
www.dceg.cancer.gov/RadEpiCourse

Dosimetry for epidemiologic studies of diagnostic 
radiation exposures

Dr. David Borrego
Radiation Epidemiology Branch
Division of Cancer Epidemiology and Genetics
National Cancer Institute
david.borrego@nih.gov

DCEG Radiation Epidemiology and Dosimetry Course 2019



2

Agenda

1. Diagnostic medical imaging

2. Dosimetry concepts

3. Dosimetry for:
 Computed tomography

 Nuclear medicine

 Fluoroscopy
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Medical use of radiation in imaging

Based on physics principles; the interaction of matter 
and radiation.

We take advantage of the differential attenuation by 
organs on the beam.

Radiation dose in medical imaging is an unavoidable 
side effect of all procedures and represents a risk
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Medical use of radiation in imaging (2)

Obtaining a clinical image to provide the relevant diagnostic information is of 
paramount importance. 

Justification is achieved by providing clinicians with information on potential 
health detriment from each medical exposure weighed against the medical 
benefit.

Optimization is accomplished by ensuring that those who carry out the 
exposure know how the techniques and equipment factors that they select 
affect the quality of the clinical image and the dose received by the patient. 
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Patient

The two distinct types of medical imaging

Nuclear medicine

Radiography
Fluoroscopy
Mammography
CT

Operator

Fluoroscopy
Nuclear medicine
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Projection imaging in the healing arts

 Images are obtained from x ray 
transmission through the body.

 The image produced shows 
differences in tissue and bone 
attenuation.

 Less than 1% of the incident 
x ray beam is transmitted 
through the body to form the 
final image.
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Mammography

A special application of radiography for 
examination of the breasts using 
dedicated equipment.

Lower energy x rays are used in 
mammography for detecting small 
abnormalities in the breast.

Mammography is important because of 
the high incidence of breast cancer and 
the extensive screening programs for 
early signs of the disease.
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Fluoroscopy is a type of medical imaging that shows a 
continuous x ray image with a high temporal resolution on 
a monitor, much like an x ray movie. 

Fluoroscopy

 Diagnostic InterventionalDiagnostic
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Computed tomography

X ray tube and detector array are 
rotated around the body. 

The detector is recording the 
transmitted radiation at many 
different angles.

Cross sectional images can then 
be reconstructed mathematically 
from the data collected.
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The administration of radioactive substances for diagnosis
and treatment applications.

Nuclear medicine

 Intravenous
 Peritoneal
 Oral
 Subcutaneous

Radioactive substancesAdministration



11

Dosimetry concepts
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Organ dose estimation for medically-exposed patients

≠
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Modified from xkcd.com
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Picano Cardiovascular Ultrasound (2007); Venneri American Heart Journal (2009); Linet Pediatr
Radiol (2009); 



15

Dosimetry for epidemiologic purposes

Radiation doses received by individuals from occupational 
and medical exposures in past decades were not 
measured and must be reconstructed.

Radiation doses must be specific to each organ under 
study.

To make realistic estimates of organ doses requires an 
understanding of radiologic technology and the physics it is 
based on.
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Dosimetric quantities
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Radiation exposure in imaging procedures
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Dose coefficients (DCs)

 Dose coefficients simplify the calculation of organ absorbed dose from 
external radiation.

 For example, in fluoroscopy we may use:

𝐷𝐷𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎 𝑑𝑑𝑇𝑇𝑑𝑑𝑎𝑎𝑑 = DC × �̇�𝐾𝑎𝑎,𝑇𝑇𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒𝑒𝑒𝑇𝑇 𝑇𝑇𝑇𝑇𝑒𝑒𝑠𝑠𝑎𝑎𝑒𝑒𝑇𝑇 × 𝑇𝑇
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 Dose coefficients simplify the calculation of organ absorbed dose from 
external radiation.

 For example, in fluoroscopy we may use:

𝐷𝐷𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎 𝑑𝑑𝑇𝑇𝑑𝑑𝑎𝑎𝑑 = DC × �̇�𝐾𝑎𝑎,𝑇𝑇𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒𝑒𝑒𝑇𝑇 𝑇𝑇𝑇𝑇𝑒𝑒𝑠𝑠𝑎𝑎𝑒𝑒𝑇𝑇 × 𝑇𝑇

 These DCs are dependent on:
 Imaging parameters (kVp, filtration, SSD)

 Imaged anatomy (field size, shuttering)

 Patient information (age, height, weight)    

Dose coefficients (DCs) (2)
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 Dose coefficients simplify the calculation of organ absorbed dose from 
radiation.

 For example, in [Imaging Procedure] we may use:
𝐷𝐷𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎 𝑑𝑑𝑇𝑇𝑑𝑑𝑎𝑎𝑑 = DC × [𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐼𝐼𝐼𝐼𝐼𝐼𝐷𝐷𝐼𝐼]

Dose coefficients (DCs) (3)

Imaging Procedure Dose Index
Radiography Entrance Skin Dose
Fluoroscopy Dose Area Product
Computed Tomography Volumetric CTDI
Nuclear Medicine Injected Activity
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Methods to obtain organ doses: 

Measurement Computational

Computational 
Phantom

X ray tube

Collimator
Table

Image 
receptor

Filtration

Sherman Health Physics (1978)
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Tailoring dosimetry

 Determination of imaging protocols from literature 
and medical documents (e.g., energy, filtration, field 
size, number of images)

 Use of relevant clinical measurements (e.g., DAP, 
HVL, etc.)

 Individual subject data including age, gender, body 
size, number of procedures performed

 Above information is coupled with anatomical models 
to estimate organ absorbed dose (Gy)



23

Evolution of computational phantoms

 Stylized mathematical phantom by Cristy and 
Eckerman.1

 Earlier studies of the UF/NCI phantom library 
have reported accuracy to within 30% by 
matching the patient to a phantom of equal 
height and weight.2

1Cristy, M., & Eckerman, K. F. (1987). Specific absorbed fractions of energy at various ages from internal photon source. (No. ORNL/TM-
8381/V1) (pp. 1–100). Oak Ridge: Oak Ridge National Laboratory.
2Stepusin E J, Long D J, Marshall E L and Bolch W E 2017 Assessment of different patient-to-phantom matching criteria applied in Monte 
Carlo-based computed tomography dosimetry. Medical Physics 44 5498–508

(Figure from Cristy and Eckerman 1987)
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Evolution of computational phantoms (2)

 Previous dosimetry using the stylized phantom 
may significantly overestimate the organ doses 
of normal to obese patients, particularly for 
pediatric patients.1

 A phantom library facilitates large batch 
calculations which is often desired for 
epidemiological investigations of medical 
exposure to patients. 

1D Borrego, EM Lowe, CM Kitahara, and C Lee. 2018 Assessment of PCXMC for patients with different body size in chest and abdominal x ray 
examinations: a Monte Carlo simulation study. Phys Med Biol 63 065015
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Modality Imaged anatomy Patient weight

Procedure description Exposure geometry Clinical dose metrics

Number of procedures Age
Tube output 

measurements

Technique factors Sex Prescribed activity

Beam quality Patient height Biokinetic models

Wish List
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Modality

Procedure description

Number of procedures Age

Sex

Reality
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Computed tomography (CT)
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Dose deposition in CT

Martin Radiation Protection Dosimetry (2008)
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CTDI body 
phantom

32-cm diameter

CTDI head phantom
16-cm diameter

Dose descriptors from CT scan

 Computed Tomography Dose Index (CTDI)100

 100-mm long ion chamber measurement for a single axial rotation

 CTDIw = 1/3 CTDI100,center + 2/3 CTDI100,peripheral

Center      Peripheral
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Dose descriptors from CT scan (2)
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Factors affecting CTDIvol in CT: Pitch

McNitt-Gray Radiographics (2002)
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Factors affecting CTDIw in CT: Energy (kVp)

McNitt-Gray Radiographics (2002)

1.8-fold 3.9-fold 4.3-fold
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Factors affecting CTDIw in CT: Fluence (mAs)

McNitt-Gray Radiographics (2002)
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CTDosimetry

ImPACTscan.org
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More recent developments - VirtualDoseTMCT (RPI, USA)

•Commercial solution

•RPI pediatric/adult phantoms

•Limited CT scanner model

Virtual-dose.com
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More recent developments - eXposureTM (Radimetrics, inc)

 Advanced dosimetry tool that 
integrates with clinical 
workflow

 Adopted by a large number of 
clinical centers worldwide

 Old stylized phantoms
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More recent developments - NCICT

 Library of computational human 
phantoms including: 

 ICRP reference pediatric and adult 
series (NCICT 1.0)

 370 pediatric and adult males and 
females of different height and 
weight (NCICT 2.0)

 Pregnant phantoms containing 
detailed fetus models at 8 
gestational stages (NCICT 3.0)

 Graphical User Interface (GUI) mode 
OR

 Batch Calculation mode

ncidose.cancer.gov
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Nuclear Medicine
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Complexities of nuclear medicine

Specific Radionuclide
Type of radiation emitted
Half-life
Energy of radiation

Chemical form of radionuclide

Chemical and temporal behavior of nuclide in body 
(residence time in the body and accumulation in organs)

Specifics about the exposed individual (age, health status)
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Dose Coefficients from ICRP

ICRP Publication 53 (1988) ICRP Publication 80 (1998) ICRP Publication 106 (2008)



41

S value
Absorbed dose in target 

k by disintegration 
in source h

Cumulated activity
Number of radioactive disintegrations 

in source volume h

Absorbed dose
in target volume k 𝐷𝐷(𝑘𝑘) = �

𝑑

�̃�𝐴𝑑 � 𝑆𝑆 𝑘𝑘 ← ℎ

Specific Absorbed Fraction (SAF) (in kg-1)

𝑆𝑆 𝑘𝑘 ← ℎ = �
𝑇𝑇

∆𝑇𝑇 � Φ 𝑘𝑘 ← ℎ

Medical Internal Radiation Dose Committee (MIRD)
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MIRD Schema

Biokinetic parameters
Identification of source organs
The time dependent cumulated 
activity activity organs

Physics parameters
Energies and yields of all 
radiation particles emitted by the 
radionuclide

Anatomic parameters Masses of all target organs
Values of absorbed fraction
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SAFs S values Absorbed 
dose

Effective 
dose

More than 50 
source and 

target organs

Adult and 
pediatric

phantoms

Monte Carlo 
radiation transport 
code MCNPX v2.7

Electrons & 
photons

25 energies from 
10 keV to 6 MeV 

299 radionuclides 
defined by the 

ICRP 107

Biokinetic data
[Cumulated activity �̃�𝐴𝑑
or residence times 𝜎𝜎𝑑]

Interface with Xojo*

*Xojo, Inc. Austin, TX 
User input

NCINM - flowchart
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NCINM

ncidose.cancer.gov
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 SAFs generated for 2 particle types (𝛾𝛾, 𝐷𝐷−), 25 energies, 12 phantoms, 
70 source regions, 55 target regions.
 2.3 million SAFs

 S values generated for 299 radionuclides, 12 phantoms, 70 source 
regions, 55 target regions.
 13.8 million pre-calculated S values

 Absorbed doses to 55 organs of interest and effective doses (ICRP 60 
&103) can be obtained for all photon and electron emitters, for 
adult and pediatric patients.

NCINM - dataset

ncidose.cancer.gov
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Radiography/Fluoroscopy
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Fluoroscopy time as a scaling factor
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Patient dosimetry with the RDSR
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Modeling beam quality

 Filtered to eliminate low energy 
photons

 Beam qualities for mammography, 
radiography, fluoroscopy, and 
computed tomography (soft  hard)

 Beam qualities have changed over 
time

 Spectra are fitted to match 
measured beam quality
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Dose coefficients for different beam qualities

Dose coefficients are sensitive to beam quality 
(i.e., applied tube potential and amount of 
added filtration).

Consider the effects of age on dose 
coefficients. If no adjustment in the technique 
factors is performed for pediatric patients their 
organ doses will be greater than adult 
patients. 

In-field organs are rather insensitive to small 
changes in displacements of central ray. 
Whereas, near-field organs are very sensitive 
to changes in the central ray location. 

Borrego Journal of Radiological Protection (2019)
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Dose coefficients for different ages

Dose coefficients are sensitive to beam quality 
(i.e., applied tube potential and amount of 
added filtration).

Consider the effects of age on dose 
coefficients. If no adjustment in the technique 
factors is performed for pediatric patients their 
organ doses will be greater than adult patients. 

In-field organs are rather insensitive to small 
changes in displacements of central ray. 
Whereas, near-field organs are very sensitive 
to changes in the central ray location. Pneumothorax Chest radiography

Borrego Journal of Radiological Protection (2019)
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Dose coefficients for different displacements

Dose coefficients are sensitive to beam quality 
(i.e., applied tube potential and amount of 
added filtration).

Consider the effects of age on dose 
coefficients. If no adjustment in the technique 
factors is performed for pediatric patients their 
organ doses will be greater than adult 
patients. 

In-field organs are rather insensitive to small 
changes in displacements of central ray. 
Whereas, near-field organs are very sensitive 
to changes in the central ray location. 

Borrego Journal of Radiological Protection (2019)
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Patient positioning in interventional cardiology

 Lack of patient positioning 
information in structured reports.

 Without a priori knowledge of 
patient positioning it is possible to  
model the exposure geometry with 
limited information on procedure 
type.

Marshall Physics in Medicine and Biology (2019)
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Methods to compute doses – PCXMC

M. Tapiovaara and T. Siiskonen, PCXMC, 2nd ed. (2008).
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Summary PCXMC in epidemiology
2000’s

Hybrid phantom H. Baysson, B. Nkoumazok, N. Journy, S. Dreuil, C. Etard, and M.O. Bernier, 
“Cardiologie interventionnelle dans l'enfance et risque de cancer,” Congrès National de 
Radioprotection (2015).

 R.W. Harbron et al., “Radiation doses from fluoroscopically guided cardiac 
catheterization procedures in children and young adults in the United Kingdom: a 
multicentre study,” BJR 88(1048), (2015).

 H. Baysson et al., “Follow-up of children exposed to ionising radiation from cardiac 
catheterisation: the Coccinelle study,” Radiation Protection Dosimetry 165(1-4), 13–16 
(2015).

 R.W. Harbron, C.-L. Chapple, J.J. O'Sullivan, K.E. Best, A. Berrington de Gonzalez, and 
M.S. Pearce, “Survival adjusted cancer risks attributable to radiation exposure from 
cardiac catheterisations in children.,” Heart heartjnl–2016–309773 (2016).
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NEXT STEPS in patient dosimetry: NCIRF
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Some final thoughts

The challenge of dosimetry for epidemiologic purposes is not in 
applying the physics, but rather in determining how the exposure was 
received and how much radiation a person was exposed to.

Most of the difficulties are associated with determining the specifics of 
past exposure conditions.

All uncertainties, including uncertainties in exposure scenarios and 
uncertainties in data and models used to estimate organ dose, should 
be considered and taken into account in an appropriate manner.
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What about non-patient doses? – Stay tuned!

Operator Family Members

Fluoroscopy

Patient

Nuclear medicine

Nuclear medicine
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Quiz question #1:

Your study team has collected all the information needed to perform an 
exposure scenario-specific calculation. Which of the following pieces of 
information can you disregard when calculating the organ doses?

1. Imaging parameters
2. Imaged anatomy
3. Patient information
4. All of the above would be useful
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Quiz question #2:

Which of these modalities does not emit ionizing radiation? 
1. Computed tomography
2. Magnetic resonance imaging
3. Fluoroscopy
4. Dental x ray
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Quiz question #2:

Which of these modalities does not emit ionizing radiation? 
1. Computed tomography
2. Magnetic resonance imaging
3. Fluoroscopy
4. Dental x ray
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Quiz question #3:

In fluoroscopically guided interventional procedures the patient dose is 
limited to no more than:

1. 10 mGy
2. 100 mGy
3. 1000 mGy
4. It is never appropriate to apply dose limits when the procedure is 

medically justified
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Quiz question #3:

In fluoroscopically guided interventional procedures the patient dose is 
limited to no more than:

1. 10 mGy
2. 100 mGy
3. 1000 mGy
4. It is never appropriate to apply dose limits when the procedure is 

medically justified
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