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Organ dose estimation for medical exposure 

• Planned and controlled 
• Relatively well documented 
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Radiation weighting factor* 

* ICRP Publication 103 (2007) 



Tissue weighting factor* 

* ICRP Publication 103 (2007) 



Dosimetric quantities* 
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• Expensive 
• Substantial person-hour 
• Not flexible 

MEASUREMENT CALCULATION 

• Cost-effective 
• Fewer person-hour 
• More flexible 

Two approaches to estimate organ dose 



Conversion coefficients 

Radiation Source Measured 
dose 

Organ dose 

Conversion 
coefficients  Measured dose 

Organ dose 
Measured dose: 
• Air Kerma 
• Dose Area Product 
• CTDI 



Conversion coefficients 

• Dependent on 
– Patient characteristics: age, gender, body size 
– Machine settings: beam energy, direction, collimation, and etc. 

 

• Two approaches in dose calculation tools 
– Look-up-table approach: simple geometry (e.g., CT scan) 
– Exposure scenario-specific calculation: complex geometry (e.g., 

radiography, radiotherapy) 



Two components in Medical Dosimetry Tools 

Computational 
human phantoms 

Monte Carlo 
radiation transport 
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1960s 
Stylized phantoms 

Evolution of Computational Human Phantoms 

1980s 
Voxel phantoms 

1950s 
Simple phantoms 

BOMAB phantom ORNL adult phantom GSF BABY and CHILD 
voxel  phantoms 

2000s 
Hybrid phantoms 

UF/NCI 
Hybrid phantoms 

More accurate anatomy 



Stylized (mathematical) phantom 
Since 1960s 
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Left lung of ORNL newborn phantom 

Voxel (tomographic) phantom 
Since 1980s 

Constructed from MR or CT data 

Left lung of UF/NCI voxel newborn phantom 

First vs. Second generation phantoms 



Oak Ridge National Laboratory phantoms* 

*ORNL/TM 8381 (1987) 



Stylized phantom generator 

• Body Builder (White Rock Science) 
– Generate human phantoms (stylized) 
– Pregnant female (3, 6, and 9 months) 
– Gender-specific phantoms 

Graphics from www.whiterockscience.com 



World-First Voxel Phantoms* 

*Zankl et al. Radiation Environment & Biophysics (1988) 

2-month BABY (left) and 7-year CHILD (right) pediatric voxel phantoms 



Status of Voxel Phantoms* 
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Hybrid** 

Voxel phantom Stylized phantom 

Non-Uniform Rational B-Spline 

Third generation phantoms: Hybrid approach* 

Anatomical Realism 
(CT images of patient) 

Mathematical Flexibility 
(NURBS surface) 

*Segars et al. Nuclear Science 2001, Lee et al. Radiation Protection Dosimetry 2007 
**Also known as Boundary Representation (BREP) 



Procedure to develop hybrid phantom 
Segmentation Surface model 

NURBS model Voxel model 

Contour organs 
from CT images of 

real patients 

Build surface 
models from 
organ contours 

Smoother and 
more flexible than 

surface models 

Convert to 
voxel models 
for Monte 
Carlo 
calculations 



Reference organ volume 
(ICRP Publication 89) 

Reference gastro-intestine 
(ICRP Publication 100) 

Reference organ composition 
(ICRU Report 46 & ICRP 

Publication 89) 

Reference anthropometry 
(CDC NHANES data) 

Reference data incorporated 



UF/NCI hybrid male (left) and female (right) newborn phantoms 

World-first newborn hybrid phantom* 

*Lee et al. PMB 2007 



Pregnant Phantom Series* 

*Xu et al. PMB 2007 



Newborn     1-year        5-year           10-year           15-year male    15-year female     Adult male          Adult female 

A series of Hybrid Phantoms (2006-2013) 

* Lee et al, PMB 2007, MP 2008, PMB 2010 



Body size-specific phantoms 

• Body size significantly varies among patients at the same age 
• Radiation dose depends on body size 

Newborn male 1-year male 5-year male 10-year male 15-year male 15-year female   Adult male        Adult female

? 



Body size-specific phantoms 

Library of adult male/female phantoms with different BMI 

*Broggio et al. PMB 2011 



Body size-specific phantoms 

Extension of MASH and FASH adult male/female phantoms 

*Cassola et al. PMB 2011 



Body size-specific phantoms 

Extension of RPI adult male/female phantoms 

*Ding et al. PMB 2012 



UF/NCI Phantom Library* 

• BMI distribution grid developed from US CDC survey data 
• Seven different body dimensions assigned to each cell 
• Body size-dependent phantoms developed by deforming the reference phantoms 

Adult Male 

Body Part Size 

Height 180 cm 

Weight 65 kg 

Sitting Height 92 cm 

Waist Circumference 92 cm 

Thigh Circumference 80 cm 

Arm Circumference 46 cm 

Buttocks Circumference 28 cm 

*Geyer et al. PMB 2014 



UF/NCI Phantom Library* 

A series of the adult male phantoms at 175 cm high and different weights, 60 – 130 kg 

Adult Male 

*Geyer et al. PMB 2014 



UF/NCI Phantom Library* 

Underweight 
Normal 
Overweight 
Obese 
Morbidly Obese 

Weight (kg) 

He
ig

ht
 (c

m
) 

*Geyer et al. PMB 2014 

Pediatric Female Adult Female 

Pediatric Male Adult Male 



UF/NCI Phantom Library: 351 phantoms 

*Geyer et al. PMB 2014 



Phantoms in different postures 

*Han et al. MP 2013 

Patient and baby phantoms used in the study of release 
criteria for patients treated by I-131* 



Phantoms in different postures 

*Vazquez et al. PMB 2014 

Body posture-specific phantom developed from motion capture technology 



ICRP Reference Adult Phantoms* 

• Developed from Golem (male) and 
Laura (female) adult phantoms. 

• ICRP Committee II Task Group 
DOCAL** 
 

• External dose conversion coefficients 
(ICRP 116) 

• Internal dose coefficients (ICRP 1XX, 
coming soon) 

*ICRP Publication 110 (2009) 
**DOCAL: Dose Calculation 



ICRP Reference Pediatric Phantoms 

• ICRP Committee II Task Group CPRT* 
• Adopt UF/NCI pediatric phantoms as a template 
• Additional modeling 

– Oral mucosa, lips and cheeks 
– Breast: glandular + adipose 
– Lung blood 
– Ureters 
– Lymphatic nodes 
– Muscle model 

*CPRT: Computational Phantom and Radiation Transport 



ICRP Reference Pediatric and Adult Phantoms 

Newborn 15-year Female 15-year Male 1-year 5-year 10-year Adult Female Adult Male 





1960s 
Stylized phantoms 

Use phantoms depending on your need 

1980s 
Voxel phantoms 

1950s 
Simple phantoms 

BOMAB phantom ORNL adult phantom GSF BABY and CHILD 
voxel  phantoms 

2000s 
Hybrid phantoms 

UF/NCI 
Hybrid phantoms 



Phantom Consortium 
(www.virtualphantoms.org) 

• Founded in 2005 by 10+ founding members 
• Meet every two years 
• Release phantoms for research purposes 
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3D Monte Carlo radiation transport 
• A statistical approach for the physical phenomena based upon 

random number and the probability functions 

Random sample next 
• Interaction type 
• Angle 
• Energy 

Random sample next 
• Interaction type 
• Angle 
• Energy 

Random sample next 
• Interaction type 
• Angle 
• Energy 

Until the energy 
becomes zero 

Source Medium 

Target Medium 





Monte Carlo simulation codes 

• FLUKA – CERN and INFN’s particle physics 
• GEANT4 – CERN’s simulation of high energy particles 
• EGS – Stanford’s simulation code for photon/electron 
• PEREGRINE – LLNL’s Monte Carlo tool for radiotherapy 
• BEAMnrc – MC code system for radiotherapy 
• PENELOPE – MC code for coupled transport of photons and 

electrons, with applications in radiotherapy  
• MCNP – LANL’s radiation transport codes  
• ……. 
• Streamlined Monte Carlo transport code at NCI! 



Brief introduction to MCNP 

• MCNP: Monte Carlo N-Particle 
– Neutron, photon, electron, or coupled transport  
– Operable on PC, Unix, Linux, Mac, and parallel computing machine 
– Developed at Los Alamos National Laboratory 

 
• History 

– MCNP4 (1990) 
– MCNP4A (1993) 
– MCNP4B (1997) 
– MCNP4C (2000) 
– MCNP5 (2003) 
– MCNP6 (up-to-date version) 

The first electronic computer, ENIAC (1946) 



Brief introduction to MCNP 

• MCNPX (Monte Carlo N-Particle eXtended) 
– Extension to 34 particles up to 150 MeV 
– Operable on PC, Unix, Linux, and parallel computing machine 
– Developed at Los Alamos National Laboratory 

 
• History 

– MCNPX2.1 (October 1997) 
– MCNPX2.5 (April 2004) 
– MCNPX2.7 (up-to-date version) 

$2 Cash Award to the person 
who finds any bug! 



Biowulf: Supercomputing Server at NIH 



Applications of Monte Carlo codes 

• Specific areas of application include 
– Radiation protection and dosimetry 
– Radiation shielding 
– Radiography and medical physics 
– Nuclear criticality safety, detector design and analysis 
– Accelerator target design 
– Fission and fusion reactor design 
– Decontamination and decommissioning reactor 



Visualization 

• MCNP/MCNPX built-in tool 



Visualization 

• Sabrina (White Rock Science) 
– Visualize 3D geometries based on ray-tracing 
– Visualize particle track 
– Windows and UNIX 

Graphics from www.whiterockscience.com 



Visualization 

• Moritz (White Rock Science) 
– Real-time interactive visualization tool 
– Macrobody and voxel geometry supported 
– Mesh tally plotting 

Graphics from www.whiterockscience.com 



Visualization 

• VISED (Visual Editor Consultants) 
– 3D visualization tool 
– Source and collision plotting 
– Write MCNP input and run 

Graphics from www.mcnpvised.com 



Example input file for a phantom in MCNP 



Content 

• Background 
• Computational phantoms 
• Monte Carlo radiation transport 
• Diagnostic radiation dosimetry tools 
• Therapeutic radiation dosimetry tools 



Normal tissue dose in diagnostic radiation 
procedures 
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Different imaging modalities 
Radiography: projection image 

Mammography 



Different imaging modalities 

Interventional fluoroscopy Diagnostic fluoroscopy 

Fluoroscopy: real-time moving image 



Different imaging modalities 
Computed Tomography: cross-sectional image 



Different imaging modalities 

Nuclear Medicine Imaging: anatomy + function 

CT                      PET                        PET/CT 



Ultrasound imaging 

Magnetic Resonance Imaging 



• Radiography/Fluoroscopy 
• Mammography 
• Computed Tomography 

Diagnostic radiation dosimetry tools 



Organ dose estimation: Conversion coefficient 

• “Handbook of selected tissue doses for projections common 
in diagnostic radiology” (Rosenstein, FDA89-8031, 1988) 

 
– Developed from adult male and female computational phantoms 

coupled with Monte Carlo transport technique 
– Provide organ doses per unit exposure (measurement) for 

comprehensive technique factors 



Organ dose estimation: Conversion coefficient 



Organ dose estimation: PCXMC 

• A commercial computer program for calculating patients’ 
organ and effective doses in radiography examinations 

 
– Developed by Tapiovaara et al. (STUK, Finland) 
– Current version, PCXMC 2.0 (released in Nov 2008) 
– Based on the computational phantoms (Cristy and Eckerman, 1987) 

coupled with Monte Carlo transport technique 



Four Different Modules in PCXMC 



Examination Data Module (User input) 



Simulation Module (Monte Carlo transport) 



Dose Calculation Module (input measurements) 



Risk Assessment Module (based on BEIR VII models) 



• Radiography/Fluoroscopy 
• Mammography 
• Computed Tomography 

Diagnostic radiation dosimetry tools 



Mammography 

• Average (or mean) glandular dose 
(AGD) 
– Breast dose (at greatest risk) 
– Replaced traditional quantities (skin 

dose, midplane breast dose, and etc.) 

Compressed breast 

X-ray tube 

Compression paddle 

Grid 

Screen/Film 

Filtration 

Collimation 



Organ dose estimation: Conversion coefficient 

• The average glandular dose, Dg (mGy) = DgN (mGy/R) x X (R) 
 X: entrance exposure (measurement) 
 DgN: Exposure-to-AGD conversion coefficient (obtained from Monte Carlo simulation) 

 



Advanced conversion coefficient* 

* Thierry-Chef et al. Rad Res (2012) 



• Radiography/Fluoroscopy 
• Mammography 
• Computed Tomography 

Diagnostic radiation dosimetry tools 



Conventional CT dosimetry tools 
(developed in 1980s) 

CTDosimetry CT-Expo 
•NRPB database (UK) 
•Hermaphrodite adult 
•No children 

•GSF database (Germany) 
•Male and female adult 
• Two children 

ORNL adult 
hermaphrodite 

phantom 
ADAM    EVA  BABY    CHILD 



CTDosimetry 



Conversion factors for pediatric effective doses 
in CTDosimetry 



CT-Expo 



CT-Expo 

Actual phantoms 
Used in calculation 

Phantoms displayed in CT-Expo 
to define scan range 



More recent developments: 
WAZA-ARI (Japan) 

•Under beta test 
• Japanese adult male only 
• Limited CT scanner models 
•Web-interface 



More recent developments: 
VirtualDoseTMCT (RPI, USA) 

• Commercial solution 
• RPI pediatric/adult phantoms 
• Limited CT scanner model 



More recent developments: 
eXposureTM (Radimetrics, inc) 

• Advanced interface between dosimetry tool and PACS 
• Adopted by a large number of clinical centers worldwide 
• Old stylized phantoms 



More recent developments: 
GPU-based on-site dose calculation 

• Calculate dose distribution right after CT 
images are reconstructed. 
– Kalender et al. (Germany) 
– Xu et al. (RPI, USA) 

 

• Not appropriate for epidemiologic study 
– Only provide 3D dose distribution 
– Organ segmentation is required for organ 

dose calculation 



NCICT 

• National Cancer Institute Dosimetry System for CT Patients 
• ICRP Reference pediatric and adult phantoms adopted 
• Validation of the CT x-ray simulation 
• CT scanner output library for +150 scanner model 
• Based on +10 journal publications 



ICRP Reference Pediatric and Adult Phantoms 

Newborn 15-year Female 15-year Male 1-year 5-year 10-year Adult Female Adult Male 



User interface of NCICT 



Batch Module in NCICT 
(with/without CTDIvol) 



Beta testing (2010 – ) 
Name Institution Country
Maccia Carlo CAATS France
Andreas Jahnen CRP Tudor Luxemburg
Isabelle Thierry-Chef IARC France
Marie-Odile Bernier IRSN France
Jean-Luc Rehel IRSN France
Eva Godske Friberg NRPA Norway
Hilde Olerud NRPA Norway
Lucian Krille UMC Germany
Henryk Wicke Johannes Gutenberg University Mainz Germany
Michael Hauptmann Netherlands Cancer Institute Netherland
Zoe Brady Alfred Health Autralia
Georg Stamm Institut für Radiologie Germany
Jinsung Kim Samsung Medical Center Korea
Thalia Mills FDA USA
David Spelic FDA USA
Stanley Stern FDA USA
Amir Bahadori NASA USA
Kwang Pyo Kim KHU Korea
Roberto Maass NCI USA
Eliseo vano University of Madrid, Spain Spain
Paul Shrimpton HPA UK UK
Akira Endo JAEA Japan
Xizeng Wu U of Alabama USA
Koji Ono Oita University Japan
Fumiaki Takahashi JAEA Japan
Takayasu Yoshitake Shinbeppu Hospital Japan
Mark Smekhov Ministry of Health, Israel Israel
Klaus Bacher Ghent University Belgium



Future Plan 

• Further developments 
– NCICT-eXtended: 351 body size dependent phantoms 
– Translation of the original Visual Basic 6.0 (Windows) into Python 

language (multi platform) in progress 
 

• Release plan 
– Publication on NCICT (Mid 2015) 
– Public release of NCICT from NCI (early 2016) 
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Unintended radiation dose to normal tissues 

Normal tissue                   Tumor 

Normal tissue within 
the beam path 

Out-of-field                   In-field 

Patient scattering 



Therapeutic radiation dosimetry tools 

• Treatment Planning System (in-field dosimetry) 
• Measurement-based methods 
• Monte Carlo radiation transport 



Treatment Planning System 

• A computer software to design radiotherapy procedures to 
maximize tumor dose but minimize normal tissue dose 
 

• iPlan (Brainlab) 
• XiO (Elekta) 
• Pinnacle (Phillips) 
• RayStation (RaySearch) 
• Eclipse (Varian) 

http://www.healthcare.philips.com 



Eclipse (Varian Medical System, Inc.) 



XiO (Elekta) 





• Treatment Planning System 
• Measurement-based methods (out-of-field dosimetry) 
• Monte Carlo radiation transport 

Therapeutic radiation dosimetry tools 



Measurement-based methods 

• Based on water phantom measurement 
• Computational human models with 3D grids 
 
 

 
 
 
 
 

 

 

Water phantom 
measurement 

Simple human models 

* Stovall et al, Rad Res 2006 



* Stovall et al, Rad Res 2006 

Physical phantom to simulate the tonsil irradiation 



Dos_EG program* 

* Diallo et al. Radiotherapy and Oncology 1996 



• Treatment Planning System 
• Measurement-based methods 
• Monte Carlo radiation transport (out-of-field dosimetry) 

Therapeutic radiation dosimetry tools 



National Cancer Institute Dosimetry Tool for 
Radiation Treatment: NCIRT* 

• Comprehensive dosimetry tool to estimate dose to normal 
tissues in patients undergoing radiation treatment 

• Developed by the multi-institutional consortium 
– National Cancer Institute 
– University of Michigan 
– East Carolina University 
– University of California San Francisco 

* Lee et al, Phys Med Biol 2015 





Converted the organ contours in the UF/NCI 
computational phantoms into DICOM-RT* 

* Pyakuryal et al (in preparation) 



Illustrative organ dose calculations 

• Two cases of cancer treatment 
– Brain tumor in 10-year-old phantom 
– Prostate cancer in adult male phantom 

 

• Steps 
– Convert 10-year-old male and adult male Hybrid Phantoms 
– Treatment planning and generate DICOM-RT 
– Monte Carlo calculation using DICOM-RT 



Treatment plan: 10-year-old brain tumor 



Treatment plan: Adult male prostate tumor 



DVH for 10-year-old brain tumor treatment 
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DVH for adult male prostate tumor treatment 
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Figure 1: Dose distribution at the 
isocenter for the 7-field IMRT plan on 
the patient CT calculated by XVMC. 
 

Example of Intensity Modulated Radiation Treatment 
(IMRT) dose calculations 
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Test problem #1 

Which one of the following phantoms is most up-to-date? 
 

1. ORNL stylized phantoms 
2. GSF pediatric voxel phantoms 
3. Hybrid (BREP) phantoms 
4. BOMAB phantoms  



Test problem #1 

Which one of the following phantoms is most up-to-date? 
 

1. ORNL stylized phantoms 
2. GSF pediatric voxel phantoms 
3. Hybrid (BREP) phantoms (Answer) 
4. BOMAB phantoms  



Test problem #2 

Which is the project you cannot do using Monte Carlo radiation 
transport codes? 

 
1. Calculate organ dose for CT patients 
2. Simulate the aerodynamics of an automotive model 
3. Nuclear reactor shielding calculations 
4. Calculate normal tissue doses for radiotherapy patients 



Test problem #2 

Which is the project you cannot do using Monte Carlo radiation 
transport codes? 

 
1. Calculate organ dose for CT patients 
2. Simulate the aerodynamics of an automotive model (answer) 
3. Nuclear reactor shielding calculations 
4. Calculate normal tissue doses for radiotherapy patients 



Test problem #3 

You want to calculate stomach dose for a radiography patient. 
You have a stomach dose coefficient, 4 mGy/mGy, and the 
measurement of entrance air kerma, 5 mGy. What is the 
stomach dose? 

 
1. 40 mGy 
2. 30 mGy 
3. 20 mGy 
4. 10 mGy 



Test problem #3 

You want to calculate stomach dose for a radiography patient. 
You have a stomach dose coefficient, 4 mGy/mGy, and the 
measurement of entrance air kerma, 5 mGy. What is the 
stomach dose? 

 
1. 40 mGy 
2. 30 mGy 
3. 20 mGy (answer) 
4. 10 mGy 



Test problem #4 

Which of the following dose descriptors will you see on a CT 
scanner console? 

 
1. Air kerma (mGy) 
2. Dose-Area Product (mGy-cm2) 
3. CTDIvol (mGy) 
4. Effective dose (mSv) 



Test problem #4 

Which of the following dose descriptors will you see on a CT 
scanner console? 

 
1. Air kerma (mGy) 
2. Dose-Area Product (mGy-cm2) 
3. CTDIvol (mGy) (answer) 
4. Effective dose (mSv) 



Test problem #5 

Which of the following radiation sources can you ignore in 
normal tissue dose for radiotherapy patient? 

 
1. Scatter radiation from machine head 
2. Scatter radiation from beam collimation 
3. Scatter radiation from the patient him/herself 
4. Scatter radiation from the treatment room wall 



Test problem #5 

Which of the following radiation sources can you ignore in 
normal tissue dose for radiotherapy patient? 

 
1. Scatter radiation from machine head 
2. Scatter radiation from beam collimation 
3. Scatter radiation from the patient him/herself 
4. Scatter radiation from the treatment room wall (answer) 



Questions and Answers 

U.S. Department of Health and Human Services 
National Institutes of Health | National Cancer Institute  

www.dceg.cancer.gov/RadEpiCourse 
1 -800 -4 -CANCER 

Produced May 2015 
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