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Objectives
To understand:
• The challenges in dosimetry for epidemiological studies;
• Input data for dosimetry in epidemiological studies;
• Different approaches for dosimetry;
• The methods to quantify dosimetric uncertainty.



3

Background
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Exposure assessment for epidemiological studies

 A fundamental foundation of high quality epidemiologic studies 
is accurate exposure assessment.

 Background physics, methods and techniques for radiation 
exposure assessment have been developed relatively robust 
compared to other exposure types.
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Environmental
Exposure

Occupational
Exposure

Medical
Exposure

Types of radiation exposure (1)
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Environmental
Exposure

Occupational
Exposure

Medical
Exposure

Types of radiation exposure (2)

Patients receiving FGIP*

Physicians performing FGIP

*FGIP: Fluoroscopically-guided 
interventional procedures
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Environmental
Exposure

Occupational
Exposure

Medical
Exposure

Types of radiation exposure (3)

Radiation technologist receiving 
chest x-ray as a patient

Radiation technologists working 
for nuclear medicine patients

*FGIP: Fluoroscopically-guided 
interventional procedures
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Environmental
Exposure

Occupational
Exposure

Medical
Exposure

Types of radiation exposure (4)

Chernobyl clean-up workers

Populations who lived in Chernobyl region
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Environmental
Exposure

Occupational
Exposure

Medical
Exposure

Types of radiation exposure (5)

Hiroshima/Nagasaki population 
exposed to the atomic bomb

Atomic bomb survivors receiving 
radiological exams
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Types of radiation exposure (6)

 Planned and controlled

 Relatively well documented

Medical/occupational exposure Environmental exposure
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Dosimetric quantities*
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Radiation weighting factor*

* ICRP Publication 103 (2007)
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Tissue weighting factor*

* ICRP Publication 103 (2007)
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Dosimetric quantities*

Individualized 
organ dose
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Challenges
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“Reconstruct organ dose for 180,000 pediatric and young adults who underwent CT 
scans in the United Kingdom 1985 – 2002*”

*Pearce et al. Lancet (2012)

Challenges in dosimetry for epidemiological studies (1)
Example #1: CT dose reconstruction
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1970

The patient was diagnosed 
with Breast Cancer

1990

A patient was treated for 
Hodgkin Lymphoma (HL)

20 years later

Radiation treatment record Pathology report

Challenges in dosimetry for epidemiological studies (2)
Example #2: Radiotherapy dose reconstruction*
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1970

The patient was diagnosed 
with Breast Cancer

1990

A patient was treated for 
Hodgkin Lymphoma (HL)

Going back

Radiation treatment record Pathology report

Challenges in dosimetry for epidemiological studies (3)
Example #2: Radiotherapy dose reconstruction*
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 Individualized organ dose required

 Large size cohorts

 Limited input for dose reconstruction

 Uncertainty needs to be quantified

Challenges in dosimetry for epidemiological studies (4)
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Input
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Data used for exposure assessment - Environmental

 Environmental radiation exposure
 Measurements (direct or indirect)

 Records on weather, building maps, working environment

 Questionnaire: residential history, dietary, housing style, protection 
measures, etc.
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Exposure Modeling for Chernobyl Accident

3D model of Pripyat-town (left) and building structure (right) close to 
the Chernobyl accident site used for dosimetry
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Part of the questionnaire used for the mothers in Belarus/Ukraine cohort
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Data used for exposure assessment - Occupational

 Occupational radiation exposure
 Dose monitoring records (e.g., badge dose)

 Questionnaire on work history, time, medical procedures, safety measures 
employed

 Literature search: x-ray energy, filtration, machine types
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Example page of the questionnaire used for the United States 
Radiologic Technologists study: type of procedures
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Example page of the questionnaire used for the United States 
Radiologic Technologists study: safety measures
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Data used for exposure assessment - Medical

 Medical radiation exposure
 Patient information system at hospitals (e.g., RIS*)

 Paper medical records

 Electronic medical records (e.g., DICOM-RT)

 Literature search

*RIS: Radiological Information System



28

Sample screen of a Radiological Information System
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Sample CT DICOM Dose Report
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Sample 
CT Images
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Example paper medical 
records of a radiotherapy 
patient
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Example DICOM-RT 
visualized on a 
treatment planning 
system
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Approaches
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Dosimetry approaches: external exposure (1)

Source reconstruction Organ dose calculation
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Dosimetry approaches: external exposure (2)

Source reconstruction Organ dose calculation

Examples:
• Radioactivity from ground 

contamination in Chernobyl
• Scanner model, tube potential, 

filtration in CT scans

Organ dose conversion 
coefficients from computer 
simulation using 
computational human 
phantoms
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Dosimetry approaches: external exposure (3)

Source reconstruction Organ dose calculation

In some medical dosimetry (e.g., radiotherapy, FGIP patients), both the 
source reconstruction and dose calculation are conducted in a computer 
simulation or a measurement setup.



*Yeom et al. (in preparation)

Simulation of IBA Proton Therapy beam line coupled with the 
NCI adult male phantom in TOPAS*



* Stovall et al, Rad Res 2006

Physical phantom to simulate the tonsil irradiation*
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Dosimetry approaches: internal exposure (1)

Source reconstruction #1
(outside the anatomy)

Organ dose calculationSource reconstruction #2
(inside the anatomy)
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Dosimetry approaches: internal exposure (2)

Source reconstruction #1
(outside the anatomy)

Organ dose calculationSource reconstruction #2
(inside the anatomy)

Examples:
• Ecological analysis for 

contaminated food 
consumption in 
Chernobyl area

Bio-kinetic models to 
simulate the movement of 
radioisotopes within the 
anatomy

Organ dose conversion 
coefficients from computer 
simulation using 
computational human 
phantoms
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Dosimetry approaches: internal exposure (3)

Source reconstruction #1
(outside the anatomy)

Organ dose calculationSource reconstruction #2
(inside the anatomy)

In some environmental dosimetry where the information for the step 1 & 2 are 
known (e.g., I-131 inhalation in Chernobyl population and its concentration in the 
thyroid), direct measurements are conducted.
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Radioactivity measurements for the thyroid in Ukraine 
and Belarus
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Organ dose conversion coefficients
Derived from computational human phantoms and computer 
simulation techniques, called Monte Carlo radiation transport

Radiation 
Source Measured 

dose

Organ 
dose

Conversion 
coefficients Measured dose

Organ dose
Measured dose:
• Air Kerma
• Dose Area 

Product
• CTDI
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Evolution of Computational Human Phantoms
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Procedure to develop hybrid phantom

Segmentation Surface model

NURBS model
Voxel model

Contour organs from CT 
images of patients

Build surface models 
from organ contours

Smoother and more 
flexible than surface 

models

Convert to voxel 
models for Monte 
Carlo calculations
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World-first newborn hybrid phantom*

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

*Lee et al. PMB 2007
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A series of Hybrid Phantoms (2006-2013)

* Lee et al, PMB 2007, MP 2008, PMB 2010
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Body size-specific phantoms (1)
 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
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Body size-specific phantoms (2)

Extension of MASH and FASH adult male/female phantoms

*Broggio et al. PMB 2011
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Body size-specific phantoms (3)

Extension of MASH and FASH adult male/female phantoms

*Cassola et al. PMB 2011
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Body size-specific phantoms (4)

Extension of RPI adult male/female phantoms

*Ding et al. PMB 2012
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Rensselaer Polytechnic Institute
Pregnant Phantom Series*

*Xu et al. PMB 2007
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University of Florida Pregnant Phantom Series*

*Maynard et al. PMB 2014



54

Phantoms in different postures (1)

*Han et al. MP 2013, ** Yeom et al. PMB 2019

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

ICRP adult female phantom in different postures**
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Phantoms in different postures (2)

*Vazquez et al. PMB 2014

Body posture-specific phantom developed from motion capture technology*



56

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
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Types of dose conversion coefficients
 Environmental
o Ground contamination

o Internal dosimetry for ingestion or inhalation of radioisotope

 Occupational
o External exposure in idealized geometries (ICRP Publication 51, 74, 

and 103)

 Medical
o Radiography/simple fluoroscopy

o Computed tomography scans

o Nuclear medicine
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PCXMC, organ dose calculator for 
radiography/fluoroscopy procedures
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NCICT: National Cancer Institute dosimetry system for 
Computed Tomography

Lee et al. JRP (2015)
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NCINM: National Cancer Institute dosimetry system for 
Nuclear Medicine

Villoing et al. (in preparation)
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NCI Dose Website - http://ncidose.cancer.gov



62

Uncertainties
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Patient anatomy, scan start/end, scanner model, tube potential, current-time product, pitch

Uncertainty increases when unknowns increase in CT (1)
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Patient anatomy, scan start/end, scanner model, tube potential, current-time product, pitch

Liver dose in abdominal CT scan: 20 mGy

Patient side parameters                                    Machine side parameters

Uncertainty increases when unknowns increase in CT (2)
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Patient anatomy, scan start/end, scanner model, tube potential, current-time product, pitch
Patient anatomy, scan start/end, scanner model, tube potential, current-time product

22 mGy
18 mGy

20 mGy

Uncertainty increases when unknowns increase in CT (3)
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Patient anatomy, scan start/end, scanner model, tube potential, current-time product, pitch
Patient anatomy, scan start/end, scanner model, tube potential, current-time product
Patient anatomy, scan start/end, scanner model, tube potential

50 mGy

10 mGy
20 mGy

Uncertainty increases when unknowns increase in CT (4)
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Patient anatomy, scan start/end, scanner model, tube potential, current-time product, pitch
Patient anatomy, scan start/end, scanner model, tube potential, current-time product
Patient anatomy, scan start/end, scanner model, tube potential
Patient anatomy, scan start/end, scanner model

75 mGy

5 mGy
20 mGy

Uncertainty increases when unknowns increase in CT (5)
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Patient anatomy, scan start/end, scanner model, tube potential, current-time product, pitch
Patient anatomy, scan start/end, scanner model, tube potential, current-time product
Patient anatomy, scan start/end, scanner model, tube potential
Patient anatomy, scan start/end, scanner model
Patient anatomy, scan start/end

100 mGy

2 mGy
20 mGy

Uncertainty increases when unknowns increase in CT (6)
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Patient anatomy, scan start/end, scanner model, tube potential, current-time product, pitch
Patient anatomy, scan start/end, scanner model, tube potential, current-time product
Patient anatomy, scan start/end, scanner model, tube potential
Patient anatomy, scan start/end, scanner model
Patient anatomy, scan start/end
Patient anatomy

120 mGy

1 mGy

20 mGy

Uncertainty increases when unknowns increase in CT (7)
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Patient anatomy, scan start/end, scanner model, tube potential, current-time product, pitch
Patient anatomy, scan start/end, scanner model, tube potential, current-time product
Patient anatomy, scan start/end, scanner model, tube potential
Patient anatomy, scan start/end, scanner model
Patient anatomy, scan start/end
Patient anatomy
Patient age

180 mGy

0.5 mGy
20 mGy

Uncertainty increases when unknowns increase in CT (8)
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 Provides alternative (possibly true) sets of doses for an entire 
cohort rather than a single set

 Shared and unshared uncertainties are properly incorporated 
into dosimetry

*Simon et al. Radiation Research 183:27-41 (2015)

Uncertainty-incorporated dosimetry: 2DMC technique*
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2-Dimensional Monte 
Carlo method to 
calculation multiple doses 
incorporating uncertainty 
and variability
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Summary
 Accurate exposure assessment is crucial in high quality

epidemiological studies of cohorts exposed to environmental,
occupational, and medical radiation sources

 Reconstruction of accurate and individualized organ dose for a large 
number of subjects often involves many challenges

 Dosimetry approaches in epidemiological studies include internal and 
external dosimetry depending on the irradiation scenarios

 Uncertainty must be recognized, quantified, and incorporated into 
risk analysis
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Quiz question #1
What is the dose quantity that can be used for epidemiological 
investigations?

1. Effective dose

2. Organ dose

3. Equivalent dose

4. Kerma
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Quiz question #1
What is the dose quantity that can be used for epidemiological 
investigations?

1. Effective dose

2. Organ dose

3. Equivalent dose

4. Kerma
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Quiz question #2:

You have a kerma measurement of 10 mGy and the kerma-to-lung 
dose conversion coefficients of 0.7 mGy/mGy. What is your lung 
dose?

1. 0.7 mGy

2. 7 mGy

3. 10 mGy

4. 70 mGy
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Quiz question #2:

You have a kerma measurement of 10 mGy and the kerma-to-lung 
dose conversion coefficients of 0.7 mGy/mGy. What is your lung 
dose?

1. 0.7 mGy

2. 7 mGy

3. 10 mGy

4. 70 mGy
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Quiz question #3

What would be the uncertainty factor you do not have to 
consider in your dose reconstruction for patients undergoing
computed tomography scans?

1. Patient body size

2. Size of the CT room

3. CT scanner model

4. Body part included in the scan coverage
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Quiz question #3

What would be the uncertainty factor you do not have to 
consider in your dose reconstruction for patients undergoing
computed tomography scans?

1. Patient body size

2. Size of the CT room

3. CT scanner model

4. Body part included in the scan coverage
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