
• cavity corrections, … etc.cavity corrections, … etc.
See: Rodriguez and Rogers, Med. Phys. 41(11) p.

114301 (2014) for an excellent review…!

Figure from: Rogers & Cygler (Eds), Clinical dosimetry measurements in radiotherapy
(2009 AAPM Summer School), Monograph No. 34, Medical Physics Publishing 2011



TLD: absorbed dose energy dependence

)0()0(
)()(

)0,(
QTLDDQwD
QTLDDQwD

QQrelf 
)0()0( QTLDDQwD

Best practice example for I-125 dosimetry with 6
MV linac calibration:

• frel is close to 0.7 but varies with point around
the sourcethe source

• Uncertainties: Type A=0.56%, type B=1%

Neglecting frel would introduce a type B uncertaintyNeglecting frel would introduce a type B uncertainty
(dose overestimation) of 40%...!

M t t t l E i t l d t i ti f th T k G 43 d i t i t fMoutsatsos et al. Experimental determination of the Task Group-43 dosimetric parameters of
the new I25.S17plus (125)I brachytherapy source, Brachytherapy, 13(6), 618 (2014).



TLD: intrinsic energy dependence
)0()0(

)()(
)0,(

QMQTLDD
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Tochilin et al. 1968
Values normalized to Co-60
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It was well known that dose to TLD toIt was well known that dose to TLD to
produce a unit signal decreases as energy
decreases and LET increases
i @ h b h i

Figure from: Attix: Introduction to radiological 
physics and radiation dosimetry,  © 2004 by 

Wiley VCH Verlag GmbH & Co 1relki.e.: @ the brachy energies
or equivalently: TLD over-responds
(more signal per unit dose) at lower

Wiley-VCH Verlag GmbH & Co 1rel
bqk

( g p )
energies due to LET increase



TLD: intrinsic energy dependence

rel
bqk
1)0()0(
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• In the light of studies indicating =1 within
experimental uncertainties (i.e. Das et al
1996) kb was disregarded by most

rel
bqk

1996) kbq was disregarded by most
experimentalists

Figure from: Nunn et al, Med. Phys. 38(8) 1859 (2008)

• Until Davis et al (2003) measured TLD100
over-response at low E due to LET increase
and the race to determine kbq was on …!

Figure from: Davis et al, Radiation Protection 
Dosimetry Vol. 106, No. 1, pp. 33–43 (2003)



TLD: intrinsic energy dependence
)0()0(
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)0,(

QMQTLDD
QMQTLDD
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• Davis et al. down to 0.9 (0.6 % Type A uncertainty,
k=1, x-ray beams, LiF:Mg,Ti).

• Nunn et al. down to 0.885 (3.5% combined standard
rel
bqk
1rel

bqk
rel
bqk

uncertainty, k=1, x-ray beams, LiF:Mg,Ti).
• Carlsson Tedgren et al. kbq down to 0.935 (1.9%

combined standard uncertaintiy, k=1, x-ray beams,
LiF M Ti) Th l di d t ti l diff

bq

LiF:Mg,Ti). They also discussed potential differences
due to TLD handling and formulation, and expressed
concern regarding the applicability of determinations
obtained using x-ray beams to other photon fields. Figure from: Nunn et al, Med. Phys. 38(8) 1859 (2008)obtained using x ray beams to other photon fields.

• Reed et al. = 0.883±0.011 (I-125), 0.870±0.012
(I-125 w. Ag), 0.871±0.013 (Pd-103) (combined
standard uncertainties, k=1 LiF:Mg,Ti).

rel
bqk

• Rodriquez and Rogers minimized the difference
between Λ measurements in the literature and MC
calculations and arrived at = 0.931±0.013 (I-125)

d ± (Pd )
rel
bqk
1

rel
bqk

and 0.922±0.022 (Pd-103). bq

Figure from: Carlsson Tedgren et al, Med. Phys. 38(10) 3839 (2011)



TLD: intrinsic energy dependence
)0()0(
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)0,(

QMQTLDD
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• is in the order of 0.90±0.05 to 0.935±0.03 for I-125 and Pd-103rel
bqk

• This correction appears to be protocol and TLD make specific.

• A correction might be needed for HE sources as well
(Joint AAPM-ESTRO report suggests ) but for Ir-192 Carlsson et al. (Med.

h ( ) ) b i h i d i irel
1rel

bqk

Phys. 39(2), 1133. 2012) suggests but with increased uncertainties
(3.5%, k=1).

95.0rel
bqk

q



Phantom correction)(,

)(,
QphantwD

QwwD
phantp 

• Plastics fabricated for water equivalence in 
MV beams used as phantom material (solid 
water 457-Gamex, white water RW3-PTW, 
plastic water CIRS)

• Williamson (1991) first noted the need for aWilliamson (1991) first noted the need for a 
pphant correction

Table from:: Luxton, Med. Phys. 21(5), 631 (1994)



Phantom correction)(
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• pphant increases with distance due to 
increased density and increased attenuation 

I 12 / SWfrom %Ca content
• There might also be a minor θ dependence

I-125 / SW

Table from:: Luxton, Med. Phys. 21(5), 631 (1994)
Figure from: Moutsatsos et al. Brachytherapy, 13(6), 618 (2014)



Phantom correction)(
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• Phantom material MUST be checked for density variation and composition (Ca or
th hi h Z t t i ti th t b t 30%) t i i i t Bother high Z content variation that can be up to 30%) to minimize type B

uncertainty.

Hi h it l ti (PMMA• High purity plastics (PMMA,
polystyrene) might be preferable since
pphant deviation from unity is greater1

p
for LE source dosimetry BUT type B
uncertainty of the correction will be
lower.

phantp

Figure from: Luxton, Med. Phys. 21(5), 631 (1994)



TLD: uncertainty budget

Moutsatsos et al. Brachytherapy, 13(6), 618 (2014)



In summary:

• TLD remains the standard method for single source exp dosimetry (both LE HE)• TLD remains the standard method for single source exp. dosimetry (both LE,HE)
• Methodological recommendations are included in TG43U1 (Rivard et al. 2004),

Joint AAPM-ESTRO report (Perez-Calatayud et al, 2012) and refs thereinp y
• At minimum calculate your correction using MC and including TLD att./volume

and pphant as a function of (r,θ). These are significant for LE and less for HE.
Wh t d ’t k ( h t iti d it t ) i t i t

relf

• What you don’t know (phantom composition, density, etc) goes in your uncertainty
budget!

• Overall uncertainty for LE is high mainly due to uncertainty. Dose rate constantsrel
bqky g y y

measured are on average ~5% higher than MC and hence the recommendation for
equally averaged, consensus values in TG43U1 (Rivard et al. 2004)

bq

• A dosimeter with reduced uncertainty would be welcome!



Alternatives to TLD

 1D systems used for single source dosimetry and especially QA: ion chambers, alanine,
OSLDs, PSDs, …. i.e:OSLDs, PSDs, …. i.e:

Araki, F. et al., 2013. Measurement of absorbed dose-to-water for an HDR (192)Ir source with ionization chambers in a sandwich setup. Med. Phys., 40(9), p.092101.
Sarfehnia, A., Kawrakow, I. & Seuntjens, J., 2010. Direct measurement of absorbed dose to water in HDR [sup 192]Ir brachytherapy: Water calorimetry, ionization

chamber, Gafchromic film, and TG-43. Med. Phys., 37(4), p.1924.
Adolfsson, E. et al., 2010. Response of lithium formate EPR dosimeters at photon energies relevant to the dosimetry of brachytherapy. Med. Phys., 37(9), p.4946.
S h k B t l E i t l d t i ti f th f l i ll t i th hi h d t I t PMB 6( ) 66Schaeken, B. et al., 2011. Experimental determination of the energy response of alanine pellets in the high dose rate 192Ir spectrum. PMB, 56(20), pp.6625–34.
Kolbun, N. et al., 2010. Experimental determination of the radial dose distribution in high gradient regions around 192Ir wires: comparison of electron paramagnetic

resonance imaging, films, and Monte Carlo simulations. Med. Phys., 37(10), pp.5448–55.
Chiu-Tsao, S.-T., Medich, D. & Munro, J., 2008. The use of new GAFCHROMIC EBT film for [sup 125]I seed dosimetry in Solid Water phantom. Med. Phys., 35(8),

p.3787.
Ald l ij S l di h i fil d i f ( ) di i fi ld d h 8( ) 6 8Aldelaijan, S. et al., 2011. Radiochromic film dosimetry of HDR (192)Ir source radiation fields. Med. Phys., 38(11), pp.6074–83.
Palmer, A.L. et al., 2013. Comparison of methods for the measurement of radiation dose distributions in high dose rate (HDR) brachytherapy: Ge-doped optical fiber,

EBT3 Gafchromic film, and PRESAGE® radiochromic plastic. Med. Phys., 40(6), p.061707.
Palmer, A.L., Lee, C., et al., 2013. Design and implementation of a film dosimetry audit tool for comparison of planned and delivered dose distributions in high dose rate

(HDR) brachytherapy. PMB, 58(19), pp.6623–40.
Palmer, A.L., Nisbet, A. & Bradley, D., 2013. Verification of high dose rate brachytherapy dose distributions with EBT3 Gafchromic film quality control techniques. PMB,

58(3), pp.497–511.

 OSLDs, PSDs and alanines are also used for in-vivo and will be reviewed in the next
lecture.

 Due to spatial measurement resolution, other limitations, and level of development
TLD remains the method of choice for single source dosimetry.

 What about 2D dosimetry using radiochromic films …?



Radiochromic films: basic principles
• Diacetylene molecules in a

gelatin matrix coated on a
l t bpolyester base

• Radiation induces
polymerization of diacetylenep y y
molecules to form
polydiacetylene dye polymers
(self-developing)(self-developing)

• These are blue in color and
cause light absorbance in the
red part of the visible
spectrum

• The change in net OD isThe change in net OD is
measured using flat-bed
scanners employing broad
band visible light sources andband visible light sources, and
correlated to dose

Figure from: Devic, Physica Medica 27(3) 122 (2011)



Radiochromic films: types

iff di h i TM fil il bl h diff i i dDifferent types or RadiochromicTM films are available that differ in construction and
characteristics:

• EBT3 film for measuring patient dosimetry for IMRT plan verification.
• EBT-XD for the measurement of absorbed doses of ionizing radiation suited for high-
energy photonsenergy photons.
• RTQA2 film for routine machine QA, such as radiation field / light field testing.
• MD-V3 films for measuring medium- to high-dose patient dosimetry.

HD V fil f hi h d d i k h K if d SRS• HD-V2 film for high-dose dosimetry work such as gamma Knife and SRS

2011: EBT-3 symmetric construction (126μm poly-30μm emulsion-126μm poly)
+ anti-Newton ring coating



Radiochromic films: influence factors
• There is post-irradiation signal growth that depends on t (log, 5% per decade) 

and T. A kt,T(t,T,D) correction must be applied OR films are kept @ stable T for 
( t l t 8h) 24h b f i(at least 8h) 24h before scanning.

• Background signal from an un-irradiated control film of the same batch and 
size, handled in the same way as the exp. films must be subtracted pixel-by-, y p p y
pixel to account for base OD and absorbance changes due to environmental 
conditions (T, visible light, humidity, scanning light, etc.) and obtain net OD 

changechange
• Film non-uniformity correction, knu(x,y), is important. A double exposure 

technique with pixel-by-pixel subtraction or average pixel value subtraction 
( ll fil ) b l d(small films) must be employed. 

• Alternatively, a triple channel technique has been developed (Micke et al, 
Multichannel film dosimetry with nonuniformity correction, Med. Phys. 38(5)Multichannel film dosimetry with nonuniformity correction, Med. Phys. 38(5) 
2523, 2011) and commercially available (FilmQA Pro software, Ashland-former 

ISP).
Th i l d if it d fil h ld l b d t th• There is also reader non-uniformity and films should always be read at the 

same scanner bed location to avoid application of a kpos(x,y) correction
• Film response is dose rate independent!p p

• Films can be used in water!



EBT films: sensitivity/linearityEBT films: sensitivity/linearity

• Sensitivity is film, scanner, protocol, and dose
dependentdependent

• It is non linear and different or all RGB channels
can be used

bD
Dc
bDaDO




 log..

Figure from: Devic, Physica Medica 27(3) 122 (2011)



Radiochromic films: rel. E response
)0()0(

)()(
)0,(

QTLDDQwD
QTLDDQwD

QQrelf 
)0()0(

)()(
)0,(

QMQTLDD
QMQTLDD

QQrel
bqk 

• Arjomandy et al (2010) found the relative sensitivity of EBT2 relatively small
(within k=1 uncert. 4.5%) from MV to 75kVp

• Brown et al (2012) used synchrotron mono chromatic x rays and found up to• Brown et al (2012) used synchrotron mono-chromatic x-rays and found up to
3% dose under-response ( ) at low E (25-35 keV)

• Bekerat et al (2014) indicate no relative energy dependence of EBT3 films
97.0rel

bqkrelf

between Ir-192 and Co-60 (albeit for 3cm film-source distance in a parallel-
opposed Ir-192 HDR irradiation setup)

• The same authors report an over response ( ) of about 16%±4% and an1relkrelf• The same authors report an over response ( ) of about 16%±4% and an
under response ( ) of about 27% ± 4% for EBT3 irradiated in x-ray
beams of average energies about 40 keV and 20 keV, respectively, relative to Co-
6

1bqkf

1rel
bqkrelf

60.

0 5% type A0.5% type A 
positioning

Pictures from: Aldelaijan et al, Med. Phys. 38, 6074 (2011)



Radiochromic films: precision/accuracy
• Chiu-Tsao et al. (2008) used EBT for I-125 seed dosimetry in Solid Water with a

calibration from a I-125 seed (uncertainty due to solid water not included)

Table from: Chiu-Tsao et al, Med. Phys. 35, 3787 (2008)



In summary:

• Radiochromic films close to maturity for brachytherapy dosimetry• Radiochromic films close to maturity for brachytherapy dosimetry
BUT

• Further work is needed for their full relative energy response characterizationFurther work is needed for their full relative energy response characterization
• Due to calibration uncertainty (rel. high and dose dependent) and influence factors

they are reserved mainly for relative dosimetry in QA and D verification



3D dosimeters…?

• radiation induced chemical

Figure from: Rogers & Cygler (Eds), Clinical dosimetry measurements in 
radiotherapy (2009 AAPM Summer School), Monograph No. 34, Medical 

Physics Publishing 2011

• radiation-induced chemical
change in a gel matrix can be
mapped in 3D using MRI or

i l CToptical CT

• polymer gels: Custom made with organic co-monomers
• Truview/Clεarview gels (Modus Medical devices Inc ):Truview/Clεarview gels (Modus Medical devices Inc.):

xylenol orange organic reagent
• PRESAGE (Heuris Inc.): color forming leucodye +

initiator within a polyurethane matrix (not a gel)
Figure from: Baltas, Sakelliou, Zamboglou (Eds), 

The Physics of modern brachytherapy for 
oncology, Taylor & Francis Books Inc, 2006 

initiator within a polyurethane matrix (not a gel)



3D dosimetersAdvantages
• Dosimeter is the phantom

(negligible to small pphant
depending on type)depending on type)

• 3D character facilitates
concurrent measurements and
processing for minimizing
positional and type A
uncertaintyy

• negligible to small frel

(depending on type)
N d t d d• No dose rate dependence
(except for methacrylic acid
based gels-MAGIC & PRESAGE

Disadvantages
• Sensitivity varies with type and batch

at very low dose rates) • krel
bq can be significant for some dosimeters @

low E
D h t t i fl d bl• 3D character augments influences and problems

similar to that of films increasing type B
uncertainty

Figure from: Rogers & Cygler (Eds), Clinical dosimetry measurements in radiotherapy (2009 
AAPM Summer School), Monograph No. 34, Medical Physics Publishing 2011



Example polymer gels

Figures from: Baltas, Sakelliou, Zamboglou (Eds), The Physics of modern brachytherapy for 
oncology, Taylor & Francis Books Inc, 2006 



Example PRESAGE

• Palmer et al. Ir-192 HDR
dosimetry in TG-43 conditions

Pictures from: Palmer et al, Med. Phys. 40, 061707 (2013)



Example PRESAGE

• Palmer et al. Ir-192 HDR
dosimetry in TG-43 conditions

Pictures from: Palmer et al, Med. Phys. 40, 061707 (2013)



Example PRESAGE

Private data: 
relative response variation 

with dose rateswith dose rates 
encountered outside the 

PTV in HDR brachy, 
measured with PRESAGEmeasured with PRESAGE 

cuvvettes



Example Truview: private data 

calibration



Example Truview: private data 

Set up and planningp p g
(8 Gy to an arbitrary PTV 

using geometrical 
optimization)optimization)



Example Truview: private data 
Gamma index maps 

(2mm/5%) : 

MC versus Truview

ACE T iACE versus Truview

TG-43 vs Truview



Example commissioning/dose verification
• Laborious…!

• No single, ideal, system existsNo single, ideal, system exists
• Registration of measured and calculated dose distributions comes into play

Still there is a way to verify calculations, albeit, within the experimental 
uncertaintiesuncertainties



Example commissioning/dose verification

• Private data:
experimentalexperimental 

dosimetry for the 
validation of 

MBDCA lt fMBDCA results for 
Ir-192 HDR 



Example commissioning/dose verification



Example commissioning/dose verification



Example 
commissioningg

/dose verification



Example commissioning/dose verification



Example 
commissioningg

/dose verification



Example 
commissioningg

/dose verification



Further reading …

• Rogers & Cygler (Eds), Clinical dosimetry measurements in radiotherapy (2009
AAPM Summer School), Monograph No. 34, Medical Physics Publishing 2011

B lt S k lli Z b l (Ed ) Th Ph i f d b h th f• Baltas, Sakelliou, Zamboglou (Eds), The Physics of modern brachytherapy for
oncology, Taylor & Francis Books Inc, 2006

•Rivard, M.J. et al., 2004. Update of AAPM Task Group No. 43 Report: A revised
AAPM protocol for brachytherapy dose calculations. Medical Physics, 31(3), p.633.
• Perez-Calatayud, J. et al., 2012. Dose calculation for photon-emittingy , , p g
brachytherapy sources with average energy higher than 50 keV: report of the AAPM
and ESTRO. Medical physics, 39(5), pp.2904–29.

and references cited hereinand references cited herein



Further reading …
•References cited in this lecture:
•Adolfsson, E. et al., 2010. Response of lithium formate EPR dosimeters at photon energies relevant to the dosimetry of brachytherapy. Med. Phys., 37(9), p.4946. 
•Aldelaijan, S., Mohammed, H., Tomic, N., Liang, L.-H., Deblois, F., Sarfehnia, A., … Devic, S. (2011). Radiochromic film dosimetry of HDR (192)Ir source radiation 
fields. Medical Physics, 38(11), 6074–83. 
•Araki, F. et al., 2013. Measurement of absorbed dose-to-water for an HDR (192)Ir source with ionization chambers in a sandwich setup. Med. Phys., 40(9), p.092101. 
•Brown, T. a D., Hogstrom, K. R., Alvarez, D., Matthews, K. L., Ham, K., & Dugas, J. P. (2012). Dose-response curve of EBT, EBT2, and EBT3 radiochromic films to 
synchrotron-produced monochromatic x-ray beams. Medical Physics, 39(12), 7412–7. 
•Chiu-Tsao, S.-T., Medich, D. & Munro, J., 2008. The use of new GAFCHROMIC EBT film for [sup 125]I seed dosimetry in Solid Water phantom. Med. Phys., 35(8), 
p.3787. 
•Davis S D Ross C K Mobit P N Van der Zwan L Chase W J & Shortt K R (2003) The response of lif thermoluminescence dosemeters to photon beams inDavis, S. D., Ross, C. K., Mobit, P. N., Van der Zwan, L., Chase, W. J., & Shortt, K. R. (2003). The response of lif thermoluminescence dosemeters to photon beams in 
the energy range from 30 kV x rays to 60Co gamma rays. Radiation Protection Dosimetry, 106(1), 33–43. 
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•Kennedy, R. M., Davis, S. D., Micka, J. A., & DeWerd, L. A. (2010). Experimental and Monte Carlo determination of the TG-43 dosimetric parameters for the model 
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•Kolbun, N. et al., 2010. Experimental determination of the radial dose distribution in high gradient regions around 192Ir wires: comparison of electron paramagnetic 
resonance imaging, films, and Monte Carlo simulations. Med. Phys., 37(10), pp.5448–55. 
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Medical Physics, 21(5), 631. 
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•Palmer, A.L. et al., 2013. Comparison of methods for the measurement of radiation dose distributions in high dose rate (HDR) brachytherapy: Ge-doped optical fiber, 
EBT3 Gafchromic film, and PRESAGE® radiochromic plastic. Med. Phys., 40(6), p.061707. 
•Palmer, A.L., Lee, C., et al., 2013. Design and implementation of a film dosimetry audit tool for comparison of planned and delivered dose distributions in high dose rate 
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•Palmer, A.L., Nisbet, A. & Bradley, D., 2013. Verification of high dose rate brachytherapy dose distributions with EBT3 Gafchromic film quality control techniques. PMB, 
58(3), pp.497–511. 
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Modern BrachytherapyModern Brachytherapy::
TreatmentTreatment VerificationVerification AnAn ExampleExample
 The planned treatment delivery

Treatment Treatment Verification Verification –– An An ExampleExample
p y

CT-Verification CT-Planning

Needle Free Lenth (measured)

Needle free length
• measured after implantation and before CT-imagingg g

• controlled before each fraction



Modern Brachytherapy:Modern Brachytherapy:
Treatment Verification Treatment Verification –– An ExampleAn Example

 Delivered Treatment versus Planned Treatment

CT-Verification I CT-PlanningCT-Verification II 



Modern Brachytherapy:Modern Brachytherapy:
Treatment Treatment Delivery VerificationDelivery Verification

 Delivered Treatment versus Planned Treatment

Currently we assume that:

• The geometry and location of the implanted cathetersThe geometry and location of the implanted catheters

• The connection of channels to implanted catheters

• The length of the channels

• The source movement patterns (dwell positions and dwell times)p ( p )
within the implanted catheters

• The patient anatomy at the relevant locationThe patient anatomy at the relevant location

are during treatment delivery exact as considered and planned in the RTP.



BRT BRT versusversus ERT ERT SimilaritiesSimilarities and Differencesand Differences

Dosimetric Kernel  Dosimetric Kernel   ParticlesParticles
(Spot)(Spot)



Delivery TechnologyDelivery Technology  IMRT (X, P)IMRT (X, P)
(Modulation, Dose(Modulation, Dose--VolumeVolume--Prescription)Prescription)

Dose DistributionDose Distribution  SRS / SBRTSRS / SBRT
((InhomogeneityInhomogeneity))





BRT BRT versusversus ERT Similarities and ERT Similarities and DifferencesDifferences

 The Localization Process

• 3D-Localization of the relevant Anatomy (as in ERT)

• 3D-Localization of the implanted catheters (“Beams”)

• Co-Registration of Anatomy and implanted cathetersg y p



BRT BRT versusversus ERT Similarities and ERT Similarities and DifferencesDifferences

• Beam Delivery System in BRTy y
Beam = Catheter/Needle/Applicator
MLC Settings = Source moving patterns within applicatorMLC Settings  Source moving patterns within applicator
Monitor Units = Dwell Times

Thus “beams” become for BRT patient-dependent parameters, 
that requires 3D reconstruction (Localization: Imaging, …) and q ( g g, )
registration to anatomy



BRT BRT versusversus ERT Similarities and ERT Similarities and DifferencesDifferences

• Verification
We mean the process of proof that we deliver the dose we 
planned to the tissue (3D) within a specific accuracy and 
precision levelprecision level.

• BRT (HDR)BRT (HDR)
In opposite to ERT our dose delivery system (stepping source 
within implanted catheters) depends on the specific patient 
implant geometry (anatomy).

This is not the case for ERT, where the performance of the dose 
delivery system (MLC Dose Rate Energy Gantry Angledelivery system (MLC, Dose Rate, Energy, Gantry Angle, 
Collimator Angle & Couch Settings) is independent of the specific 
patient.



Where are we today in ERT?

 VerificationVerification ofof individualindividual RTRT--PlanPlan viavia 22D/D/33DD measurementsmeasurements::
RTP(Ph t )RTP(Ph t ) ++ M hiM hi OffOff LiLi

Tow
Tow

RTP(Phantom)RTP(Phantom) ++ MachineMachine asas anan OffOff--LineLine
PrePre--TreatmentTreatment--ProcedureProcedure

w
ards D

w
ards D

 DoseDose ReconstructionReconstruction inin PatientPatient AnatomyAnatomy utilisingutilising
OffOff--LineLine 33DD--measurementsmeasurements:: RTPRTP ++ MachineMachine

ose 
ose --RR

 33DD--DoseDose VerificationVerification inin PatientPatient--customizedcustomized PhantomPhantom
OffOff LineLine 33DD measurementmeasurement:: RTPRTP ++ MachineMachine ++ SetSet UpUp

R
econst

R
econst

OffOff--LineLine 33DD--measurementmeasurement:: RTPRTP ++ MachineMachine ++ SetSet--UpUp

 RealReal--TimeTime FluenceFluence MeasurementMeasurement duringduring TreatmentTreatment andand DoseDose

ruction
ruction

ReconstructionReconstruction

 ......



Example of a PCA-IMRT Offline Pre-Treatment
Where are we today in ERT?
Example of a PCA-IMRT Offline Pre-Treatment
Procedure: RTP(Phantom) + Machine



Example of a PCA-IMRT Offline Pre-Treatment
Where are we today in ERT?
Example of a PCA-IMRT Offline Pre-Treatment
Procedure: RTP(Phantom) + Machine

RTP Meas.RTP: Automatic transfer
to phantom geometry

OCTAVIUS by PTW

Gamma-3DCompare

Fluence / Intensity Maps on0° 40° 80° 120°

D
ec

is
i0 40 80 120

D160° 200° 240° 280° 320°

VeriSoft by PTW



Example of Dose Reconstruction in
Where are we today in ERT?
Example of Dose Reconstruction in
Patient Anatomy utilising Off-Line 3D-measurements:
RTP + MachineRTP + Machine
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Example of Dose Reconstruction in
Where are we today in ERT?
Example of Dose Reconstruction in
Patient Anatomy utilising Off-Line 3D-measurements:
RTP + MachineRTP Machine



Example of 3D-Dose Verification in
Where are we today in ERT?
Example of 3D-Dose Verification in
Patient-customized Phantom:
Off-Line 3D-measurement: RTP + Machine + Set-UpOff-Line 3D-measurement: RTP + Machine + Set-Up

1515



Example of 3D-Dose Verification in
Where are we today in ERT?
Example of 3D-Dose Verification in
Patient-customized Phantom:
Off-Line 3D-measurement: RTP + Machine + Set-UpOff-Line 3D-measurement: RTP + Machine + Set-Up



Example of Real-Time Fluence
Where are we today in ERT?

p
Measurement during Treatment and Dose Reconstruction: RTP

+ Machine + Set-Up + Patientp

DAVID by PTW
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Example of Real-Time Fluence Measurement
Where are we today in ERT?

p
during Treatment and Dose Reconstruction:
RTP + Machine + Set-Up + Patientp
DAVID by PTW

delivered

RTP

CT CBCT

Delivered DVHs
RTP

18

RTP

18



Example of Anatomy (Target) based Verification
Where are we today in ERT?

p y ( g )
of Positioning:
Patient (PTV) + Machine + Set-Up + ... (Targeting)( ) p ( g g)

DRR MIP EPID



BRT BRT versusversus ERT Similarities and DifferencesERT Similarities and Differences

 The Verification ProcessThe Verification Process

• What is the “DRR” in BRT?What is the DRR  in BRT?
• What is the “BEV” in BRT?
• What is the “EPID” in BRT?
• What is the “Fiducial” in BRT?• What is the “Fiducial” in BRT?
• What is the “measurable Beam Fluence” in BRT?
• What is the “Fingerprint” of a “Beam-Delivery” in BRT?

Wh i h “i di id l l ifi i ” i BRT?• What is the “individual plan verification process” in BRT? 
• ??? 



BRT BRT versusversus ERT Similarities and DifferencesERT Similarities and Differences

 The Verification Process

The majority of those tools and/or processes are not
d fi d t ll t i l t d t t f thdefined at all or are not implemented or are not part of the 
current clinical treatment planning and treatment delivery 
procedure (RTP)!procedure (RTP)!



BRT BRT versusversus ERT Similarities and DifferencesERT Similarities and Differences

 The Verification Process:  ERT

DRR: Beam  Anatomy



Modern Brachytherapy:Modern Brachytherapy:
Treatment Treatment Delivery VerificationDelivery Verification

 Delivered Treatment versus Planned Treatment

Currently we assume that:

• The geometry and location of the implanted cathetersThe geometry and location of the implanted catheters

• The connection of channels to implanted catheters

• The length of the channels

• The source movement patterns (dwell positions and dwell times)p ( p )
within the implanted catheters

• The patient anatomy at the relevant locationThe patient anatomy at the relevant location

are during treatment delivery exact as considered and planned in the RTP.



A l C t f V ifi ti i BRTA l C t f V ifi ti i BRTA general Concept of Verification in BRT:A general Concept of Verification in BRT:
Computational Verification Computational Verification CoVerCoVer

Dose Planned = Dose Delivered ? can not completely be answered 
w/o incorporating in-situ imaging and 3D-localization techniques!
If the performance of our BRT-MLC, thus the correct stepping with 
the correct dwell time pattern (fluence) at the correct geometrical 
configuration (the analogue of Gantry, Collimator, Couch Set-
Up) is the appropriate (planned) can be most probably answeredUp) is the appropriate (planned) can be most probably answered 
by applying Computational Techniques.
Computational, since in BRT we have to compute firstly and onComputational, since in BRT we have to compute firstly and on  
the top issues similar to a DRR, an EPID, or a Fluence profile 
(the Finger-Print ?), which currently are not part of our standard 
RTP-procedure (as it is the case in ERT-RTP-Process).



A l C t f V ifi ti i BRTA l C t f V ifi ti i BRTA general Concept of Verification in BRT:A general Concept of Verification in BRT:

 Computational Methods (Computational Methods (SoftwareSoftware))

 System Implementation (System Implementation (HardwareHardware))y p (y p ( ))

 Integration (Integration (BrainwareBrainware)) Integration (Integration (BrainwareBrainware))



AA l C t f V ifi ti il C t f V ifi ti i BRTBRTA A general Concept of Verification in general Concept of Verification in BRT:BRT:
Computational Verification CoverComputational Verification Cover

 Dedicated DRRs for Localisation and Verification purposesp p

Dedicated implant Plastic catheters

N x different ?
Dedicated implant
dependent filters

Plastic catheters

Milickovic N., Baltas D, et al. “CT imaging based digitally reconstructed radiographs 
d h i li i i b h h “ Ph M d Bi l 4 2000and their application in brachytherapy“, Phys. Med. Biol. 45, 2000

Integrated in the RTPs + DICOM Export (SC) to
Imaging-based Verification Systems



AA l C t f V ifi ti il C t f V ifi ti i BRTBRTA A general Concept of Verification in general Concept of Verification in BRT:BRT:
Computational Computational Verification Cover Verification Cover 

 The “finger print” or the measurable fluence of a treatmentg p

(1) Compute time-resolved information (dose-rate, dose, etc..) 
that can be considered as the reference information for an on-line (in-vivo) verification 
process. This could be the analogon to DRR or fluence profile in ERT and could be 
considered as the “Finger-Print” of the treatment delivery (?):g y ( )

– per channel / catheter
– whole treatment plan Integrated in the RTPs 

+ Export to– including uncertainties
» Implant-specific

T t t D i ifi

+ Export to
Measurement-based 
Verification Systems» Treatment Device-specific

» Measurement system-specific
» ???

Verification Systems

» ???



 The “finger print” or the measurable fluence of a treatment
Compute time resolved information (dose rate dose etc )Compute time-resolved information (dose-rate, dose, etc..)



AA l C t f V ifi ti il C t f V ifi ti i BRTBRTA A general Concept of Verification in general Concept of Verification in BRT:BRT:
Computational Computational Verification CoverVerification Cover

(2a)  Where to be computed?
o Single position  versus Multiple Positions
o 1D-Array 

2D Ao 2D-Array
o Measuring System-dependent

(2b)  How to be computed?
Ti l do Time-resolved

o Channel & Dwell Position resolved
o Whole Treatment Plano Whole Treatment Plan
o Dedicated Verification Plan 
o Workflow & Verification System-dependento o o & e cat o Syste depe de t



AA l C t f V ifi ti il C t f V ifi ti i BRTBRTA A general Concept of Verification in general Concept of Verification in BRT:BRT:
Computational Computational Verification CoverVerification Cover

(3) Map firstly Computed to Measurable
“Treatment-Finger-Print”, e.g. time- and/or channel/ADP-
resolved Dose or Dose Rate

To be computed considering
o Measuring System / Detector System characteristics

» Volume effect/response
Di ti l» Directional response

» Energy response (distance)
» Temperature Response» Temperature Response
» ???

o Measuring System / Detector System related uncertaintieso Measuring System / Detector System related uncertainties



A A general Concept of Verification in general Concept of Verification in BRT:BRT:
ComputationalComputational VerificationVerification CoverCover A PrototypeA PrototypeComputational Computational Verification Verification Cover Cover –– A PrototypeA Prototype

6 x Detectors (diodes) 
bladder and rectum.
Could be an array or 

th fi tiany other configuration 
up to a single detector

Energy and Angular and Volume 
Detector Response DependenceDetector Response Dependence 

can be considered

Developed in cooperation and Copyright © by Pi-Medical Ltd., all rights reserved.



A A general Concept of Verification in general Concept of Verification in BRT:BRT:
ComputationalComputational VerificationVerification CoverCover A PrototypeA PrototypeComputational Computational Verification Verification Cover Cover –– A PrototypeA Prototype

Developed in cooperation and Copyright © by Pi-Medical Ltd., all rights reserved.



A A general Concept of Verification in general Concept of Verification in BRT:BRT:
ComputationalComputational VerificationVerification CoverCover A PrototypeA Prototype

Time resolved Dose 
R h i i fS P iti

Computational Computational Verification Verification Cover Cover –– A PrototypeA Prototype

Rate at the position of 
Detector B1 w/o 

considering detector 
uncertainties

Source Position 
corresponding to the 

time-point during 
treatment delivery uncertaintiestreatment delivery 

time shown in graph

Detailed view of 
information for theinformation for the 

specific time moment 
(X-axis of graph) in 

treatment plan 
d li !delivery!

Developed in cooperation and Copyright © by Pi-Medical Ltd., all rights reserved.



AA l C t f V ifi ti il C t f V ifi ti i BRTBRTA A general Concept of Verification in general Concept of Verification in BRT:BRT:
Computational Computational Verification CoverVerification Cover

(4) Map Computed Measurable to Measured( ) p p
“Treatment-Finger-Print”, e.g. time- and/or channel/ADP-
resolved Dose or Dose Rate

o Consideration of actual “performance” of the measuring system/device
o Update of localization

???o ???

(5) Dedicated tools for (live and/or off-line):
P tt l i ( AEDA*)o Pattern-analysis (e.g. AEDA*)

o Prediction
o Decision
o alert generation and interfacing

*Kertzscher et al., 2014



A l C t f V ifi ti i BRTA l C t f V ifi ti i BRTA general Concept of Verification in BRTA general Concept of Verification in BRT::

 Computational Methods (Computational Methods (SoftwareSoftware))

 System Implementation (System Implementation (HardwareHardware))y p (y p ( ))

 Integration (Integration (BrainwareBrainware)) Integration (Integration (BrainwareBrainware))



A A general Concept of Verification in general Concept of Verification in BRT:BRT:
Hard areHard are DetectorsDetectorsHardware Hardware -- DetectorsDetectors

Energy-, Angular-, Temperature-,
Volume-dependence:
Computational methods in RTP !

B. Reniers, G. Landry, R. Eichner, A. Hallil,  F. Verhaegen,
Med. Phys. 39 (4), 1925-1935, 2012

Most probably it is a sufficient requirement for the time-resolved –based systems:
Have a stable response/behaviour over the period of signal acquisition (usually 10-30 min)
Be small enough to be entered into catheters/applicators/ ….



A A general Concept of Verification in general Concept of Verification in BRT:BRT:
System Implementation System Implementation –– Hardware: Imaging / EPIDHardware: Imaging / EPID



A l C t f V ifi ti i BRTA l C t f V ifi ti i BRTA general Concept of Verification in BRT:A general Concept of Verification in BRT:
Computational Verification CoVer

Dose Planned = Dose Delivered ? can not completely be answered 
w/o incorporating in-situ imaging and 3D-localization techniques!
If the performance of our BRT-MLC, thus the correct stepping with 
the correct dwell time pattern (fluence) at the correct geometrical 
configuration (the analogue of Gantry, Collimator, Couch Set-
Up) is the appropriate (planned) can be most probably answeredUp) is the appropriate (planned) can be most probably answered 
by applying Computational Techniques.
Computational, since in BRT we have to compute firstly and onComputational, since in BRT we have to compute firstly and on  
the top issues similar to a DRR, an EPID, or a Fluence profile 
(the Finger-Print ?), which currently are not part of our standard 
RTP-procedure (as it is the case in ERT-RTP-Process).



A l C t f V ifi ti i BRTA l C t f V ifi ti i BRTA general Concept of Verification in BRT:A general Concept of Verification in BRT:

 Computational Methods (Computational Methods (SoftwareSoftware))

 System Implementation (System Implementation (HardwareHardware))y p (y p ( ))

 Integration (Integration (BrainwareBrainware)) Integration (Integration (BrainwareBrainware))



AA general Concept of Verification in BRTgeneral Concept of Verification in BRT::A A general Concept of Verification in BRTgeneral Concept of Verification in BRT: : 
Integration (Integration (BrainwareBrainware))

To Do
• Interface to Afterloading deviceg

- Synchronization of “time-axis” - Triggering
- Synchronization of “system-status”y y
- Interlock-Interface 
- ???

• Standardized Interface to:
o Afterloaders
o Detectors / Detector Systems



Thank you very muchThank you very much
for your Attentionfor your Attention





In Vivo Dosimetry (IVD)In Vivo Dosimetry (IVD)
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Disclosures

• I am leading a research effort to develop scintillator-based 
dosimeters

• I hold patents related to scintillation dosimetry

• My institution has a licensing agreement with Standard 
Imaging



Learning Objectives

• Context surrounding IVD in brachytherapy. 

• Overview of the tools available, their performances and 
limitations for IVD in brachytherapy.

• Know the key challenges associated with IVD in 
brachytherapy.

• Provide a “skeleton framework” to set-up an IVD in your 
clinic  � Pointers



In-Vivo Dosimetry

• Dose measurement(s) performed while the Tx. is 
proceeding

� Within catheters

� Intracavity

� Surface

� Not necessarily in real-time…� Not necessarily in real-time…



In-Vivo Dosimetry

“In vivo dosimetry (IVD) is in use in external beam

radiotherapy (EBRT) to detect major errors, to assess

clinically relevant differences between planned andclinically relevant differences between planned and

delivered dose, to record dose received by individual

patients, and to fulfill legal requirements”

- In vivo dosimetry in external beam radiotherapy. Mijnheer et al, 

Med. Phys 2013 (Vision 20/20)



In-Vivo Dosimetry

“The initial motivation for performing IVD in BT was

mainly to assess doses to organs at risk (OAR) by direct

measurements, because precise evaluation of OARmeasurements, because precise evaluation of OAR

doses was difficult without 3D dose treatment planning.”

- In vivo dosimetry in brachytherapy. Tanderup et al, Med. Phys

2013 (Vision 20/20)





Source: New Yorks Times



Do you perform IVD in tour clinics?

a) Yes for all casesa) Yes for all cases

b) Yes for selected cases

c) No



Contents

• Why IVD in brachytherapy?

• Tools and clinical experiences

• Challenges or “the physics is killing me”

• NextGen IVD tools

• Some pointers…



Why in vivo dosimetry?

• Prevent, rare but major accidents

� Brachytherapy procedures are performed without the 
safeguards of Record and Verify systems.safeguards of Record and Verify systems.

• Human errors are the main cause of inadequate 
brachytherapy dose delivery, although mechanical 
failures occur as well. Examples are:

� exchanged guide tubes;

� misadjusted applicators;

� reconstruction errors;

� mechanical errors.



Why in vivo dosimetry?

• About 1/3 of the reported incidents in this IAEA booklet 
refer to brachytherapy!refer to brachytherapy!



Why in vivo dosimetry?

• Planned = delivered ?

� Learning curve

� Small number of fractions with increasing doses

� Organ movement or deformation during treatment delivery

� Organ swelling (LDR/PDR) or relative organ-catheter 

motion (HDR – multiple fractions)motion (HDR – multiple fractions)



Tanderup et al. 

Vision 20/20. 

Med. Phys. 2013



Why in vivo dosimetry?

• commissioning of new treatment technique – “in vivo” in 

phantom;phantom;

• Quality control of patient treatments;

• Confirmation of delivered dose (proof of good Tx);

• Used for inter-comparisons and audit systems.



Why in vivo dosimetry?

• Support for the use of in-vivo dosimetry by 

(inter)national bodies(inter)national bodies

• Legal obligation in many countries



Key questions!

• What do we want to know?• What do we want to know?

• What do we need to measure?



Guidance?

• ESTRO- the basic philosophy includes routine in-vivo dosimetry as 

an important chain in Quality Control of radiotherapy including 

brachytherapy;brachytherapy;

• IAEA – in a mission to improve the accuracy and safety of • IAEA – in a mission to improve the accuracy and safety of 

radiotherapy in developing countries;

• AAPM – TG-62 in a recommendation on the use of diode 

dosimetry in external beam radiotherapy (AAPM 2005).



What about Brachytherapy?



• Comprehensive Brachytehrapy: physical and clinical aspect. JLM Venselaar, D 
Baltas, AS Meigooni and P.J. Hoskin. CRC Press, Taylor & Francis, 2013.

� In particular Chapters 25: In Vivo Dosimetry in Brachytherapy by Cygler J. et al

• Brachytherapy physics, 2ed, AAPM monograph #31, 2005.

Key References

• Brachytherapy physics, 2ed, AAPM monograph #31, 2005.

• In vivo dosimetry in brachytherapy. Tanderup K, Beddar S, Andersen C E, 
Kertzscher G and Cygler J E. Med. Phys. 40 (2013) 070902 - Vision 20/20 
manuscript

• In vivo dosimetry: trends and prospects for brachytherapy. Kertzscher G, 
Rosenfeld A, Beddar S, Tanderup K and Cygler J E. Br. J. Radiol. 87 (2014) 
20140206

• Time-resolved in vivo luminescence dosimetry for online error 
detection in pulsed dose-rate brachytherapy. Andersen C E, Nielsen 
S K, Lindegaard J C and Tanderup K. Med. Phys. 36 (2009) 5033–43

• A dosimetric uncertainty analysis for photon-emitting brachytherapy sources: 
Report of AAPM Task Group No. 138 and GEC-ESTRO. DeWerd L A, Ibbott G 
S, Meigooni A S, Mitch M G, Rivard M J, Stump K E, Thomadsen B R and 
Venselaar J L M 2011 Med. Phys. 38 782–801



How common is this?
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Available Dosimeters (All)

52
67

52
45

17 16
9 10

3

39

Source: PubMed, March 5th 2012: “in vivo dosimetry” AND “<Detector>”
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• Why IVD in brachytherapy?

• Tools and clinical experiences

• Challenges or “the physics is killing me”

• NextGen IVD tools

• Some pointers…



Tanderup et al, Vision 20/20, Med Phys 2013



The Dosimeters

• TLDs



The Dosimeters

• TLDs

� Prostate, Urethral and Rectal dose in HDR prostate � Prostate, Urethral and Rectal dose in HDR prostate 
implants

� Brezovich IA et al., Med Phys 27, 2000; 

� Anagnostopoulos G et al., IJROBP 57, 2003; 

� Das R et al, Australas Phys Eng Sci Med. 2007; 

� Toye W et al, Rad Onc 91, 2008 

� Between 10 and 20 TLDs� Between 10 and 20 TLDs



The Dosimeters

• TLDs

• Flag dose delivery error of > 

10%
o Uncertainty about 10%

• Action level at 20%
o 1/3 of case further 

investigated

Toye W et al, Rad Onc 91, 2008 

investigated



The Dosimeters

• Skin dose in breast 
HDR txHDR tx

� Raffi JA et al, Med 
Phys 37 (2010)

• Average 16% deviation 
(59 cases) if TG-43

• Within 3% if advanced • Within 3% if advanced 
dose calculation (e.g. 
MC, Acuros)



The Dosimeters

• MOSFETs



The Dosimeters

• MOSFETs (real-time!)

� Urethral dose in seed implants � Urethral dose in seed implants 

� Cygler JE et al, Rad Onc 80, 2006 (single)

� Bloemen-van Gurp E et al, IJROBP 73, 2009 (array)

� High sensitivity MOSFET; calibration with 125I seeds

� Uncertainties (ideal situation): 8% (1σ)� Uncertainties (ideal situation): 8% (1σ)

� Action level ±16% or 2σ



The Dosimeters

• Alanine (amino acid) / EPR / ESR 



The Dosimeters

• Alanine (amino acid) / EPR / ESR

� GYN (137Cs) 

� Schultka K et al., Rad. Prot. Dos 120 (2006)� Schultka K et al., Rad. Prot. Dos 120 (2006)

� Average difference with planning 10%

� Detector volume too large

• Alanine (amino acid) / EPR / ESR

� Urethra dose in prostate HDR: � Urethra dose in prostate HDR: 
Phantom Study 

� Anthon M et al., PMB 54 (2009)

� Uncertainty of 5% at 1σ 

� exclude source strength uncertainty of 5%



The Dosimeters

• Diodes (real-time)

� e.g. PTW 9112 (five diodes array)� e.g. PTW 9112 (five diodes array)



The Dosimeters

• Diodes: PTW 9112 (5) and 9113 (1)

� Cervix � Cervix 

� Alecu R and  Alecu M. Med Phys 26 (1999)

o Agreement with TPS within 15%

� Waldhäusl C et al., Rad Onc 77 (2005)

o Phantom: uncertainty of diode measurements of 7% (1σ)

o Clinical action level of ±10% 

o 36 out of 55 cases need further investigation

» 19 > 20% rectal dose

» 6 > 20% bladder dose



The Dosimeters

• Diodes

“…diodes allow performing in-vivo measurements,“…diodes allow performing in-vivo measurements,
provided that the position of the diodes relative to
the reference points are determined accurately”

- Waldhäusl C et al., Rad Onc 77 (2005)



The Dosimeters

• Radiophotoluminescent glass dosimeter

� Dose Ace (Japan): UV stimulation of silver phosphate

Takayuki et al., IJROBP 2008



The Dosimeters

• Radiophotoluminescent glass dosimeter

� Pioneers work: Roswit B, et al. Radiology 97 (1970) 
“In vivo radiation dosimetry. Review of a 12-year “In vivo radiation dosimetry. Review of a 12-year 
experience.” 

� Prostate: Takayuki et al., IJROBP 70 (2008) and Hsu 
SM et al., Med Phys 35 (2008)

� GYN: Takayuki et al., IJROBP 70 (2008)

� H&N Brachy: Takayuki et al., IJROBP 61 (2005)



The Dosimeters

• Radiophotoluminescent glass dosimeter

� Prostate (26 cases): Takayuki et al., IJROBP 70 � Prostate (26 cases): Takayuki et al., IJROBP 70 
(2008) and Hsu SM et al., Med Phys 35 (2008)

� GYN (35 cases): Takayuki et al., IJROBP 70 (2008)

� H&N Brachy (61 cases): Takayuki et al., IJROBP 61 
(2005)



The Dosimeters

• Radiophotoluminescent glass dosimeter

� Takayuki et al., IJROBP 70 (2008)� Takayuki et al., IJROBP 70 (2008)

� Deviations of more than 20% seen

o Motions

o Inhomogeneities



The Dosimeters

• Real-time OSL reading
� Anderson’s group� Anderson’s group



The Dosimeters

• Real-time OSL reading

� Cervix/PDR: Anderson CE et al., Med Phys 36 � Cervix/PDR: Anderson CE et al., Med Phys 36 
(2011)

� OSL measurements uncertainty 5% (1σ)

� Displacement errors are distance dependent

� Factor of 10 more likely to detector an error (like tube � Factor of 10 more likely to detector an error (like tube 
interchange) if time-resolved measurements.



The Dosimeters

• Plastic Scintillation (real-time) Dosimeters
� BrachyFOD + PTW OPTIDOS (Lambert J, PMB 2006)� BrachyFOD + PTW OPTIDOS (Lambert J, PMB 2006)

� BC400, similar design as Beddar et al  from 1992…



The Dosimeters

• Plastic Scintillating Fiber Dosimeters

� Laval/MD Anderson design with Cerenkov correction



The Dosimeters

• Plastic Scintillating Fiber Dosimeters

� Urethral dose (prostate HDR)� Urethral dose (prostate HDR)

� SUCHOWERSKA N, IJROBP 79 (2011)

� 1 Measurements points with imaging (pt marker)

� Average deviations without imaging 9%, max 67%.

� Max. deviation with imaging 9%.



The Dosimeters

• Real-time IVD
� Whole tx, per catheter or per dwell-positions (Theriault-

Proulx et al, Med Phys 2011)Proulx et al, Med Phys 2011)



Summary of Clinical IVD Studies



Beaulieu et al.

Chapter 9

EmergingEmerging

Brachytherapy

Technology



Beaulieu et al.

Chapter 9

EmergingEmerging

Brachytherapy

Technology



Lesson learned

• IVD in brachytherapy has only demonstrated its • IVD in brachytherapy has only demonstrated its 

ability to detect gross errors 

� Above 10 to 20% depending on sites

(dosimeters, isotopes, TPS, …)



Contents

• Why IVD in brachytherapy?

• Tools and clinical experiences

• Challenges or “the physics is killing me”

• NextGen IVD tools

• Some pointers…



You cannot beat the house!
DeWerd et al, AAPM/ESTRO TG138



Tanderup et al. 

Vision 20/20. 

Med. Phys. 2013



Dose gradient

Dosimeter

response

Andersen et al. Med. Phys. 36 (2009) 5033–43

Source-

Detector 

Distance



Source-Detector Distance “problem”
1. Displacement of the dosimeter relative to plan position

a) Organ-induced displacement

b) Manipulation error (digitization, displacement before
measurements…)measurements…)

2. Displacement of source position(s) relative to plan position(s)

a) Displacement of one or more catheters or an applicator, including
rotation for certain applicators.

b) Organ-induced displacement

c) Manipulation error (wrong transfer tube connection…)

3. Combination of the above two i.e. source and sensor
displacementsdisplacements

a) Perfectly in sync: no effect on dose measured but effect on dose 
delivered

b) Out of sync

4. Organ-related change that does not impact the relative distances 
but organ dosimetry (e.g. swelling, deformation, …)



Kertzscher et al Radiother. Oncol. 100 (2011) 456–62

Andersen et al. Med. Phys. 36 (2009) 5033–43



Time-Resolved IVD

Only time-resolved

Andersen et al. Med. Phys. 36 (2009) 5033–43



Contents

• Why IVD in brachytherapy?

• Tools and clinical experiences

• Challenges or “the physics is killing me”

• NextGen IVD tools

• Some pointers…



Next Generation Tools

MOSFET Array

MORE ON TRACKING TECHNOLOGY TOMORROW

Cherpak A J, Cygler J E, E C and Perry G 2014 Real-time measurement of urethral

dose and position during permanent seed implantation for prostate brachytherapy. 

- PubMed - NCBI Brachytherapy 13 169–77

Cherpak A, Ding W, Hallil A and Cygler J E 2009 Evaluation of a novel 4D in vivo 

dosimetry system Med. Phys. 36 1672



Next Generation Tools

Carrara et al 2016 In vivo rectal wall measurements during HDR prostate 

brachytherapy with MOSkin dosimeters integrated on a trans-rectal US probe: 

Comparison with planned and reconstructed doses. Radiother. Oncol. 118 148–53



Next Generation Tools

Therriault-Proulx F, Beddar S and Beaulieu L 2013 On the use of a single-fiber

multipoint plastic scintillation detector for 192Ir high-dose-rate brachytherapy

Med. Phys. 40 062101



Next Generation Tools

Smith R L, Taylor M L, McDermott L N, Haworth A, Millar J L and Franich R D 

2013 Source position verification and dosimetry in HDR brachytherapy using an 

EPID. Med. Phys. 40 111706

Smith R L, Haworth A, Panettieri V, Millar J L and Franich R D 2016 A method

for verification of treatment delivery in HDR prostate brachytherapy using a flat 

panel detector for both imaging and source tracking. Med. Phys. 43 2435–42
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To do before usage!

• Get to know your IVD tool(s)

� No dosimeters is perfect� No dosimeters is perfect

� Expected performance in controlled conditions

� Establish the uncertainty budget

� Limitations� Limitations

� Explore characteristics (dependence): energy, angular,  
temperature, … 

� Detection thresholds (dose, dose rate, known 
displacements)

� …



• Plan to use imaging – think position(s)

To do before usage!

• Take into account TPS limitation

� Use MBDCA if available.



• Use time-resolved measurements whenever 

possible

Consider the following:

possible

� Use more than 1 measurement points if possible

� Nakano T, Suchowerska N, Bilek M M, McKenzie D R, Ng N and Kron T 

2003 High dose-rate brachytherapy source localization: positional 

resolution using a diamond detector. Phys. Med. Biol. 48 2133–46

� Therriault-Proulx F, Beddar S and Beaulieu L 2013 On the use of a � Therriault-Proulx F, Beddar S and Beaulieu L 2013 On the use of a 

single-fiber multipoint plastic scintillation detector for 192Ir high-dose-

rate brachytherapy Med. Phys. 40 062101

� Track your IV dosimeters in real-time if possible



• Is IVD really the most appropriate tools for the 

Back to our key questions…

• Is IVD really the most appropriate tools for the 

task(s) you are trying to achieve?



Beaulieu et al.

Chapter 9

Emerging

Brachytherapy

Technology



Conclusion

• IVD has a role in brachytherapy

� Remains the only way to measure the delivered dose to 
OARs and target.OARs and target.

• Execution in a clinical setting requires a high level 
expertise and background preparation

� It is more difficult than measuring Sk

• Commercial implementation of appropriate tools 
needed

� Tracking

� Better software (Intelligent, variable action level)



Vienna, 29.5.-1.6.2016

Advanced BrachytherapyAdvanced Brachytherapy 
Physicsy



Clinical Impact of Uncertainties
i B h thin Brachytherapy

Nicole Nesvacil
Medical University of Viennay

Advanced Brachytherapy Physics 29 5 -1 6 2016

Disclosure:
Medical University of Vienna receives financial and 
equipment support for training and research activities from 
Nucletron an Elekta Company and Varian Medical Advanced Brachytherapy Physics, 29.5.-1.6.2016Nucletron, an Elekta Company and Varian Medical



Terminology

Planning aim doseg
 Set of dose and dose/volume constraints for a treatment

• 4 x 7 Gy to D90 to achieve 84 Gy EQD2 to D90 for CTVHR in cervix
(EBRT BT)(EBRT+BT)

• 145 Gy to D90 for prostate LDR
• 8 x 4 Gy to D90 for breast APBI8 x 4 Gy to D90 for breast APBI

Prescribed dose = reported dose (input dose for dose-response analysis)Prescribed dose reported dose (input dose for dose response analysis)
 Finally accepted treatment plan (which is assumed to be delivered to

an individual patient)

Delivered dose = dose that produces observable effect (input effect for
dose response analysis)dose response analysis)

 Actually delivered dose to the individual patient
From ICRU 89

3



Example for fractionated brachytherapya p e o ac o a ed b ac y e apy

A center performs 4 fractions with the sameA center performs 4 fractions with the same 

treatment plantreatment plan. 

The mean prescribed D90 is 7 Gy per fraction.p 90 y p

What is the uncertainty in dose delivery due toWhat is the uncertainty in dose delivery due to 

target volume and OAR changes compared to g g p

the treatment plan?



Raw data
Prescribed D90 values in Gy90 y

Fraction 1 Fraction 2 Fraction 3 Fraction 4
7,0 7,0 7,0 7,0
6,5 6,5 6,5 6,5

Patient 1

Patient 2 , , , ,
7,9 7,9 7,9 7,9
6 7 6 7 6 7 6 7

Patient 3

P ti t 4 6,7 6,7 6,7 6,7
6,8 6,8 6,8 6,8

Patient 4

Patient 5 , , , ,
8,1 8,1 8,1 8,1
7 5 7 5 7 5 7 5

Patient 6

P ti t 7 7,5 7,5 7,5 7,5
6,4 6,4 6,4 6,4

Patient 7

Patient 8 , , , ,
6,2 6,2 6,2 6,2
7 0 7 0 7 0 7 0

Patient 9

Patient 10

5

7,0 7,0 7,0 7,0Patient 10



Raw data
Delivered D90 values in Gy90 y

Fraction 1 Fraction 2 Fraction 3 Fraction 4
7,0 5,4 6,1 6,2
6,5 6,9 7,0 6,5

Patient 1

Patient 2 , , , ,
7,9 7,8 7,7 8,5
6 7 8 3 8 5 10 2

Patient 3

P ti t 4 6,7 8,3 8,5 10,2
6,8 7,1 5,9 5,5

Patient 4

Patient 5 , , , ,
8,1 8,3 6,5 7,4
7 5 7 1 7 3 6 5

Patient 6

P ti t 7 7,5 7,1 7,3 6,5
6,4 6,7 6,7 6,0

Patient 7

Patient 8

6,2 4,7 5,8 5,4
7 0 7 9 8 5 10 1

Patient 9

Patient 10

6

7,0 7,9 8,5 10,1Patient 10



Results - Study 1 – Total physical doseesu s S udy o a p ys ca dose

The mean prescribed D isThe mean prescribed D90 is 

28 Gy (4 x 7 Gy)28 Gy (4 x 7 Gy)

The mean delivered D90 is90

28.3 Gy

This means on average a 1 % deviation.



Results - Study 2 – Difference per fractionesu s S udy e e ce pe ac o

The mean difference of prescribed dose to deliveredThe mean difference of prescribed dose to delivered 

dose per fraction isdose per fraction is

0.1 Gyy

This means on average a 1 % deviation.



Results – Study 3 – Difference per fractionesu s S udy 3 e e ce pe ac o

The mean absolute difference of prescribed dose toThe mean absolute difference of prescribed dose to 

delivered dose per fraction isdelivered dose per fraction is

0.7 Gyy

This means on average a 10 % deviation.



Results – Study 4 – Difference per fractionesu s S udy e e ce pe ac o

The mean difference of prescribed dose to deliveredThe mean difference of prescribed dose to delivered 

dose per fraction isdose per fraction is

0.1 Gy (1%) systematic uncertaintyy ( ) y y

One standard deviation

0.9 Gy (13 %) random uncertainty



Results – Study 5 – Difference in total EQD2esu s S udy 5 e e ce o a Q

The total prescribed dose including 45 Gy EBRT inThe total prescribed dose including 45 Gy EBRT in 

EQD2 isEQD2 is

84.2 Gy EQD2y

The delivered dose is

84.8 Gy EQD2

Mean difference is 0.6 Gy (< 1%)



Results - Study 6 – Difference in total EQD2esu s S udy 6 e e ce o a Q

The total prescribed dose including 45 Gy EBRT inThe total prescribed dose including 45 Gy EBRT in 

EQD2 isEQD2 is

84.2 Gy EQD2y

The delivered dose is

84.8 Gy EQD2

Mean difference is 0.6 Gy (< 1%)

O t d d d i ti i 3 5 %One standard deviation is 3.5 %



BRAPHYQS



Need for common terminology
Errors

– Mainly resulting in systematic deviationsMainly resulting in systematic deviations
• Wrong source strength in afterloader unit
• Wrong offset for applicator tip to first dwell position• Wrong offset for applicator tip to first dwell position
• Wrong catheter connections, etc…

14



Need for common terminology
Uncertainties

– Type A (statistical)Type A (statistical)
– Type B (everything else)

Analyze and present systematic effects  
(t t l h i k d i li t hift )(target volume shrinkage, edema causing applicator shifts)

Analyze and present normal distributed effects
(random catheter shifts, reconstruction with finite slice thickness)

15



Need for common terminology
Variations

– Known effects which can be predictedKnown effects which can be predicted.
• E.g. bladder filling can have an impact on dose to bladder 

or bowelor bowel
• Prostate swelling influences the D90 – if the variations over 

time are know the delivered dose can be predictedtime are know the delivered dose can be predicted

16



Examples

17



Deviations of DVH parameters

Inter-TPS variation

Large Cylinder Cone

D0.1cc
1 SD 3%    3%

D2cc
1 SD 1%  5%

ESTRO BRAPHYQS  DVH subgroup
Kirisits et al. R&O 2007



Visualization of the “real” source positions in relation to the 
outer dimensions and holes of the Vienna ring applicatorouter dimensions and holes of the Vienna ring applicator

r26r26



Autoradiography



DVH parameter

Impact on DVH parameters
p

± 2.5 mm ± 5.0 mm
CTV D90 ± 2% -4% to +3%

CTV D100 -3% to +2% -7% to +3%

GTV D90 ± 2% -5% to +4%

GTV D100 ± 4% -8% to +6%GTV D100 ± 4% 8% to +6%

Bladder D2cm³ ± 3% -5% to +7%

Rectum D2cm³ ± 5% -8% to +11%

Sigmoid D2cm³ -3% to +2% ± 4%

Humer I et al 2009



Stability of DVHy

Si id
Uncertainty of 

i d lSigmoid cranio-caudal 
applicator 

Bladder
positioning

Rectum

Tanderup et al.
R&O 2008



Mean DVH shifts (%)( )
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Delivered dose relative to TPS value
for 90% of the patients

Reconstruction errors in longitudinal directionReconstruction errors in longitudinal direction

1 fraction 4 fractions

Tanderup et al.2008



Accuracy of source localisationy

CT phantom (solid)
Siebert et al. R&O 2007

 reconstruction uncertainty (1 SD) 
< 1.4 mm for 4-5 mm scans
< 1.0 mm for 2-3 mm scans

MRI / CT phantom (agarose gel)
De Brabandere et al. R&O 2006

 uncertainties for MRI slightly larger than for CTg y g
 reconstruction uncertainty 

< 2 mm for 3-5 mm scans

See also DeBrabandere et al. Brachyther 2013



Results CT – multicenter study

1,2

1,4

0,8

1,0

m
m

] RMS (x)

RMS (y)

0,4

0,6

R
M

S 
[m RMS (y)

RMS (z)

0,0

0,2

A B B C C D D E E E F

Sites

Slice thickness or Index: 4 / 5 mm
Slice thickness or Index: 2 / 3 mm  

Siebert et al. R&O 2007



Interobserver variability studyInterobserver variability study

De Brabandere et al, R&O 2012



Mean 3 patients

Contouring

CT T1 T2

seeds
fusion

CT       T1+T2             
CT+T2



HDR afterloading BT for prostate cancer:
catheter and gland movement between fractionscatheter and gland movement between fractions

Hoskin et al. R&O 2003



Interapplication variation

1st fraction – optimized plan 4th fraction – plan of 1st fraction

4th fraction – individual plan4 fraction  individual planRectum D2cc ICRU
[Gy] [Gy]

t1st fraction 4.7 3.3
4th fraction

l f t f 8 3 6plan of 1st frac. 8.3 6.5
individual plan 4.9 3.6 Kirisits et al. 06



Application variation in fractionated HDR GYN BT pp
(Kirisits et al. 2006)

Mean differences between single plan for all implantations to 

individual plan for each implantation

5 9 G f D CTV5.9 Gy for D90 CTVHR

(14 % for BT dose only, 7 % including EBRT)(14 % for BT dose only, 7 % including EBRT)

Much higher compared to interfraction study:

BT applied already during EBRT! (shrinkage)



MRI: Initial tumour extension (3D RT) pattern of
response (4D RT) for adaptive MRI based planningresponse (4D RT) for adaptive MRI based planning

61,060

70

16 3
30

40

50

A
bs

ol
ut

e 
V

ol
 (c

m
³)
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A
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Dimopoulos et Strahlentherapie 2009



Expected interfraction variations for cervix BT

Target
should remain fixed

Si

should remain fixed
relative to applicator 2013, R&O 107

SigmoidRectum:
may slightly change in 
location and fill with gas

Rectum

GTVBladder:
use of bladder filling
protocols

Bladder

Rectumprotocols

Sigmoid:
might change 
its location

2cc
1cc

0.1cc
Hellebust et al. R&O 60, 2002
Lang et al. R&O 107, 2013

ICRU 38 Ref. PointsKirisits et al. R&O 2006
Nesvacil et al. R&O 107, 2013
Tanderup et al. R&O 107, 2013 (and references therein)



Inter-/intrafraction variation in cervix cancer BT
1 plan evaluated for images at different time points. 
Anatomical changes between irradiations may lead to large random dosimetric uncertainties

Inter-/intrafraction variation in cervix
cancer BTKlug F1 Klug F2

fractionfraction 11 fractionfraction 22 fractionfraction 33 fractionfraction 44

cancer BT

© Lang et al 2013 Radiother Oncol 107

Klug F1

© Lang et al. 2013, Radiother Oncol 107

# patients treatment fractions time range Image type images variation

1 21 HDR 4 18-20 hrs MRI 84 Intra-app.

2 21 HDR 3 5 hrs MRI 72 I t2 21 HDR 3 5 hrs MRI 72 Intra-app.

3 9 PDR 2 x 29 / 32 22 hrs MRI 36 Intra-app.

4 14 HDR 5 1-22 days CT 69 Inter-app.

5 27 HDR 4 7-10 days MRI 54 Inter-app.

6 31 PDR 2 x 20 1 week MRI 62 Inter-app.

123 patients 5 h – 3 weeks 377 3 + 3123 patients 5 h 3 weeks 377                3 + 3              

Nesvacil et al. 2013, R&O 107



Multicenter Center study of inter-/intrafractionMulticenter Center study of inter /intrafraction
variations for target and OARs in cervix BT

 D2cm³ between 2 acquisitions [%] 
(fixed plan, variable anatomy)

 D90 [%] 
(fixed plan, variable 

anatomy)

total 2.7 1.5 20.3% 4.5 4.1 22.0% 1.6 -0.9 26.8% -1.1 -1.7 13.1%

bladder rectum sigmoid/bowel CTVHR

Mean     median SD mean median SD mean median SD mean median SD

Random uncertainties (1SD) of physical dose per BT fraction can be

Intraaplication 1.3 1.5 17.7 3.8 2.3 20.5 -2.3 -3.7 23.5 -2.5 -4.3 10.8

interapplication 3.9 0.0 22.3 5.8 5.2 23.2 6.8 3.7 30.2 0.4 -0.8 15.1

Random uncertainties (1SD) of physical dose per BT fraction can be
~ 10% for CTVHR D90

(contouring uncertainty (Petric, Hellebust R&O 2013))
20% f bl dd t D~ 20% for bladder, rectum D2cm³

~ 30% for sigmoid D2cm³

No correlation with time between images was detected!g

Conclusion: As long as there is no direct imaging and dose reporting at the time of irradiation (online
i i ifi ti ) h t t 20 30% d i t i t i t f D f OAR f himaging, verification), we have to expect 20-30% dosimetric uncertainty for D2cm³ for OARs for each
fraction, between prescribed and delivered dose.



Example for HDR intracavitary Cervix brachytherapy – per fraction

Category Optimum level Assumptions

Source strength 2% PSDL traceable calibrationsSource strength 2% PSDL traceable calibrations

Treatment planning 3% Reference data with the appropriate 
bin width is usedbin width is used

Medium dosimetric Applicator without shielding and CTV
corrections 1% inside pelvis (concerning for scatter)% p ( g )

Dose delivery including Accurate QA concept for commissioning and 
registration of applicator constancy checks, especially for sourceg pp y , p y
geometry to anatomy 4% positioning and applicator/source path 

geometry, appropriate imaging techniques, 
applicator librariespp

Interfraction/Intrafraction For one treatment plan per applicator
changes 11% insertion but several subsequent fractions –

check for major deviations in subsequent 
fractions

Total dosimetric uncertainty 12%
for one single fraction



Difference on uncertainty per fraction to uncertainty 
f t t l dfor total dose

For normal distributions the number of subsequent 

f i ( b i ) l i i ffractions (observations) results in compensation of 

variationsvariations

1 / √N1 / √N

including constant EBRT results ing

1 / 2

So 13% per fraction can be 3.5% for total dose



Example for HDR intracavitary Cervix brachytherapy – total dose 4 fractions

Category Optimum level Assumptions

Source strength 2% PSDL traceable calibrationsg

Treatment planning 3% Reference data with the appropriate 
bin width is used

Medium dosimetric Applicator without shielding and CTV
corrections 1% inside pelvis (concerning for scatter)

Dose delivery including Accurate QA concept for commissioning and 
registration of applicator constancy checks, especially for source

1 / √N
geometry to anatomy 4% 2% positioning and applicator/source path 

geometry, appropriate imaging techniques, 
applicator libraries

Interfraction/Intrafraction For one treatment plan per applicator
changes 11% 6% insertion but several subsequent fractions –

1 / √N

Total dosimetric uncertainty 7%
f ifor entire BT 



Example for LDR prostate brachytherapy

Category Optimum level AssumptionsCategory Optimum level Assumptions

Source strength 3% PSDL traceable calibrations

Treatment planning 4% Reference data with the appropriate bin 
width is used

Medium dosimetric A general prostate tissue is considered,
Corrections 5% but no consideration is given for 

calcifications (or their composition) in thecalcifications (or their composition) in the 
patient

Inter-seed attenuation 4% An advanced dose calculation formalismInter seed attenuation 4% An advanced dose calculation formalism 
may indicate source models and 
orientations cause the largest effects

Treatment delivery imaging 2% US QA performed according to AAPM TG-128

Anatomy changes between Post-implant (day 0) imaging using CT, with ay g p ( y ) g g g ,
dose delivery and scalar correction factor for edema correction
post-implant imaging 7%

Total dosimetric uncertainty 11%



Example for US-based HDR prostate brachytherapy
Category Optimum level AssumptionsCategory Optimum level Assumptions

Source strength 2% PSDL traceable calibrations.

Treatment planning 3% Reference data with the appropriate bin width.

Medium corrections 1% Full scatter conditions in the pelvic region andMedium corrections 1% Full scatter conditions in the pelvic region and 
for the prostate location are assumed.

Catheter reconstruction and 
source positioning accuracy 2% Assuming usage of dedicated cathetersource positioning accuracy 2% Assuming usage of dedicated catheter 

reconstruction tools (0.7 mm) and 1.0 mm 
source positioning accuracy

US-imaging overall effect 2% US QA performed according to AAPM TG-128 
report.

Changes of catheter geometry 2% Assuming that new image acquisition and g g y % g g q
treatment plan calculation before each 
fraction. 

Total dosimetric uncertainty 5% For treatment delivery without patient 
movement and changes in the lithotomic set-
up and with the US probe at the position of the 

40
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Example for HDR 192Ir BT source for breast balloon applicator

Category Optimum level AssumptionsCategory Optimum level Assumptions

Source strength 2% PSDL traceable calibrations.

Treatment planning 3% Reference data with the appropriate bin width.

Medium dosimetric corrections 3% Balloon filled with standard level of contrastMedium dosimetric corrections 3% Balloon filled with standard level of contrast 
agent, no consideration or composition of 
chestwall, lung, or breast.

Scatter dosimetric corrections 7% A non-scalar correction for skin dose is 
needed, and will require an advanced dose 
calculation formalism to properly account forcalculation formalism to properly account for 
radiation scatter conditions in the patient.

Dose delivery including registration y g g
of applicator geometry to anatomy 7% Accurate QA concept for commissioning and 

constancy checks, especially for source 
positioning and applicator/ source path p g pp p
geometry, appropriate imaging techniques 
(either small slice thickness, 3D sequences or 
combination of different slice orientations), 

41

)
applicator characterization.



Category Optimum level Assumptions

Example for HDR 192Ir BT source for breast balloon applicator

Category Optimum level Assumptions

Interfraction/Intrafraction changes 
between imaging and dose delivery 7%* For one treatment plan per applicator insertionbetween imaging and dose delivery 7%* For one treatment plan per applicator insertion 

and measures to detect major variations for 
subsequent fractions.

Total dosimetric uncertainty 13% For treatment delivered with the same BT source.

*Estimated value based on expert discussionEstimated value based on expert discussion

42



Translating random uncertainties to EQD2: single Fx

OAR
(SD 22%)(SD 22%)

asymmetrical EQD2 error bars

CTVCTVHR
(SD 13%)

The effect on the total treatment dose depends on the fractionation scheme!
The PDR uncertainties per pulse are currently unknown because of low time resolution of
observations.



Examples for real dose‐response curves and effect of random
uncertainty for total dose (EQD2)uncertainty for total dose (EQD2)

R=f(D+DD)

t d R

Patient B
Patient A

R=f(D-DD)

expected response R
R=f(D-+DD)
R=f(D)
R=f(D-DD)

Patient B

D+DDD DD
expected dose D

P ti t AD+DDD-DD

target OAR

Patient A

target OAR



Examples for real dose‐response curves and effect of random
uncertainty for total dose (EQD2)uncertainty for total dose (EQD2)

Uncertainties
of physical

R=f(D+DD)

t d R

Patient B
Patient A

of physical
fraction dose

R=f(D-DD)

expected response R
R=f(D-+DD)
R=f(D)
R=f(D-DD)

translated to
total dose EQD2

Patient B

D+DDD DD
expected dose D

P ti t A

to uncertainty
in response
probability

D+DDD-DD

target OAR

Patient A

target OAR



Effect of random dosimetric uncertainty (SD) on mean
simulated dose response data for OAR Dsimulated dose‐response data for OAR D2cm³ 

Simulated patient data Calculated dose-response curve for 
(S SS)

p
simulated patients (SPSS)

SD 10% per BT fraction
SD 20%
SD 30%SD 30%

Increasing offset with increasing dose and increasing random dosimetric uncertainty:
2-3 % for SD 20% and 30% around rectum dose constraint level

Nesvacil et al. 2016, R&O, submitted



Systematic dosimetric uncertainties
systematic underestimation of rectum D2cm³:
rectum probe (iv dosimetry) stays inside -

y
Systematic inter-/intra fraction variations for MRI-
based cervix BT (Nesvacil et al 2013 R&O 107): rectum probe (iv. dosimetry) stays inside -

rectum always fills with gas in between image
acquisition and treatment -> D2cm³ is
systematically higher for each fraction

based cervix BT (Nesvacil et al. 2013, R&O 107): 
e.g. D90< +3%/fx => „observed“ local

control @85 Gy 1% higher than model
prediction

small targets,
good coverage

large targets,
less coverage

Systematically larger contours on CT vs. MRI => e.g. i) D2cm³ =+3%/fx => observed morbidity
underestimation of D90 by CT contours (e.g. 
Viswanathan et al. 2007, IJROBP 68):

e.g. i)D90 =+10%/fx => 2% overestimation of local

g ) 2cm y
@75Gy 1% higher than model
prediction

ii) D2cm³ =+5%/fx => observed morbidity
@75 G i 2% hi h th d lg ) 90 % %

control @ 85 Gy
ii)D90 =+20%/fx => 3.5% overestimation

of local control @ 85 Gy
“Can reduction of uncertainties in cervix cancer brachytherapy potentially 
improve clinical outcome?” Nesvacil et al. 2016, submitted to R&O

@75 Gy is 2% higher than model
prediction



Example: random uncertainties for target OAR

Random variation of target D90, 
e.g. random inter-observer variation

Random variation of rectum D2cm³
e.g. random intra-/inter-fraction variation of
organ position or shape

• D2 ³ =±10%/fx -> observed morbidity 7.5 %For target – differences in TCP < 0.5% D2cm³ ±10%/fx  observed morbidity 7.5 % 
(vs 7.3% model prediction)

• D2cm³ =±20%/fx -> observed morbidity 8.9 % 
• D2cm³ =±30%/fx -> observed morbidity 10.5 %

g

• Model prediction: 10.5% NTCP@ 80Gy EQD2

“Can reduction of uncertainties in cervix cancer brachytherapy potentially 
improve clinical outcome?” Nesvacil et al. 2016, submitted to R&O



Example: influence of the number of BT Fx

Random uncertainties and dose response for different fractionation schemes

Example: random uncertainty D2cm³ =±20%/fx: 
• nFx=5 => observed morbidity @75Gy 8 5%

For target: using 1 Fx vs 2-5Fx results in
~0 5% lower tumour control probability than • nFx=5 => observed morbidity @75Gy 8.5%

• nFx=4 => observed morbidity @75Gy 8.9%
• nFx=3 => observed morbidity @75Gy 9.4%
• nFx=2 => observed morbidity @75Gy 10.3%

~0.5% lower tumour control probability than
predicted by model

• nFx=1 => observed morbidity @75Gy 12.3%

“Can reduction of uncertainties in cervix cancer brachytherapy potentially 
improve clinical outcome?” Nesvacil et al. 2016, submitted to R&O



Increasing OAR dose constraints by reducing uncertaintiesIncreasing OAR dose constraints by reducing uncertainties

20%30%
D=5 Gy

10%

Same complication rate 
predicted forpredicted for
SD 30% @ 70 Gy EQD2
SD 20% @ 75 Gy EQD2

Clinician could consider relaxing the OAR dose constraint for this case, if it were possible to 
decrease large random uncertainties in the workflow!

“Can reduction of uncertainties in cervix cancer brachytherapy potentially 
improve clinical outcome?” Nesvacil et al. 2016, submitted to R&O
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QMP Schema

slide courtesy of Bruce Thomadsen



QMP Presentation Focus



QMP Philosophy

• Devise the QMP mission

patients will be treated safely, accurately, and efficiently
d fi d b R l ti d i t l t d das defined by Rx, regulations, and societal standards

equipment + patient + staff + culture = success



Shewhart: Father of Statistical Quality Control

Walter Andrew Shewhart (1891–1967)

1917: Ph.D. in Physics, University of California, Berkeley

1918: Joined Western Electric Company (supplier to AT&T)1918: Joined Western Electric Company (supplier to AT&T)

1924: Invented the Control Diagram

1924-1932: Initiated study on sensitivity of worker productivity to light
I t l t tt ib t d t t tt tiImprovements were later attributed to management attention



Deming: Father of PDSA

William Edwards Deming (1900–1996)

1926: Ph.D. in Mathematical Physics, Yale University

1927: Employed by USDA and met Walter Shewhart
Applied statistics to industrial production methods

A system must be managed. It will not manage itself. 

1943: Deming Cycle
Plan or design an experiment
D th i t b f i th tDo the experiment by performing the steps
Study the results by analyzing the information
Act on decisions based upon the analyzed resultsAct on decisions based upon the analyzed results



Fault Tree Analysis

Developed in 1961 at Bell Laboratories by H. A. Watson

Launch Control Safety Study for Intercontinental Ballistic Missile

Translation of system failure behavior into visual diagram and logic modelTranslation of system failure behavior into visual diagram and logic model

Visual model portrays system relationships and root cause pathways

Logic model provides qualitative & quantitative system evaluation

Utilizes Boolean algebra and probability theory

FTA popularized by US tragedies: Apollo 1 fire (1967) Three Mile IslandFTA popularized by US tragedies: Apollo 1 fire (1967), Three Mile Island 
nuclear meltdown (1979), Space Shuttle Challenger (1986)

FTA provides top-down risk assessment, FMEA is a bottom-up approach



US Military Procedures



US Space Agency



First Known Paper on Brachytherapy Risk Analysis

Intl. J. Radiation Oncology, Biology, Physics
Analysis of treatment delivery errors in brachytherapy using formal risk analysis 
techniques

Purpose: To identify hazardous situations in treatments, analyze the nature of errors committed, and assess the value
of several analysis techniques.
Methods and Materials: The study applied several risk analysis techniques to brachytherapy events (misadministrations)
reported to the U.S. Nuclear Regulatory Commission and the International Atomic Energy Agency.
Results:
(1) Events usually have multiple causes.
(2) Failure to consider human performance in the design of equipment led to a large fraction of the events(2) Failure to consider human performance in the design of equipment led to a large fraction of the events.
(3) Verification procedures often were ineffectual.
(4) Many events followed the failure of persons involved to detect that the situation was abnormal, often even though many
indications pointed to that fact. Once the event was identified, the response often included actions appropriate for
normal conditions, but inappropriate for the conditions of the event.
(5) Events tended to happen most with actions having the least time available.
(6) Lack of training and procedures covering unusual conditions frequently contributed to events.
(7) N d j i i i th iddl t i d h d(7) New procedures or new persons joining a case in the middle present increased hazards.
Conclusion: Risk analysis tools common in industry provide useful information for error reduction in medical settings,
although not as effectively, and modification of such techniques could improve their efficacy.

Thomadsen, et al, Intl. J. Radiat. Oncol., Biol., Phys. 57, 1492-1508 (2003)



Numerous Opportunities for Errors

Thomadsen, et al, Intl. J. Radiat. Oncol., Biol., Phys. 57, 1492-1508 (2003)



Recent Paper on Brachytherapy FMEA

Wilinson and Kolar, Brachytherapy 12, 382-386 (2013)



Further Adoption of FMEA

1960s US civil aviation, automotive, and food industries

1970s Petroleum, plastics, waste water, and software industries

1980s …

1990s …

2000s Radiation oncology (brachytherapy)



Key Concepts

• Quality Management Program (QMP)
ALL activities designed to contribute to process quality– ALL activities designed to contribute to process quality

Quality Assurance (QA) non patient tests• Quality Assurance (QA) non-patient tests
– activities that measure the quality level of a process

• Quality Control (QC) patient treatment checks
– activities that force specific qualities onto a process



Quality Controls vs. Quality Assurance



ISO 900X and Quality Management
ISO 9000ISO 9000
A series of standards that define, establish, and maintain an effective 
QA system for manufacturing and service industries.Q y g

ISO 9001
Requirements for organizations wishing to meet the ISO 9000 standard

Reported benefitsReported benefits
1. Improve efficiencies and effective operations
2. Increases customer satisfaction and retention
3. Reduces audits
4. Enhances marketing
5 Improves employee motivation awareness and morale5. Improves employee motivation, awareness, and morale
6. Promotes international trade
7. Increases profit
8 Reduces waste and increases productivity8. Reduces waste and increases productivity
9. Common tool for standardization

Appropriate for large scale industries, not individual clinics
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Pre-Installation Preparations

• Assist administrators to create a realistic business plan
prepare for reimbursement fluctuations– prepare for reimbursement fluctuations

– include QA equipment and dummy markers
budget for regular training for new staff and facility upkeep– budget for regular training for new staff and facility upkeep

Pl di it ( ) GYN b t t t ki t• Plan disease site(s): GYN, breast, prostate, skin, etc.
– consider future potential for treating additional disease sites
– balance desires for growth with a dash of realism

• Review potential manufacturer system specifications, installation 
requirements, and clinical integration

• RAU-to-R&V connectivity is available with newer systems



Pre-Installation Preparations

• Physical layout
location of electrical/telephone/network connections interconnectivity– location of electrical/telephone/network connections, interconnectivity 
with linac interlocks, special gases, closed loop AV system

– consider imaging proximity and position RAU near imaging– consider imaging proximity and position RAU near imaging            
(dept CT, US, MRI?) or OR, maybe not in RadOnc center proper

• Regulatory aspects
– vault design (primary/scatter/maze/door) ala NCRP 147/151/155– vault design (primary/scatter/maze/door) ala NCRP 147/151/155, 

acceptable exposure levels, workflow
– enhanced security measures source controls staff bkgnd checksenhanced security measures, source controls, staff bkgnd checks
– approval for n sources and max individual/total Ci (not RAKR)
– broadscope license need not name individuals– broadscope license need not name individuals

• Visit established centers contact colleagues phone a friend• Visit established centers, contact colleagues, phone a friend



Learning Objectives

1. Definitions, terminology, and accepted nomenclature

2. Pre-purchase preparations and installation

3. Acceptance testing requires formalization

4 Commissioning a brachytherapy program4. Commissioning a brachytherapy program

5. Example forms for clinical practice5. Example forms for clinical practice



Acceptance Testing: General

• Acceptance testing results set baseline for clinical use

• Usually no formal ATP form as for linacs

• Performance evaluation of system within manu. specs

• Re-perform annually to ensure system stability



Acceptance Testing: Applicators & Source

• Make electronic inventory of all hardware and disposables

• Applicators
confirm dimensions and serial numbers– confirm dimensions and serial numbers

– confirm applicator shielding magnitude and shape
h k ti t b d th ill i t– check connecting tubes and other ancillary equipment 

• Source
– validate source-to-dummy marker coincidence
– superposition: transmission radiograph & autoradiograph
– use electronic imaging tools if no radiochromic film

• Determine source strength (covered on Day 3)



Acceptance Testing: TPS

• AAPM TG-53 and TG-43 reports are good resources

• Verify functionality of dose, dwell time, and Tx time calculations

• High-level check of single-source isodose distributions

• Understanding of plan rotation matrix and coordinate recon



Acceptance Testing: TPS

• Accuracy of electronic data transfer to TCS/RAU

• Evaluate optimization software
develop reference dataset for accuracy & constancy– develop reference dataset for accuracy & constancy

DVH d i l t fi f it• DVH and implant figures of merit

• End-to-end testing
– general functionality of entire system
– identify QMP weaknesses by using items incorrectly

ideas courtesy of Bruce Thomadsen



Acceptance Testing: General

• Field service engineer provides system familiarization

• Test all components and features the time is now

• Ignore pressure to hurry and sign form

• Technical understanding of equipment is your responsibility



Learning Objectives

1. Definitions, terminology, and accepted nomenclature

2. Pre-purchase preparations and installation

3. Acceptance testing requires formalization
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References for Brachytherapy Commissioning

• Consider AAPM Task Group Reports and Guidance
TG 41 Remote Afterloading Technology (1993)– TG-41 Remote Afterloading Technology (1993)

– TG-43 Brachytherapy Dosimetry Formalism (1995)
TG 56 Code of Practice for Brachytherapy (1997)– TG-56 Code of Practice for Brachytherapy (1997)

– TG-59 High Dose Rate Tx Delivery (1998)
AAPM/ESTRO HEBD R t #229 (2012)– AAPM/ESTRO HEBD Report #229 (2012)

• Consider AAPM Summer School texts
– 1994 Chapters 28, 30, 31, 32
– 2005 Chapters 6, 7, 11, 22, 32, 48

• Consider Bruce Thomadsen’s 1999 text
“Achieving Quality in Brachytherapy”



Commissioning: General

• Medical Event notification plan and action levels

• Patient/personnel radiation safety plan

• Patient positioning standards and contingencies

• Use of dummy markers, contrast agents, and
imaging system settings to visualize disease/applicator/markers

• Form creation
WD (di it ifi )– WD (disease-site specific)

– daily QA (performed by therapist under physicist supervision)
– Tx runsheet QC
– new source QA (TPS backup, TCS backup)
– annual QA, rigorously check applicators and TPS data



Commissioning: General

• Establish disease-specific clinical standards to minimize “medical arts” 
and to follow ABS/ESTRO guidelinesand to follow ABS/ESTRO guidelines

• Create policies-and-procedures, have staff read, provide feedback,p p , , p ,
and document understanding (annually)

• Establish workflow for all processes: identify tasks, frequency,
needed resources, responsible party(s)

• Develop safety standards and clinic-specific FMEAs,
share results with all stakeholdersshare results with all stakeholders

• Staff training on HDR system (RAU, applicators, and TPS) usage,Staff training on HDR system (RAU, applicators, and TPS) usage, 
emergency procedures, and common expectations



Commissioning: RAU

• Master all aspects of TCS functionality

• Document logic chain of RAU safety interlocks

• Determine timer linearity

• Understand emergency buttons, warnings, and error codes

• Demonstrate well chamber stability



Commissioning: Source

• Absorbed dose measurements not performed in the clinic
detector response sensitive to photon spectrum– detector response sensitive to photon spectrum

– dose falloff sensitive to medium composition
influence of positioning attenuation and scatter– influence of positioning, attenuation, and scatter

– no AAPM protocol for absorbed dose measurements

• Source form, inventory, wipe test documentation

• Understand eBT output variations for same source model



Commissioning: Source

• Validate source/dummy marker coincidence

• Source positional accuracy

• eBT source output stability
ll / l b l– overall / global

– spatial dependence (spectral changes)

• Demonstrate well chamber stability



Source Strength Measurements

• All HDR 192Ir sources can have RAKR measured by physicist

• Using PSDL traceably-calibrated equipment for RAKR measurement

• For the eBT sources, only the Axxent has direct traceability to PSDL

• INTRABEAM and esteya sources do not yet have direct traceability
physicist may use AAPM TG 61 calibration method if they know the– physicist may use AAPM TG-61 calibration method if they know the 
electron scatter/absorber thickness and the HVL for their device



Commissioning: Applicators

• Inventory all applicators

• Document sterilization procedures/responsibilities

• Determine intra-applicator source positioning

• Determine source/marker congruence in applicator



Commissioning: Applicators

• Validate dimensions (c.f., TPS applicator library info)

• Applicator performance evaluation (e.g., T&R)

• Confirm applicator/marker compatibility

• Establish standard imaging protocols (Day 2)



Commissioning: TPS

• Establish dose calc methods
imaging slice thickness dummy marker usage step size– imaging slice thickness, dummy marker usage, step size,         
optimization type and parameter ranges

• Compare TPS TG-43 dosimetry parameters to
reference dataset or publication(s)reference dataset or publication(s)

• Compare TPS dose calcs to TG-43 hand calcs• Compare TPS dose calcs to TG-43 hand calcs
– devise independent (secondary) dose calculation method

MBDCA covered on Day 1– MBDCA covered on Day 1

Commission so rce o er req ired radii and polar angles• Commission source over required radii and polar angles



Commissioning: TPS

• AAPM TG-53 and TG-43 reports are good resources

• Evaluate data transfer between TPS and TCS/RAU

• Compare system performance range with TPS data

• Recommission TPS following all upgrades

• For advanced dose calculation modules, read carefully the
TG 186 t f ifi i i i t k (D 1)TG-186 report for specific commissioning tasks (Day 1)



Commissioning: TPS



eBT Commissioning Specifics

• Consider AAPM Task Group Reports and Guidance
TG 43 Brachytherapy Dosimetry FormalismTG-43 Brachytherapy Dosimetry Formalism
TG-56 Code of Practice for Brachytherapy
TG 59 High Dose Rate Tx DeliveryTG-59 High Dose Rate Tx Delivery
TG-182 Recommendations on eBT Quality Management
2008 AAPM (B tl t l ) L S C lib ti2008 AAPM (Butler et al.) Low-energy Source Calibrations
2008 ASTRO Emerging Technology Cmte: Electronic Brachytherapy

• Need comparisons of measured and calculated dose distributions,
d d t tand consensus datasets

• HDR breast commissioning by Hiatt et al. JACMP (2008)
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Philosophy on Forms

• Forms should be dynamic, constant improvements

• Use electronic forms, minimize paper usage (scan the paper!)

• Use mathematical tools (e.g., Excel) for non-patient data

• Data mining permits analysis across broad timescales

• Consider action levels beyond societal guidance

• Take high-level perspective on why to perform QA tasks



Example Daily HDR 192Ir QA Form (upper)



Example Daily HDR 192Ir QA Form (lower)



Example HDR 192Ir Treatment QC Form (upper)



Example HDR 192Ir Treatment QC Form (lower)



Example HDR 192Ir Patient Survey Form



Example HDR 192Ir Source Exchange Form (a)



Example HDR 192Ir Source Exchange Form (a1)



Example HDR 192Ir Source Exchange Form (a2)



Example HDR 192Ir Source Exchange Form (b)



Example HDR 192Ir Source Exchange Form (c)



Example HDR 192Ir Source Exchange Form (d)



Example Manufacturer Calibration Form: HDR 192Ir



Example Manufacturer Calibration Form: HDR 192Ir

k = 3



Take Home Message

• QMP is a complex, systems concept

• QMP contains many familiar items – coordination is key

• Many societal guidelines available for brachytherapy QMP elements• Many societal guidelines available for brachytherapy QMP elements

• QMP should be specific to equipment and department
– no “template” QMP, only guidance
– regular, independent departmental review is desirable

• Forms help formalize QMP goals and make tasks consistent

• e-forms provide robust documentation, but can be altered

• Balance tension of form constancy and form advancementsBalance tension of form constancy and form advancements

• TG-100 and international error databases may alter current QMP focus



Further Reading

Nath, et al. Med Phys 1997;24:1557-98.

Thomadsen, 1999. Achieving Quality in Brachytherapy

Thomadsen, Williamson, Rivard, and Meigooni. Med Phys 2008;35:4708-23.

Thomadsen, et al. Prac Radiat Oncol 2014;4:65-70.

C 200 S O 8Venselaar and Perez-Calatayud, 2004. ESTRO Booklet 8.
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Disclosures

• I am actively involved in the development of 
tracking systems for brachytherapytracking systems for brachytherapy

• I hold research contracts and grants with:

� Canada’s NSERC Industrial Research Chair

� Elekta

� Philips� Philips



Learning Objectives

• Tracking technologies for brachytherapy• Tracking technologies for brachytherapy
• What are they?

• How they work?

• Provide examples of use

• Discuss other potential applications



Tracking � Real-time Guidance



Tracking in Brachytherapy?

• Position of needle, catheter or applicator in 
real-time

Angulation/rotation� Angulation/rotation

� On the fly decision -> replanning

• Automated, fast and accurate channel reconstruction

� Wrong connection between transfer tube and afterloader

• Potentially tracking organ motion/deformation

• Enabling new brachytherapy and interventional 
procedures



Potential Technologies

• Image-based tracking: CT, MR or US

• Real-time tracking• Real-time tracking

� Optical IR tracking

� Camera-based (Xbox style!)

� EM tracking

� Optical Fiber Shape Sensing (Bragg Grating)

• MR with active coils

• …



Tracking in RT



IR/Optical Tracking

Limited to line of sight

� Same for white light camera



Potential Technologies

• Real-time tracking – no line of sight needed

� EM tracking (CT and US compatible)

� Optical Fiber Bragg Grating (CT, US and MR-compatible)

� https://www.nasa.gov/feature/fiber-optic-sensing

https://www.nasa.gov/feature/fiber-optic-sensing


Electromagnetic tracking system (EMTS)
• Electromagnetic Tracking in Medicine—A Review of 

Technology, Validation, and Applications. Franz et al., IEEE 
Transactions on Medical Imaging 33 (2014)

• Electromagnetic tracking for catheter reconstruction in ultrasound-guided• Electromagnetic tracking for catheter reconstruction in ultrasound-guided
high-dose-rate brachytherapy of the prostate. Bharat S, Kung C, Dehghan E, Ravi 
A, Venugopal N, Bonillas A, Stanton D and Kruecker J. Brachytherapy 13 (2014) 640–50

• EM-Navigated Catheter Placement for Gynecologic Brachytherapy: An 
Accuracy Study. Mehrtash A, Damato A, Pernelle G, Barber L, Farhat N, Viswanathan
A, Cormack R and Kapur T. Proc Soc Photo Opt Instrum Eng (2014) 9036 90361F

• A system to use electromagnetic tracking for the quality assurance of 
brachytherapy catheter digitization. Damato A L, Viswanathan A N, Don S M, 
Hansen J L and Cormack R A. Med. Phys. 41 (2014) 101702

• Fast, automatic, and accurate catheter reconstruction in HDR brachytherapy• Fast, automatic, and accurate catheter reconstruction in HDR brachytherapy
using an electromagnetic 3D tracking system. Poulin E, Racine E, Binnekamp D 
and Beaulieu L. Med. Phys. 42 (2015) 1227–32

• Performance and suitability assessment of a real-time 3D electromagnetic
needle tracking system for interstitial brachytherapy. Boutaleb S, Racine E, 
Filion O, Bonillas A, Hauvast G, Binnekamp D and Beaulieu L. J Contemp Brachytherapy
7 (2015) 280–9



Example: Aurora® V2 from Northen Digital Inc. (Ontario, Canada)

System Control Unit

Electromagnetic tracking system (EMTS)

System Control Unit

Planar  Field

Generator (PFG)

Sensor Interface

Unit (SIU)

40 Hz acquisition:

NDI ToolBox v.4.002.006

Tool containing EM sensor:

http://www.ndigital.com/msci/products/aurora/

http://www.ndigital.com/msci/products/aurora/


From Franz et al, 2014



EMTS Technologies

From Franz et al, 2014



Planar field generator - AC

• NDI Aurora system (théorie Seiler et al. PMB 2000) 

Six differential coils

S-N-N-S � N-S-S-N

12kHz



Planar field generator - AC

• Sensor = induction coil

• Alternating current of ± 2 A at 12 kHz for 3.3 ms each differential coil will • Alternating current of ± 2 A at 12 kHz for 3.3 ms each differential coil will 

create 6 different voltages at the sensor

• If 5DOF needle: 6 measurements and 5 unknown

• If 6DOF: 2 sensor coils





X Y

Detection Volume

• Detection volume if not perfectly 

cubic

• Deviation from expected 

positions increase with distance 

Z

positions increase with distance 

(Z) and close to edges (X,Y 

plane)

• ±1 mm in the first 30 cm

• ±10 mm at 55 cm

• Angle < 2% first 30 cm

• +8 to -10% at 55 cmBoutaleb et al. J Contemp Brachytherapy 7 280–9



Brachytherapy Clinical Settings

Brachytherapy 13 640–50





• Needs to be used within the first 30 cm of the field 
generator

• Needle parallel to the field generator yield better 

Interim Summary

• Needle parallel to the field generator yield better 
angular accuracy

• Field generator generate heat: not under the 
patient

• Interference seen only for CRT monitor and bulky • Interference seen only for CRT monitor and bulky 
metalic arms (not shown)

� Insensitive to US probe and needles/catheters



What can you do with this?

• Follow needles, catheters or an applicators in space 
(up to 6 DOF) in real-time (40 Hz)

� Insertion guidance � Insertion guidance 

� Automatically reconstruct catheter/ applicator channels

� Direct link to real-time imaging

� Direct link to a optimization engine (background 
replanning)

� …

22



Auto. Catheter reconstruction

Proof of conceptProof of concept

Fast (< 10 s par channel)

More precise than CT

Can do much more than what has 

been tested in this paper…

Medical Physics 2015;42(3):1227–32. 



• 10 catheters were inserted in gelatin phantoms with different trajectories.

Auto. Catheter reconstruction



• EM reconstructions at 40 Hz 

• μCT reconstruction (GE) at 89 μm (reference)

Auto. Catheter reconstruction

• μCT reconstruction (GE) at 89 μm (reference)

• CT reconstructions (Philips BigBore) at 2 mm

• Reconstructions using the EM stylet were compared to 

μCT and CT (3D distances used; tips as reference).

• To assess the robustness of the EM reconstruction, by 

reconstructing catheters multiple times.



Blue �: EM

Red + : μCT

Blue �: CT

Red + : μCT

Auto. Catheter reconstruction

Red + : μCT Red + : μCT



Auto. Catheter reconstruction

0.69±0.29 mm

1.08±0.67 mm

Unpaired Student t-test show statistically significance difference
Poulin et al, Medical Physics 2015;42(3):1227–32. 



A hollow brachytherapy electromagnetic needle prototype was 

recently developed by Philips Healthcare.

Seed drop position

Custom-built sensor 

near needle tip

Interface to 

Mick® applicator

Lead to SIU

� Detects seed drops by exploiting local changes of

� electromagnetic properties in the medium.

� Preserves standard tacking capabilities.



Automated Seed Detection



Registration of detected seed distributions. True seed positions were 

obtained from a µCT scan (GE, 89 µm slice thickness).

Seed drop position

Racine et al, AAPM 2015; In preparation for Medical Physics



Treatment planning 

software

Real-time EM Tracking System

software

Real-time 

3DUS

NDI Aurora EM 

tracking system

Hollow needle

Field generator

2D matrix 

probe



Delivery and Feedback Loop



Damato et al. Med. Phys. 41 101702



Flexitron 3rd DriveWire?

Doing more?



• Automated 

applicator/catheter 

reconstruction

• Online channel set-up QA• Online channel set-up QA

Another possibility:

Embedded in-vivo dosimeter

Vision 2020 BrachyNext meeting, Miami 2014



Optical Tracking



Fiber Shape Sensing
• REVIEW ARTICLE: In-fibre Bragg grating sensors Measurement

Science and Technology. Rao Y-J.  8 (1997) 355–75

• Optical Fiber-Based MR-Compatible Sensors for Medical
Applications: An Overview. Fabrizio Taffoni , Domenico Formica , Paola Applications: An Overview. Fabrizio Taffoni , Domenico Formica , Paola 
Saccomandi, Giovanni Di Pino and Emiliano Schena. Sensors 13 (2013), 14105-
14120

• Optical in-fiber bragg grating sensor systems for medical
applications. Y. J. Rao, D. J. Webb, D. A. Jackson, L. Zhang, and I. Bennion. 
Journal of biomedical optics 3 (1998), 38–44

• 3D flexible needle steering in soft-tissue phantoms using Fiber Bragg • 3D flexible needle steering in soft-tissue phantoms using Fiber Bragg 
Grating sensors. Abayazid M, Kemp M and Misra S. ICRA (2013) 5843–9

• Real-Time Estimation of Three-Dimensional Needle Shape and Deflection for 
MRI-Guided Interventions. Yong-Lae Park, Santhi Elayaperumal, Bruce Daniel, Seok
Chang Ryu, Mihye Shin, Joan Savall, Richard J. Black, Behzad Moslehi, and Mark R. 
Cutkosky. IEEE/ASME Transactions on Mechatronics 15 (2010) 906 – 915



Fiber-optics Shape Sensing

Fiber Bragg Grating (FBG)

• Down to 80 um diameter fiber

• Femtoseconds laser

• 3 or more FBG etched within the fiber at various
location along the needle or catheter or …

Credit: NASA



Fiber-optics Shape Sensing

Park et al, IEEE/ASME (2010); Tiffoni et al, Sensor (2013)



L1 L2 L3

∆λi

λi

= ksε + kT∆T
ε : strain

∆T : temperature change

k :coefficients
http://www.windkraft-journal.de/

http://www.windkraft-journal.de/








Real-time Tracking Technologies

They are coming

• Real-time position/angulation of needle, catheter or 
applicator (intelligent!)applicator (intelligent!)

• Fast and accurate HDR channel reconst. and tips

• Real-time tracking of seed drop location

Could be incorporated in specific workflows

• Automated imaging plane display

• Real-time continuous dosimetry and replanning (Seed)

• QA of channel (reconstr., swapped, …)





Advanced Brachytherapy PhysicsAdvanced Brachytherapy Physics



Perspective on Future Progress for Brachytherapy 
Ph i d T h l i l Ad tPhysics and Technological Advancements: 

Radionuclides and Novel Applicators

Prof. Mark J. Rivard, Ph.D., FAAPM

Advanced Brachytherapy Physics 29 May 1 June 2016Advanced Brachytherapy Physics, 29 May – 1 June, 2016



Disclosures
Dr Rivard serves as a consultant to CivaTech Oncology and aDr. Rivard serves as a consultant to CivaTech Oncology and a
minor shareholder to Advanced Radiation Therapy, LLC

Opinions herein are solely those of the presenter, and are not 
meant to be interpreted as societal guidance.

Specific commercial equipment, instruments, and materials are listed
to fully describe the necessary procedures. Such identification does notto fully describe the necessary procedures. Such identification does not
imply endorsement by the presenter, nor that these products are 
necessarily the best available for these purposes.



Learning Objectives

1. Examine radiological properties of current and potential radionuclides.
Consider if these differences will be clinically meaningful.y g

2. Learn about current novel BT sources and applicators and possibilities.
Consider if these differences will be clinically meaningful.



• How sensitive is dosimetry for novel radionuclides and eBT to

New BT Radionuclides: Mean Photon Energy
How sensitive is dosimetry for novel radionuclides and eBT to
material heterogeneities (and general differences with TG-43)?

Xoft 29 keV
esteya41 keV

153Gd 61 keV
170Tm 66 keV
169Yb 93 keV
101Rh 121 k V101Rh 121 keV
57Co 124 keV

103103Pd 21 keV
125I 28 keV
131Cs 30 keV

192Ir  0.3 MeV 60Co 1.2 MeV

Rivard, Venselaar, Beaulieu, Med. Phys. 36, 2136-2153 (2009)



New BT Radionuclides

“Dose-rate falloff differences” as a FN of E
established

low-E sources
novel

sources

153Gd 61 keV

Xoft 29 keV
esteya41 keV

103Pd 21 keV
125I 28 keV
131Cs 30 keV

170Tm 66 keV
169Yb 93 keV
101Rh 121 keV
57C 124 k V57Co 124 keV

dose increase
due to

radiation scatterradiation scatter

Luxton and Jozsef, Med. Phys. 26, 2531-2538 (1999)



Extreme BT Shielding: LDR 125I

isotropic
kernel

directional kernel
at 30 degrees

Lin, et al., Med. Phys. 35, 240-247 (2008) Chaswal, et al., Phys. Med. Biol. 57, 963-982 (2012)



Extreme BT Shielding: LDR 125I

Rivard, et al., Med. Phys. 36, 1968-1975 (2009)



Extreme BT Shielding: LDR 103Pd

C S 2.5 mm diam.CivaSheet

lateral view0.5 cm from front surface
Rivard, et al., work in progress



Extreme BT Shielding: LDR 103Pd

Rivard, et al., work in progress



Extreme BT Shielding: HDR 192Ir

AccuBoost: non-invasive breast BT

Yang, et al., Med. Phys. 38, 1519-1525 (2011) Yang and Rivard, Med. Phys. 37, 5665-5671 (2010) 



Extreme BT Shielding: HDR 192Ir

Webster, et al., Med. Phys. 40, 011718 (2013) Webster, et al., Med. Phys. 40, 091704 (2013)



Extreme BT Shielding: HDR 192Ir or 153Gd

Han, et al., IJROBP 89, 666-673 (2014) Adams, et al., Med. Phys. 41, 051703 (2014) 



Need New TPS Evaluation Criteria

1% and 1 mm 5% and 2 mm
Yang, et al., Med. Phys. (2011) Petrokokkinos, et al., Med. Phys. (2011)



What Would Olaf Do?



Summary

• new sources (radionuclides and eBT) fall in the energy range 
sensitive to scatter, requiring advanced BT dose calculations

• new sources and applicators have significant shielding,
not compatible with current TPS based on simple TG-43

• commercially available (Acuros BV and Oncentra ACE) for 192Ir
(and academic-based TPS) can accurately calculate BT dose

• current and ongoing societal guidance for advanced BT dose calcsg g g

... earn their trust
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