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Preface

This Report was developed under the auspices of Program Area
Committee 6 of the National Council on Radiation Protection and
Measurements (NCRP), the Committee that provides oversight for
radiation dosimetry and measurements. It is an update of NCRP
Report No. 93, Ionizing Radiation Exposure of the Population of the
United States, which was issued in September 1987. This Report
evaluates the doses to the U.S. population from all sources of ioniz-
ing radiation for 2006, with particular attention to those sources
that contribute the largest shares, and provides some information
on doses that individuals may experience due to their specific cir-
cumstances. For example, patients undergoing specific medical
procedures using ionizing radiation can in many cases obtain a
nominal value of dose for a medical procedure (e.g., an abdominal
computed tomography examination) from data tabulated in this
Report and a general idea of the total dose from multiple proce-
dures by summing the values.

While the Report clearly describes the relative dose contribu-
tions to individuals and the population from the various radiation
sources, it does not attempt to quantify the associated health risks
nor specify the actions that should be taken in light of these latest
data. The latter two subjects were outside the scope of the charge
to the Committee.

NCRP has adopted the International System (SI) of Quantities
and Units for its reports (NCRP Report No. 82, SI Units in Radia-
tion Protection and Measurements) which includes gray, sievert and
becquerel. However, some of the references cited in this Report
originally used the previous system of quantities and units, namely
rad, rem and curie, which have been converted to the SI system in
this Report. For convenience, conversions between the SI system
and the previous system are provided in Appendix A. 

This Report was prepared by Scientific Committee 6-2 on Radi-
ation Exposure of the U.S. Population, through the effort of five
subcommittees, each of which addressed a specific category of radi-
ation sources. Serving on the Committee (listed by category of
radiation sources) were:

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



iv   /   PREFACE

Kenneth R. Kase, Committee Chairman
Palo Alto, California

Ubiquitous Background Radiation

Daniel J. Strom, Subcommittee Chairman
Pacific Northwest National Laboratory

Richland, Washington

Members

Alan Birchall
Health Protection Agency
Chilton, United Kingdom

Thomas B. Borak
Colorado State University
Fort Collins, Colorado

David J. Brenner
Columbia University
New York, New York

Paul E. Goldhagen
U.S. Department of Homeland 

Security
New York, New York

Keran O’Brien, III
Northern Arizona University
Flagstaff, Arizona

Jerome S. Puskin
U.S. Environmental Protection 

Agency
Washington, D.C.

Consultant
Anthony C. James

Washington State University
Richland, Washington

Advisor
Thomas F. Gesell

Idaho State University
Pocatello, Idaho

Medical Exposure of Patients

Bruce R. Thomadsen, Subcommittee Chairman
University of Wisconsin-Madison

Madison, Wisconsin

Members

Mythreyi Bhargavan
American College of Radiology
Reston, Virginia

Debbie B. Gilley
Florida Bureau of Radiation 

Control
Tallahassee, Florida

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



PREFACE   /   v

Joel E. Gray
DIQUAD, LLC
Steger, Illinois

Jill A. Lipoti
New Jersey Department of 

Environmental Protection
Trenton, New Jersey

Mahadevappa Mahesh
Johns Hopkins University School 

of Medicine 
Baltimore, Maryland

John L. McCrohan
Center for Devices and 

Radiological Health
Food and Drug Administration
Rockville, Maryland

Fred A. Mettler, Jr.
University of New Mexico
Albuquerque, New Mexico

Terry T. Yoshizumi
Duke University School of 

Medicine
Durham, North Carolina

Consumer Products and Activities

Orhan H. Suleiman, Subcommittee Chairman
Center for Drug Evaluation and Research

Food and Drug Administration
Silver Spring, Maryland

Members

Jennifer Goodman
New Jersey Department of 

Environmental Protection
Trenton, New Jersey

Raymond H. Johnson, Jr.
Dade Moeller and Associates
Gaithersburg, Maryland

Cheryl K. Rogers
Wisconsin Department of Health 

Services
Madison, Wisconsin

Consultants

Paul W. Frame
Oak Ridge Associated 

Universities
Oak Ridge, Tennessee

Ronald L. Kathren
Washington State University
Richland, Washington

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



vi   /   PREFACE

Industrial, Security, Medical, Educational and 
Research Activities

Dennis M. Quinn, Subcommittee Chairman
Hopewell Junction, New York

Members

Ralph Andersen
Nuclear Energy Institute
Washington, D.C.

E. Scott Medling
San Onofre Nuclear Generating 

Station 
San Clemente, California 

Regis A. Greenwood
American Radiolabeled 

Chemicals, Inc.
Maryland Heights, Missouri

Carl J. Paperiello
Talisman International
Washington, D.C.

Cynthia G. Jones
U.S. Nuclear Regulatory 

Commission 
Washington, D.C.

Linda M. Sewell
Diablo Canyon Power Plant
Avila Beach, California

Occupational Exposure

Kenneth L. Miller, Subcommittee Chairman
Penn State Hershey Medical Center

Hershey, Pennsylvania

Members

David J. Allard
Pennsylvania Department of 

Environmental Protection
Harrisburg, Pennsylvania

Kathleen L. Shingleton
Lawrence Livermore National 

Laboratory
Livermore, California

Kelly L. Classic
Mayo Clinic
Rochester, Minnesota

George J. Vargo
MJW Corporation, Inc. 
Avondale, Pennsylvania

Michael A. Lewandowski
3M Company
St. Paul, Minnesota

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



PREFACE   /   vii

NCRP Secretariat
Marvin Rosenstein, Staff Consultant
Cindy L. O’Brien, Managing Editor

David A. Schauer, Executive Director

The Council expresses its appreciation to the Committee mem-
bers for the time and effort devoted to the preparation of this
Report. NCRP also gratefully acknowledges financial support
for this work provided by the U.S. Nuclear Regulatory Commission,
the U.S. Environmental Protection Agency, and the Centers for
Disease Control and Prevention.

Thomas S. Tenforde
President

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



viii

Contents

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .iii

1. Executive Summary   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Ubiquitous Background Exposure  . . . . . . . . . . . . . . . . . . . 2
1.2 Medical Exposure of Patients  . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Consumer Products and Activities  . . . . . . . . . . . . . . . . . . . 6
1.4 Industrial, Security, Medical, Educational and Research 

Activities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.5 Occupational Exposure  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.6 Overall Results for 2006  . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2. Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.1 Present Report  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2 Radiation Source Categories   . . . . . . . . . . . . . . . . . . . . . . 15

2.2.1 Ubiquitous Background Radiation  . . . . . . . . . . . 15
2.2.2 Patient Exposure from Medical Procedures  . . . . 15
2.2.3 Consumer Products and Activities  . . . . . . . . . . . 16
2.2.4 Industrial, Security, Medical, Educational and 

Research Activities . . . . . . . . . . . . . . . . . . . . . . . . 16
2.2.5 Occupational Exposure  . . . . . . . . . . . . . . . . . . . . 17

2.3 Principal Radiation Dose Quantities in this Report  . . . . 17
2.3.1 Effective Dose . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3.2 Collective Effective Dose  . . . . . . . . . . . . . . . . . . . 20
2.3.3 Average Effective Dose to an Individual in a 

Group Exposed to a Specific Source  . . . . . . . . . . 21
2.3.4 Effective Dose per Individual in the U.S. 

Population   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3. Ubiquitous Background Radiation  . . . . . . . . . . . . . . . . . . . 23
3.1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.2 Sources of Exposure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.2.1 Naturally-Occurring Radionuclides  . . . . . . . . . . 24
3.2.2 Anthropogenic Radionuclides  . . . . . . . . . . . . . . . 28
3.2.3 External Radiation . . . . . . . . . . . . . . . . . . . . . . . . 28

3.2.3.1 Radiation from Space . . . . . . . . . . . . . . 28
3.2.3.2 Terrestrial Radiation  . . . . . . . . . . . . . . 29

3.2.4 Internal Radiation (Radionuclides in the Body) . 30
3.2.5 Assessment of Sources of Exposure . . . . . . . . . . . 30

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



CONTENTS   /   ix

3.3 Space Radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .30
3.3.1 Calculations   . . . . . . . . . . . . . . . . . . . . . . . . . . . . .30
3.3.2 Recent Results for U.S. Urban Areas . . . . . . . . . .31
3.3.3 Earlier Results . . . . . . . . . . . . . . . . . . . . . . . . . . . .33

3.4 Terrestrial Gamma Radiation  . . . . . . . . . . . . . . . . . . . . . .33
3.4.1 Source Terms   . . . . . . . . . . . . . . . . . . . . . . . . . . . .34
3.4.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .35
3.4.3 Data  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .37
3.4.4 Results  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .41

3.5 Radon and Thoron and Their Short-Lived Decay 
Products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .43
3.5.1 Radon Quantities and Units . . . . . . . . . . . . . . . . .44
3.5.2 Residential Exposure . . . . . . . . . . . . . . . . . . . . . . .45
3.5.3 Changes in Exposure to Radon and Thoron Decay 

Products Since 1987  . . . . . . . . . . . . . . . . . . . . . . .50
3.5.4 Exposure Characteristics of Radon and Radon 

Decay Products  . . . . . . . . . . . . . . . . . . . . . . . . . . .51
3.5.5 Time-Use and Radon Exposure . . . . . . . . . . . . . . .52
3.5.6 Variability in the Geographic Distribution of 

Radon  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .53
3.5.7 Outdoor (Ambient) Radon . . . . . . . . . . . . . . . . . . .54
3.5.8 Other Indoor Exposure  . . . . . . . . . . . . . . . . . . . . .55
3.5.9 Estimate of Population Exposure . . . . . . . . . . . . .55
3.5.10 Average Dose from Radon Progeny  . . . . . . . . . . .56
3.5.11 Sources of Variability, Bias and Uncertainty  . . .60
3.5.12 Dose from Inhaled Radon Gas  . . . . . . . . . . . . . . .60
3.5.13 Thoron  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .61

3.6 Radionuclides in the Body  . . . . . . . . . . . . . . . . . . . . . . . . .62
3.6.1 Potassium-40  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .63
3.6.2 Thorium-232 and Uranium-238 Series . . . . . . . . .70
3.6.3 Radionuclides in Domestic Water Supplies . . . . .73
3.6.4 Cosmogenic Radionuclides  . . . . . . . . . . . . . . . . . .73

3.7 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . .74

4. Medical Exposure of Patients   . . . . . . . . . . . . . . . . . . . . . . . .79
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .79

4.1.1 Exposure Categories  . . . . . . . . . . . . . . . . . . . . . . .80
4.1.2 Sources of Data on the Estimates of the Number 

of Procedures  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .81
4.1.2.1 Main Data Source. . . . . . . . . . . . . . . . . .81
4.1.2.2 Supplementary Data  . . . . . . . . . . . . . . .81

4.1.2.2.1 Medicare Physician Supplier 
Procedure Summary Files  .81

4.1.2.2.2 U.S. Department of Veterans 
Affairs  . . . . . . . . . . . . . . . . .82

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



x   /   CONTENTS

4.1.2.2.3 Large National Employer 
Plan. . . . . . . . . . . . . . . . . . . 82

4.1.2.2.4 Commercial Sources. . . . . . 83
4.1.2.3 Reconciling Data from Supplementary 

Sources with Data from IMV . . . . . . . . 83
4.1.2.4 Limitations in Data Availability  . . . . . 83
4.1.2.5 Projecting Estimates to 2006 . . . . . . . . 84

4.1.3 Sources of Data for Effective Dose per Procedure 84
4.2 Computed Tomography  . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.2.1 Effective Dose from Computed Tomography  . . . 86
4.2.1.1 Calculation of the Effective Dose . . . . . 86
4.2.1.2 Typical Effective Doses in Computed 

Tomography. . . . . . . . . . . . . . . . . . . . . . 87
4.2.1.3 Effects of Computed Tomography 

Technology on Effective Dose . . . . . . . . 87
4.2.2 Estimating Computed Tomography Usage in the 

United States  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.2.2.1 IMV Benchmark Reports  . . . . . . . . . . . 89
4.2.2.2 Number of Computed Tomography 

Procedures . . . . . . . . . . . . . . . . . . . . . . . 89
4.2.2.3 Number of Computed Tomography 

Scans  . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.2.3 Collective Effective Dose Calculations  . . . . . . . . 91
4.2.4 Sources of Uncertainty in the Dose . . . . . . . . . . . 91
4.2.5 Trends in the Next Ten Years  . . . . . . . . . . . . . . . 96

4.3 Conventional Radiography and Fluoroscopy  . . . . . . . . . . 96
4.3.1 Estimates of the Number of Procedures  . . . . . . . 97
4.3.2 Estimates of Effective Dose per Procedure . . . . . 98

4.3.2.1 Nationwide Evaluation of X-Ray Trends 
and the Mammography Quality 
Standards Act . . . . . . . . . . . . . . . . . . . 102

4.3.2.2 Data from State Agencies . . . . . . . . . . 102
4.3.3 Calculation of the Collective Effective Dose from 

Conventional Radiography and Fluoroscopy  . . 103
4.3.4 Sources of Uncertainty . . . . . . . . . . . . . . . . . . . . 105
4.3.5 Trends Over the Next Ten Years . . . . . . . . . . . . 105

4.4 Interventional Fluoroscopy  . . . . . . . . . . . . . . . . . . . . . . . 106
4.4.1 Dose Indices and Effective Dose in Fluoroscopy 107
4.4.2 Estimation of the Number of Procedures and 

Effective Dose . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
4.4.2.1 Sources of Information for the Type and 

Number of Procedures  . . . . . . . . . . . . 108
4.4.2.2 Sources of Information for Effective 

Dose . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



CONTENTS   /   xi

4.4.3 Estimation of the Mean Effective Dose to an 
Individual and Collective Effective Dose  . . . . . .114

4.4.4 Sources of Uncertainty in the Dose  . . . . . . . . . .116
4.4.5 Case Volume Trend in the IMV Benchmark 

Reports   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .116
4.4.5.1 Trend in Procedures and Patient Visits 

to Radiographic Fluoroscopy Rooms . .117
4.4.5.2 Trend in Procedures in Interventional 

Angiography . . . . . . . . . . . . . . . . . . . . .117
4.4.5.3 Trend in Cases in Cardiac 

Catheterization Laboratories  . . . . . . .117
4.5 Nuclear Medicine  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .120

4.5.1 Nuclear-Medicine Procedures . . . . . . . . . . . . . . .120
4.5.1.1 Diagnostic Examinations. . . . . . . . . . .121
4.5.1.2 Therapeutic Procedures . . . . . . . . . . . .123

4.5.2 Estimate of the Annual Number of Procedures .125
4.5.3 Characteristics and Age Distribution of the 

Patient Population Exposed  . . . . . . . . . . . . . . . .125
4.5.4 Effective Dose, Collective Effective Dose and 

Effective Dose to an Individual in the U.S. 
Population  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .129
4.5.4.1 Discussion of the Effective Doses for 

the Procedures  . . . . . . . . . . . . . . . . . . .129
4.5.4.2 Estimate of Collective Effective Dose 

and Effective Dose to an Individual in 
the U.S. Population. . . . . . . . . . . . . . . .130

4.5.5 Uncertainties Affecting Dose Estimation . . . . . .130
4.5.6 Discussion of Trends  . . . . . . . . . . . . . . . . . . . . . .135

4.6 Radiotherapy (External Beam) . . . . . . . . . . . . . . . . . . . . .136
4.6.1 Applicability of Radiotherapy Exposures to this 

Report . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .136
4.6.1.1 Injury to Normal Tissues . . . . . . . . . . .136
4.6.1.2 Extremely-High Treatment Doses  . . .137

4.6.2 Problems in Assessing Effective Doses for the 
Radiotherapy Population  . . . . . . . . . . . . . . . . . .137
4.6.2.1 Tissue Doses Vary Greatly. . . . . . . . . .137
4.6.2.2 Location and Extent of Fields Vary . . .137
4.6.2.3 Neutrons . . . . . . . . . . . . . . . . . . . . . . . .137

4.6.3 Possible Estimation Techniques for Collective 
Effective Dose  . . . . . . . . . . . . . . . . . . . . . . . . . . .138

4.6.4 Current Trends in Radiotherapy Exposure  . . . .138
4.6.4.1 Intensity Modulated Radiotherapy . . .138
4.6.4.2 Imaging for Field Localization. . . . . . .141

4.6.5 Trends over the Next Ten Years . . . . . . . . . . . . .141
4.6.6 Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .142

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



xii   /   CONTENTS

4.7 Summary and Conclusions  . . . . . . . . . . . . . . . . . . . . . . . 142

5. Consumer Products and Activities  . . . . . . . . . . . . . . . . . . 147
5.1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
5.2 Television Receivers and Video Terminals . . . . . . . . . . . 148
5.3 Sewage Sludge and Ash . . . . . . . . . . . . . . . . . . . . . . . . . . 148
5.4 Radioluminous Products (Tritium) . . . . . . . . . . . . . . . . . 153
5.5 Commercial Air Travel  . . . . . . . . . . . . . . . . . . . . . . . . . . 155
5.6 Tobacco Products  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

5.6.1 Smoking Population . . . . . . . . . . . . . . . . . . . . . . 156
5.6.2 Radionuclides in Tobacco Leaves   . . . . . . . . . . . 156
5.6.3 Radionuclides in Tobacco Smoke . . . . . . . . . . . . 157
5.6.4 Inhalation   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
5.6.5 Deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
5.6.6 Organ Doses  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
5.6.7 Effective Dose . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
5.6.8 Additional Impacts of Cigarette Smoking . . . . . 162

5.7 Glass and Ceramics  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
5.7.1 Uranium as a Coloring Agent in Glassware . . . 162
5.7.2 Potential Radiation Exposures from Uranium 

in Glassware   . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
5.7.3 Uranium as a Coloring Agent in Ceramics . . . . 164
5.7.4 Potential Radiation Exposures from Uranium 

Glaze on Ceramic Dinnerware   . . . . . . . . . . . . . 165
5.7.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

5.8 Building Materials   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
5.9 Other Minor Contributors . . . . . . . . . . . . . . . . . . . . . . . . 167

5.9.1 Highway and Road Construction Materials  . . . 167
5.9.2 Mining and Agricultural Products   . . . . . . . . . . 167
5.9.3 Combustion of Fossil Fuels  . . . . . . . . . . . . . . . . 169

5.10 Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

6. Industrial, Security, Medical, Educational and Research 
Activities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
6.1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
6.2 Nuclear-Power Generation  . . . . . . . . . . . . . . . . . . . . . . . 172

6.2.1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
6.2.2 Sources of Data . . . . . . . . . . . . . . . . . . . . . . . . . . 173
6.2.3 Special Considerations . . . . . . . . . . . . . . . . . . . . 173
6.2.4 Estimates and Discussion  . . . . . . . . . . . . . . . . . 174

6.3 U.S. Department of Energy Installations . . . . . . . . . . . . 177
6.3.1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
6.3.2 Sources of Data and Estimates  . . . . . . . . . . . . . 177

6.3.2.1 Estimated Doses to the 
Maximally-Exposed Individual  . . . . . 179

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



CONTENTS   /   xiii

6.3.2.2 Estimated Collective Doses . . . . . . . . .180
6.3.2.3 Estimated Doses to the Individual 

Member of the Public . . . . . . . . . . . . . .180
6.4 Decommissioning and Radioactive Waste . . . . . . . . . . . .181

6.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . .181
6.4.2 Sources of Data  . . . . . . . . . . . . . . . . . . . . . . . . . .181
6.4.3 Special Considerations  . . . . . . . . . . . . . . . . . . . .181
6.4.4 Estimates of Dose  . . . . . . . . . . . . . . . . . . . . . . . .182

6.4.4.1 Waste Sites . . . . . . . . . . . . . . . . . . . . . .182
6.4.4.2 Decommissioning . . . . . . . . . . . . . . . . .183
6.4.4.3 Technologically-Enhanced Naturally- 

Occurring Radioactive Material Waste 
Disposal. . . . . . . . . . . . . . . . . . . . . . . . .183

6.4.5 Comments  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .186
6.5 Industrial, Medical, Educational and Research

Activities  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .186
6.5.1 Methodology and Discussion . . . . . . . . . . . . . . . .186
6.5.2 Exposure to Members of the Public from 

Diagnostic Nuclear-Medicine Patients . . . . . . . .189
6.6 Security Inspection Systems . . . . . . . . . . . . . . . . . . . . . . .189

6.6.1 Cabinet X-Ray Systems . . . . . . . . . . . . . . . . . . . .190
6.6.2 Nonintrusive Inspection Equipment (Cargo 

Scanners)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .190
6.6.3 Personnel Security Systems  . . . . . . . . . . . . . . . .192

6.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .193

7. Occupational Exposure  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .195
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .195

7.1.1 Exposure Categories and Dose Quantities . . . . .195
7.1.2 Limitations and Sources of Uncertainty  . . . . . .196
7.1.3 Overview of Occupational Doses . . . . . . . . . . . . .200

7.2 Occupational Exposures from Medical Practice  . . . . . . .203
7.2.1 Summary of Personal Monitoring Information  .204
7.2.2 Supplemental Information on Medical 

Specialties  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .206
7.3 Commercial Aviation . . . . . . . . . . . . . . . . . . . . . . . . . . . . .210
7.4 Industry and Commerce . . . . . . . . . . . . . . . . . . . . . . . . . .217

7.4.1 General Trends  . . . . . . . . . . . . . . . . . . . . . . . . . .217
7.4.2 Naturally-Occurring Radioactive Material and 

Technologically-Enhanced Naturally-Occurring 
Radioactive Material   . . . . . . . . . . . . . . . . . . . . .218

7.5 Commercial Nuclear-Power Industry  . . . . . . . . . . . . . . .218
7.6 Academic Institutions . . . . . . . . . . . . . . . . . . . . . . . . . . . .222
7.7 Government, DOE and Military . . . . . . . . . . . . . . . . . . . .222

7.7.1 Government . . . . . . . . . . . . . . . . . . . . . . . . . . . . .227

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



xiv   /   CONTENTS

7.7.2 U.S. Department of Energy and U.S. Department 
of Energy Contractors  . . . . . . . . . . . . . . . . . . . . 227

7.7.3 Military . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228
7.8 Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228

8. Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 235
8.1 Population Doses for 2006 . . . . . . . . . . . . . . . . . . . . . . . . 235
8.2 Comparison of Population Doses for 2006 and the Early 

1980s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
8.3 Uncertainties in Estimating the Dose Quantities  . . . . . 245

Appendix A. Conversions from International System of 
Quantities and Units to Previous System . . . . . . . . . . . . . 247

Appendix B. Radionuclides in Domestic Water Supplies  . . 248
B.1 Radium and Uranium in Drinking Water  . . . . . . . . . . . 248
B.2 Radon in Water  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252
B.3 Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253

Appendix C. Computed Tomography Dose Indices and Dose 
Length Product  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  257

Appendix D. Supporting Data for Section 4 
(Medical Exposure of Patients) . . . . . . . . . . . . . . . . . . . . . . 260

Appendix E. Descriptions of Diagnostic and Therapeutic 
Nuclear-Medicine Procedures . . . . . . . . . . . . . . . . . . . . . . . 294
E.1 Diagnostic Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . 294

E.1.1 Cerebrovascular  . . . . . . . . . . . . . . . . . . . . . . . . . 294
E.1.2 Thyroid and Parathyroid  . . . . . . . . . . . . . . . . . . 294
E.1.3 Cardiac  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295
E.1.4 Pulmonary   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295
E.1.5 Gastrointestinal  . . . . . . . . . . . . . . . . . . . . . . . . . 295
E.1.6 Musculoskeletal  . . . . . . . . . . . . . . . . . . . . . . . . . 296
E.1.7 Genitourinary System and Adrenal Glands . . . 296
E.1.8 Inflammation and Infection Imaging  . . . . . . . . 296
E.1.9 Tumor Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . 296

E.2 Therapeutic Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . 297
E.2.1 Thyroid  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297
E.2.2 Bone Metastases Therapy  . . . . . . . . . . . . . . . . . 298
E.2.3 Intracavitary Therapy  . . . . . . . . . . . . . . . . . . . . 298
E.2.4 Polycythemia Vera  . . . . . . . . . . . . . . . . . . . . . . . 298
E.2.5 Intra-arterial Therapy  . . . . . . . . . . . . . . . . . . . . 298
E.2.6 Radioimmunotherapy . . . . . . . . . . . . . . . . . . . . . 298

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



CONTENTS   /   xv

Appendix F. Supporting Data for Section 6.3 
(U.S. Department of Energy Installations)  . . . . . . . . . . . .299

Glossary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .306

Abbreviations, Acronyms and Symbols  . . . . . . . . . . . . . . . . . .321

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .324

The NCRP . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .357

NCRP Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .366

Index  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .377

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



1

1. Executive Summary 

Detailed information on the exposure of the U.S. population to
ionizing radiation, based on evaluations made in the early 1980s,
was presented by the National Council on Radiation Protection and
Measurements (NCRP) in Report No. 93, Ionizing Radiation Expo-
sure of the Population of the United States (NCRP, 1987a). Since
that time, the magnitude and distribution among the various
sources of radiation exposure to the U.S. population have changed
primarily due to increased utilization of ionizing radiation in diag-
nostic and interventional medical procedures. Documented in this
Report are the contributions from all radiation sources in 2006.
This Report neither quantifies the associated health risks nor spec-
ifies the radiation protection actions that should be taken in light
of these latest data because these subjects are beyond the scope of
this Report.

The radiation exposure to the U.S. population for 2006 is pre-
sented in five broad categories:

• exposure from ubiquitous background radiation, including
radon in homes;

• exposure to patients from medical procedures;
• exposure from consumer products or activities involving

radiation sources;
• exposure from industrial, security, medical, educational and

research radiation sources; and
• exposure of workers that results from their occupations.

The dose assessments for the five categories and components
within each category are derived from disparate types of informa-
tion and variable methods of analysis. While not identical, these
categories are closely aligned with those in NCRP (1987a). 

The principal results are presented as annual values for:

• average effective dose to an individual in a group exposed to
a specific source (EExp ) (millisievert), which excludes indi-
viduals that are not subject to exposure from the specific
source of radiation; 
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1.1 UBIQUITOUS BACKGROUND EXPOSURE   /   2

• collective effective dose (S) (person-sievert), which is the
cumulative dose to a population of individuals exposed to a
given radiation source or group of sources; and

• effective dose per individual in the U.S. population (EUS )
(millisievert), computed by dividing S by the total number of
individuals in the U.S. population (300 million in 2006)
whether exposed to the specific source or not. 

S and EUS provide useful indices for comparison among radiation
sources and different time periods.

1.1 Ubiquitous Background Exposure

For purposes of analysis, this category was separated into four
subcategories:

1. external exposure from space radiation (solar particles and
cosmic rays);

2. external exposure from terrestrial radiation (primarily 40K
and the 238U and 232Th decay series);

3. internal exposure from inhalation of radon and thoron1 and
their progeny; and

4. internal exposure from radionuclides in the body. 

An appendix to Subcategory 4 provides an independent assessment
from domestic water supplies; however, the contribution from all
food and water is already included in the evaluation for radionu-
clides in the body. Particular attention was given to evaluating the
variability in these sources; arithmetic and geometric means and
associated statistics for the effective dose distributions in each of
the four subcategories were included. Estimates of effective dose
for each subcategory were derived as follows:

1. Space radiation: A computer code was used for estimating
outdoor ground level effective doses for 99 of the most popu-
lated U.S. urban areas and then adjusting for indoor levels
and time spent outdoors and in dwellings.

2. Terrestrial radiation: Data from the National Uranium
Resource Evaluation (NURE) Program for concentrations
of uranium and thorium (parts per million by weight)
and potassium (weight percent) in surface soil and rocks

1Radon is the common name for the radionuclide 222Rn and thoron is
the common name for the radionuclide 220Rn. In this Report, the common
names are generally used, and radon without qualification refers to 222Rn.
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at 10,650 locations across the continental United States
were used to obtain activity concentrations for the principal
radionuclides (238U, 232Th, and 40K). The concentrations were
then converted to air kerma and effective dose using age-
dependent conversion coefficients, and adjusted for building
attenuation for the time spent indoors.

3. Radon and thoron and their progeny: Radon concentrations
(Bq m–3) from the National Residential Radon Survey
(NRRS) [conducted by the U.S. Environmental Protection
Agency (EPA)], supplemented by data from the University
of Pittsburgh and Lawrence Berkeley National Laboratory
(LBNL), adjusted for equilibrium factors (Glossary) and
fractions of time spent in various locations (indoors at home
or away and outdoors) were used to obtain the potential
alpha-energy exposure [in working level months (WLM)].
The dose conversion coefficient for radon and its progeny
(millisievert effective dose per WLM) and its uncertainty
are discussed.2 Adjustments were made for estimated expo-
sure to thoron and its progeny. 

4. Radionuclides in the body: Age- and gender-dependent
potassium measurements (gram of potassium per kilogram
of body mass) from the U.S. Department of Energy’s Hanford
Site were used to derive activity concentrations for 40K. Age-
and gender-dependent dose conversion coefficients were
obtained from the Radiation Dose Assessment Resource. For
the 232Th and 238U series, effective dose estimates for the
U.S. population were derived from reference values pub-
lished by UNSCEAR (2000) and data for the United States.
For the separate assessment of domestic water supplies,
data for radium, uranium and radon concentrations in
water supplies from the National Inorganic and Radionu-
clide Survey (NIRS) (public supplies) and the U.S. Geological
Survey (USGS) (private wells), (adjusted for consumption
rates), published dose conversion coefficients, and census
data for number of individuals exposed were used.

2The dose conversion coefficient for radon and its progeny used in this
Report is 10 mSv WLM–1 (Section 3.5.10). This value agrees with that
obtained from a dosimetric analysis and is consistent with that used pre-
viously by NCRP (1987b). It is similar to that obtained in recent epidemi-
ological analyses by Tomasek et al. (2008). The value of 10 mSv WLM–1 is
greater than that used by UNSCEAR (2000), and more than twice that
used by ICRP (1993) for exposure in homes based on a previous epidemio-
logical analysis. Use of other dose conversion coefficients would result in a
proportionate difference in S and EUS.
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The results in 2006 for ubiquitous background radiation for
S and EUS are 933,000 person-Sv and 3.1 mSv (arithmetic mean),
respectively, compared with 690,000 person-Sv and 3 mSv in the
early 1980s. The higher value for S reflects the 30 % increase in
the U.S. population between the two time periods; the value for EUS

is comparable with that for the early 1980s. The percent contribu-
tion to the total S and total EUS for this category from each of the
four subcategories for 2006 is (in decreasing order):

• radon and thoron (73 %)
• space radiation (11 %)
• radionuclides in the body (9 %)
• terrestrial radiation (7 %)

The contribution to EUS from only 222Rn (radon) for 2006 (2.1 mSv)
(Table 3.14) is comparable with that for the early 1980s (2 mSv),
given the uncertainty in derivation of the values. Since all mem-
bers of the U.S. population are exposed to ubiquitous background
radiation, EUS is also EExp. Values for total EExp and its components,
including arithmetic means (AM), standard deviations (SD), geo-
metric means (GM), geometric standard deviations (GSD), and 2.5
and 97.5 percentiles are given in Table 3.14 along with the factors
affecting the variability of each component. 

1.2 Medical Exposure of Patients

This category was separated into five subcategories for analysis
grouped by medical modality:

1. computed tomography
2. conventional radiography and fluoroscopy
3. interventional fluoroscopy
4. nuclear medicine
5. external-beam radiotherapy

While a dose assessment was conducted for external-beam radio-
therapy, the results are not included in the total for this category
because of unique considerations, namely, EExp was 0.4 Sv, the pop-
ulation exposed is small (<3 % of the total U.S. population) and is a
special group with life-threatening illness, and absorbed doses to
some tissues or portions of tissues outside but nearby the treat-
ment volume could approach and exceed 1 Sv. Thus the inclusion of
this source in the assessment of dose to the U.S. population may not
be applicable (Section 4.6).
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The number of procedures for each modality for 2006 was
derived mainly from several commercial market benchmark
reports produced by IMV Medical Information Division [IMV
(Des Plaines, Illinois)] that identify the universe of facilities pro-
viding the services. Supplemental sources of data that were avail-
able included: Medicare (administrative claims for fee-for-service
enrollees), the U.S. Department of Veterans Affairs (VA) (adminis-
trative claims for VA health plan enrollees), a large national
employer plan (LNEP) (administrative claims), and a commercial
source for dental bitewing film packs. Effective doses for proce-
dures were derived from the published literature as follows:

• Computed tomography: Based on data for dose length prod-
uct and age and body region specific conversion coefficients.

• Conventional radiography and fluoroscopy: Based on data
for effective dose.

• Interventional fluoroscopy: Based on data for kerma-
area product (KAP) and protocol-specific dose conversion
coefficients.

• Nuclear medicine: Based on data for dose conversion coeffi-
cients expressed as effective dose per unit administered
activity.

• External-beam radiotherapy: Based on absorbed doses to
organs and tissues located outside the treatment volume.

The available information on effective dose was not sufficient to
permit an analysis of statistical measures of variability, nor was
there sufficient information available to determine EExp for medical
exposures.

The results for medical exposure of patients (excluding radio-
therapy) for 2006, as contrasted with the early 1980s, show a
marked increase in S (a factor of 7.3) and EUS (a factor of 5.7) during
the intervening ~25 y. Some of the increase in S is due to the 30 %
increase in the U.S. population during that time (230 million in
1980; 300 million in 2006). Since EUS is an effective dose per indi-
vidual in the U.S. population, the effect of population growth
is removed, and the increase is due primarily to increased utili-
zation of CT, interventional fluoroscopy, and nuclear medicine.
The percent contribution to the total S (899,000 person-Sv) and the
total EUS (3 mSv) for medical exposure from each of the four modal-
ities for 2006 is (in decreasing order):

• computed tomography (49 %)
• nuclear medicine (26 %)
• interventional fluoroscopy (14 %)
• conventional radiography and fluoroscopy (11 %)
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1.3 Consumer Products and Activities

To analyze exposures in this category, it was divided into seven
subcategories grouped by the origin of the source:

1. building materials
2. commercial air travel
3. cigarette smoking
4. mining and agriculture
5. combustion of fossil fuels
6. highway and road construction materials
7. glass and ceramics

The number of individuals exposed to a particular source was
derived in various ways: updates of the values used by NCRP for
the early 1980s to adjust for change in U.S. population (building
materials, mining and agriculture, combustion of fossil fuels, and
highway and road construction materials); numbers of passengers
from the Bureau of Transportation Statistics (commercial air
travel); the National Health Interview Survey (cigarette smoking);
and assumptions for the small numbers of individuals involved
(glass and ceramics). Estimates of effective dose for each subcate-
gory were derived as follows:

• Subcategories 1, 4, 5 and 6. Building materials, mining
and agriculture, combustion of fossil fuels, and highway and
road construction materials: Based on the effective dose
equivalent (HE) (or updates of the values) used in deriving
the estimates for the early 1980s.

• Subcategory 2. Commercial air travel: Based on effective
doses calculated using the computer code CARI-6 for vari-
ous flight segments and published by the U.S. Department
of Transportation.

• Subcategory 3. Cigarette smoking: Based on published esti-
mates for the effective dose from smoking one cigarette per
day for a year, estimates from the Centers for Disease Con-
trol and Prevention on the average number of cigarettes
smoked per day by an individual smoker, and the total num-
ber of smokers.

• Subcategory 7. Glass and ceramics: Based on published val-
ues from NRC expressed as HE. 

The available information on effective dose was not sufficient to
permit an analysis of statistical measures of variability.
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An extensive discussion of radiation exposure from consumer
products is contained in NCRP Report No. 95 (NCRP, 1987d). Much
of that information is still relevant. In this Report exposures from
some of the more significant sources have been updated and infor-
mation is included about some additional sources. The potential
sources that are not discussed in any detail in this Report are noted
as “other sources.”

The results for consumer products or activities for 2006 for
S and EUS are 39,000 person-Sv and 0.13 mSv, respectively, com-
pared with 12,000 to 29,000 person-Sv and 0.05 to 0.13 mSv in the
early 1980s [presented only in terms of ranges in NCRP (1987a)].
However, the collections of sources included in this category for
2006 and the early 1980s are dissimilar and no specific conclusions
should be drawn from the S and EUS values other than that this
category is a small contributor to U.S. population dose. The percent
contribution to the total S and the total EUS for this category from
each of the seven subcategories and the other sources for 2006 is (in
decreasing order):

• cigarette smoking (35 %)
• building materials (27 %)
• commercial air travel (26 %)
• mining and agriculture (6 %)
• other sources (3 %)
• combustion of fossil fuels (2 %)
• highway and road construction materials (0.6 %)
• glass and ceramics (<0.03 %)

This category is characterized by sources that deliver small annual
effective doses [i.e., the range for EExp among the included subcate-
gories is 1 to 300 μSv (Table 5.8)] to much of the U.S. population
(Table 5.8).

1.4 Industrial, Security, Medical, Educational 
and Research Activities

This category was divided into six subcategories for analysis,
grouped by the nature of the activity and associated type of source:

1. nuclear-power generation
2. DOE installations
3. decommissioning and radioactive waste
4. industrial, medical, educational and research activities
5. caregiving or other contact with nuclear-medicine patients
6. security inspection systems
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The effective doses to members of the public (i.e., not employees)
and the number of individuals exposed for a particular source were
derived as follows: 

1. Nuclear-power generation: Based on HE used by NCRP for
the early 1980s adjusted for the current total power genera-
tion by nuclear reactors.

2. DOE installations: Based on DOE site environmental
reports with doses expressed as HE.

3. Decommissioning and radioactive waste: Based on various
federal agency reports with doses expressed as HE [or total
effective dose equivalent (TEDE)].

4. Industrial, medical, educational and research activities:
Based on projections to members of the public from the
number of occupationally-exposed individuals and the effec-
tive doses for occupational exposures for similar facilities.

5. Exposure from nuclear-medicine patients (as a result of care-
giving or other contact): Based on projecting the annual
number of procedures and the published effective dose per
procedure (to a member of the public) in NCRP Report
No. 124.

6. Security inspection systems: Based on assumptions for the
small numbers of individuals receiving detectable exposure
and the published literature data for dose equivalent from
other than cabinet x-ray systems.

The available information on effective dose was not sufficient to
permit an analysis of statistical measures of variability. 

The estimates for industrial, security, medical, educational and
research activities for 2006 for S and EUS are 1,000 person-Sv
and 0.003 mSv, respectively, compared with 200 person-Sv and
0.001 mSv in the early 1980s. However, the collections of sources
included in this category for 2006 and the early 1980s are dissimi-
lar and no specific comparative conclusions should be drawn from
the S and EUS values other than this category is a very small con-
tributor to the U.S. population dose. The percent contribution to the
total S and total EUS for this category from each of the six subcate-
gories for 2006 is (in decreasing order):

• caregiving or other contact with nuclear-medicine patients
(72 %)

• nuclear-power generation (15 %)
• industrial, medical, educational and research activities

(13 %)
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• DOE installations («1 %)
• decommissioning and radioactive waste («1 %)
• security inspection systems («1 %)

This category is characterized by sources that deliver very small
annual effective doses to individuals who are in proximity to these
activities (EExp for the included subcategories is 1 to 10 μSv).

1.5 Occupational Exposure

Six subcategories grouped by the nature of employment and
associated type of source were used to analyze this category:

1. medical
2. aviation
3. commercial nuclear power
4. industry and commerce
5. education and research
6. government, DOE and military

Personal monitoring programs, accredited by either the National
Voluntary Laboratory Accreditation Program or the DOE Labora-
tory Accreditation Program provided data for the numbers of work-
ers monitored and doses for those with recordable dose (i.e., doses
greater than a minimum detectable level) in all the subcategories
except aviation. Internal doses are included for those occupations
where internal exposure is of concern. Since airline crews are not
monitored, the numbers of airline crew were obtained from infor-
mation published by the U.S. Department of Labor, and associated
occupational doses were derived from calculations for space radia-
tion based on altitude and latitude of typical flight routes. Effective
doses were based on the following sources:

• Subcategories 1, 4 and 5. Medical, industry and commerce,
and education and research: Personal monitoring data pro-
vided by Global Dosimetry Solutions, Inc. (Irvine, Califor-
nia) and Landauer, Inc. (Glenwood, Illinois), recorded as
deep dose equivalent.

• Subcategory 2. Aviation: Effective dose estimates for vari-
ous flight segments published by the U.S. Department of
Transportation.

• Subcategory 3. Commercial nuclear power: Personal moni-
toring data provided by the U.S. Nuclear Regulatory Com-
mission, recorded as TEDE.
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• Subcategory 6. Government, DOE and military: Personal
monitoring data provided by Global Dosimetry Solutions,
Inc. and Landauer, Inc. for government agencies, by the mil-
itary services for the Air Force, Army, Navy and Marines (all
recorded as deep dose equivalent), and by DOE (recorded as
TEDE).

For all subcategories except aviation, distributions of dose are pre-
sented for the monitored workers with recorded doses.

The results for occupational exposure for 2006 for S and EUS

are 1,400 person-Sv and 0.005 mSv, respectively, compared with
2,000 person-Sv and 0.009 mSv in the early 1980s. 

The percent contribution to the total S and the total EUS for this
category from each of the six subcategories for 2006 is (in decreas-
ing order):

• medical (39 %)
• aviation (38 %)
• commercial nuclear power (8 %)
• industry and commerce (8 %)
• education and research (4 %)
• government, DOE and military (3 %)

The estimate of EExp for 1.22 million workers (includes those with
recordable doses and airline crew) is 1.1 mSv, and the variation in
EExp among the included subcategories ranges from 0.6 mSv for
government, DOE and military to 3.1 mSv for aviation. Distri-
butions of annual effective dose for workers with recordable dose
for each of the monitored subcategories (Figures 7.5, 7.7, 7.9, 7.10
and 7.11) indicate that the vast majority of individual dose values
for those workers is <1 mSv. 

1.6 Overall Results for 2006

The estimated totals from all sources for 2006 are
1,870,000 person-Sv for S and 6.2 mSv for EUS, based on a U.S. pop-
ulation of 300 million. Nearly all the S or EUS (98 %) results from
ubiquitous background (50 %) and medical exposure of patients
(48 %). Consumer products and activities account for 2 % and the
remaining two categories (industrial, occupational) contribute very
little (on the order of <0.1 % each). Figure 1.1 gives the percent con-
tributions of various sources of exposure to the totals for S and EUS ;
the major sources are radon and thoron (37 %), CT (24 %), and
nuclear medicine (12 %). Other background sources (external plus
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internal) contribute 13 %, and other medical exposure (interven-
tional fluoroscopy plus conventional radiography and fluoroscopy)
contribute 12 %. The values for S (person-sievert), EUS (milli-
sievert), and EExp (millisievert) for the five exposure categories and
the main subcategories are provided in Table 1.1. In addition,
thumbnail sketches are provided at the beginning of Sections 3
through 7 that provide a succinct overview of the results for each of
the five exposure categories.

The value for S increased by a factor of 2.2 from the early 1980s
to 2006. This includes an increase due to the change in number of
individuals in the U.S. population between 1980 (230 million) and
2006 (300 million).The value for EUS increased by a factor of 1.7
from the early 1980s to 2006, primarily due to increased utilization
of the medical modalities of computed tomography, nuclear medi-
cine and interventional fluoroscopy. The values for S (person-
sievert) and EUS (millisievert) for these comparisons are provided
in Table 8.3.

Fig. 1.1. Percent contribution of various sources of exposure to the
total collective effective dose (1,870,000 person-Sv) and the total effective
dose per individual in the U.S. population (6.2 mSv) for 2006. Percent val-
ues have been rounded to the nearest 1 %, except for those <1 % [see
Table 1.1 for the values of S (person-sievert) and EUS (millisievert)].
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TABLE 1.1—Collective effective dose (S), effective dose per 
individual in the U.S. population (EUS ), and average effective 

dose for the exposed group (EExp ) for 2006.a

Exposure Category
S

(person-Sv)
EUS

(mSv)
EExp
(mSv)

Ubiquitous background 933,000 3.11 3.11

Internal, inhalation (radon 
and thoron) 684,000 2.28 2.28

External, space 99,000 0.33 0.33

Internal, ingestion 87,000 0.29 0.29

External, terrestrial 63,000 0.21 0.21

Medical 899,000 3.00 —b

CT 440,000 1.47 —b

Nuclear medicine 231,000 0.77 —b

Interventional fluoroscopy 128,000 0.43 —b

Conventional radiography 
and fluoroscopy 100,000 0.33 —b

Consumer 39,000 0.13 0.001 – 0.3c

Industrial, security, medical, 
educational and research 1,000 0.003 0.001 – 0.01c

Occupational 1,400 0.005 1.1

Medical 550 0.8

Aviation 530 3.1

Commercial nuclear power 110 1.9

Industry and commerce 110 0.8

Education and research 60 0.7

Government, DOE, 
military 40 0.6

Total 1,870,000d 6.2d

aSee Table 8.1 for more detail.
bNot determined for the medical category because the number of patients

exposed is not known, only the number of procedures. 
cThe range of values for the various subcategories in this category.
dRounded values.
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Uncertainty in the 2006 estimates for effective dose (E), EExp ,
and S (and by extension EUS ) are due to uncertainty in the under-
lying measurements from which these quantities are estimated, in
the dosimetric models and their parameters, in the number of indi-
viduals exposed, and in the assumptions made in the absence of
information. A detailed uncertainty analysis was possible only for
EExp for ubiquitous background radiation (Table 3.14). In that case,
the analysis applies also to S and EUS since all individuals in the
United States are exposed and the number of individuals is rela-
tively well known. The uncertainty in the estimates of E, EExp , and
S for other exposure categories cannot be inferred from that analy-
sis. For other exposure categories, at the present time, one is lim-
ited primarily to identification of the factors that contribute to
uncertainty.

There are clearly two major contributors to the exposure of the
U.S. population from ionizing radiation: exposure to ubiquitous
background radiation and medical exposure of patients. As a word
of caution in interpreting these results in terms of health detriment
(i.e., the stochastic health risks due to radiation exposure), it is
important to recognize that the populations exposed to these two
sources are not the same. Those exposed to ubiquitous background
radiation represent the entire U.S. population in age, gender and
health status. Groups of patients exposed to medical radiation
often have distributions that are skewed in age to older individuals
and in health status to sicker individuals. There also may be a
skewed gender distribution. In addition the risk associated with
the type of radiation encountered may differ from one source to
another. The exposure to ubiquitous background radiation is gen-
erally to high-energy gamma rays and high-energy particles while
the exposure from diagnostic medical procedures is generally to
low-energy x rays. The radiation weighting factors (wRs) used in
the calculation of effective dose may not be the most appropriate
in all cases for evaluation of radiation detriment for the type of
radiation encountered. Therefore, the fact that S and EUS are
approximately equal for the two populations does not convey that
there is equal stochastic risk to the two populations. This caution,
of course, applies to all sources of radiation exposure. Determina-
tion of radiation detriment was outside the scope of this Report.
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2. Introduction

NCRP Report No. 93 (NCRP, 1987a) presented the exposure of
the U.S. population to ionizing radiation as it was known in the
early 1980s. NCRP (1987a) was supported by a series of five reports
that detailed the population exposure from six specific source
categories: 

• NCRP Report No. 92, Public Radiation Exposure from
Nuclear Power Generation in the United States (NCRP,
1987c); 

• NCRP Report No. 94, Exposure of the Population in the
United States and Canada from Natural Background Radi-
ation (NCRP, 1987b); 

• NCRP Report No. 95, Radiation Exposure of the U.S. Popu-
lation from Consumer Products and Miscellaneous Sources
(NCRP, 1987d); 

• NCRP Report No. 100, Exposure of the U.S. Population from
Diagnostic Medical Radiation (NCRP, 1989a); and

• NCRP Report No. 101, Exposure of the U.S. Population from
Occupational Radiation (NCRP, 1989b).

 
Since that time, the magnitude of radiation exposure to the U.S.

population and the distribution of that exposure among the various
sources have changed because of changes in technology and use,
primarily in medicine and industry, and changes in the assessment
of radiation dose caused by radioactive material taken into the
body, primarily radon gas and its particulate progeny. Conse-
quently, a more current assessment of the radiation exposure of the
U.S. population is required.

2.1 Present Report

The U.S. population is exposed to ionizing radiation from a vari-
ety of sources. The current Report categorizes those sources some-
what differently from NCRP (1987a), but it completely updates and
replaces that report. However, some of the detailed discussions of
the individual sources of exposure that are found in the original
supporting documents are still applicable and are referred to in
this Report. 
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This Report provides the available data and dose assessment for
the radiation exposure to the U.S population for 2006 from five
broad categories of sources. The dose assessments are derived from
disparate types of information and varying methods of analysis.
The sources included in each category, the resources from which the
data regarding exposure were obtained, and to the extent possible
the variability of doses to the U.S population from sources in that
category are discussed in the following sections:

• Section 3: Ubiquitous background radiation; 
• Section 4: Medical exposure of patients;
• Section 5: Consumer products and activities; 
• Section 6: Industrial, security, medical, educational and

research activities; and
• Section 7: Occupational exposure of workers.

Section 8 presents a summary and conclusions for the dose
information.

2.2 Radiation Source Categories 

2.2.1 Ubiquitous Background Radiation 

Radiation exposure to ubiquitous background sources is covered
in Section 3. Each subsection provides information on the data
sources for the radiation source discussed in that subsection. The
entire population is exposed to these sources, but the radiation dose
received by any individual varies with that person’s activities and
place of residence. Consequently information is provided on the dis-
tribution of the sources and the variability in the radiation doses
across the United States. Radiation is received from sources out-
and inside the body and this is discussed in Section 3.3. Sources
outside the body include radiation from space (solar particles and
cosmic rays) and radiation emitted by radioactive elements in rocks
and soil or their airborne decay products (terrestrial radiation).
Radiation sources inside the body enter either by the ingestion of
food and water (primarily radionuclides of potassium, uranium,
radium and thorium) or the inhalation of air (primarily radon and
its progeny). 

2.2.2 Patient Exposure from Medical Procedures 

Radiation exposure to patients is discussed in Section 4 and is
divided into five groups of medical procedures because the radia-
tion sources and the methods of determining radiation dose differ.
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In each subsection the data sources are given for numbers of proce-
dures performed and the radiation doses as follows:

• Section 4.2: Computed tomography;
• Section 4.3: Conventional radiography and fluoroscopy

(including dental and chiropractic radiography, and bone
densitometry);

• Section 4.4: Interventional fluoroscopy;
• Section 4.5: Nuclear medicine; and
• Section 4.6: External-beam radiotherapy. 

2.2.3 Consumer Products and Activities 

Certain consumer products and activities (somewhat arbitrarily
classified) can expose the user or participant to radiation that is
not considered ubiquitous background radiation. In almost all
cases this added exposure is very small when compared with that
from ubiquitous background radiation. The products and activities
discussed in Section 5 are building materials, commercial air
travel, cigarette smoking, mining and agriculture; combustion of
fossil fuels, glass and ceramics. These and several other very
minor sources are discussed in Sections 5.2 through 5.9. For all
these sources except commercial air travel the radiation derives
from naturally-occurring radioactive material (NORM) in the ura-
nium and thorium decay series. Air travelers are exposed to addi-
tional radiation from cosmic and solar sources.

2.2.4 Industrial, Security, Medical, Educational and 
Research Activities

 Many industrial operations, security inspection systems,
medical facilities, and educational and research institutions use
radiation sources or radioactive material. These are discussed in
Section 6. Members of the public may be exposed to radiation when
they are in proximity to such sources or material or when they are
near a patient who has been administered a radiopharmaceutical.
Each subsection discusses the radiation exposures that result from
a particular activity or group of activities as follows:

• Section 6.2: Electricity generation using nuclear power;
• Section 6.3: Operation of DOE facilities; 
• Section 6.4: Decommissioning of former sites where radio-

active material was used and the disposal of radioactive
waste; 

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



17   /   2. INTRODUCTION

• Section 6.5: Other industrial and commerce activities, medi-
cal facilities, and educational and research activities; and

• Section 6.6: Security inspection systems.

Exposure to members of the public from these various sources
is minor compared with the exposure to ubiquitous background
radiation.

2.2.5 Occupational Exposure 

Individuals who are employed in medical facilities, as airline
crew in commercial aviation, in certain industrial and commercial
activities, in commercial nuclear power, in some educational and
research activities, in the military, in certain government agencies,
and in DOE facilities, may be exposed to radiation as part of their
occupations. Almost all of these individuals (except airline crew)
are regularly monitored for radiation exposure.3 In 2006 this
amounted to 3.86 million monitored workers, of which 1.04 million
received doses above a minimum detectable level. In addition,
0.17 million airline crew members received occupational exposure.
Section 7 includes detailed discussions of these radiation exposures. 

2.3 Principal Radiation Dose Quantities in this Report 

The International Commission on Radiological Protection
(ICRP, 1991) and NCRP (1993a) reformulated the principal radia-
tion dose quantities that were used in NCRP (1987a). To the extent
possible this Report uses these reformulated quantities. Because of
the way radiation dose has been reported in the literature, conver-
sion to the reformulated dose quantities is not always possible and
such cases are noted in this Report. The following dose quantities
are the principal ones used in this Report and the rationale for each
is discussed in Sections 2.3.1 through 2.3.4:

• effective dose (E);
• collective effective dose (S);
• average effective dose to an individual in a group exposed to

a specific source (EExp ); and
• effective dose per individual in the U.S. population whether

exposed to the specific source or not (EUS ). 

3Exposures to individuals employed in some industries which utilize
naturally-occurring radioactive materials (NORM) for manufacturing, or
generate technologically-enhanced NORM (TENORM) as waste, may not
be monitored and estimates of their doses have not been accounted for in
this Report.
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Therefore, effective dose is the primary quantity from which the
other dose quantities listed above are derived for the purpose of
comparisons among the radiation sources. 

2.3.1 Effective Dose

Effective dose is used to normalize partial-body irradiations rel-
ative to whole-body irradiations to facilitate radiation protection
activities (ICRP, 1991; NCRP, 1993a). The calculation of E requires
knowledge of the mean absorbed dose to specific radiosensitive
organs and tissues within the body (often obtained from Monte-
Carlo transport calculations using anthropomorphic models). The
unit for E in the International System (SI) of Quantities and Units
is J kg–1, with the special name sievert (Sv). A common magnitude
reported is millisievert (i.e., 10–3 Sv).

The formulation for E (ICRP, 1991; NCRP, 1993a) is:

, (2.1)

where:
DT,R = mean absorbed dose4 in an organ or tissue T from radi-

ation type R incident on the body
wR = radiation weighting factor that accounts for the biolog-

ical effectiveness of the type of radiation in producing
the stochastic health effect under consideration

wT = tissue weighting factor that accounts for the relative
radiation detriment for the organ or tissue from the
stochastic health effect

The sum of the products of DT,R and wR gives the equivalent dose
(HT)5 for the organ or tissue for all the radiation types involved.
Multiplying HT by the appropriate wT (for each organ or tissue T)
and summing the products for the specified organs and tissues
gives E, which includes the effective dose from external sources and
the committed effective dose (Glossary) from internal sources.

Values of wT were developed from a reference population of equal
numbers of males and females and a wide range of ages (ICRP,
1991). For this reason it is not appropriate to use values of E or

4The unit for absorbed dose in SI is also J kg–1, but with the special
name gray (Gy). A common magnitude reported is milligray (mGy) (i.e.,
10–3 Gy) (Glossary).

5The unit for equivalent dose in SI is also J kg–1, with the special
name sievert (Sv) (Glossary).

E wTHT
T
∑ wΤ wRDT,R

R
∑⎝ ⎠

⎛ ⎞
T
∑= =
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quantities derived from it (i.e., S, EExp , EUS ) to assess the radiation
detriment to an individual, or subsets of the U.S. population with an
age and gender distribution significantly different from the refer-
ence population (ICRP, 2007a; 2007b). 

The values for wR relate to carcinogenesis in humans and were
selected after consideration by ICRP and NCRP of the scientific lit-
erature on relative biological effectiveness (ICRP, 1991; NCRP,
1993a). The relative biological effectiveness values depend not only
on the type and energy of radiation but also the test species, organ,
and the particular biological effect in question. This Report primar-
ily applies the quantity E from ICRP (1991) and NCRP (1993a),
which by definition assigns wR a value of one for all exposures
involving photons and electrons. Recent publications indicate that
the relative biological effectiveness values for carcinogenesis in
humans for low-energy photons, such as used in medical imaging,
may be as high as two or more based on chromosomal aberration
data and on biophysical considerations (NAS/NRC, 2006). If such a
change were adopted as a revised wR for low-energy photons, the
resulting values for such a redefined effective dose for low-energy
photon sources would increase proportionally. To date, neither
ICRP nor NCRP has revised the value of wR for low-energy photons.

A previous formulation of E, named effective dose equivalent
(HE) (ICRP, 1977; NCRP, 1987e) is used occasionally in some of the
dose assessments referenced in this Report, when other data are
not available. Some values of wT and wR for HE are different from
those for E. Also, occupational exposure to radiation in the United
States is currently reported by DOE and NRC as TEDE (DOE,
2006a; NRC, 2007a), a quantity close in formulation to HE, and this
Report utilizes data reported in that manner by DOE, NRC and
others. ICRP (2007a) provided revised wT and wR values in its 2007
recommendations. This formulation (denoted E*) is used in some
instances in this Report when original calculations were made.
(Note for all photon irradiation, wR is assigned a value of one in
the HE, TEDE, and E* formulations.) The reader should consult the
noted references for the technical details of the definitions for these
quantities including the respective values for wT and wR. When data
expressed as HE , TEDE, or E* are used in this Report, that fact is
cited. However, when the data are compiled for comparison, the HE ,
TEDE, and E* values are included as though they were E (i.e., as
surrogates for E). No attempt is made to adjust the HE, TEDE and
E* values for the differences between their definitions and that of E.

In this Report, E is often presented as an average or nominal
value for a specified exposure situation that may or may not be con-
sistent with the actual conditions experienced by a given individual.
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Whenever possible, additional information is provided on the vari-
ability of the values of E for the exposure situation that would
enable the reader to further refine an estimate for the circum-
stances that are actually encountered. As examples, the annual
value of E for ubiquitous background radiation varies with location
in the United States; E varies with the type of medical imaging pro-
cedure that is conducted, and the type of imaging equipment and
technique factors used; and E varies depending on the radiation
environment encountered in a particular occupational setting. 

Effective dose is not and in fact cannot be determined directly,
but rather through relationships with other radiation measure-
ments or by calculation. Some examples are:

• exposure to ubiquitous background radiation from space
and terrestrial sources reported as absorbed dose or kerma-
in-air; 

• exposure from radioactive material taken in as part of the
diet reported as an average quantity of radionuclide con-
sumed or deposited in the body; 

• radon exposure reported as an average concentration of
radon progeny in air; 

• exposure to external sources for diagnostic medical applica-
tions reported as kerma-in-air or entrance skin exposure; 

• exposure from CT procedures reported as the dose-length
product (DLP);

• exposure from nuclear-medicine procedures reported as HT

to each organ exposed; and
• exposure from consumer products and industrial sources

reported in various practical quantities.

However, many of these sources deliver very low doses (<0.01 mSv)
annually to an individual and an attempt to derive precise values
of E is usually unwarranted. 

Various dose conversion coefficients are applied to obtain the
quantity E from the reported quantities.

2.3.2 Collective Effective Dose

Collective effective dose is a measure of the cumulative dose to
a population of individuals exposed to a given radiation source or
group of sources. It is defined for purposes of this Report as:

(2.2)S EjNj
j
∑=
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expressed in person-sievert, where:
Ej = average effective dose to population subgroup j
Nj = number of individuals in population subgroup j receiv-

ing Ej

The time period and the subgroups over which S is summed should
be specified. In this Report, the S of interest is the annual value
including committed effective dose.

Collective effective dose is used in this Report solely to provide
a relative measure of the magnitude of population doses for general
comparison among various radiation sources and to permit compar-
ison with the collective dose results in NCRP Report No. 93 (NCRP,
1987a). No attempt is made to evaluate the radiation detriment
associated with a given value of S, which is applicable only to sto-
chastic health effects (i.e., cancer and genetic effects). A thorough
discussion of the concept of collective dose and NCRP recommenda-
tions concerning its use in radiation protection are given in NCRP
Report No. 121 (NCRP, 1995a). For example, when comparing S
values among different sources, one should take note of: (1) the
known characteristics of the exposed population (e.g., the age and
gender distribution), and (2) the order of magnitude of the E values
experienced by the exposed individuals. These two factors have
implications with regard to the magnitude of radiation detriment
(and its uncertainty) that the exposed population may experience.

2.3.3 Average Effective Dose to an Individual in a Group 
Exposed to a Specific Source

This quantity (EExp ) is defined for purposes of this Report as:

(2.3)

where:
SExp = collective effective dose for the NExp individuals who

are considered to be in a defined exposed group

The exposed group excludes individuals who are not subject to
exposure from that source of radiation. 

The quantity EExp provides a measure of the magnitude of dose
to individuals who are actually exposed, when such data are avail-
able. In this Report, the EExp of interest is the annual value. No
attempt is made to evaluate the radiation detriment associated
with a given value of EExp. 

EExp
 SExp 
NExp
-------------=
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2.3.4 Effective Dose per Individual in the U.S. Population 

The effective dose per individual in the U.S. population (EUS),
whether exposed to the specific source or not, is defined for pur-
poses of this Report as:

(2.4)

where:
SExp = collective effective dose for the NExp individuals who

are considered to be in a defined exposed group
NUS = total population of the United States (e.g., 300 million

in 2006)

In this Report, the EUS of interest is the annual value. The quan-
tity EUS does not represent the actual dose received by any individ-
ual in the U.S. population, and it represents an average individual
dose only in the case where all individuals are exposed to a given
source (e.g., ubiquitous background exposure). However, it is an
index of the relative change in exposure between different time
periods and is useful in comparisons with the results published in
NCRP Report No. 93 (NCRP, 1987a) for the various radiation
sources and from all sources. No attempt is made to evaluate the
radiation detriment associated with a given value of EUS .

EUS
 SExp 
NUS

-------------=
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3. Ubiquitous Background 
Radiation

Thumbnail Sketch (for 2006) (rounded values):

• collective effective dose (S): 930,000 person-Sv6

• effective dose per individual in the U.S. population (EUS ):
3.1 mSv (arithmetic mean)
- percent of total S or EUS for the U.S. population (50 %)

• subcategories included (percent of total S and EUS for ubiq-
uitous background radiation)
- internal, inhalation (radon and thoron) (73 %) 
- external, space (11 %)
- internal, ingestion (9 %)
- external, terrestrial (7 %) 

• mean effective dose for the exposed group (EExp ): 3.1 mSv
(arithmetic); 2.3 mSv (geometric)
- statistics for EExp: 3.6 mSv (standard deviation); 2.0 (geo-

metric standard deviation)
• group characteristics: all members of the population of the

United States

3.1 Introduction

In 1975, NCRP presented a comprehensive report of exposure to
natural background radiation in the United States as understood
at that time (NCRP, 1975). The subsequent recognition of signifi-
cant exposure from indoor radon decay products (NCRP, 1984a;
1984b) and additional data on exposure from other sources led to
an updating of the report (NCRP, 1987b).

Useful summary reports on exposures to natural radiation are
available from a number of sources. The most comprehensive
are those prepared by the United Nations Scientific Committee on
the Effects of Atomic Radiation (UNSCEAR, 1966; 1972; 1977;
1982; 1988; 1993; 2000). Oakley (1972) authored a report, Natural

6An independent assessment for domestic water supplies was
~34,000 person-Sv (Section B.3 in Appendix B); however, a contribution
for ingestion of drinking water is deemed already included (from the
assessment of radionuclides in the body) in the 930,000 person-Sv total.
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Radiation Exposure in the United States, which dealt with external
natural radiation. This was published by EPA and was used exten-
sively in the preparation of NCRP Report No. 45 (NCRP, 1975).
Also, the Committee on the Biological Effects of Ionizing Radiation
of the National Academy of Sciences included data on natural back-
ground radiation in its 1972, 1980 and 2006 reports (NAS/NRC,
1972; 1980; 2006).

Since the 1987 publication of NCRP Report No. 93 and Report
No. 94 (NCRP, 1987a; 1987b), which focused on average individual
doses and exposures, increasing emphasis has been placed on vari-
ability and uncertainty of exposures and doses in a variety of
settings. Exposure to ionizing radiation varies significantly with
geographic location, diet, drinking water source, and building
construction. Exposure varies somewhat with gender and age, pri-
marily due to changes in body mass. The variability in most distri-
butions of exposure and dose has been shown to be lognormal (Ott,
1995; UNSCEAR, 1977). Dose distributions inferred for populations
are uncertain due to measurement uncertainty as well as uncer-
tainty in dosimetric models and their parameters. Point estimates
of dose inferred for any particular individual have an additional
component of uncertainty introduced by that individual’s position
within the range of population doses, so that variability within a
population becomes uncertainty for an individual. Additional uncer-
tainty for individual doses occurs because individuals differ system-
atically from the average individual for whom model parameters
are calculated.

3.2 Sources of Exposure

In this Report exposures to ubiquitous background radiation
are divided into those from external sources and those from radio-
nuclides in the body. The dose estimates for external source irradi-
ation are based on direct measurements of dose rates, radionuclide
concentrations, models, and calculations, while those for internal
sources are calculated from a variety of radionuclide measure-
ments. For exposures to 222Rn (radon) and 220Rn (thoron) and their
short-lived decay products, doses are estimated from measure-
ments and dosimetric and behavioral models. For intakes of other
radionuclides by inhalation and ingestion, doses are estimated
from limited analyses of radionuclide concentrations in individual
organs, often from autopsy specimens.

3.2.1 Naturally-Occurring Radionuclides

Naturally-occurring radionuclides in the environment are of
two general classes, cosmogenic and primordial.
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Most cosmogenic radionuclides are beta-particle, gamma-ray, or
x-ray emitters with low to intermediate atomic numbers, and are
produced by interactions of cosmic nucleons with target atoms in
the atmosphere or in the earth. While UNSCEAR (2000) lists 14
cosmogenic radionuclides, only 3H, 7Be, 14C, and 22Na occur with
any significant abundance. Three of these, 3H, 14C, and 22Na, are
isotopes of major elements in the body. A number of other radionu-
clides are of scientific interest in tracing atmospheric and hydrolog-
ical processes but are not of significance with respect to population
doses. 

Most primordial radionuclides are isotopes of the heavy ele-
ments of the three radioactive series headed by 238U, 232Th, and
235U. The radiation emissions from the first two of these are signif-
icant contributors to the average effective dose to members of the
population. The 232Th decay series is shown in Figure 3.1, and
the 238U decay series is shown in Figure 3.2.

The major primordial radionuclides which decay directly to sta-
ble nuclides are 40K and 87Rb. The relatively constant isotopic abun-
dance of 40K in potassium is only 0.0117 %, but potassium is so
widespread that 40K contributes about one-third of both the exter-
nal terrestrial and the internal whole-body dose arising from natu-
ral sources. The concentration of 87Rb in soil is higher than that of
40K, but 87Rb is a pure beta-particle emitter and contributes essen-
tially no external radiation dose. For internal exposure the average
concentration of rubidium is about two orders of magnitude less
than that of potassium. The dose conversion coefficient for 87Rb is
only one-tenth that of 40K. Thus the contribution of 87Rb to E or com-
mitted E from natural background is much lower than that of 40K.

The primordial radioactive decay series headed by 232Th, 235U,
and 238U all transition through the element radon, in the form of
219Rn (3.96 s), 220Rn (55.6 s), and 222Rn (3.82 d), respectively. In this
Report, the radionuclide 220Rn is called thoron, and radon without
qualification refers to 222Rn. Because of the rarity of its parent 235U
and its very short half-life, 219Rn is inconsequential in terms of its
airborne concentrations out- or indoors, and is not considered fur-
ther. However, gaseous radon and thoron are found everywhere in
out- and indoor air. 

Outdoor radon concentration varies diurnally, temporally and
geographically, depending on its emanation rate from upwind soil
and its transport through the atmosphere (Section 3.5.7). For
example, locations in Hawaii and some near the West Coast of the
United States tend to have low outdoor concentrations in part
because the prevailing winds are off the ocean, and radon emana-
tion from the ocean is extremely low.
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Indoor concentrations of radon can be considerably higher than
those found outdoors, primarily due to the buildup of radon ema-
nating from soil underneath a building. In some cases, radon
volatilized from water supplied to a building may be important
(NAS/NRC, 1999a) (Appendix B.2). Building materials and natural
gas may also be minor sources (Sections 5.8 and 5.9.3).

3.2.2 Anthropogenic Radionuclides

Human activities have resulted in the production and release of
radioactive material to the environment. Over the years, such
activities have included: atmospheric nuclear weapons testing;
operations supporting the production of nuclear weapons such as
reprocessing irradiated uranium to separate plutonium, uranium,
and fission and activation products; the nuclear fuel cycle for elec-
tricity generation; the use of radionuclides in medicine, research
and commerce; and accidents at nuclear reactors.

3.2.3 External Radiation

External radiation comes from two sources of approximately
equal magnitude, the radiation from space and terrestrial gamma
radiation from radionuclides in the environment, mainly the earth.
The external radiation field consists of energetic penetrating radi-
ations and may be considered, as a first approximation, to irradiate
the whole body uniformly.

3.2.3.1 Radiation from Space. There are four kinds of space radia-
tion incident on Earth’s atmosphere:

1. solar energetic particles (associated with solar events);
2. anomalous cosmic rays (coming from interstellar space at

the edge of the heliopause);
3. galactic cosmic rays (coming from outside the solar sys-

tem); and
4. extragalatic cosmic rays (coming from beyond our galaxy). 

These charged particles, primarily protons that are incident on
Earth's atmosphere, have sufficiently high energies to generate
secondary particles, mostly high-energy muons, electrons and pho-
tons, commonly referred to as the directly ionizing component, and
a smaller number of neutrons. The neutrons are strongly absorbed
in the atmosphere, so they contribute a relatively low effective dose
at sea level but significant dose rates at higher altitudes.
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3.2.3.2 Terrestrial Radiation. Naturally-occurring radionuclides of
terrestrial origin are ubiquitous throughout the environment. Sev-
eral of these have half-lives that are the same order of magnitude
as the estimated age of Earth (~4.5 × 109 y) [e.g., Figure 3.1 (232Th)
and Figure 3.2 (238U)] and are often referred to as primordial radio-
nuclides. They can be divided into “series radionuclides” that decay
to a stable isotope of lead through a sequence of radionuclides with
a wide range of half-lives and “non-series radionuclides” that decay
into a stable nuclide. 

These radionuclides occur in igneous and sedimentary rock, and
ultimately in soil and the hydrosphere. A description of the geolog-
ical processes that control migration and sedimentation of terres-
trial radioactive material can be found in NCRP Report No. 45 and
Report No. 94 (NCRP, 1975; 1987b).

The principal sources of external exposure are the penetrating
gamma radiations emitted by 40K and the series originating from
238U and 232Th. Most of the gamma radiation comes from the top
20 cm of soil, with a small contribution from airborne radon decay
products. Soil concentrations of 40K and the uranium and thorium
series vary over a factor of 20 from place-to-place in the United
States and Canada (Duval et al., 2005, Grasty and LaMarre, 2004).
USGS continuously acquires information from laboratory mea-
surements of the concentrations of these radionuclides in soil or
stream sediment samples, and maintains a database of soil concen-
tration values inferred from airborne gamma surveys that began in
the 1970s (Duval et al., 2005). Maps of the 48 conterminous states,
Alaska, and much of Canada showing concentrations of 40K, 238U
and 232Th using color scales are available at USGS (2005a; 2005b;
2005c; 2005d). Higher resolution maps can be found on the elec-
tronic version of the database (Duval et al., 2005). 

In a very few locations, gamma radiation from mine or mill tail-
ings contributes to the exposure of local populations, but almost all
areas have been remediated under the 1970 Formerly Utilized
Sites Remedial Action Program (ACE, 2008), the Comprehensive
Environmental Response, Compensation and Liability Act
(CERCLA, 1980), or the Uranium Mill Tailings Radiation Control
Act (UMTRCA, 1978).

Gamma radiation from global fallout from atmospheric weap-
ons tests has been dramatically reduced by radioactive decay and
weathering since major atmospheric testing ended in 1963.
Gamma radiation from fallout from the reactor accident at Cher-
nobyl in 1986 was not a significant source in North America
(UNSCEAR, 2000).
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3.2.4 Internal Radiation (Radionuclides in the Body)

The primordial radionuclides that are significant for human
exposure by internal radiation include the isotopes of uranium, tho-
rium, radium, radon, polonium, bismuth and lead of the 238U and
232Th series (Figures 3.1 and 3.2), and 40K and 87Rb. The only cosmo-
genic radionuclide of importance for human exposure by internal
radiation is 14C (UNSCEAR, 2000). These enter the body by inges-
tion of food, milk and water or by inhalation. The isotopes follow
the normal chemical metabolism of the element and the long-lived
radionuclides are usually maintained at an equilibrium concentra-
tion, but may change somewhat with age. The shorter-lived radio-
nuclides disappear by decay, but concentrations in the body are
continually renewed by additional intake. Ingestion intakes of decay
series in secular equilibrium do not result in uniform tissue concen-
trations, because the fraction absorbed from the gastrointestinal
(GI) tract depends strongly on the particular chemical element in
question. Thus, for example, radium is much more readily absorbed
than thorium, leading to vastly different tissue concentrations.

3.2.5 Assessment of Sources of Exposure

Sources of exposure may be distinct from routes of exposure,
and distinct routes of exposure are treated separately here. Exter-
nal radiation exposure from ubiquitous background at any point on
Earth is from naturally-occurring radionuclides in the earth and
in building materials and radiation from space. Irradiation from
internally-deposited naturally-occurring radionuclides occurs fol-
lowing inhalation of air or ingestion of food, milk and water.

Measurements can be used to estimate the total absorbed-dose
rate from terrestrial and space radiation, but most instruments are
not able to distinguish between these two sources. Calculations
are usually needed to quantify each source separately. 

3.3 Space Radiation

Because radiation from outer space is well characterized
and well understood theoretically, a calculational approach is
appropriate.

3.3.1 Calculations 

A calculation of the effective dose to ground-level populations
was executed using the code PLOTINUS which is fully described by
O’Brien (2005). The only change was the replacement of the free-in-
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air neutron spectrum at ground level with ground-level neutron
spectrum (Gordon et al., 2004; JEDEC, 2006). The wRs in ICRP
Publication 60 (ICRP, 1991) [or ICRP Publication 92 (ICRP, 2003)]
and those in ICRP Publication 103 (ICRP, 2007a) were each used to
determine an estimate of the effective dose. In the first case, the
fluence-to-dose conversion coefficients of Ferrari et al. (1996;
1997a; 1997b; 1997c; 1997d; 1998), based on ICRP (1991), and Sato
et al. (2003) transformation theory were used. In the second case,
ICRP (1991) wRs were replaced by ICRP (2007a) wRs. 

3.3.2 Recent Results for U.S. Urban Areas

Table 3.1 gives summary statistics for annual effective dose due
to space radiation, using wR (proton) = 2 (ICRP, 2007a)7 and the
fraction of time-spent data in Table 3.2. Had the earlier wR for pro-
tons of five (ICRP, 1991) been used, these effective doses would
have been 1.6 % higher at sea level, and almost 5 % higher at
1.8 km altitude.

In 99 of the most populated U.S. urban areas, the average
annual effective dose outdoors from space radiation is 0.40 ±
0.08 mSv (for adults), with a range from 0.28 mSv in Honolulu to
0.82 mSv in Colorado Springs. Effective dose rates depend on geo-
magnetic latitude and elevation above sea level. These values were
averaged over the 11 y solar cycle. A frequency distribution of out-
door values, which peaks sharply between 0.35 and 0.4, is shown in
Figure 3.3. No account was taken for the age-dependence of dose. A
factor of 0.8 was applied to compute indoor values, as in Volume I
of Sources and Effects of Ionizing Radiation (UNSCEAR, 2000).

During the 2000 census, these urban areas comprised
168,067,825 people, just over half of the U.S population (USCB,
2008). Assuming this is representative of the entire U.S. popula-
tion, the population-weighted average annual effective dose out-
doors was 0.375 mSv. Using the age-dependent fractions of time
spent out- and indoors given in Table 3.2, the age-dependent popu-
lation-weighted average annual effective doses corrected for shield-
ing and time spent indoors were 0.33, 0.34, and 0.33 mSv for age
groups <4, 4 to 18, and >18 y, respectively. These values are 0.83,
0.85, and 0.83 times the respective outdoor values.

7O’Brien, K. (2006). Personal communication (Northern Arizona Uni-
versity, Flagstaff, Arizona). 
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TABLE 3.1—Annual effective doses and associated statistical 
data for space radiation in 99 of the most populated U.S. urban 

areas, wR (proton) = 2.

Statistical
Parameter

Outdoors Indoorsa

Weighted Averagesb

Age
<4 y

Age
4 – 18 y

Age
>18 y

Average (arithmetic 
mean) (mSv) 0.397 0.318 0.330 0.338 0.330

SD (mSv) 0.077 0.062

Coefficient of 
variation

0.195 0.195 0.25c 0.25c 0.25c

GM (mSv) 0.392 0.313

GSD 1.17 1.17

Minimum (mSv) 0.279 0.223

Maximum (mSv) 0.818 0.654

Maximum/minimum 2.93 2.93

aIndoor values are 0.8 of outdoor values.
bWeighted averages use the fraction of time-spent data in Table 3.2.
cLarger coefficient of variation estimated based on variability of outdoor val-

ues, and uncertainty in indoor/outdoor time-use and building shielding.

TABLE 3.2—Fractions of time spent outdoors and in dwellings 
used to obtain the weighted averages in Table 3.1.

Age
(y)

Fractions of Time Spent

Outdoors Home Work, School

<4 0.15 0.85

4 – 18 0.25 0.6 0.15

>18 0.15 0.6 0.25
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3.3.3 Earlier Results

Grasty and LaMarre (2004) reported calculations based on
CARI-6 (FAA, 2004) of annual outdoor cosmic radiation doses at
ground level throughout North America, including the contermi-
nous United States and Alaska, ranging from 323 μSv at sea level
to >1,000 μSv at high elevations. Figure 3.4 (Grasty and LaMarre,
2004) illustrates the great variability of annual cosmic radiation
doses with geomagnetic latitude and elevation.

Culminating decades of measurements and analysis, Duval
et al. (2005) published an extensive data set that includes outdoor
cosmic radiation absorbed-dose rates (nGy h–1) calculated using the
methods of Boltneva et al. (1974), as well as dose rates due to ter-
restrial radionuclides (Section 3.2.3.2). The cosmic radiation map
from Duval et al. (2005) is available at USGS (2005e). 

3.4 Terrestrial Gamma Radiation

The geographic distribution of sources of terrestrial gamma
radiation is evaluated and estimates of age-dependent annual
effective doses are presented in this section.

Fig. 3.3. Frequency distribution for average outdoor values of annual
effective dose from space radiation in 99 of the most populated U.S. urban
areas.

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



3.4 TERRESTRIAL GAMMA RADIATION   /   34

3.4.1 Source Terms 

Previous assessments of exposure rates from terrestrial radia-
tion were based on ground surveys as reported by Oakley (1972)
and the aerial radiological measuring system program performed
from 1958 to 1963 (Doyle, 1972). The aerial surveys were conducted
over 25 areas within the continental United States and each cov-
ered ~24,000 km2.

The NURE Program was initiated by the U.S. Atomic Energy
Commission in 1973 with a primary goal of identifying uranium
resources in the United States. When the U.S. Atomic Energy Com-
mission was abolished in 1974, the NURE Program was trans-
ferred to the newly created Energy Research and Development
Administration, and subsequently to DOE. The NURE Program
effectively ended about 1983 when funding was terminated, but
USGS continues to perform aerial surveys and to acquire and ana-
lyze soil and stream sediment samples.

Fig. 3.4. False-color plot of CARI-6 calculations of annual cosmic radi-
ation doses (microsievert) in North America (Grasty and LaMarre, 2004).
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3.4.2 Methodology

To obtain the population-weighted effective dose from external
terrestrial radiation, the NURE data presented in a 25 by 25 km
grid across the continental United States were used (Darnley et al.,
2003; Duval and Riggle, 1999). The data set consists of fractional
mass concentrations [(Cm)i,x,y] in parts per million by weight
(mg kg–1) for uranium and thorium and in weight percent for potas-
sium. The subscript i denotes the radionuclide (238U, 232Th, 40K); the
subscript x represents the longitude in degrees, minutes; and
the subscript y represents the latitude in degrees, minutes. There
are ~10,650 locations for each radionuclide. These data were con-
verted to an activity concentration (Ci,x,y) (Bq kg–1) for the primary
radionuclide using: 

,

for 232Th and 238U, and

(3.1)

for 40K, where:
λ = radioactive transformation (decay) constant (s–1)
NA = Avogadro constant (mol–1)
Mel = atomic mass of the element (kg mol–1)
f (232Th or 238U) and f (40K)

= mass fractional abundances of 232Th, 238U, or 40K,
respectively

The boundaries for each state in terms of longitude and latitude
were used to select data and obtain average concentrations accord-
ing to the following expression: 

(3.2)

where:
S = a given state
nS.i = number of data points for radionuclide i in the state
CS,i = average concentration in the soil (Bq kg −1) for radionu-

clide i in the state

Ci,x,y  10 6–= Cm( )i,x,y
 λ NA f  Th or U238232

( ) 
Mel

----------------------------------------------------------- 

Ci,x,y 10 2– Cm( )i,x,y
 λ NA f  K40( ) 

Mel
----------------------------------- ,=

CS,i

 Ci,x,y 
x,y

S

∑

nS,i
---------------------=
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The air-kerma rate at 1 m height per nuclear transformation of
the parent radionuclide was determined using results of computa-
tions assuming equilibrium of all progeny and uniform distribution
in the ground.

(3.3)

where:
ki = air-kerma conversion coefficient [nGy h–1 (Bq kg–1)–1]

= average value of air-kerma rate in state S from parent
radionuclide i (nGy h−1)

Alternatively, effective dose rate coefficients [tabulated as Sv h–1

(Bq kg–1)–1] from contaminated soil can be used (Eckerman and
Ryman, 1993; Eckerman and Sjoreen, 2006).

The annual effective dose based on the average concentration
of radionuclide in state S (ES) was obtained from the following
expression:

(3.4)

where:
di,a = age-dependent conversion coefficient from air-kerma

rate outdoors to annual effective dose [mSv (mGy h–1)–1]
(due to anthropomorphic differences) for each parent
radionuclide i; a represents the age category

fS,a = fraction of the population in state S in age category a
fa,t = fraction of time (t) persons in age category a are out-

doors or inside buildings
H = type of buildings including housing and work-related

structures
fH = fraction of housing or buildings in this category
LH = attenuation of exposure for this type of buildings

The annual effective dose for the conterminous 48 states based
on the geographical-weighted average state radionuclide concen-
trations (EG) is:

 (3.5)

The population-weighted effective dose (EUS ) (millisievert) for the
conterminous 48 states is:

K· S,i kiCS,i=

K· S,i

ES fS,a fa,t  fHLHdi,aK· S,i
H
∑

t
∑

a
∑

i
∑=

EG

 ES 
S
∑

48
----------------=
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(3.6)

where:
NS = population for state S

3.4.3 Data 

The air-kerma conversion coefficients (ki ) are listed in Table 3.3
(Saito and Jacob, 1995). These are similar to those given for the
assessment of exposure to the U.S. population in Table 5.1 of NCRP
Report No. 94 (NCRP, 1987b).

Figures 3.5, 3.6, and 3.7 show the frequency distribution of
the data for uranium, thorium and potassium for all points in the
NURE data set (Darnley et al., 2003; Duval and Riggle, 1999).
The data are summarized in Table 3.4.

The age-dependent kerma-to-effective dose conversion coeffi-
cients are shown in Figure 3.8 (Saito et al., 1998). These coefficients
reflect the effect of body size and use wTs recommended in ICRP
Publication 60 (ICRP, 1991).

Although the dose distribution from penetrating gamma rays is
not uniform throughout the body, no single organ receives the dom-
inant contribution to absorbed dose. Variations in estimates of wTs
should not significantly alter the coefficients shown in Figure 3.8.

Population data by state were obtained from USCB (2007a). The
index a was used to indicate three age groups: infants and toddlers
(<4 y), children and adolescents (4 to 14 y), and adults (>14 y).
The fraction of the population in each state ( fS,a ) was obtained from
census pyramids (CS, 2007). The distribution of housing by type in
each state ( fH) was obtained from USCB (2007b).  

TABLE 3.3—Conversion coefficients from activity concentrations 
in the ground to kerma-in-air above the ground (Saito and 

Jacob, 1995).

Radionuclides
Air-Kerma Conversion Coefficient (ki )

[nGy h−1 (Bq kg−1)–1}

238U series 0.463

232Th series 0.604

40K 0.0417

EUS

 NS ES 
S
∑

NS 
S
∑

------------------------=
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Fig. 3.5. Histogram showing the variability of uranium concentrations
(parts per million by weight) in U.S. soils based on the NURE data
(Darnley et al., 2003; Duval and Riggle, 1999).

Fig. 3.6. Histogram showing the variability of thorium concentrations
(parts per million by weight) in U.S. soils based on the NURE data
(Darnley et al., 2003; Duval and Riggle, 1999).
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Fig. 3.7. Histogram showing the variability of potassium concentra-
tions (weight percent) in U.S. soils based on the NURE data (Darnley
et al., 2003; Duval and Riggle, 1999).

TABLE 3.4—Summary of soil concentration data for uranium, 
thorium and potassium from USGS (based on the NURE data) 

(Darnley et al., 2003; Duval and Riggle, 1999).

Element Mean Median
Standard
Deviation

5th
Percentile

95th
Percentile

Uranium
(ppma by weight)

1.84 1.81 0.7 0.63 3.1

Thorium
(ppm by weight)

6.45 6.30 2.8 2.2 11

Potassium
(weight percent)

1.16 1.14 0.6 0.22 2.2

aParts per million.
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Exposure to terrestrial radiation indoors is modified by con-
struction materials as well as by the location of the room with
respect to the ground. The first compilation of natural background
radiation in the United States recommended a “housing factor” of
80 % (i.e., a 20 % reduction of outdoor exposure rates) (NCRP,
1975). Another factor of 0.8 was applied to outdoor exposure rates
to serve as a self-shielding factor to estimate the dose rate to the
gonads and blood forming organs. In the second compilation of
exposure of the population in the United States from background
radiation, the average indoor exposure was assumed to be equal to
the outdoor exposure (NCRP, 1987b). This was based on the consid-
eration that attenuation of photons originating outdoors is compen-
sated indoors by photons originating from building materials. 

Miller (1992) made an estimate of building attenuation from
measurements in dwellings in several regions of the country. There
is evidence that building materials may contribute to indoor expo-
sures, and in some parts of the world dose rates are higher indoors
(Arvela et al., 1995; Miller, 1992). Miller (1992) found that for wood
frame (including brick veneer) houses, which represented 85 % of
the type encountered in his survey, the absorbed-dose rate indoors

 was given by:

Fig. 3.8. Age-dependent conversion coefficients for effective dose per
unit air kerma (Sv Gy–1) for the two primordial radionuclide chains (ura-
nium and thorium) and 40K (Saito et al., 1998). The conversion coefficients
from Saito et al. (1998) for baby (eight weeks), child (7 y), and adult were
applied to three age groups designated by the index a representing infants
and toddlers (<4 y), adolescents (4 to 14 y) and adults (>14 y), respectively.

D· in( )
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(3.7)

where:

= absorbed-dose rate indoors (nGy h–1)

= absorbed-dose rate outdoors (nGy h–1)

The 8 nGy h−1 (±20 %) constant represents the contribution from
building materials, and 0.59 (±6 %) represents the average build-
ing shielding factor for outdoor radiation.

For this Report, LH for indoor categories are shown in Table 3.5.
A procedure to incorporate Equation 3.7 for estimating LH in Equa-
tion 3.4 was used in the computations. The results for the state-
and population-weighted effective-dose rates were essentially the
same as those using the values listed in Table 3.5.

Since people spend a small fraction of their time outdoors (EPA,
1997), outdoor dose rates should be corrected for fraction of time
spent indoors. This correction factor is not generally known for the
United States, and has been taken as 0.8 in past publications
(NCRP, 1987b; UNSCEAR, 2000). The fraction of time spent
indoors is difficult to estimate and highly variable. It is age depen-
dent and seasonal in nature. Table 3.2 shows the nominal values
used in this Report.

3.4.4 Results

Figure 3.9 shows USGS data (Duval et al., 2005) presented as
the absorbed-dose rate ranging from <6 to >83 nGy h–1. The white
areas indicate no measurement. The data show a significant geo-
graphical variation.

TABLE 3.5—Building attenuation factors (LH ) used in this Report.

Building Category LH

Single-family detached 0.9

Single-family attached 0.9

Apartments 2 to 4 units 0.85

Apartments >5 units 0.7

Mobile home 1.0

Other: recreational vehicle, boat 1.0

School, work 0.9

D· in 8 0.59 D· out+=

D· in

D· out
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The average outdoor annual gamma-ray effective dose in the
conterminous 48 states derived from airborne radiation measure-
ments done under the NURE Program (Grasty, 2002; Grasty
and LaMarre, 2004) is 0.26 mSv, with a fifth percentile value of
0.07 mSv and a 95th percentile value of 0.47 mSv. The annual
effective dose on the Atlantic and Gulf Coastal Plain is lowest,
while that in the mountainous regions in the west is highest. 

The frequency distribution of average annual effective dose com-
piled for 49 states (the 48 conterminous states and Alaska) is shown
in Figure 3.10. The values are weighted according to age, housing
distributions, and fraction of time indoors. The annual value for
this geographical distribution weighted by state is 0.23 ± 0.06 mSv.
The population-weighted annual effective dose is 0.21 mSv.

A Monte-Carlo procedure was developed to estimate the influ-
ence of uncertainties and variability in the determination of
effective dose rate by analyzing variations in the equations
and coefficients used to transform the NURE data. Figure 3.11
shows the results of this analysis in terms of the distribution of the

Fig. 3.9. Plot of gamma-ray absorbed-dose rate in air from USGS data,
with blue being the lowest (<6 nGy h–1) and lavender the highest
(>83 nGy h–1) (Duval et al., 2005).
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population-weighted annual effective dose. The 95 % confidence
interval for the estimate of population-weighted annual effective
dose is 0.15 to 0.29 mSv.

3.5 Radon and Thoron and Their 
Short-Lived Decay Products

Radon is an inert gas and most of that inhaled is rapidly exhaled
without being retained in the body. Although a small fraction of
inhaled radon passes into the bloodstream, very little radiation
dose results because nearly all radon recirculates to the lung and
is exhaled before radioactive decay. Much more important is the
alpha-particle dose to the lung produced by the decay of inhaled
short-lived radon decay products, referred to as radon “progeny” or
historically as radon “daughters” (Figure 3.2 for decay chain). The
progeny are produced as positively-charged atomic ions in the air,
where they quickly form complexes with water vapor and attach to
ambient aerosol particles. The inhaled progeny, whether or not
they are “attached,” deposit on airways of the respiratory tract,
including the extrathoracic region, and are retained long enough to
irradiate sensitive cells in the bronchial epithelium.

The alpha-particle dose to sensitive cells in the lung cannot be
measured, but it can be estimated using lung dosimetry models and
information regarding the radon progeny exposure. Doses to tis-
sues outside the respiratory tract from inhaled radon progeny are
relatively small compared with the dose received by the lung

Fig. 3.10. Histogram showing the variability of terrestrial average
annual effective dose (millisievert) in 49 states (the 48 conterminous
states and Alaska).
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(Harley and Robbins, 1992; Jacobi and Eisfeld, 1980; Kendall and
Smith, 2002).

3.5.1 Radon Quantities and Units

Traditionally, radon progeny concentration is expressed as
potential alpha energy per unit volume of air that can be released
by short-lived radon decay products. The potential alpha-energy
concentration [cp (J m–3)] is commonly expressed as the working
level (WL), now defined8 to be exactly 1.30 × 105 MeV L–1

(~2.08 × 10–5 J m–3). WL can be related to equilibrium equivalent
radon concentration, that is, the concentration of radon in secular
equilibrium with its short-lived progeny. This relationship depends
on the best estimates of the half-lives and branching ratios of the
short-lived progeny, and the energies and abundances of their
alpha-particle emissions. The equilibrium equivalent concentration

Fig. 3.11. Results of Monte-Carlo simulation demonstrating uncer-
tainty in the population-weighted annual effective dose (terrestrial gamma
radiation) due to parameter uncertainty. The integral is normalized to one.

8A working level (WL) was originally defined as the potential
alpha-energy concentration associated with the radon progeny in equilib-
rium with 100 pCi L–1 (3,700 Bq L–1) of radon, a concentration that was
~1.30 × 105 MeV L–1 (Evans, 1980), but the precise value depended on the
estimates of potential alpha energy per disintegration. WL is now defined
as a concentration of potential alpha energy of exactly 1.30 × 105 MeV L–1

(ICRP, 1993).
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[ceq (Bq m–3)] of any nonequilibrium mixture of short-lived radon
progeny in air is the activity concentration of radon in radioactive
equilibrium with its short-lived progeny that has the same poten-
tial alpha-energy concentration as the actual nonequilibrium mix-
ture. WL as now defined corresponds to ceq = 3,739 ± 11 Bq m–3

(rounded to 3,740) based on averages of data from ICRP (Eckerman
and Sjoreen, 2004), the National Nuclear Data Center (NNDC,
2008a), and the Chart of the Nuclides and Isotopes (LMC, 2003). 

The time-integral of exposure to radon progeny is called poten-
tial alpha-energy exposure [εp (J h m–3)], commonly expressed as
the working level month (WLM). Defined originally for occupational
exposures, 1 WLM is the exposure to 1 WL for 170 h, a conventional
definition of an occupational month (ICRP, 1993; NAS/NRC, 1999a;
1999b). 

In most situations, radon progeny are not in secular equilibrium
with radon gas. The equilibrium factor (F ) is defined to be the ratio
of potential alpha energy present in the form of short-lived progeny
divided by what would be present at secular equilibrium. Thus:

, (3.8)

where:
cp = potential alpha-energy concentration (WL)
ceq = equilibrium equivalent concentration of radon gas

(Bq m–3)
C = observed concentration of radon gas (Bq m–3)

Knowledge of the equilibrium factor thus allows one to infer poten-
tial alpha-energy concentration from measurements of radon gas
and to infer radon progeny exposure from a time-integrated deter-
mination of radon-gas exposure.

Measurements of radon gas are simpler and less expensive than
those of radon progeny; moreover, there have been several national
radon testing proficiency programs since the mid-1980s to stan-
dardize radon-gas measurements (EPA, 2008). Consequently, radon
progeny are rarely monitored outside the occupational or research
settings.

3.5.2 Residential Exposure

Many studies of radon levels in U.S. homes have been conducted,
but the most definitive, by far, is NRRS carried out by EPA. NRRS,
completed in 1991, measured radon-gas concentrations in a repre-
sentative sample of 5,694 U.S. homes (EPA, 1992; Marcinowski
et al., 1994). The survey covered single-family detached homes,

cp
 ceq 
3,740
------------- F  C 

3,740
-------------= =
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multi-unit structures, and mobile homes. Year-long measurements
were carried out with alpha-particle track detectors placed on each
living level of the house. 

The results of NRRS for the United States are summarized in
Table 3.6 and Figure 3.12. The radon concentration for each home
was taken to be the arithmetic mean of the measured annual aver-
age concentrations for each living level. The frequency distribution
of radon concentration was approximately lognormal with a median
of 24.8 Bq m–3 and a GSD of 3.11. The mean concentration was
46.3 ± 4.4 Bq m–3 (one standard error of the mean). There is signifi-
cant variability even among averaging areas as large as EPA
regions. For example, EPA Region VIII (Montana, North Dakota,
South Dakota, Wyoming, Utah, and Colorado) had an arithmetic
mean concentration of 95.8 Bq m–3, 4.54 times higher than the value
of 21.1 Bq m–3 for EPA Region X (Alaska, Washington, Oregon and
Idaho).

There is likely some error introduced by assigning equal weight
to each living level of the home. As part of NRRS, a questionnaire
was administered to residents in which they were asked how much
time they spent on each level of the house. When the radon concen-
tration for each house was obtained by weighting the radon reading
on each floor by reported occupancy on that floor, the national mean
radon concentration was computed to be 43.3 ± 4.3 Bq m–3 (one
standard error of the mean), slightly lower than obtained from a
simple arithmetic average of the concentrations on each level.
However, since it appeared likely that the questionnaire, adminis-
tered primarily in the summer, was a poor reflection of year-round
occupancy habits, the simple arithmetic average was adopted by
EPA (Marcinowski et al., 1994). 

Two other major nationwide collections have been assembled of
measurements made during the 1980s. While they are not carefully
designed to give accurate averages, these serve to show geographic
variability. These studies involved primarily short-term measure-
ments, which may be a poor reflection of the yearly average radon
level; many measurements were made only in the lowest level of
the house or the lowest living area. 

The University of Pittsburgh data set represents hundreds
of thousands of measurements (usually lasting one week) using
diffusion barrier charcoal adsorbers in 1,601 counties in 47 states
and Washington, D.C., but does not include data for Arizona,
California, or Florida9 (Cohen 1992; 1996).

9Arizona, California and Florida were omitted because they have a high pro-
portion of retirees who presumably received their radon exposures elsewhere.
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TABLE 3.6—Results of NRRS (Marcinowski et al., 1994) by 
EPA region.

EPA
Regiona Observations

Arithmetic
Mean

(Bq m−3)

Median
(Bq m−3)

Geometric
Standard
Deviation

I 355 43.7 25.5 2.96

II 632 31.8 13.0 4.66

III 810 50.7 25.2 2.76

IV 801 42.2 24.4 2.62

V 1,504 62.5 39.2 2.91

VI 419 30.0 16.7 3.00

VII 314 87.3 57.7 2.44

VIII 279 95.8 60.7 2.91

IX 390 29.6 21.8 2.71

X 190 21.1 13.3 2.54

Overall 5,694 46.3 24.8 3.11

aEPA regions were: 
I Maine, Vermont, New Hampshire, Massachusetts, Connecticut, and

Rhode Island
II New York and New Jersey
III Pennsylvania, Delaware, Maryland, Virginia, and West Virginia
IV Kentucky, Tennessee, North Carolina, South Carolina, Mississippi, 

Alabama, Georgia, and Florida
V Minnesota, Wisconsin, Michigan, Illinois, Indiana and Ohio
VI New Mexico, Texas, Oklahoma, Arkansas, and Louisiana
VII Nebraska, Iowa, Kansas and Missouri
VIII Montana, North Dakota, South Dakota, Wyoming, Utah, and 

Colorado
IX California, Nevada, Arizona and Hawaii
X Alaska, Washington, Oregon and Idaho

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



3.5 RADON AND THORON AND THEIR DECAY PRODUCTS   /   48

The LBNL data set (Price et al., 2007) contains summaries for
3,079 counties. 

A comparison of summary statistics for the data from the three
sources is given in Table 3.7. Because the University of Pittsburgh
and LBNL data are averages for counties or states, the largest val-
ues for these averages are less than the maximum values in indi-
vidual residences. Indeed, the maximum concentration of decay

Fig. 3.12. Cumulative probability distributions of the observed radon
parameters in single-family housing units: (square) radon concentration
on the lowest level of living space, (triangle) radon concentration on the
lowest level in housing units where the lowest level was not living space,
(open circle) average radon concentration over all levels used as living
space, and (solid circle) weighted average of radon concentrations over all
levels. The dashed straight lines represent lognormal distributions. The
solid horizontal line represents EPA recommended action level for mitiga-
tion (148 Bq m–3) (Marcinowski et al., 1994).
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products of radon, 13 WL, was found in the Reading Prong Region
of Pennsylvania and is equivalent to 96,200 Bq m–3 of radon gas
(Gerusky, 1996). Measured in 1984, the 96,200 Bq m–3 value
brought indoor radon to national attention. If radon concentrations
were truly distributed lognormally, this value would be 7.28 SDs
above the median of NRRS, an event with a probability of
1.6 × 10–13. Suffice it to say that a few Americans are exposed to far
higher concentrations than the average values would suggest.
Indoor radon concentrations are far more variable than any other
component of ubiquitous background radiation.

For the calculations of indoor exposure below, an average con-
centration in U.S. residences of 46.3 Bq m–3 is assumed.

The data for NRRS were collected in 1989 to 1990. It is known
that there are sizable year-to-year fluctuations in radon concentra-
tions within houses (Darby et al., 2006; Harley and Terilli, 1990;
Hopke et al., 1995), due to changes in weather patterns and other
factors such as changes in living habits. Unless U.S. weather pat-
terns during the year in which the data were collected were highly
abnormal, the estimated mean and median should not be per-
turbed appreciably. However, the effect of the variations is to
broaden the distribution over what one would obtain over a much
longer term set of measurements. Errors in the annual measure-
ments would also cause a broadening, but these errors were rela-
tively small for homes with elevated radon concentrations.

3.5.3 Changes in Exposure to Radon and Thoron Decay 
Products Since 1987

Since NRRS, substantial efforts have been made by EPA and by
state governments to reduce elevated radon levels in existing
homes and to encourage construction of new homes that are “radon
resistant” (i.e., that have been built mitigation-ready by including
passive mitigation systems that can be easily activated through the
addition of a radon vent fan, if necessary). Altogether, EPA esti-
mates that, as of 2005, ~632,000 homes had an operating fan-
powered radon mitigation system. Even though such systems
significantly reduce the radon concentrations in dwellings in which
they are operating, the impact of operating fan-powered mitigation
systems on average U.S. indoor radon exposure is likely small.

Of the tens of millions of new homes constructed since NRRS,
the National Association of Home Builders reports ~1.4 million
have been built “radon resistant,” an estimated 60 % of these in
areas with high potential for having an elevated radon level
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indoors.10 There is evidence that the passive features, properly
installed in radon-resistant new construction, may in themselves
reduce indoor radon concentration by up to 40 % in some cases, but
data are sketchy (NAS/NRC, 1999b). This suggests that a substan-
tial reduction in average radon exposure might be achieved over
the long term by wide adoption of radon-resistant new home con-
struction techniques.

Another limitation of NRRS is that it simply measured radon
gas, with no attempt to assess the equilibrium factor or other fac-
tors, such as aerosol characteristics, that influence lung dose.
These kinds of parameters have been measured in only a limited
number of homes, not necessarily a representative sample.

Since 1987, it has become apparent that thoron may interfere
with some kinds of radon measurements (Section 3.5.13).

3.5.4 Exposure Characteristics of Radon and Radon 
Decay Products

NAS/NRC (1999b) estimated an average value of 40 % for the
equilibrium factor. This estimate was primarily based on 565 mea-
surements in just six homes (Hopke et al., 1995; NAS/NRC, 1999b).
Large temporal variability was found within houses, and the over-
all range of “instantaneous” measurements encompassed values
from <10 to 99 % (Hopke et al., 1995). The equilibrium factor was
found to be higher, on average, in homes of nonsmokers than in
homes of smokers (GM = 0.469 versus GM = 0.346). However, there
was little difference in the calculated lung dose for a given
radon-gas exposure once differences in the attachment fractions
and particle size distributions were taken into account. 

George and Breslin (1980) made measurements in 21 houses
from which EPA (2003a) derived a central estimate of 50 % for the
equilibrium factor. A survey of 200 houses conducted by the state of
New Jersey reported a mean equilibrium factor of 45 % (NJDEP,
1989). An earlier study of 20 houses in Butte, Montana, yielded a
mean of 32.9 % for the equilibrium factor (Israeli, 1985). Based on
the available information, a nominal central estimate of 40 % for
the equilibrium factor has been assigned in this Report, with an
uncertainty range of 30 to 50 %.

10Jalbert, P.P. (2006). Personal communication (U.S. Environmental
Protection Agency, Washington). 
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3.5.5 Time-Use and Radon Exposure

Airborne radon and its progeny are present everywhere, so
exposure occurs not just in residences but also outdoors, indoors at
work or school, or in vehicles. Americans spend, on average, ~70 %
of their time indoors at home, ~10 % outdoors or in transit, and the
rest indoors at other locations (EPA, 1997). A more detailed break-
down by age and gender is shown in Table 3.8. Some studies have
attempted to account for differences in breathing rate during dif-
ferent activities (Rogers et al., 1990), but this is not attempted
here.

TABLE 3.8—Recommended values for physical activity factors 
(EPA, 1997).

Location of 
Physical Activity

Value (h d–1) Key Studies

Indoor Children (ages 3 – 11 y)
19 h d–1 (weekdays)
17 h d–1 (weekends)
Adults (ages ≥12 y)
21 h d–1

Timmer et al. (1985)
Timmer et al. (1985)

Robinson and Thomas 
(1991)

Outdoor Children
5 h d–1 (weekdays)
7 h d–1 (weekends)
Adults
1.5 h d–1

Timmer et al. (1985)
Timmer et al. (1985)

Robinson and Thomas 
(1991)

Vehicle Adults
1.3 h d–1

1.6 h d–1 (mean)

Robinson and Thomas 
(1991)
Tsang and Klepeis 
(1996)

Indoors at 
work

6.6 h d–1 (mean)
7.3 h d–1 (median)

Tsang and Klepeis 
(1996)

Residential 
indoors

16.4 h d–1 (median)
16.7 mean: 17.5 (female); 
15.8 (male)

Tsang and Klepeis 
(1996)
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3.5.6 Variability in the Geographic Distribution of Radon

Radon levels vary widely across the United States. Elevated lev-
els are most commonly found in the Appalachians, the upper Mid-
west, and the Rocky Mountain states. A geographic plot of the
LBNL data (Price et al., 2007) shows clusters of high concentra-
tions (Figure 3.13).

Figure 3.14 shows a map that assigns each U.S. county to a zone
of “radon potential” (EPA, 2007a). Zone 1 includes those counties
where the average screening measurement for radon in the lowest
livable level of the house would be predicted to exceed the EPA
action level of 148 Bq m−3, Zone 2 includes counties where the pre-
dicted screening level is 74 to 148 Bq m−3, and Zone 3 includes
those counties where the predicted screening level is <74 Bq m−3.
The estimated radon potential was based on: indoor radon mea-
surements, geology, aerial radiation mapping, soil permeability,
and foundation types of homes. The maps in Figures 3.13 and 3.14
are not strictly comparable because the first is based on short-term
measurements, while the second is based on an evaluation of poten-
tial radon concentrations.

The radon potential map is useful in guiding efforts to reduce
radon through mitigation of existing homes or through construc-
tion of radon resistant new homes. Nevertheless, it should be noted

Fig. 3.13. Map of the United States with LBNL predicted long-term
average radon concentrations in living areas (Price et al., 2007).
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that radon levels also vary widely from house to house within coun-
ties, depending on factors such as outcroppings of uranium rich
granite, soil permeability, and building characteristics. 

3.5.7 Outdoor (Ambient) Radon

Data on outdoor levels of radon have been obtained by EPA
through E-Perm® (Rad Elec, Inc., Frederick, Maryland) determina-
tions of annual average concentrations at one location in each U.S.
state (Hopper et al., 1991). The results varied from 5.92 to
21.1 Bq m–3, with a mean concentration of 15.1 ± 0.5 Bq m–3. Pri-
marily based on this study, a National Research Council committee
concluded that the most probable value for the ambient radon
concentration is 15 Bq m–3; they also characterized the uncertainty
as being uniformly distributed over the range 14 to 16 Bq m–3

Fig. 3.14. EPA map of radon zones (EPA, 2007a). The map was devel-
oped using five factors to determine radon potential: indoor radon mea-
surements, geology, aerial radiation mapping, soil permeability, and
foundation type. Radon potential assessment is based on geologic prov-
inces, which were adapted to county boundaries for this map. Each of the
3,141 counties in the United States was assigned to one of three zones
based on radon potential (i.e., the predicted average indoor radon screen-
ing level). Zone 1 counties (red) are >148 Bq m–3; Zone 2 counties (orange)
are between 74 and 148 Bq m–3; and Zone 3 counties (yellow) are
<74 Bq m–3.
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(NAS/NRC, 1999a). Results from other measurements made
around the world tend to be lower than this, and UNSCEAR (1993;
2000) estimated the worldwide average radon-gas concentration to
be 10 Bq m–3.

The equilibrium factor outdoors is generally somewhat higher
than indoors, typically between 50 and 70 % (UNSCEAR, 2000),
although a much wider range (20 to 100 %) can be found, depending
on conditions. UNSCEAR (2000) estimated an average value of
60 % for the equilibrium factor outdoors.

3.5.8 Other Indoor Exposure

Radon concentrations in schools and offices appear to be sub-
stantially lower than in residences. Based on EPA long-term mea-
surements, the mean concentration in ground-contact schoolrooms
is 29.6 Bq m−3 (EPA, 1993a).

As part of its Building Assessment and Evaluation Study, EPA
has also conducted short-term radon measurements using charcoal
canisters in a random sample of 100 public and commercial office
buildings (EPA, 2006). For the 291 measurements taken in occupied
areas, the average radon concentration was only 14.8 Bq m−3, simi-
lar to the outdoor average. Due to plate-out of radon progeny in the
ventilation system, however, the equilibrium factor in large build-
ings would be considerably lower, typically, than that found out-
doors (~0.6) and possibly lower than in the average residence (~0.4).

3.5.9 Estimate of Population Exposure

An individual’s time-averaged potential alpha-energy concen-
tration [cp (WL)] can be written as a weighted sum of the exposure
rates where the person spends time: 

(3.9)

Each term in the expression on the right is the product of the
radon-gas concentration (Ci ) in Bq m−3, the equilibrium factor (Fi )
and the fraction of time (fi ) spent in each location i. As an approxi-
mation, it is assumed, on average, that 70 % of the time is spent
indoors at home, 20 % indoors away from home, and 10 % outside.
Based on material discussed above, average radon concentrations
in these locations are 46.3, 14.8, and 15 Bq m−3, and average equi-
librium factors are 0.4, 0.4, and 0.6, respectively. Based on these
values, the time-weighted average potential alpha-energy concen-
tration is:

cp

  CiFi  fi 
i
∑
3,740 

---------------------------=
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The average annual potential alpha-energy exposure (εp) is then
estimated to be:

.

Given the lognormal variability in residential exposure (a GSD
of 3.11 in NRRS), this potential alpha-energy exposure is consis-
tent with a lognormal distribution whose GM is 0.109 WLM, and
whose SD is 0.336 WLM. As an extreme value, using the peak
indoor radon exposure in Pennsylvania of 96,200 Bq m–3 in results
in a value of εp equal to 372 WLM.

3.5.10 Average Dose from Radon Progeny

The most important uncertainty in the estimate of average dose
from inhaled radon progeny is the uncertainty in the dose conver-
sion coefficient. The dose conversion coefficient depends on assump-
tions made about the radon decay product aerosol (including
whether cigarette smoke is present), and properties of the human
respiratory tract including dissolution rates for radon decay prod-
ucts deposited there and whether the person is a smoker. 

The alpha-particle dose to target cells in the lung from exposure
to radon progeny is estimated from calculations based on models,
which may use different modeling techniques. Some models use
biological parameters, measured bronchial airway dimensions,
mucociliary clearance rates, particle deposition, and target cell
depths, while others compute total deposition in a few selected
regions. The deposition of inhaled progeny in the airways is depen-
dent on physical parameters such as: the activity-weighted particle
size distribution of the ambient aerosol; the fractions of radon prog-
eny in the “unattached” mode (0.5 to 2 nm) or “nucleation” mode
(2 to 30 nm), which contribute disproportionately to the dose
because of their high rates of diffusional deposition (Altshuler
et al., 1964; Harley and Pasternack, 1972; 1982; James et al., 2004;
Knutson and George, 1992; NAS/NRC, 1999b; NCRP, 1984b); and
the relative amounts of the individual radon decay products. The
dose depends also on biological parameters such as breathing rate,
details of the lung anatomy and morphometry such as airway

cp
 46.3( ) 0.4( ) 0.7( ) 14.8( ) 0.4( ) 0.2( ) 15( ) 0.6( ) 0.1( ) + +

3,740 (Bq m 3– ) WL 1–
--------------------------------------------------------------------------------------------------------------------------------------=

4.02 10 3–×  WL=

εp cpt  4.02 10 3–×  WL( ) 24 h d 1–( ) 365 d y 1–( ) 
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dimensions, location of target cells in the bronchial epithelium,
thickness of the mucus layer covering the airways, and rate of
mucociliary clearance. To a degree, these parameters will vary
across the population, being dependent on age, gender, smoking
status, and other factors. 

Many details and parameters must be assumed to model dose to
the human respiratory tract (ICRP, 1994; NAS/NRC, 1999b), and
different assumptions lead to different dose conversion coefficients.
Assumptions must be made about aerosol characteristics, includ-
ing: the equilibrium factor; the presence or absence of cigarette
smoke or other aerosols; the amounts of potential alpha-energy
concentration present in the unattached, nucleation, accumula-
tion, and coarse fractions; and aerosol size, dispersion, hygroscopic
growth factor, particle density, and shape factor (Marsh and
Birchall, 2000; Marsh et al., 2002; 2005). These parameters have
been measured in only a limited, possibly unrepresentative, sample
of homes, and certainly vary from home to home.

Variability in parameter values persists regardless of how well
an average value is known. There are age- and gender-dependent
variabilities that have not been well characterized, and differences
in nose and mouth breathing. Recent developments include
accounting for cigarette smoke and other aerosols, hygroscopic par-
ticle growth in the respiratory tract, and absorption rates for radon
decay products. The identity, location, and depth of target cells are
important as well. These differences in assumptions as well as
model structure result in differences in calculated dose conversion
coefficients. 

Dose conversion coefficients expressed as absorbed dose per unit
potential alpha-energy exposure (Ep) must be converted to effective
dose per Ep. The dose conversion coefficient may apply to the entire
respiratory tract or to only the bronchial (BB) and bronchiolar (bb)
regions. The ICRP Human Respiratory Tract Model (ICRP, 1994)
apportions the 0.12 wT for the respiratory tract as 0.1 % to the tho-
racic lymph nodes, and 33.3 % each to the BB, bb, and alveolar-
interstitial region. For a dose conversion coefficient calculated for
only the BB and bb regions, a tissue weighting factor wBB+bb =
(0.333 + 0.333) (0.12) = 0.08 is used, while for dose conversion coef-
ficients calculated for the whole lung, wLung = 0.12 is used. Also, the
alpha-particle wR of 20 must be applied. NCRP (1984a) apportioned
the whole-lung weighting factor of 0.12 between the bronchial tree
(0.08) and the pulmonary region (0.04). There is an additional
minor contribution of dose to the extrathoracic-1 compartment, but
that has not been considered here.

UNSCEAR (2000) published a review of dose conversion coeffi-
cients expressed in absorbed dose per unit equilibrium equivalent
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radon concentration [nGy (Bq h m–3)–1] listing 15 calculated values
published between 1956 and 1998 using different models and
assumptions. To compare with more recent publications, these
have been converted to absorbed dose per Ep (mGy WLM–1). There
were no significant trends with year of publication, breathing rate,
or depth of target cells. There was a suggestion of a linear increase
with unattached fraction (correlation coefficient: r2 = 0.59), but
only if a single extreme result at unattached fraction of 35 % is
included. Without that data point, r2 = 0.077. The UNSCEAR
(2000) results averaged 11 ± 10.4 mGy WLM–1 and were roughly
lognormally-distributed with a GM of 8.47 mGy WLM–1 and a GSD
of 1.98. 

Since UNSCEAR (2000), six papers or documents were pub-
lished or drafted with 15 additional dose conversion coefficient
values. Harley11 computes a value of 6 ± 3 mGy WLM–1 (1 SD) to
the upper airways. Using a wT of 0.08 and a wR of 20, this becomes
9.6 ± 4.8 (1 SD) mSv WLM–1. For homes, Marsh and Birchall (2000)
calculate 15 mSv WLM–1, while Marsh et al. (2002) give
11 mSv WLM–1 and Marsh et al. (2005) arrive at 12.9 mSv WLM–1.
NAS/NRC (1999b) addressed only comparative dosimetry between
mines and houses and published values for all houses
(10.5 mSv WLM–1), houses with smokers (10.2 mSv WLM–1), and
houses without smokers (10.6 mSv WLM–1). Winkler-Heil et al.
(2007) compared three calculational methods and reported results
of 7.8, 8.3, and 11.8 mSv WLM–1. 

The NAS/NRC dosimetry model, however, did not actually
employ the aerosol particle size assumptions that were published
in NAS/NRC (1999b), as detailed by James et al. (2004). Perform-
ing dosimetry calculations based on the assumptions published in
NAS/NRC (1999b), James et al. (2004) obtained eight dose conver-
sion coefficient values from 15.5 to 21.4 mSv WLM–1, using full
respiratory tract (four values) or BB + bb (four values) models,
based on the presence or absence of cigarette smoke, and with or
without hygroscopic growth. These values are almost twice as high
as the other results reviewed by NCRP, because the assumptions
about particle size distributions differ significantly from those used
by all other investigators before and since.

Despite the flaws in the absolute values of dosimetric results
that appeared in Table B-3 of NAS/NRC (1999b), the NAS/NRC
uncertainty analysis is essentially correct, because it is based on
underlying variability studies of equilibrium factors and many

11Harley, N.H. (2007). Personal communication (New York University
Medical Center, New York).
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other parameters that are included in NAS/NRC (1999b) and is
expressed as a lognormal distribution with a GSD. On the basis of
the NAS/NRC uncertainty analysis, and on statistical analysis
of other dose conversion coefficients, NCRP concludes that a loga-
rithmically-distributed uncertainty distribution with a GSD of 1.6
encompasses the range of models, assumptions and opinions on
dose conversion coefficients of the past two decades.

The analyses of James et al. (2004), Marsh et al. (2005), and
NAS/NRC (1999b) confirm the longstanding result that relatively
little effective dose is produced by irradiation of the alveolar-
interstitial region of the respiratory tract (NCRP, 1987b). 

For indoor exposure in the United States, it is necessary to
apply an average value of the dose conversion coefficient. Individu-
als are exposed to radon decay product aerosols that, depending on
such factors as particular residence, aerosol characteristics, smok-
ing habits, nose- and mouth-breathing habits, age, gender, and
disease state, produce different doses for the same potential alpha-
energy concentration, as well as different doses for the same radon-
gas concentration.

Furthermore, there has been a difference in the dose conversion
coefficient derived from epidemiological results expressed per Ep
and that from dosimetric results derived using the ICRP detriment
coefficient, wTs, and wRs (Brenner et al., 1995; IAEA, 1996; ICRP,
1993; NAS/NRC, 1999b). Analysis of epidemiological results by
ICRP (1993) suggested that either a wT (lung) = 0.12, a wR (alpha
particles) = 20, or both, are too high to result in agreement between
a dosimetric approach and an epidemiological approach. However,
Tomasek et al. (2008) indicate that new analyses of the Czech
Republic and French epidemiological studies of uranium miners
yield dose conversion coefficients in closer agreement with the dosi-
metric results than was the case with earlier epidemiological
results.

Based on the calculations of dose conversion coefficients
by the independent scientists cited above, a lognormally distrib-
uted dose conversion coefficient with an arithmetic mean of
10 mSv WLM–1 and a GSD of 1.6 is assumed for the purpose of dose
assessment and uncertainty estimation in this Report. Such a dis-
tribution has a SD of 5 mSv WLM–1 and a GM of 9 mSv WLM–1

using the methods of Strom (2007) and Strom and Stansbury
(2000). This distribution centers on recently published values,
includes the highest estimates from NAS/NRC (1999b) at the 95th
percentile, and includes all others within a 90 % confidence inter-
val of GM. This results in an estimate of effective dose per Ep that
is more than two times higher than the 4 mSv WLM–1 value recom-
mended for exposure in homes by ICRP (1993). 
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Based on the estimate of annual radon potential alpha-energy
exposure of 0.207 WLM and a dose conversion coefficient of
10 mSv WLM–1, the average adult in the United States receives an
annual effective dose to the bronchial epithelium of 2.07 mSv (with
a GSD of 1.6), where the uncertainty in the average is dominated
by the uncertainty in the dose conversion coefficient. Variability in
the annual effective dose is addressed in Section 3.5.11.

3.5.11 Sources of Variability, Bias and Uncertainty

The largest source of variability in individual doses from radon
progeny, by far, is the variation in radon concentration among geo-
graphic areas and houses within the same area. Overall, according
to NRRS, nearly 60 % of all homes have an annual average radon
level <37 Bq m–3, ~6 % have a level above 148 Bq m–3 and ~0.7 %
have a level >370 Bq m–3. In rare cases, indoor radon concentra-
tions may exceed 37,000 Bq m–3. Although, for most purposes, a
lognormal function adequately describes the distribution of radon
concentrations in U.S. homes, the derived lognormal distribution
significantly understates the number of homes with highly-
elevated concentrations. 

As noted above, NRRS estimates of indoor radon concentrations
may be biased slightly high because no account was taken of the
differences in time spent on the different living levels of the home.
Another source of bias is that the alpha-particle track detectors
employed in NRRS were sensitive to airborne 220Rn (thoron) as well
as 222Rn (radon). Given the limited information available on indoor
thoron levels, the magnitude of this bias cannot be accurately
assessed. UNSCEAR (2000) estimates that the average indoor
220Rn concentration is 10 Bq m–3, ~20 % of the average measured
222Rn level in NRRS. The efficiency of the employed alpha-particle
track detectors was found to be almost as high for 220Rn (~80 %) as
for 222Rn (Tokonami et al., 2001). Hence, the upward bias in NRRS
measurements may have been roughly 20 %.

3.5.12 Dose from Inhaled Radon Gas

Unlike its progeny, radon is chemically inert, and does not
deposit in the airways of the lung. Nevertheless, the lung will
receive a dose from radon gas decaying within its airspace. In addi-
tion, a certain fraction of inhaled radon passes into the blood-
stream, and partitions into all the tissues of the body. Given its
hydrophobic nature, it will be at highest concentration in lipid rich
regions such as fat cells and bone marrow. It has been estimated
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that, overall, the annual effective dose per unit radon-gas concen-
tration is 1.4 × 10–3 mSv (Bq m–3)–1, about half of which is to the
lung (Kendall and Smith, 2002; Khursheed, 2000). Using the val-
ues cited above for average occupancy factors and radon-gas con-
centrations out- and indoors (Section 3.5.9), the average radon
concentration is estimated to be:

The average annual effective dose from radon gas is then calcu-
lated to be 0.05 mSv. This brings the average annual total for radon
and radon decay products (2.07 mSv, Section 3.5.10) to 2.12 mSv.

3.5.13 Thoron

Radon-220 (thoron), formed from alpha-particle decay of 232Th,
like 222Rn, exists as a noble gas and decays into a series of
short-lived progeny that deposit in and irradiate the lung with
alpha particles. Measurements of thoron and its decay products in
indoor air have been limited. There is often substantial variation
of thoron gas within a room because of its short half-life (55.6 s).
Thoron and radon progeny levels have been found to have some cor-
relation (Chen et al., 2008; Gunning and Scott, 1982; Rannou,
1987; Schery and Grumm, 1992; Tschiersch et al., 2007; Tu et al.,
1992), but, thoron is unlikely to be an important source of exposure
in homes with high 222Rn (NAS/NRC, 1999b; Tu et al., 1992). Tu
et al., (1992) indicate that 222Rn comes primarily from soil gas and
220Rn comes primarily from building materials.

In general, the potential alpha-energy concentration associated
with thoron progeny is lower than for radon; moreover, the esti-
mated dose conversion coefficient for thoron progeny is one-third
that for radon progeny (NEA, 1983), which would lead to an esti-
mate of 3.3 mSv WLM–1 [i.e., (10 mSv WLM–1) / 3]. Birchall12 gives
a value of 3.8 mSv WLM–1. UNSCEAR (2000) estimated that the
annual effective dose from inhaled thoron and its decay products is
~0.1 mSv, compared with the estimate of 2.12 mSv for 222Rn gas
and its progeny given in Sections 3.5.10 and 3.5.12. Although the
contribution of 220Rn and its decay products to the average effective
dose is probably small compared with that from 222Rn and its prog-
eny, additional measurements would be warranted to better assess

12Birchall, A. (2008). Personal communication (Health Protection
Agency, Chilton, United Kingdom). 
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the extent of exposure to thoron and its potential health risks
(Steinhausler, 1996). The lingering difficulty is that the presence of
220Rn increases the apparent value of 222Rn measurements, but the
usually unquantified 220Rn decay products also truly produce
alpha-particle dose to the respiratory tract. Therefore, it is neces-
sary to disaggregate the two effects of: (1) 220Rn gas causing
upward bias in 222Rn gas measurements; and (2) real irradiation of
the human respiratory tract by 220Rn decay products. Studies that
jointly consider these two effects should be undertaken, with a goal
of helping to interpret the vast body of historical measurements.

Different measurement technologies exhibit significantly differ-
ent responses to 220Rn when they purport to measure 222Rn. Many
alpha-track detectors cannot distinguish between the two, nor can
liquid scintillation counting of activated charcoal. However, early
measurements of charcoal detectors, both open-face and diffusion
barrier, relied on gamma spectroscopy, which was specific for 222Rn
decay products. Unless an adequate diffusion barrier is included,
alpha-particle track detectors for measuring radon gas will also
register a contribution from thoron, leading to a spuriously high
measured radon concentration. In particular, as noted above, the
alpha-particle track detectors used in NRRS failed to completely
screen out 220Rn. 

NAS/NRC (1999b) reported that Ep,Rn-220 / Ep,Rn-222 averages ~0.5;
UNSCEAR (2000) reported Ep,Rn-220 / Ep,Rn-222 ranges from 0.3 to
0.5. For the dose conversion coefficient per Ep of 3.33 mSv WLM–1,
the average relative contribution from thoron decay products to
dose is ~17 % in the United States, rather than the ~10 % quoted
by UNSCEAR (2000). Measurements reported by Tu et al. (1992),
Ep,Rn-220 / Ep,Rn-222 = 0.47 for all houses, or 0.0949 WLM y–1, yielded
an annual effective dose of 0.32 mSv. This dose cannot be added
directly to the 222Rn gas and decay product dose because of the
unknown contribution of 220Rn to the 222Rn measurement results.
In the absence of any data to inform this question, this Report
assumes that about half of this annual effective dose, or 0.16 mSv,
should be added for an average adult in the United States. Thus,
the average annual effective dose for radon and thoron and their
decay products is 2.28 mSv.

3.6 Radionuclides in the Body

This section focuses on measurements of tissue contents of 40K,
the 232Th series, and the 238U series. Potassium is a natural
element, a small amount of which is radioactive 40K, present in
food. Thus, the source of almost all 40K in the body tissues is food,
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primarily fruits and vegetables. The sources of radionuclides from
the 232Th and 238U series are food and water. Brazil nuts are a sig-
nificant single source of dose from these series (~1 %), but ~39 % of
the dose may result from radionuclides from these series in domes-
tic water supplies (Section 3.6.3 and Appendix B). 

3.6.1 Potassium-40

Potassium concentration (CK) values, expressed as mass of
potassium (grams) divided by body mass (kilograms) (or parts per
thousand by mass) were calculated based on in vivo 40K measure-
ments of 248 adult females and 2,037 adult males at the DOE
Hanford Site (Strom et al., 2009). The potassium concentration in
males is generally higher than the concentration in females due to
a higher percentage of lean body mass in males. The average potas-
sium concentration values for both adult males and adult females
decrease with increasing age (Figure 3.15) and with increasing val-
ues of body mass index (BMI) expressed as mass/height2 (kg m–2)
(Figure 3.16), both with significant individual variation. Statistical
properties of the data are given in Tables 3.9 and 3.10. 

Dosimetry was performed from the fundamental physical prop-
erties of 40K and its decay processes, as well as using the methods
of Stabin and Siegel (2003). Standard phantoms from Cristy and
Eckerman (1987) were used with the addition of the adult female
phantom of Stabin and Siegel (2003).

Radioactive 40K emits a 0.56 MeV beta particle (average energy)
in 89.3 % of decay transitions, and a 1.46 MeV photon in 10.7 %
of transitions (NNDC, 2008b). With a 40K fractional abundance of
0.0117 atom percent or 0.01196 mass percent (NNDC, 2008c), nat-
ural potassium has a specific activity of 31.72 Bq g –1. The possible
energy per transition that can be absorbed ranges from 8 × 10–14 J
if none of the 1.46 MeV photons are absorbed to 10.5 × 10–14 J if all
of those photons are absorbed. In NCRP (1987b), an absorbed frac-
tion of 0.8 appears to have been used. 

Using dose conversion coefficients (mGy MBq–1 s–1) for 40K in
seven different phantoms from the Radiation Dose Assessment
Resource (RaDAR, 2008) and the Hanford age- and gender-depen-
dent potassium data (Strom et al., 2009), yields the results in
Table 3.11. The dose conversion coefficients were for uniform
source distributions irradiating the whole body. On average, adult
males have 19 % more potassium per unit body mass, and receive
21 % more absorbed dose than adult females, due to the increased
absorption of the 1.46 MeV photon in more massive men. None of
the phantoms currently incorporate a variable BMI. The adult
male phantom has a BMI of 26.4, compared with the Hanford male
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average of 30.9. The dose conversion coefficient approach is consis-
tent with a first-principles approach assuming an absorbed frac-
tion of 0.34 for the 1.46 MeV photon.

Figure 3.17 shows a modest increase in the effective dose with
body mass, primarily due to increased absorption of the 1.46 MeV
photon as mass increases. Trends in age dependence of average 40K
effective doses calculated using the phantoms specified in
Table 3.11 for males and females are shown in Figure 3.18 for the
data from NCRP (1987b) and (Strom et al., 2009). Doses to adult
males are ~8 % lower using the Hanford data than for NCRP data,

Fig. 3.15. Potassium concentration (CK) (grams of potassium per kilo-
gram of body mass) decreases with increasing age in adults (NCRP;
1987b; UNSCEAR, 1972). These data are for 248 women (top panel) and
2,037 men (bottom panel) (Strom et al., 2009). Dashed lines show upper
and lower 95 % confidence intervals for the population.
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probably due at least in part to the decreased 40K concentrations
associated with the higher average BMI of Hanford males. Doses to
adult males are higher than those to adult females by an average
of 32 % in NCRP data compared with 21 % noted above for the
Hanford data.

Very little data on potassium concentrations are available for
people under the age of 20 y. More information is needed for this
age group; lower body masses would result in lower doses for a
given potassium concentration, due to the greater escape probabil-
ity of the 1.46 MeV photon.

Fig. 3.16. Potassium concentration (CK) decreases with increasing
BMI in adults. These data are for 248 women (top panel) and 2,037 men
(bottom panel) (Strom et al., 2009). Dashed lines show upper and lower
95 % confidence intervals for the populations.
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69   /   3. UBIQUITOUS BACKGROUND RADIATION

Fig. 3.17. Annual effective dose per unit potassium concentration
(E / CK) as a function of body mass for the phantoms in Table 3.11.
Increasing mass is correlated with increasing age. Adult female and 15 y
old have the same value of E / CK.

Fig. 3.18. Trends in age dependence of average 40K effective doses cal-
culated using phantoms in Table 3.11 for males and females.
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3.6 RADIONUCLIDES IN THE BODY   /   70

In summary, the ubiquitous background radionuclide 40K pro-
duces radiation doses that have significant trends with gender, age,
body mass, and BMI, with significant individual variability.
The annual effective dose for average adult males as a function of
age (years) and BMI (kg m–2) is:

, (3.10)

and for average adult females is:

. (3.11)

Individual variability about these arithmetic mean values is
described by a lognormal distribution with a GSD of 1.133 for
males and 1.148 for females. The geometric means of these lognor-
mal distributions are equal to the arithmetic means multiplied by

 (Strom and Stansbury, 2000).
Ignoring the effects of age, height and body mass, average

annual values are 0.149 and 0.123 mSv for men and women,
respectively. Averaged over both men and women, the annual effec-
tive dose is 0.136 mSv. Annual effective doses range from 0.069 to
0.243 mSv for adult males, and 0.067 to 0.203 mSv for adult
females, a roughly threefold variation for each gender.

3.6.2 Thorium-232 and Uranium-238 Series

Annual effective doses from the uranium and thorium series in
the body (excluding inhalation of radon and thoron decay products)
to members of the U.S. population were calculated based on data
published by UNSCEAR (2000). UNSCEAR (2000) presented
annual effective doses to reference individuals by two methods.
The first was to estimate intakes by inhalation and ingestion, and
then infer doses. The second was to perform dosimetry based on the
radionuclide content of tissues and organs. 

For this Report, doses from the uranium and thorium series to
persons in the United States were scaled from reference values in
UNSCEAR (2000) and data for the United States. The results are
shown in Tables 3.12 and 3.13. Table 3.12 shows the relative con-
tributions of members of these series to tissues for which data are
available, with most of the annual effective dose due to 210Pb/210Po.

In Table 3.13, the “tissue content” method uses ICRP (2007a)
wTs, while the “intake” method employed by UNSCEAR (2000) uses
ICRP (1991) wTs. The differences in wTs result in <10 % difference
in effective dose, but cannot be evaluated directly with the data
given.

EAverage adult male 0.0885 2.946 0.0062 age– 0.0311 BMI –( )=

EAverage adult female 0.0876 2.5 0.00512 age– 0.0292 BMI –( )=

e lnGSD( )
2

– 2⁄
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73   /   3. UBIQUITOUS BACKGROUND RADIATION

Ingestion doses are clearly age-dependent, with infants receiv-
ing the highest doses, and children receiving slightly lower doses,
but still twice the adult values. For adults, the tissue content
method yields doses comparable to the doses for children obtained
by the ingestion method. However, the adult doses using the tissue
content method are over twice the doses using the adult ingestion
method. One is forced to conclude that there is significant uncer-
tainty in these results, perhaps a coefficient of variation of 0.3 or
more. More data are needed in order to assess doses more accu-
rately, and to assess both variability and uncertainty when compar-
ing the two methods.

The variability in doses is far less in the data cited by
UNSCEAR (2000) than, for example, in a recent set of uranium and
thorium measurements reported by LaRiviere et al. (2007), who
compared 68 measurements of uranium and thorium in human
vertebrae from two Canadian cities with other reported measure-
ments. There was no clear trend with age, but a threefold variabil-
ity was evident. Some of the variability in the Canadian data can
be explained by differences in the uranium and thorium content of
drinking water (LaRiviere et al., 2007).

The average annual values are 0.132 and 0.114 mSv for infants
and children, respectively (ingestion method). Averaged over both
men and women, the annual effective dose is 0.127 mSv for the
tissue content method. Using the two different methods of calcula-
tion the annual effective doses range from 0.050 to 0.138 mSv for
adults, a roughly threefold variation.

3.6.3 Radionuclides in Domestic Water Supplies

A separate assessment for the collective effective dose from
radium, uranium and radon concentrations in drinking water for
both public and private supplies and private wells is presented in
Appendix B. The result was 33,700 person-Sv for 2006. However,
an unquantified contribution from radionuclides in drinking water
is already included in the overall estimate derived from the previ-
ous assessment for radionuclides in the body [87,000 person-Sv
(Table 8.1)] which accounts for all intakes from food and water. The
separate assessment in Appendix B provides an estimate for
the proportion of S included in the ubiquitous background radia-
tion component from radionuclides in the body that is due to inges-
tion of drinking water (~39 %).

3.6.4 Cosmogenic Radionuclides

The production of 14C by cosmic-ray interactions in the upper
atmosphere is latitude- and time-dependent, but the resulting
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3.7 SUMMARY AND CONCLUSIONS   /   74

radioactive carbon dioxide mixes throughout the atmosphere and is
uniformly distributed at ground level where it is a source of human
exposure. This source gives an annual HE of ~0.01 mSv to the whole
body, mostly from 14C in tissues (NCRP, 1987b). 

3.7 Summary and Conclusions

The population-weighted average annual effective doses to U.S.
adult males resulting from the various sources described in this
section are summarized in Table 3.14. Average annual effective
doses to women and children are comparable, but, as discussed
above, the data are too sparse to produce equally detailed summa-
ries for women and children.

Rows in Table 3.14 are labeled as external irradiation from
space and terrestrial radiation; internal irradiation from ingested
radionuclides, separated as 40K, the 232Th and 238U series, and other
(14C and 87Rb); and internal irradiation from inhaled radionuclides,
listed as 222Rn and its short-lived decay products and 220Rn and its
short-lived decay products.

The average annual effective dose is useful to gain perspective
for most individuals, but some will receive significantly less or far
more than this dose. To illustrate this, the uncertainty and vari-
ability are displayed both quantitatively and qualitatively. Quanti-
tative measures include arithmetic means, SDs, GMs, and GSDs.
The 95 % confidence limits, that is, the 2.5 and 97.5 percentiles, are
also given. 

Qualitative characterizations of variability are described as
“unknown,” “very small,” “small,” “moderate” and “large.” Very
small means a GSD of no more than 1.02, small up to 1.1, moderate
up to 1.5, large greater than 1.5. Variability assessments are given
for age, gender, BMI, geographical location, amount of time spent
out- and indoors at home or elsewhere, and building nature and
construction. The latter is complex, because it affects shielding
from radiation originating from space and from external terrestrial
radiation, as well as radon entry and irradiation from natural
radioactive material in building materials.

Uncertainty is assessed separately from variability, using the
same categories, with the additional category of “very large,” denot-
ing a GSD of over two. Moderate and greater uncertainties gener-
ally arise from modeling uncertainties and lack of data.

For an individual drawn at random from the U.S. population,
given no other information, the variability combines with the
uncertainty to become the overall uncertainty in the dose for
the individual. It is this overall uncertainty that is characterized in
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the composite exposure. Figure 3.19 shows the distribution of doses
from the various sources of ubiquitous background radiation using
the arithmetic means presented in Table 3.14.

 Because contributions from each of the seven sources in
Table 3.14 are assumed to be statistically independent and there is
no analytical method of adding lognormally-distributed variables,
the best way to sum the distributions is with a Monte-Carlo simu-
lation. The results are given in the last line of the table, and plotted
in Figure 3.20, based on a U.S. population of 300 million. The
annual effective dose to adult males in the United States is
3.11 mSv (arithmetic mean) with a SD of 3.61 mSv. As shown in
Figure 3.20, it is not a normal distribution, nor is it strictly lognor-
mal (there is a deficit of very low values). Approximately 2.5 million
Americans receive annual doses from ubiquitous background radi-
ation in excess of 20 mSv. The lowest annual doses are just over
0.5 mSv.

In most parts of the United States, the dominant annual tissue
dose equivalent is that to the bronchial epithelium from the decay
products of radon. The differences in the average annual effective
dose reported here and HE in NCRP (1987b) are not large. 

Fig. 3.19. Percent contribution of various sources of exposure to the
annual EExp for ubiquitous background radiation (3.1 mSv) for 2006. The
same percentages apply for S and EUS. The percent values have been
rounded to the nearest 1 %, except those <1 % [see Table 3.14 for the val-
ues of EExp (millisievert)].
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Despite progress in systematic surveys of indoor radon, and
many developments in dosimetry, the greatest uncertainty and vari-
ability both originate from radon, thoron, and their short-lived
decay products. There are uncertainties associated with the esti-
mated dose from internally-deposited uranium and thorium due to
a scarcity of human tissue data, particularly for women, children
and infants. Because of the complexity of intake routes, and differ-
ing uptakes of the various radionuclides in the natural series decay
chains, different approaches have yet to be reconciled. There are
uncertainties for external irradiation associated with shielding by
buildings, irradiation by building materials, and portions of time
spent out- and indoors.

Fig. 3.20. Frequency distribution of annual effective dose (milli-
sievert) for ubiquitous background radiation for members of the U.S. pop-
ulation, 2006.
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4. Medical Exposure 
of Patients 

Thumbnail Sketch (for 2006) (rounded values):

• collective effective dose (S): 900,000 person-Sv
• effective dose per individual in the U.S. population (EUS ):

3 mSv
- percent of total S or EUS for the U.S. population (48 %)

• subcategories included (percent of total S and EUS for medi-
cal exposure of patients)
- computed tomography (49 %) 
- nuclear medicine (26 %) 
- interventional fluoroscopy (14 %)
- conventional radiography and fluoroscopy (11 %) 
- external-beam radiotherapy (evaluated in Table 4.17 but

not included in the total above)13

• average effective dose for the exposed group (EExp ): not
determined because the number of patients exposed (NExp )
is not known, only the number of procedures 

• group characteristics: for many situations, skewed to higher
age groups and often to patients with serious health condi-
tions and limited remaining lifespans 

4.1 Introduction

Exposure to patients from medical procedures is of considerable
interest because medical diagnostic and interventional procedures
contribute significantly to the collective effective dose of the U.S.

13For radiotherapy, the estimates (limited to external-beam therapy)
are: S = 350,000 person-Sv, EUS = 1.2 mSv, and EExp = 0.4 Sv. EExp is
derived from absorbed doses to organs and tissues outside the treatment
volumes and exceeds the EExp levels for all other sources, and the exposed
population is small and being treated for a life-threatening illness. Also,
absorbed doses to some tissues or portions of tissues outside but nearby
the treatment volume could approach or exceed 1 Sv. For these reasons, it
may be inappropriate to include this source of exposure in an assessment
of effective dose to the U.S. population.
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population. Patients exposed to medical sources have a distribution
that is much different from that of the population as a whole. It is
skewed in age to older individuals and in health status to sicker
individuals. There also may be a skewed gender distribution. To the
extent that information is available the distributions of medical
procedures by age and gender are presented. In Section 4, available
data have been amassed and evaluated for various medical radia-
tion sources, primarily: 

• x-ray sources used in CT, conventional radiography and flu-
oroscopy, interventional fluoroscopy, and radiation therapy;
and

• gamma-ray sources used in nuclear medicine and radiation
therapy. 

Radiation exposure to the U.S. population from medical proce-
dures was estimated using two data elements: number of medical
procedures and effective dose per procedure. For each group, esti-
mates of effective dose were combined with estimated numbers of
procedures to estimate collective effective dose. The collective effec-
tive doses were estimated independently for each modality. The
total exposure from all medical procedures was obtained as the sum
of exposure across modalities. The sources of information for both
number of procedures and effective doses varied by procedure, and
are discussed below.

4.1.1 Exposure Categories

The data in this section are grouped by type of medical modality,
as follows: 

• computed tomography (Section 4.2);
• conventional radiography and fluoroscopy (including dental

and chiropractic radiography, and bone densitometry) (Sec-
tion 4.3);

• interventional fluoroscopy (Section 4.4);
• nuclear medicine (Section 4.5); and
• external-beam radiotherapy (Section 4.6).

Procedures within each modality were placed into relevant groups
by body part or organ system, as discussed in the respective
sections.
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4.1.2 Sources of Data on the Estimates of the Number 
of Procedures

The number of procedures in each category was based on a main
data source (Section 4.1.2.1) that contained estimates of the num-
ber of procedures performed in all facilities in the United States. A
number of additional sources supplemented and validated the
information obtained from the main source. Section 4.1.2 describes
the data sources and the methods used to reconcile numbers across
sources and to map them into the desired procedure categories.

4.1.2.1 Main Data Source. The number of procedures was derived
mainly from commercial market benchmark reports produced by
IMV. Nine of these reports were obtained that cover the following
procedure categories: cardiac catheterization (IMV, 2004), CT (IMV,
2005a; 2006a), mammography (IMV, 2006b), nuclear medicine
(IMV, 2006c), positron emission tomography (PET) (IMV, 2006d),
radiographic fluoroscopy (IMV, 2006e), interventional angiography
(IMV, 2006f), and radiation oncology (IMV, 2005b).

For each of the procedure categories, IMV used a survey to collect
information on procedure volume by body part and organ system
and a number of practice characteristics (such as productivity, staff-
ing, equipment type). With the exception of the radiographic fluo-
roscopy and interventional angiography reports (which only covered
hospitals with 150 beds or more), the data cover all hospital and
nonhospital facilities performing the respective procedures. The
surveys had high response rates (~60 % for most modalities). For
modalities other than radiographic fluoroscopy and interventional
angiography, the numbers of procedures are projected to represent
all sites performing such imaging in the United States and, there-
fore, utilization by the entire U.S. population. The most recent year
of data available varied by report, and ranged from 2003 to 2006. As
a result, patients of all ages are represented in these procedure
counts. Each of the reports contains an estimate of the proportion of
procedures performed on pediatric patients. The unit of data collec-
tion is a facility, and the data are nationally representative.

4.1.2.2 Supplementary Data. The following data sources were used
to validate information on the distribution of procedures across
body parts and organ systems within modalities, for example, per-
cent of CT procedures of the abdomen or head and neck.

4.1.2.2.1 Medicare Physician Supplier Procedure Summary Files.
These files (CMS, 2006) are summarized administrative claims data
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for Medicare fee-for-service enrollees and are publicly available for
analysis from the Centers for Medicare and Medicaid Services. 

Summarized procedure counts for each modality were obtained
from the American College of Radiology, sorted by the Healthcare
Common Procedure Coding System Common Procedural Terminol-
ogy (CPT) (AMA, 2004) code of the Health Care Financing Admin-
istration (now Centers for Medicare and Medicaid Services).
Procedure counts were grouped by modality and body part or organ
system as appropriate for analysis. 

These data include all Medicare claims from 1997 through 2005
and account for procedures performed on nearly 40 million Medi-
care fee-for-service enrollees over the entire country. However,
because the data mainly cover persons of age 65 y and older and the
disabled Medicare enrollees, these numbers represent approxi-
mately one-third of all utilization and one-seventh of the U.S. pop-
ulation (NCHS, 2006; USCB, 2006a).

The estimates for conventional radiographic and fluoroscopic
procedures were mainly based on the Medicare data.

4.1.2.2.2 U.S. Department of Veterans Affairs. Data from summa-
rized administrative claims for all VA enrollees were provided by
the VA under the Freedom of Information Act. Procedure counts
were available for fiscal years 1991 to 2006, and were grouped
by CPT code, patient age, and gender. Procedures were grouped by
modality and body part or organ system as appropriate for analy-
sis. Summarized claims data from the VA from 2003 to 2006 were
used for some comparisons. The VA health plan had between four
and seven million enrollees between 1999 and 2004 (CBO, 2005);
the actual enrollment in each year was not available.

While the data are nationwide, women and children are under-
represented (<0.01 % of the VA claims are from those under age
15 y, and ~8 % are women; one-fourth of the U.S. population is
under 18 y and over half are women) (USCB, 2006b).

4.1.2.2.3 Large National Employer Plan. Administrative claims
data from a large national employer plan (LNEP) were used to
spot-check distributions of procedures for some modalities. Claims
data were available for 2003 and were summarized by modality
and body part or organ system by the American College of Radiol-
ogy. These data included claims for four million covered individu-
als, are nationally distributed, and include enrollees of all ages and
both genders. The data are, however, not nationally representative
because all the enrollees had health insurance (thus, not reflecting
the uninsured in the U.S. population), and the population in this
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data set was skewed towards older ages compared with the U.S.
population.

4.1.2.2.4 Commercial Sources. A commercial source provided
information regarding the number of dental bitewing film packets
sold in the United States.14 These values were used to estimate the
dose to the population from intraoral radiography.

4.1.2.3 Reconciling Data from Supplementary Sources with Data
from IMV. Procedure counts from IMV provided the primary infor-
mation for numbers of procedures. Where the distribution of proce-
dures across body part or organ system in the IMV data failed to
match the distribution in the other data sources, the distributions
in the other data sources were used to estimate the possible range
of values for population exposure, as supplemental estimates to the
IMV data. 

In some cases, such as radiography, the IMV reports did not cat-
egorize procedures in a format that would allow determination of
collective effective dose. In those cases, the calculations were based
on the Medicare data. The total utilization for radiographic proce-
dures was estimated as 3.6 times the Medicare utilization, derived
through a multistep process as follows. The procedure counts
included Medicare fee-for-service enrollees except the 15 % in man-
aged care (Table 144 of NCHS, 2006). Since managed care enrollees
are expected to have a lower level of utilization than fee-for-service
enrollees, an estimate of radiography utilization for all Medicare
enrollees was made by applying a multiplier of 1.1 (rather than
1.15) to the Medicare fee-for-service utilization. Medicare utiliza-
tion is ~30 % of all utilization (Table 124 of NCHS, 2006). Thus, the
total of Medicare fee-for service utilization was estimated from 3.3
multiplied by 1.1. As a test, a comparison of IMV estimates of uti-
lization to Medicare utilization where available confirmed that 3.6
was an appropriate multiplier.

4.1.2.4 Limitations in Data Availability. There is very little infor-
mation available on the volumes of chiropractic and dental imaging.
Chiropractic imaging procedures are not covered under Medicare,
and form a very small part of the imaging procedures in the other
data sources noted in Section 4.1.2. Data used to estimate the num-
ber of dental visits that included x rays for imaging were derived
from survey data from the Medical Expenditure Panel Surveys

14Gray, J.E. (2007). Personal communication (DIQUAD, LLC, Steger,
Illinois).
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(AHQR, 2007), data from the Nationwide Evaluation of X-Ray
Trends (NEXT) surveys on number of patients at dental facilities
(FDA, 2003), the National Oral Health Surveillance System esti-
mates of dental visits (CDC, 2006), and personal communication
with industry staff.15 The sources did not agree; therefore the num-
ber of dental intraoral films sold in the United States was used to
determine the number of intraoral (bitewing and full-mouth sur-
vey) images (Section 4.3.1).

4.1.2.5 Projecting Estimates to 2006. Data on procedure counts
were not always available for 2006; in those cases, data for the most
recent year available were used with projected annual growth in
procedures to estimate utilization of radiology procedures in 2006.

4.1.3 Sources of Data for Effective Dose per Procedure

Effective doses for procedures were derived by a variety of meth-
ods, each of which is described in the respective discussion for the
five subcategories of medical exposure. For:

• CT, data on dose length product and age and body region
specific conversion coefficients were utilized;

• conventional radiography and fluoroscopy, a published sur-
vey of effective dose was applied;

• interventional fluoroscopy, data on KAP and protocol spe-
cific dose conversion coefficients were utilized;

• nuclear medicine, data on dose conversion coefficients
expressed as effective dose per unit administered activity
were utilized; and

• external-beam radiotherapy, published values for absorbed
dose to organs and tissues located outside the treatment vol-
umes were utilized. 

The values of effective dose for various procedures are informed
“averages” made with the realization that for any given procedure,
actual values in practice may vary by an order of magnitude.

The effective doses presented for medical exposure of patients
were derived from various literature sources that all use the ICRP
(1991) wTs and formulation for effective dose. In its latest recom-
mendations, ICRP (2007a) approved new wTs that change the for-
mulation of effective dose. There has been a decrease in wT applied

15Gray, J.E. (2007). Personal communication (DIQUAD, LLC, Steger,
Illinois).
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for hereditary effects (gonads; from 0.2 to 0.08) and an increase in
wTs for other tissues (notably the female breast; from 0.05 to 0.12).
In particular, effective doses for procedures in which the female
breast is essentially the only organ irradiated (i.e., mammography)
or in which the female breast receives the dominant absorbed dose
(e.g., chest procedures that include irradiation from the anterior
direction), would be higher using the ICRP (2007a) formulation.
When the gonads are directly irradiated (e.g., pelvic procedures),
effective doses would be lower. ICRP (2007a) also includes tissues
not previously listed separately (brain, salivary glands) or previ-
ously included in the remainder category (extrathoracic region,
lymphatic nodes, and oral mucosa) that impact doses from dental
examinations. For two cases (mammography, and dental bitewing
and full-mouth surveys), an indication of the difference in the effec-
tive dose value due to the revised ICRP (2007a) wTs is noted.

4.2 Computed Tomography

Computed tomography (CT) is fundamentally a method for
acquiring and reconstructing images of thin cross-sections of an
object. It differs from conventional radiography in two significant
ways: (1) CT eliminates the superimposition of structures that
occurs in radiography because of the projection of three-dimen-
sional body structures onto the two-dimensional recording system,
and (2) the sensitivity of CT to subtle differences in x-ray attenua-
tion is about a factor of 10 higher than normally achieved by radio-
graphic imaging systems. 

Since its introduction in 1972, CT has evolved into an essential
diagnostic imaging tool for a continually increasing variety of clin-
ical applications. Technological advances in CT and the ease of use
of this technology have led to many clinical applications that have
increased the use of CT at a rate of 8 to 15 % per year for the last
7 to 10 y. 

Two major revolutionary advances in CT technology occurred in
the past decade that have become the catalysts for the rapid growth
of this imaging modality. The first of these was the introduction of
helical CT, enabling more rapid acquisition of a volume data set.
The second advance was the introduction of multidetector CT
(MDCT). MDCT scanners have distinct advantages, such as: the
ability to obtain a large number of thin slices during a single rota-
tion of the x-ray tube around the patient (typically <0.5 s), result-
ing in high image quality (isotropic resolution images suitable for
improved three-dimensional images); and the ability to image a
large scan region each rotation of the x-ray tube, enabling scanning
of the entire body in <30 s. 
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4.2.1 Effective Dose from Computed Tomography

4.2.1.1 Calculation of the Effective Dose. The effective dose is cal-
culated from information about absorbed dose to individual organs
and wT assigned to each organ. Specific organ doses are determined
through simulations of the absorption and scattering of x rays in
various tissues by using a mathematical model of the human body. 

In practical terms the effective dose in CT is derived from a
quantity called the dose-length product (DLP). Although effective
dose calculations require specific knowledge about individual
scanner characteristics, a reasonable estimate of effective dose
(E), independent of scanner type, can be achieved using the
relationship:

(4.1)

where:
k = age and body region-specific conversion coefficient

(mSv mGy–1 cm–1) listed in Table 4.1 for adults

Shrimpton and Wall (2000) discuss age-specific pediatric conver-
sion coefficients for newborns to age 15 y.

DLP (mGy cm) is the CT dose index based on volume (CTDIvol)
(milligray) multiplied by the scan length (L) (centimeters):

(4.2)

where DLP reflects the total energy absorbed from a specific scan
acquisition; and CTDIvol is an index of dose based on a 100 mm
range of integration, and this index corresponds to the average
absorbed dose that would accrue in the phantom central section.

TABLE 4.1—Head, neck, chest, abdomen, and pelvis values of k for 
adults (McCollough et al., 2008).a

Region of Body k (mSv mGy–1 cm–1)

Head 0.0021

Neck 0.0059

Chest 0.014

Abdomen 0.015

Pelvis 0.015
aSee also Bongartz et al. (2004), Jessen et al. (1999; 2000), and Shrimpton

et al. (2006).

E k DLP=

DLP CTDIvol L=
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Descriptions of CTDIvol and other related CT dose indices (CTDI,
CTDIw) are given in Appendix C. The effective dose values per
scan are calculated, while CTDIvol is measured using standard
phantoms. 

4.2.1.2 Typical Effective Doses in Computed Tomography. For the
most common CT procedures, Table 4.2 lists the effective dose per
scan for adults, where a scan refers to a single sequence of rota-
tions, table movement, and data acquisition spanning one particu-
lar anatomic range of clinical interest. Table 4.2 values are based
on values cited in published reports and also on computation of
effective doses for CT studies with known technique factors (Bou
Serhal et al., 2001; Brix et al., 2003; Broadhead et al., 1997;
Brugmans et al., 2002; Burling et al, 2004; Chapple et al., 1992;
Cohnen et al., 2001; 2003; Conway et al., 1992; Crawley and
Rogers, 1994; Geleijns et al., 1997; Hart and Wall, 2004; Heggie
and Wilkinson, 2000; Huda et al., 2001; Hunold et al., 2003;
Hurwitz et al., 2007; Javadi et al., 2008; Jessen et al., 1999; 2000;
Kemerink et al., 2003; Mahesh and Cody, 2007; Martin, 2007;
McCollough, 2003; McCollough and Schueler, 2000; McCollough
et al., 2008; Mettler et al., 2000; 2008a; Morin et al., 2003; Nickoloff
et al., 2000; Nishizawa et al., 1991; Shope et al., 1981; Shrimpton
et al., 2006; Stern et al., 2007; Szendro et al., 1995; Teeuwisse et al.,
2001; Van Unnik et al., 1997; Ware et al., 1999). Table 4.2 gives the
range of effective doses with the effective dose value per scan cho-
sen for the collective effective dose estimation. 

4.2.1.3 Effects of Computed Tomography Technology on Effective
Dose. The demand for faster scans and images providing high spa-
tial and temporal resolution has resulted in the development of CT
scanners with high tube current, many (64 or more) thin detector
rows, wide detector and x-ray beam dimensions (4 cm or more at
the axis of rotation), and rapid tube and detector rotation (a half to
a third of a second per rotation). According to national survey
reports (IMV, 2005a; 2006a), the number of MDCT scanners in the
United States increased from nearly 51 % of total scanners in 2004
to 71 % in 2006. In 2006, 52 % of MDCT scanners had the capability
to yield 16 or more slices per gantry rotation. The radiation doses
from the early MDCT scanners (four-slice MDCT) were higher than
those from single-slice helical or nonhelical CT scanners due to
poor geometric and detection efficiency. With improved detection
and geometric efficiency, the radiation doses from 16- and greater-
slice MDCT scanners are similar to or lower than those from
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single-slice helical or nonhelical CT scanners. However, technolog-
ical advances in CT have yielded many new clinical protocols
resulting in additional numbers of CT scans, therefore increasing
the collective effective dose. 

4.2.2 Estimating Computed Tomography Usage in the 
United States

The number of CT scans performed in the United States has
been estimated from a number of data sources that were discussed
in Section 4.1.2.

TABLE 4.2—Ranges for effective dose per scan for CT categories and 
the effective doses used in the calculations for 2006 for collective 

effective dose (all values are for adults).

CT Category
Range for Effective 

Dose (per scan) (mSv)

Effective Dose (per 
scan) Used in the 
Calculation (mSv)

Head 0.9 – 4 2a

Chest 4 – 18 7a

Abdomen and pelvis 3 – 25 10b

Extremity 0.1 – 1 0.1c

Virtual colonography 5 – 15 10a

Whole-body screening 5 – 15 10d

Calcium scoring 1 – 12 2e

Angiography: head 1 – 10 5d

Angiography: heart 5 – 32 20f,g

Other scans 1 – 10 5d

aMettler et al. (2008a)
bMcCollough et al. (2008) and Brix et al. (2003). McCollough et al. (2008) lists

a range of 8 to 14 mSv. Brix et al. (2003) lists 9.7 mSv for multi-slice CT and
10.3 mSv for single-slice CT. A value of 10 mSv was selected as reflecting cur-
rent clinical practice. 

cThe lower end of the range of effective doses. In the absence of a single cita-
tion listing actual values, the selected value was based on calculated effective
doses from scan techniques used in routine extremity CT protocols.

dThe mid-point of the range of effective doses was selected. 
eMcCollough et al. (2008) lists a range of 1 to 3 mSv. The mid-point of the

McCollough et al. (2008) range was selected.
fHurwitz et al. (2007) and Javadi et al. (2008); results from two large academic

centers.
gA very recent study (post-2006) reports that a median value of 12 mSv

(Hausleiter et al., 2009) is more representative of current practice.
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4.2.2.1 IMV Benchmark Reports. The IMV CT benchmark report
for 2006 is based on responses from 2,565 out of an identified uni-
verse of 7,649 hospital and nonhospital sites (IMV, 2006a). The
IMV CT benchmark report for 2004 is based on responses from
4,478 out of an identified universe of 7,356 hospital and nonhospi-
tal sites (IMV, 2005a). 

4.2.2.2 Number of Computed Tomography Procedures. From exam-
ining the information in the databases, the number of CT proce-
dures performed in the United States during 2006 is estimated to
be 62 million. This represents almost an 8 % growth from 2005
(57.6 million CT procedures). On average, the number of CT proce-
dures increased ~10 to 11 % per year from 1993 to 2006 (Table 4.3
and Figure 4.1). The growth of CT shows similar trends within the
various databases, as shown in Table 4.4. Medicare data show an
annual increase in the number of CT procedures of 13 % from 2001
to 2004 (Table 4.5). Eight to 10 % of all CT procedures performed in
the United States between 2004 and 2006 were pediatric proce-
dures (IMV, 2005a; 2006a). However, the number of procedures for
pediatric cases could not be determined separately because
detailed information on the distribution of CT categories within the
pediatric population was not available.

 A number of newer CT applications, including PET-CT, single-
photon emission CT (SPECT) CT, CT-fluoroscopy, and interven-
tional applications, that are beginning to appear on surveys, are
not accounted for separately in this Report due to lack of detailed
data.

4.2.2.3 Number of Computed Tomography Scans. Medicare data
were used to classify each CT procedure based on CPT codes. Some
CT procedures consisted of two scans. To estimate the collective
effective dose it is necessary to estimate the number of scans asso-
ciated with these procedures. According to the IMV reports, 67 % of
all CT procedures included contrast. Medicare data show that
nearly 50 % of CT procedures had either one scan with contrast or
two scans, one with and one without contrast. Nearly 13 % of Medi-
care procedures involved two scans (with and without contrast). CT
procedures were classified into various categories and adjusted for
the number of procedures with two scans. This yielded an estimate
for the total number of CT scans that is ~8 % higher than the num-
ber of CT procedures in both 2003 and 2006, resulting in a total of
67 million CT scans for 2006. The effective doses per CT scan
(Table 4.2) were then applied to calculate collective effective dose to
the U.S. population (Section 4.2.3). 
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4.2.3 Collective Effective Dose Calculations

The collective effective dose to the U.S. population was based on
2006 data starting with the CT procedures data from IMV (con-
verted to number of CT scans). The various categories of CT proce-
dures, the number of CT scans, and the selected effective doses per
scan for each category are listed in Table 4.6. The number of CT
scans and the collective effective doses for the categories are also
shown graphically (in percent) in Figure 4.2. The annual collective
effective dose to the U.S. population is ~440,000 person-Sv. With
the U.S. population of 300 million for 2006, the annual EUS

is ~1.5 mSv. For verification, similar calculations were performed
on Medicare data extended to the U.S. population. Accordingly, the
annual collective effective dose to the U.S. population based on
the 2004 Medicare data was ~400,000 person-Sv and EUS was
~1.4 mSv. 

4.2.4 Sources of Uncertainty in the Dose

The main sources of uncertainty in the estimates of S and EUS

are the number of procedures, estimation of the number of scans
from the number of procedures, and the effective dose per scan for
each category. 

Fig. 4.1. Number of CT procedures per year in the United States (mil-
lions), 1993 to 2006. Average growth: >10 % y–1.
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Fig. 4.2. Percent contribution of various CT categories to total number
of scans (67 million) (top) and S (440,000 person-Sv) (bottom) for 2006.
The percent values have been rounded to the nearest 1 % [see Table 4.6
for the number of scans and the values for S (person-sievert)].
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As noted above, IMV reports are based on the survey informa-
tion gathered from various hospital and nonhospital sources and
extrapolated to the identified universe of hospital and nonhospital
sites in the United States for the main categories of CT procedures.
The number of procedures included in the computation, however,
was further subdivided by the CPT codes listed in the Medicare
data. In addition, the total number of CT scans was estimated by
adjusting the number of procedures in each category by a small
percentage to account for those procedures with two scans.

For this Report the methodology of determining the effective
dose was based on measurements made using standardized CTDI
phantoms and DLP-to-effective dose conversion coefficients derived
from Monte-Carlo simulations. These simulations use a mathemat-
ical model of a standard adult. Hence, the effective dose per scan
values reported here are for a standard adult and may not ade-
quately reflect the effective dose values for children or very large
adults. The simulations do take into account gender-specific organs
however, and provide an estimate of effective dose that is averaged
over both genders. These estimates of effective dose are typical
of current MDCT scanner technology, and may not reflect past or
future variations in CT scanner technology or user preferences in
scanning protocols at any individual scanning facility.

4.2.5 Trends in the Next Ten Years

While the greatest growth in the number of CT procedures
occurred in the late 1990s and early 2000s, the use of CT technology
in the United States is likely to continue to increase over the next
10 y. Many new clinical applications are being developed; CT tech-
nology can be used with ease, perform a patient scan in a very short
time (few seconds), and provide high quality images for diagnosis.
The majority of CT scanners in the United States are MDCT sys-
tems and the percentage of scanners that are MDCT systems will
continue to increase.

4.3 Conventional Radiography and Fluoroscopy

Conventional radiography and fluoroscopy comprise the largest
number of x-ray examinations of patients in the United States.
However, the collective effective dose from these examinations is
now only a relatively small portion of the medical dose in the
United States. For the purposes of this Report, conventional radi-
ography is defined as the use of x-ray imaging systems such as
those using screen-film image receptors, computed radiography,
digital radiography, direct exposure x-ray film (as used in intraoral
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radiography), or any other type of system producing two-dimen-
sional x-ray projection images. Conventional fluoroscopy is real-
time projection imaging used for diagnostic purposes for examina-
tions, such as upper GI studies or barium enemas. Section 4.4
addresses interventional applications of fluoroscopy.

4.3.1 Estimates of the Number of Procedures

The numbers of conventional radiographic and fluoroscopic
examinations used to estimate the collective effective dose to the
U.S. population were derived primarily from two sources, the Medi-
care data (CMS, 2006) and a commercial source (for number of
dental bitewing exposures).16 The information in IMV (2006e) for
conventional radiographic and fluoroscopic examinations did not
include imaging in nonhospital settings or in hospitals with fewer
than 150 beds, and did not have adequate specificity on imaging
by body part for use in this Report. Though the Medicare data
include, for the most part, only procedure counts for the elderly,
this was the only comprehensive data source available for these
procedures. Utilization for the country was estimated, as described
in Section 4.1.2.3 previously, as 3.6 times the Medicare utilization
for each procedure category. 

 NEXT studies (CRCPD, 2008) provide estimates of average pro-
cedures per week performed in each facility. These were used as a
second source to validate estimates of procedures per year and the
number of U.S. facilities.

Estimates of the number of mammography procedures were
obtained from the FDA website for the Mammography Quality
Standards Act (FDA, 2007a) that documents the number of mam-
mograms reported by accredited facilities. The total number of
mammography procedures in 2006 was 34.5 million, which is the
number used for calculating S for mammography. IMV (2006b) esti-
mates mammography volume as 37.7 million in 2005. Medicare
accounts for just under one-third of mammography volume, and
Medicare enrollees accounted for 11.1 million mammograms in
2005 (CMS, 2006). 

Difficulties were encountered in determining the number of den-
tal x-ray examinations or exposures per year. Several sources of
data provided estimates of this number, varying from 60 to 200 mil-
lion (CDC, 2006; Moyal et al., 2007; Suleiman et al., 1999). A com-
mercial source provided an estimate of the number of dental

16Gray, J.E. (2007). Personal communication (DIQUAD, LLC, Steger,
Illinois).
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bitewing exposures in 2005 as ~500 million.17 This includes both
direct film x-ray exposure and digital bitewing exposures. This lat-
ter estimate was chosen for the number of intraoral (bitewing and
full-mouth survey) images in the United States.

The number and type of projections used for diagnostic x-ray
examinations plays a significant role in the radiation dose to the
patient. For example, if one assumes that a lumbar spine examina-
tion consists primarily of one antero-posterior (AP) and one lateral
projection, the dose will be significantly lower than if the examina-
tion consists of one AP, one lateral, two oblique, and one spot pro-
jection. In the latter case the higher dose to the patient is due to
both the greater number of projections and to the fact that the
oblique projections and the spot projection require higher radiation
exposures than the AP projection.

 The number of projections used for these examinations is not
stated in the Medicare database. The number and types of projec-
tions used for calculation of the effective dose were selected based
on experience in the clinical environment and are shown in
Table D.1 in Appendix D. Often there are several different CPT
codes for the same examination, with each CPT code representing
a different number of projections. The numbers of particular exam-
inations are given in Table 4.7. 

4.3.2 Estimates of Effective Dose per Procedure

Mettler et al. (2008a), based on a survey of the international and
U.S. literature, was the primary source of information for effective
doses for conventional radiographic and fluoroscopic examinations.
Supportive information for dose calculations is available from sev-
eral sources of data including the applicable surveys of NEXT
(CRCPD, 2008), the Michigan Department of Community Health
website (MDCH, 2007), New Jersey Department of Environ-
mental Protection (NJDEP),18 Mayo Clinic,19 and the Conference
of Radiation Control Program Directors, Inc. white paper on bone
mineral measurements (Hawkinson et al., 2006). The data appear
consistent among the sources, with a few exceptions. Some details
for the NEXT and state agency surveys are given in Sections 4.3.2.1
and 4.3.2.2.

17Gray, J.E. (2007). Personal communication (DIQUAD, LLC, Steger,
Illinois).

18Lipoti, J.A. (2007). Personal communication (New Jersey Depart-
ment of Environmental Protection, Trenton, New Jersey).

19Schueler, B.A. (2007). Personal communication (Mayo Clinic, Roch-
ester, Minnesota).
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Table 4.7—Effective doses (or effective dose equivalents) per examination, number of examinations, and collective 
doses for conventional radiographic and fluoroscopic examinations, 1980 and 2006.

Examination 

For 1980 (NCRP, 1989a) For 2006 (this Report)

Effective
Dose

Equivalent
(mSv)

Number
 (thousands)

Collective
Effective Dose

Equivalent
(person-Sv)

Effective
Dose

 (mSv)

Number
[thousands (%)]

Collective
Effective

Dose
(person-Sv)

Collective
Effective

Dose
(% of total)

Chest 0.08 64,000 5,120 0.1 128,944 (44.0) 12,894 12.8

Breasta 0.18a 34,500 (11.8) 6,210 6.2

Skull 0.22 8,200 1,800 0.1 329 (0.1) 33 0.03

Cervical spine 0.20 5,100 1,020 0.2 5,800 (2.0) 1,160 1.2

Biliary 1.89 3,400 6,430 1.7 573 (0.2) 974 0.1

Thoracic spine 1.0 2,590 (0.9) 2,590 2.6

Lumbar spine 1.27 12,900 16,400 1.5 11,197 (3.8) 16,796 16.7

Upper GIb 2.44 7,600 18,500 6.0 4,044 (1.4) 24,264 24.1

Abdomen (kidney, 
ureter and 
bladder)

0.56 7,900 4,420 0.7 14,964 (5.1) 10,475 10.4

Barium enemab 4.06 4,900 19,900 8.0 656 (0.2) 5,248 5.2

IVPb 1.58 4,200 6,640 3.0 1,180 (0.4) 3,540 3.5

Pelvis 0.44 0.6 8,185 (2.8) 4,911 4.9

Hip
Pelvis and hip

0.83
0.64c 4,700d 3,010e

0.7 11,778 (4.0) 8,245 8.2

Extremities 0.01 45,000 450
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Hands and feet 0 26,677 (9.1) 0 0.0

Knees 0.005 19,364 (6.6) 97 0.1

Shoulders 0.008 9,213 (3.1) 74 0.07

Other head and 
neck films

0.22 1,975 (0.7) 435 0.4

Dental: bitewing 
and full-mouth 
surveyf 

0.005 per 
imageg

500 
million 
imagesg

 2,500h 2.5

Dental panoramic 0.01 1,841 (0.6) 18 0.02

Dental 
cephalometric

0.012 806 (0.3) 10 0.01

DEXA, axial only 0.001 8,734 (3.0) 9.0 0.01

Total 
(for 1980)

83,690 Total
 (for 2006)

293,350i 100,483j

aBased on FDA data for all mammography units in the United States (FDA, 2006) and a wT of 0.05 (ICRP, 1991). Using the ICRP (2007a)
wT for breast of 0.12, the effective dose (E*) would be 0.42 mSv.

bThese procedures include a fluoroscopic component.
cWeighted value (equally) for pelvis and hip.
dSum of pelvis and hip.
eWeighted value (by number of examinations) for pelvis and hip.
fBased on data for number of images from a commercial source (see Footnote 17, Section 4.3.1), and data for dose from Gibbs (2000). Using

the ICRP (2007a) wTs, an effective dose (E*) was estimated at 0.021 mSv (Ludlow et al., 2008) for commonly used round collimation and
D-speed film.

gNumber of images, not examinations.
hBased on number of images.
iExcludes the number of examinations associated with the 500 million images for dental bitewing and full-mouth procedures. 
jIncludes 2,500 person-Sv from the 500 million dental bitewing and full-mouth images.
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Effective doses for each procedure are given in Table 4.7 and are
calculated as a weighted average of the effective doses for similar
CPT codes, weighted by the number of examinations for each CPT
code in the database.

Mammography in the United States is unique in that it is the
only medical x-ray imaging procedure regulated by FDA. As a
result dose and image quality data are available for all mammog-
raphy facilities in the United States (i.e., the mean glandular doses
are based on measurements of all mammography units). The effec-
tive dose from mammography is 0.18 mSv [two views of each
breast, a mean glandular dose for the total breast tissue of 1.8 mGy
per view (FDA, 2006), and a wT of 0.05 (ICRP, 1991)]. Using the
ICRP (2007a) wT for breast of 0.12, E* would be 0.42 mSv. NCRP
Report No. 149 (NCRP, 2004a) provides detailed technical and clin-
ical information on the practice of mammography.

Effective doses from extremity examinations (hands, arms, feet,
legs) are quite low, because the most radiation-sensitive organs are
not directly exposed. The only radiation dose to these organs is
from scattered radiation that is typically <1 % of the entrance skin
exposure. The wTs recommended by ICRP (1991) for the skin and
bone surfaces are 0.01 for each. Huda and Gkanatsios (1998) con-
cluded that the upper limits for effective dose for adult examina-
tions ranged from 0.17 to 2.7 μSv, with pediatric doses (for a 1 y old)
being a factor of three lower. Consequently, the effective dose to a
patient from these examinations is on the order of 1 to 10 μSv. 

 For dental exposures, the dose per image data were derived
from Gibbs (2000) and are comparable to Ludlow et al. (2008) using
the ICRP (1991) formulation for E. ICRP (2007a) has included addi-
tional tissues to be considered when calculating E* (brain and sali-
vary glands separately; and extrathoracic region, lymphatic nodes,
and oral mucosa in the remainder category). Ludlow et al. (2008)
have incorporated this information and, based on measured doses
in the relevant tissues and organs, estimate that the value of E*

would range from 1 to 22 μSv per image for a bitewing or full-mouth
series, assuming 18 images in a full-mouth series. In particular,
Ludlow et al. (2008) estimate E* at 21 μSv for commonly used round
collimation and D-speed film. The Ludlow et al. (2008) E* value for
a panoramic examination ranges from 14 to 24 μSv and the value
for a cephalometric examination is ~5 μSv. 

The effective dose for dual-energy x-ray absorptiometry (DEXA)
(used for bone mineral measurement) is very low (Table 4.7), and
the procedure is carried out primarily on postmenopausal females,
although similar examinations are carried out on the entire spec-
trum of adult and pediatric patients. Hawkinson et al. (2006)
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provides an in-depth discussion of all types of bone mineral mea-
surement techniques and a summary of doses from each technique.
Only DEXA studies that expose the trunk are included here, since
other methods contribute little to effective dose. 

4.3.2.1 Nationwide Evaluation of X-Ray Trends and the Mammog-
raphy Quality Standards Act. The NEXT program is a partnership
between the Conference of Radiation Control Program Directors,
Inc. and the FDA Center for Devices and Radiological Health to
characterize the radiation doses patients receive during diagnostic
x-ray examinations (FDA, 2003). The program documents the state
of the practice of diagnostic radiology. The NEXT survey program
selects a particular radiological examination for study and cap-
tures entrance exposure data20 from a nationally representative
sample of U.S. clinical facilities. The number of facilities selected
varies by study, averaging ~300 facilities nationwide. The excep-
tion is mammography, where, after passage of the Mammography
Quality Standards Act (MQSA, 2005), data became available on all
mammography facilities, resulting in data on 8,867 facilities in
2006 (FDA, 2008). State radiation control personnel from ~45
states conduct the surveys using reference phantoms, which were
designed to represent the radiation attenuation presented by an
average-size patient. Surveys are repeated periodically to track
trends as technology and clinical practices change. The survey
results are captured and published in their entirety and as user-
friendly pamphlets to share with practitioners and members of the
public. The results summarize the data from actual practice and
not from clinical trials. These studies are independent from user or
manufacturer bias.

NEXT protocols provide methodologies for capturing technical
data associated with the practice of the surveyed diagnostic x-ray
procedure, including patient skin-entrance air kerma, image qual-
ity, clinical technique factors, quality of film processing, and gen-
eral quality control or quality assurance practices. NEXT protocols
must be used in conjunction with the associated NEXT phantom
(FDA, 2003) in order to compare recently acquired data with exist-
ing NEXT survey results. 

4.3.2.2 Data from State Agencies. Data from many more facilities
than considered in the NEXT studies may be available from indi-
vidual states. For instance in the 2001 NEXT survey (FDA, 2003),

20Except in the case of mammography, where absorbed dose to the
glandular tissue in the breast is determined.
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adult chest data were provided from only 220 x-ray machines. Sur-
vey data available from New Jersey include 1,863 chest machines,
2,998 units used for foot studies and 6,736 units for lumbosacral
spines (Lipoti, 2008). Michigan also provides data from a large
number of surveys on their website (MDCH, 2007). However, data
from a single state could demonstrate a regional bias. Therefore
these data were used mainly for validation and comparison. If data
were not available from the NEXT study, such as for podiatric
examinations, available information from states was used.

4.3.3 Calculation of the Collective Effective Dose from 
Conventional Radiography and Fluoroscopy

The collective effective dose for conventional radiography and
fluoroscopy is the product of the number of examinations (including
multiple projections) and the effective dose for the examination,
summed over all radiographic (including dental) and fluoroscopic
examinations. 

The collective effective dose to the U.S. population from con-
ventional radiography and fluoroscopy (Table 4.7) for 2006 is
100,480 person-Sv compared with 83,690 in 1980 (NCRP, 1989a), a
factor of 1.2 increase. The increase in collective effective dose is due
primarily to increases for four examinations (chest, abdomen, pel-
vis and hip) and the inclusion of breast examinations, which did not
have an entry for 1980. There was a 25 % increase in the effective
dose per chest examination with the number of examinations dou-
bling. There was also a 25 % increase in the effective dose per abdo-
men examination with the number of examinations also about
doubling. The largest increase in the collective effective dose was
for pelvis and hip examinations. There was an increase of 36 % in
the effective dose per pelvis examination and a 16 % decrease per
examination of the hips. The increase in the collective effective dose
for the combined pelvis and hip examinations is primarily due to a
large increase in the total number of examinations. NCRP (1989a)
listed the number of pelvis and hip examinations as 4,700,000.
Present data indicate a total of 19,963,000 pelvis and hip examina-
tions, an increase of a factor of 4.25. This increase is probably due
to better data sources (i.e., the use of the Medicare data). This may
also be the case for the apparent increase in the number of chest
and abdomen examinations. An additional reason may simply be
the aging population requiring more of these procedures. The
annual number of procedures and collective effective doses for spe-
cific examinations is provided in Table 4.7 and summarized in Fig-
ure 4.3.
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Fig. 4.3. Percent contribution of various subcategories of conventional
radiographic and fluoroscopic procedures to number of procedures (293
million) (top) and S (100,000 person-Sv) (bottom) for 2006. The percent
values have been rounded to the nearest 1 %, except for those <1 % [see
Table 4.7 for the number of procedures and the values for S (person-
sievert)].
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4.3.4 Sources of Uncertainty

Doses from conventional radiographic and fluoroscopic proce-
dures are based on measurements using a standard phantom. The
dose to any individual may differ significantly from that deter-
mined using a phantom. Larger variations in dose occur from one
facility to another and within one facility. As an example, the 2002
NEXT Survey shows a maximum to minimum ratio for entrance
skin exposure of 49 for abdomen examinations with a ratio of the
entrance skin exposure at the third versus the first quartile of 1.33
(Moyal et al., 2006). Such a broad spread is typical of all x-ray
examinations and introduces uncertainty into the calculation of
collective effective doses. Table 4.8 presents some ranges for effec-
tive dose for various adult conventional radiographic and fluoro-
scopic examinations (Mettler et al., 2008a), where the upper values
are from ~2 to ~28 times the lower value.

4.3.5 Trends Over the Next Ten Years

Digital radiography, including computed radiography, is grow-
ing. In 2006, it was being used for only a relatively small proportion
of the examinations in medical imaging. 

Data from Michigan indicate that from 2002 to 2006, 16 % of the
radiographic facilities used digital imaging for chest radiography
(MDCH, 2007). Of the facilities performing lumbar spine examina-
tions, 9.6 % used digital imaging. In dental radiography the propor-
tion of facilities with digital imaging is ~14 % (MDCH, 2008). These
percentages refer to the number of facilities and not the number of
examinations performed. Typically, it is the larger, higher-volume
facilities that are making the transition to digital radiography most
rapidly. Consequently, one would expect that the proportion of digi-
tal examinations would be higher than the proportion of facilities
using digital equipment. In the future, however, it would be expected
that increasing numbers of facilities will use these digital systems.

The impact of digital imaging on the collective effective dose to
the population is expected to be relatively minor. Although the
Michigan data for 2002 to 2006 indicate that there has been an
increase in the entrance skin exposure of 67 % for a PA chest pro-
jection and 28 % for an AP lumbar spine projection for digital imag-
ing when compared with screen-film imaging (MDCH, 2007), it is
not clear that these increases in entrance skin exposure to patients
are necessary. With experience, the proper adjustment of technical
factors may result in equivalent or even lower entrance skin expo-
sures per examination for digital imaging compared with screen-
film imaging. 
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The introduction of digital imaging using charged-coupled
devices has the potential to decrease entrance exposure per image
in dental radiography because these systems are inherently faster
than either D- or F-speed film. This increased speed is gained
largely from the scintillators applied to the surface of the charged-
coupled device. Further, systems that use photostimulable phos-
phor plates are comparable in speed to F-speed film and thus their
use results in less exposure that when using D-speed film systems.
For example, according to data for 2002 to 2006 collected in Michi-
gan, at 70 to 79 kVp the median entrance skin exposure for digital
imaging systems (type unspecified) was 34 % of that associated
with use of D-speed film (MDCH, 2008). 

4.4 Interventional Fluoroscopy

In this Report, interventional fluoroscopy refers to any proce-
dure in which the use or application of a medical device is fluoro-
scopically guided in the body, and includes procedures that are
performed for diagnostic and therapeutic purposes. During these
procedures, typical fluoroscopic absorbed-dose rates in the skin can
range from 20 to >50 mGy min–1 (FDA, 1994). The effective dose
may reach 1 to 10 mSv. Long interventional procedures may result
in effective doses of 10 to 50 mSv and may also produce localized

TABLE 4.8—Ranges for effective dose for various adult conventional 
radiographic and fluoroscopic examinations (Mettler et al., 2008a).

Examination
Average Effective 

Dose (mSv)
Range for Effective 

Dose (mSv)

Skull 0.1 0.03 – 0.22

Cervical spine 0.2 0.07 – 0.3

Thoracic spine 1 0.6 – 1.4

Lumbar spine 1.5 0.5 – 1.8

PA and LAT chest 0.1 0.05 – 0.24

PA chest 0.02 0.007 – 0.050

Abdomen 0.7 0.04 – 1.1

Pelvis 0.6 0.2 – 1.2

Hip 0.7 0.18 – 2.71

Intravenous pyelogram 3 0.7 – 3.7

Upper GI seriesa 5 1.5 – 12

Barium enemaa 8 2 – 18
aIncludes fluoroscopy.
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radiation-induced skin injuries (Koenig et al., 2001a; 2001b; Shope,
1996; Vlietstra et al., 2004). 

Federal regulations (FDA, 2007b) require that the maximal
air-kerma rate at the specified measurement point not exceed
44 mGy min–1 (5 R min–1 exposure rate) for systems without auto-
matic exposure rate control; not exceed 88 mGy min–1 (10 R min–1

exposure rate) for systems with automatic exposure rate control;
and not exceed 176 mGy min–1 (20 R min–1 exposure rate) for equip-
ment having an optional high-level control, when the high-level
control is activated. The requirements apply differently for
equipment manufactured before May 19, 1995 and that manufac-
tured on or after May 19, 1995. FDA regulations apply to manu-
facturers and not to users of equipment, and the requirements on
air-kerma rates do not apply during recording of fluoroscopic
images. Consequently, in practice the dose rate may be signifi-
cantly higher and vary among facilities by an order of magnitude
(Balter et al., 2004). 

Air-kerma rate surveys of high-level control fluoroscopy at six
institutions reported 200 to 900 mGy min–1 (Cagnon, 1991). Serial-
imaging (cinefluorography) air-kerma rate is typically a factor of
10 greater than the fluoroscopic air-kerma rate for a given projec-
tion. There is a wide variation in air-kerma rate with projections in
cardiovascular and digital subtraction angiography, where oblique
projection angles increase tissue thickness, resulting in a very-high
cinefluorography air-kerma rate. For example, Cusma et al. (1999)
reported that using an anthropomorphic phantom the air-kerma
rate for fluoroscopy and cineangiography in the left anterior
oblique cranial projection was about four times that of the AP
projection. 

Image-intensifier based fluoroscopic equipment is rapidly being
replaced with flat-panel detector technology and many interven-
tional-fluoroscopic laboratories are becoming completely digital
imaging departments.

4.4.1 Dose Indices and Effective Dose in Fluoroscopy

ICRP Publication 85 (ICRP, 2000) defined dosimetric quantities
for interventional fluoroscopy. These include beam air kerma, inci-
dent beam air kerma, kerma-area product (KAP), entrance surface
air kerma, entrance skin dose, local skin dose, and maximum local
skin dose. 

In this Report, the effective dose for interventional procedures
using fluoroscopy has been determined through the product of two
quantities. The first quantity is KAP (similar to the formerly used
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roentgen-area product and dose-area product), which is the incident
air kerma (in gray or milligray) multiplied by the cross-sectional
area of the x-ray beam (in cm2). The second quantity consists of dose
conversion coefficients published in the literature to estimate the
effective dose from KAP. However, published dose conversion coeffi-
cients vary due to differences in protocols (number and projection
angle of the fluoroscopic and cinefluorographic views) at various
facilities and with differences in technical and geometric factors
(e.g., tube voltage, total filtration, focus-to-skin distance, and field
size). KAP is a surrogate measurement for the amount of radiation
that the patient absorbs. The effective dose is computed as follows: 

, (4.3)

where:
E = effective dose (millisievert)
DCCE = dose conversion coefficient from KAP to E

(mSv Gy–1 cm–2) 
KAP = kerma-area product (Gy cm2)

Section 4.4.2.2 discusses the estimation of DCCE and KAP for
adults. 

4.4.2 Estimation of the Number of Procedures and Effective Dose

4.4.2.1 Sources of Information for the Type and Number of Proce-
dures. Three IMV benchmark reports served as the basis for the
annual U.S. frequency of procedures. These were the reports for
cardiac catheterization (IMV, 2004), radiographic fluoroscopy (IMV,
2006e), and interventional angiography (IMV, 2006f). IMV (2006f)
for interventional angiography has two broad classifications (i.e.,
diagnostic and therapeutic) and a total of 14 procedures. IMV
(2004) for cardiac catheterization lists six categories of procedures
(i.e., coronary diagnostic, coronary therapeutic, combined diagnos-
tic and therapeutic, electrophysiology, pacemaker, and other). From
IMV (2006e) for radiographic fluoroscopy, only selected procedures
(i.e., urinary studies, myelography, endoscopic retrograde cholangi-
opancreatography, arthrograms and other orthopedic and joint pro-
cedures, obstetrics and gynecology, peripheral vascular, biopsy,
vertebroplasty, and “other”) were included in the interventional-
fluoroscopic category. Other radiographic fluoroscopy procedures,
such as barium swallow and upper GI contrast examinations are
considered in Section 4.3 on conventional radiography and fluoros-
copy. Table 4.9 summarizes the 2006 annual number of interven-
tional-fluoroscopic procedures performed in the United States. The

E DCCE KAP=
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procedures in the three IMV reports were placed in four groups as
listed in Table 4.9: nonvascular procedures, noncardiac diagnostic
arteriography, noncardiac interventional vascular procedures, and
cardiac procedures. The groups were selected to be consistent with
the terminology used in clinical practice.

The various IMV reports employed different volume indices,
such as the number of procedures or the number of cases for differ-
ent time periods. For example, the 2004 to 2005 survey reported the
number of x-ray procedures in interventional angiography (IMV,
2006f). The IMV cardiac catheterization survey (IMV, 2004)
reported the number of procedures until 1999, but as of that year,
the reports gave the number of cases (defined as a patient’s visit to
the catheterization laboratory on any given day), regardless of the
number of procedures performed during the visit. Thus, in this
Report, the number of cases reported was increased by 25 % to
obtain the number of procedures during the period from 1999
through 2003, based on IMV (2004). Further, the average annual
increase of 4 % was applied to the 2003 survey to project the 2004
cardiac catheterization data. In order to project cardiac catheter-
ization data for 2006, the 2004 estimates were increased by 8 %
based on the average rate of increase from 1999 through 2003. In
radiographic fluoroscopy, the survey used the number of patient
visits as a volume index. The 2004 to 2005 survey (IMV, 2006e)
reported 19.33 million procedures in radiographic fluoroscopy for
an estimated 12.43 million patient visits. Consequently, the num-
ber of patient visits was converted to the number of procedures
using a multiplier of 1.56. To estimate 2006 radiographic fluoros-
copy procedures, a multiplier of 1.5 was applied to the 2004 esti-
mates. This correction was extrapolated from the trend data from
2002 through 2004. The number of interventional angiography pro-
cedures for 2006 was estimated from the same report based on a
review of the trend data from the period 1999 through 2004. A mul-
tiplier of 1.10 was applied to the 2004 data.

4.4.2.2 Sources of Information for Effective Dose. As shown in
Equation 4.3, an estimate of the effective dose for each type of
procedure requires input data for KAP and DCCE. Data for KAP
and DCCE are available in the literature for interventional-fluoro-
scopic procedures (Hart and Wall, 2002; Schultz and Zoetelief,
2005). Miller et al. (2003) published dose survey results for inter-
ventional-fluoroscopic procedures at seven academic medical
centers in the United States. The paper lists KAP values for 21
specific procedures. The National Radiological Protection Board
(Hart and Wall, 2002) tabulated a typical effective dose for each one
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of 150 x-ray procedures in the United Kingdom. The reports also
list estimated mean values for KAP and DCCE. Regulla and Eder
(2005) reported patient exposure in medical imaging in Europe. In
addition, many published research articles were consulted to esti-
mate the mean effective dose, KAP, and DCCE. If an estimate of the
effective dose was not possible for a specific procedure due to lack
of published KAP and DCCE values, an estimate was made from
published data by comparison with similar procedures. Also used
in the calculation were data from Betsou et al. (1998), Bogaert et al.
(2008), Bor et al. (2004), Chu et al. (1998), Delichas et al. (2003),
Efstathopoulos et al. (2006), Lindsay et al. (1992), Marshall et al.
(2000), McFadden et al. (2002), McParland (1998), Miller et al.
(2003), Neofotistou et al. (1998), Pukkila and Karila (1990),
Rosenthal et al. (1998), Thwaites et al. (1996), Williams (1997), and
Zweers et al. (1998). The DCCE values (available only from the
European literature) were in general agreement among the differ-
ent European publications, although some variations existed. For
this reason, the DCCE values from the European publications were
applied to the KAP data for the United States (mainly from Miller
et al., 2003).

In cases where a category simply reflects a general description
of various procedures in the same category, the unweighted aver-
age of effective doses for the procedures was assigned for this
category; for example, a category of “therapeutic cardiac catheter-
ization” may include several different procedures rather than one
single procedure. Table 4.9 summarizes the effective doses for
interventional-fluoroscopic procedures compiled for this Report.

Pediatric procedures were not included in the calculations for
interventional fluoroscopy. This is in part due to the lack of avail-
able data on the mean effective dose for all pediatric procedures in
the IMV cardiac catheterization, interventional angiography, and
radiographic fluoroscopy reports. Also, the percentage of pediatric
patients for cardiac catheterization laboratories was <1 % of the
cases (IMV, 2004). For interventional angiography, it was assumed
that 100 % were adult cases. For radiographic fluoroscopy catego-
ries, the IMV report estimated 15 % pediatric cases and 85 % adult
cases. However, EUS was estimated assuming 100 % adult proce-
dures. This was due, in part, to the lack of:

• detailed data giving the breakdown between adult and pedi-
atric procedures in each category; and

• age distribution data for specific procedures, because spe-
cific disease distributions and procedures may vary between
adults and pediatric patients. 
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Table 4.10 summarizes the sources of information and the assump-
tions with respect to the patient population.

4.4.3 Estimation of the Mean Effective Dose to an Individual 
and Collective Effective Dose

Table 4.9 tabulates data for interventional-fluoroscopic proce-
dures for 2006. The first column identifies the clinical groups
(nonvascular procedures, noncardiac diagnostic arteriography,
noncardiac interventional vascular procedures, cardiac proce-
dures) and subgroups of procedures, the second column shows the
number of procedures for the subgroups, the third column shows
the percentage of the total procedures for each subgroup, the fourth
column lists the average effective dose in millisievert for each
subgroup, the fifth column shows the collective effective dose in
person-sievert, and the last column shows the percentage of the
total collective effective dose for each subgroup. As shown, the total
collective effective dose (S) for 2006 in interventional fluoroscopy
was 128,000 person-Sv and EUS was 0.43 mSv. Figure 4.4 shows the
distributions for the number of procedures and for collective effec-
tive dose for the four groups for 2006. It is of interest to note that
the cardiac procedures comprise only 28 % of the total number of
procedures, yet the collective effective dose is 53 % of the total for
all interventional procedures.

TABLE 4.10—Sources of information and assumptions for patients 
exposed for interventional-fluoroscopic calculations.

IMV
Category

IMV 
Benchmark
(reference)

Adults
 (%)

Pediatric
(% of total)

U.S.
Population
(millions)

Cardiac
catheterizationa

2003
(IMV, 2004)

100 <1 291

Interventional 
angiography

2004 – 2005
(IMV, 2006f)

100 NA 294

Radiographic 
fluoroscopy 
(partial)

2004 – 2005
(IMV, 2006e)

100
assumed

15
actual

294

aCardiac catheterization data extrapolated to 2004 from 2003 data.
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Fig. 4.4. Percent contribution of various groups of interventional-fluo-
roscopic procedures to number of procedures (16,700,000) (top) and S
(128,000 person-Sv) (bottom) for 2006. The percent values have been
rounded to the nearest 1 % [see Table 4.9 for the number of procedures
and the values for S (person-sievert)].
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4.4.4 Sources of Uncertainty in the Dose

The uncertainty in the estimate of the annual value of EUS in
interventional fluoroscopy is a combination of the uncertainties
from various components in the calculation. Two main sources of
uncertainty are the number of procedures and the effective dose for
each type of procedure. 

Uncertainty in the number of procedures was introduced
because two different volume indices were reported, as noted in
Section 4.4.2.1. Consequently upward adjustments of reported
cases were used to estimate the number of procedures for cardiac
catheterizations and radiographic fluoroscopy. It should be noted
that the conversion from patient visits to procedures assumed a
constant increase across all the various procedures. Furthermore,
all data are extrapolated to 2006. 

Uncertainty in determining the effective dose results because of
the dose variation within a given procedure. In interventional pro-
cedures the variation in the effective dose can be as much as a fac-
tor of 300 (Regulla and Eder, 2005). The effective dose variation
within a given procedure is shown in Table D.2 for a large number
of procedures. Variations in dose may be in part due to differences
in clinical techniques used at various hospitals, equipment, and
complexity of a given procedure. The issue becomes even more
complex when data from outside the United States are consulted.
Thus, one must keep in mind the difficulty and limitation in esti-
mating the average effective dose from interventional-fluoroscopic
procedures. 

 Estimates of DCCE have been reported to have a wide variation
for the same interventional procedures at different facilities. This
is due to variations in clinical factors such as the number and
orientation of the fluoroscopic and cinefluorographic views, and in
technical factors associated with equipment such as tube volt-
age, filtration, focus-to-skin distance, and field size. For example,
Table D.2 in Appendix D lists a range of values from 0.1 to
0.23 mSv Gy–1 cm–2 for cardiac radiofrequency ablation. Thus, one
must keep in mind the variation of DCCE in adopting a value for a
specific interventional-fluoroscopic procedure.

4.4.5 Case Volume Trend in the IMV                                         
Benchmark Reports 

 The trends discussed below are for the data as presented in
the three IMV reports and using the IMV terminology for assigning
a site as a radiographic fluoroscopy room, an interventional
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angiography laboratory, or a cardiac catheterization laboratory.21

Other procedures are performed at a given site that overlap those
at other types of sites and therefore the terminology does not fully
reflect all the procedures performed at the site. The trends are pre-
sented in order to illustrate the general growth in interventional
fluoroscopy in recent years. The assignments here are not to the
more specific clinically-recognized procedure groups presented in
Table 4.9.
 
4.4.5.1 Trend in Procedures and Patient Visits to Radiographic
Fluoroscopy Rooms. In the 2004 to 2005 survey, 19.3 million proce-
dures in radiographic fluoroscopy were estimated to have involved
12.4 million patient visits (IMV 2006e), an increase in procedures
of 54 %, from the 12.5 million procedures in 2002. The total number
of patient visits increased 25 % during the same period. Based on
the rate of increase from 2002 to 2004, the patient visits for 2004
were increased 50 % to obtain the number of visits in 2006. The
trend for radiographic fluoroscopy is shown in Figure 4.5 for 2001
through 2006.

4.4.5.2 Trend in Procedures in Interventional Angiography. From
2000 to 2004, the total procedures performed in angiography labo-
ratories grew ~5 % annually, from 3.39 million to 4.02 million pro-
cedures (IMV, 2006f). For estimation of the numbers of procedures
in 2005 and 2006, a 5 % increase per year was applied to the 2004
survey data and the 2005 estimate, in sequence. Figure 4.6 shows
the trend in interventional angiography from 2000 through 2006.

4.4.5.3 Trend in Cases in Cardiac Catheterization Laboratories.
From 1998 to 2002, total cases in the catheterization laboratory
increased 17 %, from 3.28 to 3.85 million, but were essentially flat
from 2001 to 2002. The number of cases from 1998 through 2002
was converted to the number of procedures by applying a multiplier

21The IMV assignment criteria were: 
- Radiographic fluoroscopy: At least 50 % nonvascular radiographic

fluoroscopy procedures performed on fixed radiographic fluoroscopy
equipment.

- Interventional angiography: Cardiac catheterizations or coronary
angiography procedures <50 % of total angiography volume, and at
least one fixed x-ray imaging unit with a C-arm.

- Cardiac catheterization: Either a dedicated cardiac catheterization
laboratory or an angiography suite whose cardiac catheterization
volume is >50 % of its total volume.
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of 1.25. The average increase in the number of procedures was 4 %
per year from 1993 through 2002. Therefore, to estimate the num-
ber of procedures for 2006, a multiplier of 1.04 y–1 was applied to
the 2004 IMV data and the 2005 estimate, in sequence. Figure 4.7
shows the trend in cardiac catheterization procedures from 1993
through 2006.

Since the introduction of the helical MDCT scanner in 1998, CT
imaging is used increasingly for many diagnostic and therapeutic
procedures where fluoroscopic equipment was used in the past. For
example, CT has found applications in some traditional interven-
tional procedures, such as coronary CT angiography, and CT fluo-
roscopy during treatment for pain relief to list a few. This trend is

Fig. 4.5. Trend in total number of procedures for radiographic fluoros-
copy (2001 to 2006) (IMV, 2006e).

Fig. 4.6. Trend in total number of procedures for interventional angi-
ography (2000 to 2006) (IMV, 2006f).
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expected to continue into the future and, in some cases, CT may
replace traditional fluoroscopy-based angiography.

4.5 Nuclear Medicine

Nuclear medicine is the medical specialty in which unsealed
radionuclides are used for diagnosis and treatment. Nuclear-medi-
cine images have less spatial or anatomic resolution than do radio-
graphic or magnetic resonance examinations but nuclear-medicine
techniques are better able to display physiologic and metabolic
mechanisms. Nuclear-medicine techniques are widely used to
assess regional blood flow, regional pulmonary ventilation, organ
function, cellular metabolism, and other in vivo biologic processes.

Nuclear medicine has grown steadily since the end of World
War II. There has been continuing evolution of instrumentation,
development of new radiopharmaceuticals, and competition with
other imaging techniques. This section assesses the type and fre-
quency of nuclear-medicine procedures and estimates EUS and the
collective effective doses associated with the practice of nuclear
medicine.

Radionuclides are usually chemically manipulated to form
radiopharmaceuticals that are administered orally, by inhalation
or, most commonly by injection. Radiopharmaceuticals localize in
various target tissues and organs in the body. The mechanisms of
localization are shown with examples in Table 4.11. Table 4.12 lists
the radionuclides commonly used in nuclear medicine.

4.5.1 Nuclear-Medicine Procedures

The majority of nuclear-medicine procedures are diagnostic
examinations. Therapeutic nuclear-medicine procedures represent
a small percentage of all radionuclide use and by the nature of the
high therapeutic doses cannot be evaluated with the quantity effec-
tive dose. As a result, the frequency of therapeutic procedures has
been estimated but therapeutic procedures have not been included
in either EUS or the collective effective dose estimates. NCRP
Report No. 124 (NCRP, 1996) assumed that in 1991 treatment of
hyperthyroidism and thyroid cancer was 2 % of the number of diag-
nostic procedures. The Medicare 2004 data (CMS, 2006) indicate
that <0.1 % of all procedures were for unsealed radionuclide ther-
apy. However, the age distribution of the Medicare population
likely excludes most hyperthyroid and thyroid cancer patients.

There are very little data on the use of nuclear-medicine pro-
cedures in medical research protocols. The data on number of
procedures used in this Report (Section 4.1.2) are predominantly
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from financial reimbursement sources and procedures performed
solely for research would not be paid by insurance companies.
Those procedures in research protocols that can be termed as “clin-
ically indicated” and billed to insurance companies or Medicare are
already included in the data used for this Report.

4.5.1.1 Diagnostic Examinations. The type of instrumentation
employed is often used to describe types of diagnostic nuclear-med-
icine examinations. Planar imaging uses a gamma camera which

TABLE 4.11—Mechanisms of localization in nuclear medicine 
and examples.

Mechanisms of 
Localization

Examples

Active transport Iodocholesterol in adrenal scanning
Iodine or pertechnetate (accumulation by 
choroid plexus, Meckel's diverticulum, 
salivary gland, stomach, and thyroid)
99mTc iminodiacetic acid analogs in 
liver/biliary tract
Orthoiodohippurate in renal tubules
Thallous ions in myocardium

Antibody-antigen 
reactions

Tumor imaging, monoclonal antibodies

Capillary blockade Macroaggregated albumin in lung

Compartmental 
containment

Labeled red blood cells (RBC) for gated 
blood pool studies

Compartmental 
leakage

Labeled RBC for detection of GI bleeding

Diffusion Filtration of diethylenetriamine pentaacetic 
acid (DTPA) by kidney

Metabolism Fluorodeoxyglucose imaging of brain, 
tumor, myocardium

Phagocytosis and 
lymph nodes

Colloid scanning for liver and spleen, bone 
marrow

Physicochemical 
adsorption

Phosphate bone-scanning agents

Receptor binding Neuroreceptor imaging

Sequestration Leukocytes for abscess scanning
Labeled platelets (damaged endothelium)
Heat-damaged RBC for splenic scanning
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TABLE 4.12—Characteristics of radionuclides commonly used in 
nuclear-medicine procedures.

Radionuclide
Physical
Half-Life

Emissions

Photon-emitting radionuclides 
for imaging 

Approximate Gamma-Ray Energies 
(keV)

99mTc 6 h 140
123I 13.2 h 159
131I 8.0 d 364
133Xe 5.3 d 81
67Ga 78.3 h 90, 190, 290, 390
111In 67 h 173, 247
113mIn 1.7 h 392
201Tl 73.1 h 69, 81 (x rays from mercury 

daughter)
81mKr 13 s 191

Positron-emitting radionuclides 
for imaging

Maximum positron energy (MeV)a

11C 20 min 0.96
13N 10 min 1.19
15O 2 min 1.73
18F 110 min 0.635
68Ga 68 min 1.90
82Rb 1.3 min 3.15

Unsealed radionuclides used 
for therapy

Beta particlesb and gamma rays

32P 14.3 d 1.71 MeV maximum and 0.7 MeV 
mean beta

89Sr 50.5 d 1.46 MeV maximum and 0.58 MeV 
mean beta, 910 keV gamma (0.01 %)

90Y 64 h 2.2 MeV maximum and 0.93 MeV 
mean beta

131I 8.0 d 0.19 MeV mean beta, 364 keV gamma 
(82 %)

153Sm 46 h 0.81 MeV maximum and 0.23 MeV 
mean beta, 103 keV gamma (28 %)

186Re 90 h 0.34 mean beta, 186 keV gamma 
(9 %)

198Au 2.7 d 0.96 MeV maximum and 0.31 MeV 
mean beta, 412 keV gamma (96 %)

aTwo gamma rays, each with 511 keV energy, are associated with the annihi-
lation of a positron.

bThe approximate range (centimeter) of a beta particle in tissue is the energy
(million electron volt) divided by two.
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stays on one side of the patient and records gamma rays emanating
from the patient to produce a two-dimensional projection image,
usually in anterior, posterior or lateral projections. In SPECT
imaging, the gamma camera is rotated about the patient collecting
projection images from many angles that are subsequently dis-
played after computer manipulation in “slices” through the patient
or less commonly in a three-dimensional format. Both planar and
SPECT imaging usually use radionuclides that emit gamma rays
in the range of 80 to 200 keV. Recently there has been rapid growth
of another technique, PET, in which a ring-shaped PET camera
detects pairs of oppositely-directed 511 keV annihilation photons
from positron-emitting radiopharmaceuticals. PET scanning now
is almost always performed in conjunction with a CT scan so that
the PET images, displaying information about physiological func-
tion, can be “fused” with CT images that depict anatomy.

Diagnostic nuclear-medicine examinations can be divided into
general classes based on organ systems, or less commonly, by diag-
nostic purpose. The most common uses and indications are described
in Appendix E. 

4.5.1.2 Therapeutic Procedures. Compared with diagnostic nuclear-
medicine applications, therapeutic nuclear-medicine applications
are much fewer in number, but often use higher administered activ-
ities (e.g., when treating malignancies), and commonly use radionu-
clides with longer biological and physical half-lives. Therapeutic
radiopharmaceuticals in current clinical use are usually beta-parti-
cle emitters but many also have gamma-ray emissions. 

The use of unsealed radiopharmaceutical therapies has almost
doubled over the last decade. In developed countries, UNSCEAR
(2000) estimated that worldwide the annual number of procedures
increased from 210,000 in the period 1985 to 1990 to 380,000 in the
period 1991 to 1996. 

The common types of therapy with unsealed radionuclides are
oral or intravenous administration of liquids or capsules (systemic
therapy) or instillation of colloidal suspensions into closed body cav-
ities (intracavitary therapy). Examples of systemic therapy include
treatment for hyperthyroidism, thyroid cancer, and bone metasta-
ses. Examples of intracavitary therapy include treatment of malig-
nancies of the pleural and peritoneal cavities and intra-articular
administration for synovectomy. The estimated number of common
types of therapeutic procedures with unsealed radionuclides is
shown in Table 4.13. Similar information for the United States is not
available. The various techniques of radiopharmaceutical therapy
with unsealed radionuclides are briefly described in Appendix E.
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4.5.2 Estimate of the Annual Number of Procedures

The primary data set used for the detailed estimation of specific
procedures in nuclear medicine was provided by Medicare
(Table D.3 in Appendix D). Based on the 2005 IMV report (IMV,
2006c), the 2004 Medicare data source appears to have about one-
third to one-fourth of the national data for procedures (Table D.4 in
Appendix D). The Medicare data are based on billing codes. In some
instances there is more than one CPT code for a given procedure.
Thus counting discrete CPT-based billing data as visits or proce-
dures without excluding the “add on” codes would result in an over-
estimate. This is a particularly important issue for estimation of
nuclear-medicine procedures and doses. The most common nuclear-
medicine examination (cardiac perfusion) has three CPT codes
(78465 as the primary code and 78478 and 78480 as add on codes)
for a single procedure. For this Report, the “add on” codes have been
identified and have not been counted in total number of procedures
or in calculating effective dose. 

The Medicare data set is complemented with more general data
from IMV, from VA (Table D.4 in Appendix D), and from a LNEP.
The IMV data set is judged to be the best available estimate for the
total number of studies. For purposes of dose estimation the specific
Medicare procedure counts were multiplied by the value of 3.41,
which is slightly lower than the 3.6 multiplier specified in Sec-
tion 4.1.2.3, but reflects the ratio in total visits reported by IMV
compared with the Medicare data.

As can be seen from Table D.4, the annual number of nuclear-
medicine visits in 2005 was just over 17.2 million, and these repre-
sent 19.7 million procedures (IMV, 2006c) (some patient visits may
include more than one procedure). The agreement regarding distri-
bution of studies by general category is very good between the
Medicare and IMV data sets.

4.5.3 Characteristics and Age Distribution of the Patient 
Population Exposed

The number of patients cannot be approximated with much cer-
tainty from the available data. One might analyze the procedures
and determine which procedures are performed in conjunction. For
example, most lung scans include both a ventilation and perfusion
component. On billing records and financial data these may or may
not be separate CPT codes and charges. More importantly, similar
bundled codes are found in cardiac nuclear medicine which com-
prise over half of all nuclear-medicine procedures. Some of the data
sets reviewed report “visits” to nuclear-medicine departments. It is
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often not clear exactly what is meant by this term but it appears to
be examinations as defined by financial records or billing codes.
Finally, it is not known how many patients have repeat or addi-
tional procedures within the same year. 

IMV (2006c) indicates that of the 17.2 million visits in 2005,
11.5 million were done in hospital settings and 5.7 million at non-
hospital sites. Overall 23 % of examinations were done on inpa-
tients and 77 % were done on outpatients.

 The distribution of nuclear-medicine examinations by age and
gender for 1980 (Bunge and Herman, 1985; NCRP, 1989a) given in
Table 4.14 shows that 77 % of nuclear-medicine procedures were
performed on persons age 45 y or older. There have been a few arti-
cles showing that taking the actual age distribution into account
results in a lower age-weighted collective dose (e.g., NCRP, 1989a).

The age distribution of all diagnostic nuclear-medicine proce-
dures for 2003 derived from a large insurance plan (adjusted to be
representative of the age distribution of the U.S. population)22 is
shown in Figure 4.8 and that for cardiac nuclear-medicine proce-
dures is shown in Figure 4.9.

The age distribution shown in Figure 4.8 is very similar to the
age distribution found for all nuclear-medicine procedures in 1980.
At that time 37.8 % of procedures were done on persons 45 to 64 y
and 39.0 % on persons over the age of 64 y. These can be compared
with 41.2 and 38.8 % respectively found for the same age groups in
2003.

22The population of the large insurance plan did not have the same
age distribution as the U.S. population. The distribution of the number of
procedures by age for that population was adjusted to estimate what the
number of procedures by age would have been if the age distribution did
match that of the U.S. population.

TABLE 4.14—Age and gender of those in the U.S. population 
having nuclear-medicine examinations in 1980 (adapted from 

NCRP, 1989a).

Age (y) Male (%) Female (%) Both (%)

<15 0.9 0.8 1.7

15 – 29 3.4 4.6 8.0

30 – 44 5.4 8.1 13.5

45 – 64 17.5 20.4 37.9

>64 17.7 21.4 39.1
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4.5.4 Effective Dose, Collective Effective Dose and Effective 
Dose to an Individual in the U.S. Population 

4.5.4.1 Discussion of the Effective Doses for the Procedures. Organ
doses in patients and effective doses are not measurable quantities.
They are estimated by a variety of methods and are available from
a number of sources. The dose conversion coefficient is expressed as
effective dose per unit of administered activity. Previously, the
Monte-Carlo dosimetric model of the Medical Internal Radiation
Dose Committee of the Society of Nuclear Medicine (SNM) was
utilized (Snyder et al., 1975). However, now there are more sophis-
ticated Monte-Carlo dosimetric models. The most commonly used
dose conversion coefficients are from ICRP (1998), which also take
into account the metabolic models and biokinetic data for the radio-
pharmaceuticals. In addition, dose conversion coefficients are
available from FDA required inserts for approved radiopharmaceu-
ticals (commonly based on information from SNM) and a more lim-
ited amount of information is available in textbooks and on the
SNM website (SNM, 2008). The radionuclides, administered activ-
ities, dose conversion coefficients, and effective doses per procedure
in nuclear medicine, listed by CPT code, are presented in Table D.5
in Appendix D. For certain CPT codes and procedures there are dif-
ferent radiopharmaceuticals that can be used and when this occurs
both are shown. 

The percentage ratio when more than one radiopharmaceutical
can be used for a procedure is shown in Table D.5 in Appendix D,
and the effective dose per procedure is weighted accordingly. With
the exception of cardiac nuclear medicine these assumptions would
have little effect on total population exposure. As an example, the
methodology used in Table D.5, for CPT code 78460 (Column 2) per-
formed for evaluation of myocardial perfusion (Column 3), is as
follows. This procedure can be done using either 99mTc sestamibi or
201Tl chloride and it was assumed that in 2005 the proportion of each
radiopharmaceutical used was 75 % / 25 % (Column 4). The admin-
istered activity was estimated to be 1,480 MBq for 99mTc sestamibi
and 150 MBq for 201Tl chloride (Column 5). The dose conversion
coefficient for 99mTc sestamibi is 0.0085 mSv MBq–1 and for 201Tl
chloride is 0.22 mSv MBq–1 (Column 6). The effective dose for this
procedure performed with 99mTc sestamibi is then 1,480 MBq ×
0.0085 mSv MBq–1 = 12.6 mSv. For this procedure using 201Tl chlo-
ride the effective dose is 150 MBq × 0.22 mSv MBq–1 = 33 mSv. With
the stated assumption for use, the weighted average effective dose
for the procedure can be obtained as (12.6 mSv × 0.75) + (33 mSv
× 0.25) = 17.7 mSv (Column 7). The procedure can also be performed
with 99mTc tetrofosmin.
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The choice of using an administered activity at the high end of
the “suggested” ranges is consistent with most clinical practices.
If lower average amounts are actually administered, the dose esti-
mates could be 10 to 20 % too high, but this is unlikely. For example,
the most common activity ordered for a bone scan is 1.11 GBq, with
the suggested range in the literature being 0.74 to 1.11 GBq (SNM,
2008).

4.5.4.2 Estimate of Collective Effective Dose and Effective Dose to
an Individual in the U.S. Population. The collective effective dose for
individual procedures has been estimated by using dose conversion
coefficients, using the high end of the “suggested” range for admin-
istered activity and multiplying by the estimated numbers of that
specific procedure. The collective effective doses for all procedures
were then added and divided by the population of the United States
(in this case 300 million). The results are shown in Table 4.15, Fig-
ure 4.10, and Table 4.16.

4.5.5 Uncertainties Affecting Dose Estimation

There are a number of sources of uncertainty in the dose esti-
mates. Assumptions have been made and are implicit in the ICRP
and other models regarding the transfer of the radionuclide
between different metabolic or physiologic compartments in the
human body as well as excretion rates. These factors are perturbed
by pathophysiological processes present in different disease states.
There is uncertainty in the modeling of radiation transport as well
as in the amount of impurities (i.e., other radionuclides) in the
radiopharmaceutical. These uncertainties could result in uncer-
tainties of 50 % or more in the effective dose. Uncertainties also
arise in determining the amount of administered activity, although
these are unlikely to affect effective doses by >10 %.

In the source data and review of surveys, there is some uncer-
tainty in the distribution or percentage of procedures for a category
of studies (such as GI). Only the Medicare data provided CPT codes
that allowed the precise evaluation of nuclear-medicine subcatego-
ries (e.g., whether cardiac procedures were myocardial perfusion
studies, ejection fraction, or shunt studies). These Medicare distri-
bution percentages for subcategories were assumed to apply to the
national datasets (such as IMV) to obtain S and EUS estimates.

Other sources of uncertainty arise because:

• doses to individuals will vary a small amount based on
patient size for the same amount of administered activity; 
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• disease states and personal habits (e.g., frequent urination,
higher iodine content in the diet) will affect the retention as
well as distribution of the radiopharmaceutical; and

• more than one radiopharmaceutical can be used for the
same procedure (e.g., use of 99mTc pertechnetate or 123I for
thyroid scanning). 

In extreme circumstances the actual dose to a very ill individual
could be several-fold different from that projected for normal per-
sons. In these circumstances, this Report used a best estimate of
current clinical practice.

There is a small amount of uncertainty in leaving out proce-
dures with very small numbers such as those listed as “other” or
“miscellaneous” categories in the source data. This would likely
lead to an underestimation of only a few percent.

Another source of uncertainty arises because dose conversion
coefficients are age dependent. Dose conversion coefficients incor-
porate age-specific HTs to the exposed organs and tissues, but use
wT values for a population of all ages and both genders.

TABLE 4.15—Summary of 2005 doses to the U.S. population from 
various diagnostic nuclear-medicine procedures.a

Category
Collective Effective Dose

(person-Sv)
Percent
of Total

Cardiac 187,915 85.2

Bone 20,517 9.3

Tumor 3,925 1.8

GI 3,534 1.6

Lung 2,012 0.9

Infection 1,329 0.6

Renal 643 0.3

Thyroid 397 0.2

Brain 259 0.1

Total 220,533
(220,500)

100

aThe weighted average effective dose for each nuclear-medicine procedure in a
given category is provided in Table D.5 in Appendix D and the method of
weighting is discussed in Section 4.5.4.1.
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Fig. 4.10. Percent contribution of various subcategories of nuclear-
medicine procedures to number of patient visits (17,220,000) (top) and to
S (220,500 person-Sv) (bottom) for 2005. The “other” subcategory includes
thyroid, renal, brain and infection. Estimates for 2006 for number of pro-
cedures and S were projected from these data (Table 4.16). The percent
values have been rounded to the nearest 1 % [see Table D.4 for the num-
ber of patient visits and see Table 4.15 for the values for S (person-
sievert)].
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4.5.6 Discussion of Trends

Table 4.16 shows that between 1982 and 2006, the estimate of
EUS from in vivo diagnostic nuclear medicine increased by 450 %
and the collective effective dose increased by 620 %. During the
period 1972 through 2006, diagnostic nuclear-medicine procedures
increased by a factor of 5.5 while the U.S. population increased by
~50 %. During the last decade there was 5 % annual growth in the
number of nuclear-medicine procedures while the U.S. population
grew <1 % annually.

 Table D.6 in Appendix D and Figure 4.11 (histogram of
Table D.6) also show a marked shift in the type of procedures, with
the studies of the brain and thyroid decreasing from a combined
percentage of over 56 % of all procedures in 1973 to <4 % in 2005.
The most dramatic increase occurred in cardiac procedures
increasing from 1 % in 1973 to 57 % in 2005. Cardiac studies are
relatively high-dose procedures and account for over 85 % of the
effective dose to the patient population. Currently, over 75 % of all
studies fall into two categories, cardiac and bone and these two
types of examinations account for almost 95 % of the collective
effective dose. 

There are a number of recent trends that are new enough that
their impact has not been evident in survey data from 2005. One
of these is the marked shift from ventilation-perfusion nuclear-
medicine scans to the use of MDCT scans for evaluation of pulmo-
nary embolism. As a result, nuclear-medicine lung scans have
become rare. This has almost certainly reduced the dose in nuclear
medicine but only by ~1 %. The dose to the patients for evaluation
of pulmonary embolism, however, has almost certainly increased as
CT scans of the chest have an effective dose of ~5 mSv (compared
with ~2.5 mSv for a lung scan) and because the CT examination is
easier to perform, many more examinations are being ordered. 

Another trend which is occurring in cardiac-myocardial perfu-
sion studies is the gradual replacement of 201Tl chloride with 99mTc
sestamibi or 99mTc tetrofosmin. Depending upon the activity
injected, the effective dose per examination could be lower with
technetium radiopharmaceuticals. The potential impact of CT cor-
onary artery screening and calcium scoring on cardiac nuclear
medicine is uncertain.

PET scans have been available clinically for several years, but
the recent availability of more cyclotrons, an increase in the pro-
duction and ease of availability of 18F fluorodeoxyglucose (FDG),
combined with the sales of PET/CT scanners and favorable reim-
bursement policies, will increase the number of PET/CT scans in
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the future. This will increase the radiation dose to the patients
because the combined scans deliver an effective dose in the range
of 40 mSv. IMV (2006d) indicated an annual growth rate in PET
scans ranging from 25 to 50 %.

The increasing size and, more importantly, the increasing mean
age of the U.S. population will likely increase the demand for tumor
scans (for localization, staging, and monitoring response to ther-
apy), bone scans (looking for metastatic disease), and cardiac scans.
The potential use of newer techniques in molecular imaging, gene-
and antibody-targeted cancer therapies remains largely uncertain. 

4.6 Radiotherapy (External Beam)

4.6.1 Applicability of Radiotherapy Exposures to this Report

Radiotherapy, the use of radiation for the treatment of disease,
differs from other medical exposures of patients for several rea-
sons. A sample analysis for external-beam radiotherapy has been
performed to illustrate the issues associated with estimating effec-
tive dose from radiotherapy modalities.

4.6.1.1 Injury to Normal Tissues. Consideration of injury to nor-
mal structures and the symptoms that may accompany the injuries
forms part of the decision to undergo treatment. However, for many
patients, the treatments are life saving; for others the treatments
may sustain a higher quality of life.

Fig. 4.11. Change in numbers of procedures (in thousands) and per-
centage since 1972 for in vivo diagnostic nuclear-medicine examinations.
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4.6.1.2 Extremely-High Treatment Doses. While the number of
patients undergoing radiotherapy is just under 1 % of the number
having diagnostic procedures, the therapeutic absorbed dose to the
target volume (i.e., the treatment dose) is on the order of 5,000 to
50,000 times as large as the tissue doses resulting from diagnostic
procedures. Subsequently, effective doses for radiotherapy calcu-
lated in the usual manner would be extremely high. Also, the concept
of effective dose applies only to stochastic effects (such as cancer) and
does not apply at the levels of radiotherapy treatment doses that
result in deterministic effects. A possible approach to a more rele-
vant estimate of the effective dose resulting from radiotherapy
would be to exclude the very-high tissue doses within the treatment
volume and only consider the tissue doses in structures outside the
treatment volume. This approach is explored in Section 4.6.3.

4.6.2 Problems in Assessing Effective Doses for the 
Radiotherapy Population

4.6.2.1 Tissue Doses Vary Greatly. While data on the number of
radiotherapy procedures performed may be available by anatomical
treatment site, the treatment dose that each radiotherapy patient
receives is customized to the patient’s disease and condition. As an
example, treatments to the brain range from a palliative absorbed
dose of 8 Gy to a curative absorbed dose of 70 Gy. Simply sorting the
number of patient visits by anatomical site fails to give the dosimet-
ric information necessary to calculate a collective effective dose.

4.6.2.2 Location and Extent of Fields Vary. The actual location of
the radiation field for a given anatomical site varies among
patients, increasing the uncertainty in tissue doses from radiother-
apy procedures. Again using the brain as an example, the target
may be in the temporal lobe or in the brain stem. In addition, the
radiation field might cover the whole brain or focus tightly on a
small feature. Both the location and the size of the field would have
a major impact on the dose to nearby structures.

4.6.2.3 Neutrons. Radiotherapy beams >10 MV produce secondary
neutrons, primarily in the treatment unit that impinge on the
patient. The magnitude of secondary neutron absorbed dose varies
more than does the secondary (leakage and scatter) photon
absorbed dose as a function of beam energy and field size. While the
absorbed dose to tissues from such neutrons at higher accelerating
potentials is about a tenth of that from photons, wR for neutrons
can result in an HT (to the tissues) close to that for photons. 
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4.6.3 Possible Estimation Techniques for Collective 
Effective Dose

Task Group 158 of the American Association of Physicists in
Medicine is conducting an analysis of the absorbed dose to nontar-
get organs in radiotherapy. However, the analysis is not yet com-
plete and therefore was not available for this Report. With all the
uncertainty involved with estimating a collective effective dose for
the population of radiotherapy patients, and the lack of correspon-
dence to the other procedures covered in this Report, only a very
rough estimate of collective effective dose can be made. For each
treatment site, the number of courses of treatment for 2004
reported in IMV (2005b) was increased by 3 % to obtain an estimate
for 2006. The number of courses of treatment was used as the esti-
mate for the number of patients.

Table 4.17 presents the results for a typical treatment dose,
beam energy, and field size for the procedures performed at each
treatment site.23 The mean absorbed dose to the listed organs and
tissues was calculated from published peripheral dose information
outside of the treatment volumes (Fraass and van de Geijn, 1983;
Stovall et al., 1995), based on a typical distance from the treatment
site to the organ, and organ size. For those anatomical sites usually
treated with beam energies >10 MV, no adjustment was made for
the neutron contribution (i.e., wR = 1). Finally, each HT (the values
listed in Table 4.17) was multiplied by the appropriate wT (ICRP,
1991) and the products were summed to give effective dose.

The analysis did not include treatment of bone metastases or
soft-tissue sarcomas. In these cases, the anatomical site may be
anywhere in the body, therefore distances to target sites become
indeterminate. 

The uncertainty in this estimate is greater than the estimate.
While typical distances and depths were used, no data exist to pro-
vide realistic guidelines. Factors of two to three in the values for
any of the quantities used could easily be argued. Given all these
qualifications, the rough estimate of collective effective dose in
2006 for external-beam radiotherapy is ~350,000 person-Sv.

4.6.4 Current Trends in Radiotherapy Exposure

4.6.4.1 Intensity Modulated Radiotherapy. One of the biggest
changes in radiotherapy practice over the last few years has been

23Uselmann, A. and Thomadsen, B.R. (2009). Personal communication
(University of Wisconsin-Madison, Madison, Wisconsin).
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the increase in the use of intensity modulated radiotherapy
(IMRT). These treatments use small collimating leaves to selec-
tively irradiate small sections of the treatment volume to create
dose distributions that closely conform to the small sections and
avoid very close normal structures. Because the whole volume
requires treatment using many subvolumes, the total time the
accelerator runs increases six times, on average. Thus, while this
treatment approach spares the neighboring structures from high
tissue doses, the absorbed dose in the whole patient from the leak-
age radiation increases. In general, while the integral absorbed
dose for IMRT remains approximately the same as for conventional
radiotherapy, IMRT exposes large volumes of the patient to moder-
ate absorbed doses, compared with smaller volumes receiving high
absorbed doses with conventional therapy.

4.6.4.2 Imaging for Field Localization. In the past, the tissue dose
a patient received from radiographs required to localize the treat-
ment volume was small compared with the treatment dose, and
was limited to tissues close to the treatment site, exposing few
other organs. As the precision of the radiotherapy treatments
improves, imaging becomes more frequent and may use in-room or
cone-beam CTs for daily positioning. While not approaching the
absorbed dose in the treatment volume, CT increases the doses to
neighboring structures. 

4.6.5 Trends over the Next Ten Years

The two competing trends in radiotherapy discussed in
Section 4.6.4 make prediction for the near future difficult. On one
hand, image guidance and dynamic collimation has been, and will
continue, to decrease the margin around targets and reduce
the volume of the patient that receives high tissue doses. Often the
tighter margins will lower the effective dose by reducing the tissue
doses to neighboring organs. On the other hand, IMRT treatments
tend to use more fields, and sometimes fields that continuously
rotate around a patient over great lengths. IMRT treatments can
deliver tissue doses to much of the patient that would not have
received a significant tissue dose with conventional radiotherapy
approaches. While the tissue doses outside of the target remain low
compared with the prescribed treatment dose, they often are large
compared with tissue doses received during imaging procedures.

Image guidance will continue to increase in use over the next
10 y. While some of the guiding imaging uses ultrasound, much
uses x rays. The imaging component of effective dose, which has not
been included in Table 4.17, will continue to increase.
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4.7 SUMMARY AND CONCLUSIONS   /   142

4.6.6 Summary

In NCRP Report No. 93 (NCRP, 1987a), the following statement
was made, “From the absorbed doses per organ outside of the field
per unit of exposure given by the UNSCEAR (1982) and from esti-
mates of the frequency of these treatments in the U.S., it seems
likely that the individual annual HE is below 0.01 mSv (1 mrem) for
the U.S. population.” Since that time more data are available con-
cerning absorbed dose to organs and tissues outside the treatment
volume, derived from measurement data and calculations.

In 2006, the effective dose estimate per radiotherapy patient
(EExp ) was high (0.4 Sv). The estimated annual collective effective
dose was 350,000 person-Sv and EUS was 1.2 mSv, but the uncer-
tainties are large. These values are comparable to those for diagnos-
tic and interventional procedures. However, the population exposed
is small (<0.3 % of the total U.S. population) and is a special group
for whom high doses are necessary for treatment of their life-threat-
ening disease. Also, absorbed doses to tissues or portions of tissues
outside but nearby the treatment volumes could approach or exceed
1 Sv. Therefore, the inclusion of this source of exposure in the esti-
mate of effective dose to the U.S. population may not be applicable.
The estimates for external-beam radiotherapy are not included
with the results for the other subcategories of medical exposure of
patients.

4.7 Summary and Conclusions

Table 4.18 presents a summary of annual collective effective
dose and EUS for 2006 from diagnostic and interventional medical
procedures that use ionizing radiation. The values in Table 4.18
have been updated since the preliminary 2006 results in Mettler
et al. (2008b). Figure 4.12 compares the percentage of collective
dose (and EUS) due to medical exposure as reported in NCRP Report
No. 100 (NCRP, 1989a) and in this Report. Table 4.19 presents the
comparison in tabular form. Note there is not an analysis for EExp

because the information used is for number of procedures per-
formed rather than number of individuals exposed. A separate
analysis for external-beam radiotherapy is given in Section 4.6 and
presented in Table 4.17, but is not included in Table 4.18 or other
summaries for S and EUS in this Report. A comparable analysis for
nuclear-medicine therapy (Section 4.5.1) or for brachytherapy was
not attempted.

NCRP (1989a) applies to doses in 1980 for radiography and in
1982 for nuclear medicine. The 2006 data in Table 4.19 clearly
show the marked increase in collective dose and EUS in the ~25 y
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4.7 SUMMARY AND CONCLUSIONS   /   144

Fig. 4.12. Comparison of collective dose values for CT, conventional
radiography and fluoroscopy, interventional fluoroscopy, and nuclear med-
icine (as percent of total collective dose) as reported for the early 1980s
(123,700 person-Sv) (top) (NCRP, 1989a) and for 2006 (this Report)
(899,000 person-Sv) (bottom). For EUS , the same percentages apply. Col-
lective dose quantities are S for 2006 and collective HE for NCRP (1989a)
[see Table 4.19 for values of the collective dose quantities (person-sievert)
and EUS (millisievert) for each period].
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between the two reports. Some of the increase in collective dose is
due simply to the 30 % increase in population between 1980 to 1982
and 2006. Removing the effect of population growth leaves the
increase in EUS that is due mostly to the higher utilization of vari-
ous medical imaging modalities, particularly CT, nuclear medicine,
and interventional fluoroscopy. Earlier CT systems had just
become available before 1980, therefore the increase for CT accom-
panies its development as an essential modality in the modern
practice of medicine. Likewise, interventional-fluoroscopic proce-
dures did not become a significant modality until after 1980.
The nuclear medicine increase of a factor of 5.5 in EUS is driven
by nuclear cardiology, a procedure also in its infancy in 1982.
Without nuclear cardiology, the number of nuclear-medicine proce-
dures increased only by ~1,000 over 24 y, even though the U.S. pop-
ulation increased by 30 %. Use of conventional radiography and
fluoroscopy decreased slightly over this time, reflecting the shift
from this modality to CT and magnetic resonance imaging. Some
particular radiographic examinations did increase, such as mam-
mography, which was also just becoming accepted medical practice
in 1980, and chest imaging, which as a screening tool for admis-
sions may simply reflect an increase in the number of patients in
the health care system. Thus, most of the increase in EUS for medi-
cal applications represents utilization of new tools since the assess-
ment in NCRP (1989a).
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5. Consumer Products 
and Activities

Thumbnail Sketch (for 2006) (rounded values):

• collective effective dose (S): 39,000 person-Sv
• effective dose per individual in the U.S. population (EUS ):

0.1 mSv
- percent of total S or EUS for the U.S. population (2 %)

• subcategories included (percent of total S and EUS for con-
sumer products and activities) 
- cigarette smoking (35 %) 
- building materials (27 %) 
- commercial air travel (26 %)
- mining and agriculture (6 %)
- other sources (3 %) (Section 5.1)
- combustion of fossil fuels (2 %)
- highway and road construction materials (0.6 %)
- glass and ceramics (<0.03 %)
- television and video; sewage sludge and ash; self-illumi-

nating signs (all negligible)
• average effective dose for the entire exposed category (EExp ):

not determined
- variation in EExp among the included categories: 1 to

300 μSv (0.001 to 0.3 mSv)
• group characteristics: relatively large numbers of individu-

als, exposed to low doses

5.1 Introduction

An extensive discussion of radiation exposure from consumer
products is contained in NCRP Report No. 95 (NCRP, 1987d). Much
of that information is still relevant. In this Report exposures from
some of the more significant sources have been updated and infor-
mation is included about some additional sources. Potential sources
that are not discussed further in this Report (refer to Table 5.1 of
NCRP, 1987d) include:
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• dental prostheses
• opthalmic glass
• luminous watches and clocks
• gas and aerosol (smoke) detectors
• electron tubes
• thorium products (including gas mantles and welding rods)

The estimated annual collective dose from these sources in NCRP
Report No. 95 (NCRP, 1987d) was ~700 person-Sv. Adjusting for the
2006 population (300 million compared with 230 million), the esti-
mated 2006 annual collective dose from these sources (referred to
as “other sources” in this Report) is ~1,000 person-Sv.

This section covers exposure from television receivers and video
terminals, sewage sludge and ash, radioluminous products, com-
mercial air travel, tobacco products, glass and ceramics, building
materials, and other miscellaneous sources (highway and road con-
struction materials, mining and agriculture products, combustion
of fossil fuels). Some of these sources of radiation are either few in
number, or the resulting radiation doses are very low, and make a
negligible if any contribution to collective dose, but may contribute
a determinable dose to certain individuals. 

There are no measured doses or dose rates for individuals or
groups of individuals that can be used to estimate average or col-
lective effective dose to the U.S. population from these sources.
Consequently, one must rely primarily on measurements of activity
or radionuclide concentrations associated with these sources, and
uncertain assumptions that provide order-of-magnitude calcula-
tions of the low doses to the exposed population.

5.2 Television Receivers and Video Terminals

Television and display monitors currently utilize display tech-
nologies that no longer employ cathode-ray tube components (the
source of x-ray emissions). Most of the radiation reported earlier
from these sources (NCRP, 1987d) was from receivers manufac-
tured before the federal performance standard (FDA, 2007c) (origi-
nally published in 1968) was issued. X-ray emissions from receivers
manufactured under the standard are essentially zero. Technolo-
gies such as liquid crystal, plasma, and other such display monitors
have no potential for generating x rays.

5.3 Sewage Sludge and Ash

Radionuclides may concentrate in sewage sludge and ash.
NORM also may be concentrated from domestic and commercial
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water usage that depends on groundwater sources containing such
radioactive material. Source, byproduct, and accelerator-produced
radioactive material may also be concentrated from the regulated
discharge of radionuclides into publicly-owned treatment works
(POTW) from state, Agreement State, or NRC licensees. The Inter-
agency Steering Committee on Radiation Standards (ISCORS)
Sewage Sludge Subcommittee performed a national sewage sludge
and ash survey for radionuclides (ISCORS, 2003), developed and
performed modeling to assess the radiation doses from sewage
sludge and ash (ISCORS, 2005a), and provided recommendations
to POTW operators for determining whether the presence of radio-
active material in sewage sludge or ash could pose a threat to the
health and safety of POTW workers or members of the public
(ISCORS, 2005b). With regard to radiation exposure, POTW work-
ers are viewed for the purpose of this Report as being members of
the public.

The levels of radioactive material reported in sewage sludge and
ash (ISCORS, 2003) indicate that at most POTWs, radiation expo-
sure to workers or to members of the public, including from land
application of sludge for growing food crops, is very low and conse-
quently is not likely to be a concern (ISCORS, 2005b). 

Dose modeling was used to convert the radionuclide concentra-
tions in the sewage sludge and ash to the total peak dose (TEDE)
for several selected scenarios. A description of each scenario is pro-
vided in Table 5.1. These generic scenarios were developed to rep-
resent situations in which members of the public or POTW workers
might be exposed to sewage sludge or ash through typical sludge
management practices. The scenarios were intended to represent
realistic situations that are likely to lead to conservative, but not
worst-case, radiation exposure assessments (ISCORS, 2005a). 

The sewage sludge and ash national survey results were used as
the source for the dose calculations. For each scenario, the total
dose corresponding to every sample was calculated using an upper-
bound (95th percentile) conversion coefficient from concentration
to dose. This means that there is only a 5 % chance that the conver-
sion coefficient (dose-to-source ratio) would be higher than the one
used in these calculations. For each scenario, the distribution of
dose values obtained from the survey results was used to estimate
the median and upper-bound doses. The median and upper-bound
values of TEDE (both with and without the indoor radon contribu-
tion) are presented in Table 5.2.

These results are not representative of the typical exposure of
members of the public from sewage sludge, since the original sur-
vey was biased toward POTWs that were suspected to have source
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water that contained radionuclides. Additionally, the dose-to-
source ratios that were used for the dose estimates were the 95th
percentile. A review of Table 5.2 shows that the radiation associ-
ated with NORM was the dominant contributor to dose, primarily
from indoor radon for the onsite resident, and exposure from 226Ra
for the POTW worker.

As a verification of the ISCORS modeling, NJDEP undertook
studies of radionuclides in sewage sludge (NJDEP, 2006a; 2006b).
The NJDEP study found that levels of 226Ra and 228Ra in sewage
sludge at several POTWs where the groundwater is known to con-
tain elevated levels of radium (Szabo and dePaul, 1998) were above
the 95th percentile of the national sewage sludge survey. Since sev-
eral of these POTWs apply their sludge to land, soil samples were
taken to determine if there was any buildup of radium in the fields
where the sludge had been applied for the past 10 y. The levels of
naturally-occurring radionuclides in soil where sludge was sprayed
onto the field were the same as those in an agricultural field where
no sludge was applied. Both fields received irrigation and fertilizer
applications.

 Air sampling for radon was also performed indoors at several
POTWs using E-Perm® detectors. All radon concentrations were
<148 Bq m–3. Gamma-radiation surveys performed at several
POTWs using a Model 19 MicroR Meter® (Ludlum Measurements,
Inc., Sweetwater, Texas) demonstrated that there were no areas of
the POTWs where the dose rate was above the ambient background.

The NJDEP study showed that occupational and public expo-
sures to radionuclides in sewage sludge from these selected POTW
sites was not a major concern, even though these sites were expected
to have higher than average levels of radionuclides. These POTW
sites were selected because they were known to have had radium-
bearing sewage sludge applied for at least 10 y. These data may not
be representative of other regions of the country, but the New Jersey
results demonstrate that the estimated dose to members of the pub-
lic and POTW workers from typical sludge management practices is
negligible. Using the results of the upper bound from Table 5.2
(ISCORS modeling), dose estimates (Table 5.3) were made for the
four scenarios that had results above NCRP annual negligible indi-
vidual dose (values >0.01 mSv) (NCRP, 1993a).

5.4 Radioluminous Products (Tritium)

Distribution of self-illuminating tritium exit signs and pathway
lighting has increased significantly. They are used as a safety fea-
ture in aircraft and large buildings in the event of a power outage.
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They have a useful life of 15 to 20 y and do not require maintenance.
The exit signs present no radiation hazard to members of the public
under normal use since the weak beta particles emitted by tritium
are easily absorbed by the material containing the tritium. Exit
signs may nominally contain 925 GBq of tritium and are obtained
and used under an NRC or Agreement State general license.

The Product Stewardship Institute used the NRC database of
registered tritium exit signs to estimate that an average of 108,400
signs per year were registered between 1983 and 2002 (PSI, 2003).
The average number of registrations has decreased since the peak
production years of 1988 through 1992. NRC estimates that 73,980
signs were registered on a nationwide basis in 2004.24 

The number of exit signs that are currently >15 y old is
~755,000. By 2010, that number will have increased to 1,500,000
signs. The manufacturers will take back and properly dispose of the
exit signs, although the current owner of the sign may be unaware
of the age of the sign or proper method of disposition. Two of the
manufacturers quoted by the Product Stewardship Institute (PSI,
2003) stated that they typically recycle ~25 % of the number they
produce annually. If this is a typical return rate, it appears that
75 % of the obsolete signs are either still in use or have been dis-
carded as trash and now reside in local landfills.

TABLE 5.3—Upper-bound annual dose estimates for sewage sludge.

Scenario
Number of 

People 
Exposeda

TEDE per 
Person 

Exposed 
(EExp ) (mSv)

Collective TEDE
(person-Sv)

Onsite resident 
(20 y of application)

375 0.6 0.2

Incinerator neighbor 6,250 0.08 0.5

Application worker 
(20 y of application)

1,531 0.03 0.05

POTW workers 
(loading)

2,580 0.2 – 0.7b 0.3 – 0.9

aDOL (2005), EPA (1999; 2003b), ISCORS (2003; 2005a), USCB (2005), and
USDA (2001a; 2001b; 2003; 2006).

bBased on range of air exchange rates and ceiling heights.

24Kirkwood, A. (2007). Personal communication (U.S. Nuclear Regula-
tory Commission, Rockville, Maryland).
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The Nuclear Materials Events Database (NRC, 2007b) for the
time period 2001 to 2005 shows that in 2005, there were six reports
of tritium exit signs involving landfills and three reports per year
for the three previous years. 

The Commonwealth of Pennsylvania has done extensive sam-
pling of leachate from 54 landfills having leachate collection sys-
tems (PDEP, 2005). In 2004, 50 % of the Pennsylvania landfills
were found to contain tritium at a concentration >0.74 MBq m–3 in
the leachate (the applicable or relevant requirement for this liquid
effluent) (PDEP, 2005). A follow-up study in 2005 found a mean
concentration of 0.77 MBq m–3 for the 93 % of the landfills where
tritium was present, with one leachate sample over 7.4 MBq m–3

(PDEP, 2006). The reports conclude that the probable source of the
tritium is improperly disposed exit signs and postulates that once
the signs are broken, the gaseous tritium is oxidized into tritiated
water that is captured as leachate. The leachate is not for public
consumption. It must be treated onsite or go to a publicly operated
treatment system, and adequately diluted in the receiving body of
water. The dose to a member of the public from this source is there-
fore projected to be minimal. With regard to radiation exposure, the
landfill workers are viewed for the purpose of this Report as being
members of the public. 

Other luminous products such as watches and clocks that
contain tritium or radium are sources of exposure for members of
the public. Individual exposures related to products containing
radium may be of the order of 1 mSv annually, but the number
of individuals exposed is small. Consequently, the annual collective
effective dose from radioluminous products is not likely to exceed
0.1 person-Sv.

5.5 Commercial Air Travel

Radiation from cosmic and solar sources during airline travel
can be a significant source of exposure for the frequent flyer. A dis-
cussion of the dose rates encountered during airline travel is given
in Section 7.3. Table 7.5 in Section 7.3 provides a list of domestic
and international city pairs with respective altitude, airtime, and
calculated E values for a one-way flight, and is applicable to both
public airline travel (discussed here) and occupational exposure to
airline crew members (Section 7.3). The lower dose rates in general
represent low altitude, low latitude flights while the higher dose
rates in general represent high altitude, high latitude flights.
Frequent business flyers that travel standard routes can review
Table 7.5 and calculate their annual doses by multiplying the num-
ber of trips per year times the E per flight.
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Total annual doses depend on the flight route patterns, flying
altitude, and the total number of flying hours per year. The Bureau
of Transportation Statistics (BTS, 2008) reported that in 2006
there were 660.7 million passengers on domestic and 84.8 million
passengers on international airline travel on U.S. carriers. Thus,
89 % of all passenger flights are domestic, with 11 % international.
The data in Table 7.5 indicate that the average dose rate for domes-
tic flights is 3.30 μSv per air hour (with a SD of 1.81 μSv per air
hour) and the average air time is 2.84 h. The average dose rate for
international flights is 5.21 μSv per air hour (with a SD of 0.94 μSv
per air hour) and the average air time is 9.35 h. An estimate of
annual S for all passengers is obtained as follows: 

• (660.7 × 106 passengers) (3.30 × 10–3 mSv h–1) (2.84 h) (1 Sv
per 1,000 mSv) = 6,192 person-Sv (for domestic flights); and

• (84.8 × 106 passengers) (5.21 × 10–3 mSv h–1) (9.35 h) (1 Sv
per 1,000 mSv) = 4,131 person-Sv (for international flights).

The annual value of S for commercial air travel is estimated to be
~10,300 (10,323) person-Sv for 2006, the sum of the domestic and
international values.

5.6 Tobacco Products

5.6.1 Smoking Population

Maurice et al. (2005) analyzed self-reported data from the 2004
National Health Interview Survey and found that ~21 % of adults
(45 million) were current smokers. About 36 million smoked every
day, while 8.3 million smoked some days. The prevalence of heavy
smokers (>25 cigarettes per day) has dropped over the past 11 y
from 19 to 12 % (5.4 million). In 1993 the mean number of ciga-
rettes smoked per day in the United States was 20. In 2004 this
number had decreased to about 17 (18 for men and 15 for women).
It is assumed that the smoking population did not change signifi-
cantly between 2004 and 2006.

5.6.2 Radionuclides in Tobacco Leaves 

In the natural decay chain from 226Ra, 210Pb decays to 210Po (Fig-
ure 3.2). Lead-210 and 210Po have been measured in both tobacco
leaves and cigarette smoke. These airborne decay products of 222Rn
can attach to sticky trichomes or “hairs” on both sides of the tobacco
leaf while the plant is growing and while drying after harvesting.
These radionuclides can also be taken up through the root system
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(Tso et al., 1964; 1966) from phosphate fertilizers containing ura-
nium and soils rich in humic substances. There have been many
reported measurements of the content of radium and its progeny in
tobacco and cigarettes. Table 5.4 gives the concentrations of 226Ra,
228Ra, 210Pb and 210Po in tobacco and Table 5.5 gives the ranges and
averages of 210Po activity per cigarette. The average mass of tobacco
per cigarette is 0.7 to 0.8 g. It is clear that there is significant vari-
ation in the radionuclide content in tobacco, but all the reported
measurements are in substantial agreement.

5.6.3 Radionuclides in Tobacco Smoke

Black and Bretthauer (1968) found no enrichment of 210Po in the
butts of cigarettes. About 6 % was found in the inhaled mainstream
smoke, 44 % in side-stream smoke, 16 % in ashes, and 34 % in the
remaining cigarette butt. This distribution may vary depending on
the puff size. Larger puffs could result in double the amount of 210Po
inhaled. They estimated 2.8 mBq per cigarette would be inhaled
in mainstream smoke. Filters were found to remove 30 to 60 % of
210Po from mainstream smoke. Desideri et al. (2007) found 8 to
29 % of the 210Po was absorbed in filters. Khater (2004) found ~75 %
of the 210Po content of a cigarette was transferred to the smoke.
Only ~5 % is removed by filters. Of the amount in smoke, he
assumed that 50 % of the 210Po and 210Pb is inhaled during smoking.
Skwarzec et al. (2001) found the 210Po content of cigarette smoke
ranged from 2 to 21 mBq (mean 10 mBq) per cigarette. Filters only
removed ~2.5 % of the 210Po on average.

Clearly there is significant variation in the various reported
measurements and assumptions about the amount of 210Po in ciga-
rette smoke and the effectiveness of filters in removing it. Two of
the more recent reports, Khater (2004) and Skwarzec et al. (2001),
are in reasonably good agreement on the fraction of 210Po in ciga-
rette smoke (70 to 75 %), based on an average of 14 mBq per
cigarette from Table 5.5, and the effectiveness of filters (2.5 to 5 %). 

5.6.4 Inhalation 

The coal temperature of a burning cigarette averages ~700 °C
(Black and Bretthauer, 1968). When a cigarette burns, both 210Po
and 210Pb will volatilize and then form insoluble particles. Cohen
et al. (1980) showed that 210Po accounts for most of the alpha-
particle activity in cigarette smoke and is not readily soluble in
physiological saline. Martell (1974) found 210Pb to be highly
enriched in the insoluble fraction of inhaled mainstream smoke.
Inhalation of 210Pb may also be a long-term source of 210Po expo-
sures (Savidou et al., 2006). Khater (2004) determined that a one-
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pack-a-day smoker would inhale 120 mBq d–1 each of 210Po and
210Pb. Desideri et al. (2007) estimated that at 20 cigarettes per day
a smoker would inhale 80 ± 30 mBq d–1 each of 210Po and 210Pb.
Skwarzec et al. (2001) found that Polish smokers inhaled from 20
to 215 mBq of 210Po and 210Pb each for 20 cigarettes a day. Roessler
and Guilmette (2007) estimated that 1.8 mBq 210Po is inhaled with
each cigarette, which is in the lower portion of the range reported
by Skwarzec et al. (2001). From these data 100 mBq d–1 for each
radionuclide, 210Po and 210Pb, is a reasonable estimate for intake for
a one-pack-a-day smoker.

When inhaled these radionuclides will result in exposure to tis-
sues of the bronchial epithelium, similar to inhalation of short-
lived decay products of 222Rn, or they could be slowly dissolved in
the lung and carried to other parts of the body. 

5.6.5 Deposition

A portion of the radionuclides inhaled with tobacco smoke will
be retained in lung tissue. Khater (2004) estimated that ~50 % of
the 210Po inhaled is retained in the smoker’s lungs. Roessler and
Guilmette (2007) estimated that ~20 % of the 210Po deposits in the
lung. Similar or greater fractions of inhaled 210Pb are likely to be
retained in the smoker’s lungs, especially if the 210Pb is less soluble
than the 210Po. These radionuclides may concentrate at bifurcations
of the segmental bronchi (Martonen et al., 1987). 

Cohen et al. (1980) found a statistically-significant excess of
210Po in the alveoli of smokers compared with nonsmokers. Elevated
levels of 210Pb were found in alveolar tissues from former smokers

TABLE 5.5—Polonium-210 in cigarettes.

Reference
Source of
Tobacco

210Po Content in a 
Single Cigarette

(mBq)

Range Average

Khater (2004) Egypt
Other countriesa

10 – 22
4 – 23

17

Khater and 
Al-Sewaidan (2006)

Saudi Arabia
21 other countries

6 – 22
8 – 23

14
14

Skwarzec et al. (2001) Poland 4 – 24 13

Desideri et al. (2007) 7 – 14 12

aPopular brands from other countries sold in Egypt.
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who had not smoked for >5 y. Thus, the radiation dose from 210Pb
and 210Po could continue for many years after cessation of smoking. 

5.6.6 Organ Doses

For the inhalation pathway the primary determinant of the
absorbed-dose pattern will be the in vivo solubility of the inhaled
210Po and 210Pb. Roessler and Guilmette (2007) calculated the
absorbed doses that would result from an inhalation intake of
1 MBq 210Po. At 30 d after intake, the absorbed doses for an inhaled
Type-F compound (ICRP, 1995) (fast rate of solubility or release
from lung tissue) would be 3.8 mGy for the lung, 137 mGy for the
kidney, 71 mGy for the liver, 28 mGy for the active bone marrow,
and 118 mGy for the spleen. In comparison, for a Type-S compound
(ICRP, 1995) (slow rate of solubility or release from lung tissue), the
30 d absorbed doses would be, for the same tissues, 873, 1.5, 0.8,
0.3, and 1.3 mGy, respectively. The in vivo solubility greatly affects
the partitioning of absorbed dose between the lung and systemic
target organs. The systemic target organs for 210Po are relatively
well known, as there have been a significant number of published
animal studies on inhaled, ingested and injected 210Po and absorp-
tion through skin (Fink; 1950; Moroz and Parfenov, 1972; Stannard,
1988). 

5.6.7 Effective Dose

To determine the total E, one has to consider the direct deposi-
tion of energy from radionuclides retained in bronchial epithelium
along with the dose to various organs from both 210Pb and 210Po that
may be slowly absorbed and carried to other parts of the body (Sec-
tion 5.4.5). A number of investigators have used dose conversion
coefficients from ICRP Publication 72 (ICRP, 1996) to estimate E
for smokers. The values calculated for E have been normalized to
one cigarette per day and are given in Table 5.6. 

Papastefanou (2007) estimated the annual values of E for 30 cig-
arettes a day from 226Ra, 228Ra, and 210Pb, and stated that E from
210Po should be the same order of magnitude as from 210Pb. He also
provided the sum for E for the three natural radionuclides. Peres
and Hiromoto (2002) assumed that 10 % of the 210Pb and 20 % of
the 210Po in a cigarette are inhaled for their estimated annual value
for E for a one-pack-a-day smoker. Skwarzec et al. (2001) estimated
annual values for E for 210Po and for 210Pb for smokers in Poland.

Desideri et al. (2007) assumed 50 % retention in the lung and
estimated the annual value for E for 17 cigarette brands at 20 cig-
arettes a day. Khater and Al-Sewaidan (2006) also estimated
annual values of E from smoking 20 cigarettes a day.
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Using the estimate of absorbed dose to the lung from Roessler
and Guilmette (2007) of 873 mGy in the first 30 d following an inha-
lation of 1 MBq of 210Po and a Type-S compound, the annual value
of E is estimated at ~30 μSv for one cigarette per day using a
value of 14 mBq inhaled per cigarette.

Based on these reports, the annual E for a one-pack-a-day
smoker (20 cigarettes) would range from 0.1 to 0.7 mSv with an
average of 0.36 mSv. An estimate of S for the U.S. adult population
is given in Table 5.7 based on a smoking population of 45 million
adults (Section 5.6.1) and an average annual E of 18 μSv for one
cigarette per day (Table 5.6).

5.6.8 Additional Impacts of Cigarette Smoking

Studies by Johnson et al. (1990; 1991) and Abu-Jarad and Fazal-
ur-Rehman (2003) show that indoor cigarette smoking is a major
source of aerosol particles carrying radon progeny. Martell (1974)
also concluded that polonium and lead atoms adhere to smoke par-
ticles and remain suspended in room air to be breathed by smoker
and nonsmoker alike. These results indicate that everyone in the
home of a smoker is not only subject to direct, side-stream, or sec-
ond-hand smoke, but they are also exposed to radon decay products
attached to cigarette smoke. However, no information is available
to estimate a dose from this exposure.

5.7 Glass and Ceramics

5.7.1 Uranium as a Coloring Agent in Glassware

Makers of glassware have used many materials to produce dif-
ferent colors. After his discovery of uranium dioxide in 1789,
Martin Kapworth began experimenting with this new element as a

TABLE 5.7—Annual collective effective dose (S) from cigarettes.

Cigarettes
(d–1)

E per Smoker 
(mSv)

Smokers
(millions)

 S
(person-Sv) 

Men 18 0.09 – 0.6
Average = 0.32

25 2,250 – 15,000
8,100

Women 15 0.08 – 0.5
Average = 0.27

20 1,600 – 10,000
5,400

Total 13,500 
(14,000)
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coloring agent for glass (Emsley, 2003). In 1830 Josef Reidel set up
a factory to make yellow uranium glass (Annagelb) and yellow-
green uranium glass (Annagruen) named after his wife Anna Maria
(Frame and Kolb, 2005). By the 1840s uranium dioxide (as bright
yellow sodium diuranate) was commonly used with lead additives
by glassmakers in Europe and the United States to produce a trans-
parent, pale-yellow glass called canary glass. During and following
the Civil War uranium dioxide was added to soda glass up to 2 %
by weight to produce yellow to yellowish-green colors. In the early
1900s a new petroleum ointment [Vaseline© (Unilever PLC,
London)] came on the market with the same coloration as uranium
glass and the name Vaseline glass became popular. During the
1920s low-cost green glass was produced with uranium dioxide and
iron additives which today is commonly called depression glass. 

Uranium was very abundant in the period 1910 to 1940 and ~50
different companies in the United States used natural uranium
oxides for glass coloring in tableware and decorative and ornamen-
tal items. Production of these items, however, came to an end
around 1943. Very limited production began again around 1959
with the use of depleted uranium as a coloring agent. Currently
about five to six companies in the United States and the Czech
Republic continue to produce decorative uranium glass in jewelry
items, perfume bottles, marbles, and decorative figurines. Uranium
is no longer used in dinnerware. Buckley et al. (1980), based on
data from 1958 to 1978, estimated that in the past ~200,000 pieces
of uranium glassware were made per year. Current production fig-
ures are not known. However, most uranium glassware is consid-
ered a collector item and used only for displays in homes, shops and
museums. 

5.7.2 Potential Radiation Exposures from Uranium 
in Glassware 

Current NRC regulations (in effect since January 1961) allow
glassware to contain up to 10 % by weight of uranium as an exempt
quantity (NRC, 2007c). Since uranium is blended with glass ingre-
dients during smelting it becomes uniformly distributed through-
out the glass. Thus, much of the radiation emitted by uranium is
absorbed within the glass. Possible exposures include beta-particle
irradiation from handling the glassware, beta-particle and gamma-
ray irradiation while near the glassware, and ingestion of uranium
that may be leached from the glass into water or food. Each of these
potential exposures was evaluated by Schneider et al. (2001) as
described below. The quantity effective dose equivalent (HE ) as for-
mulated in ICRP (1977) was determined for different scenarios.
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A person routinely handling glassware at home with 10 % ura-
nium by weight for a year would receive an HE estimated at 20 μSv.
Other family members in the same home could receive an annual
HE of 10 μSv. For 500 families of four (each family using one set
of uranium drinking glasses) the annual collective HE would be
0.03 person-Sv. If 100 decorative pieces with 5 % by weight of ura-
nium were on display in 1,000 public facilities, the annual collec-
tive HE would be ~5 person-Sv. Schneider et al. (2001) estimated
that the most exposed individual would likely be an express-deliv-
ery truck driver handling 20,000 cartons of decorative items (with
5 % uranium) a year. The calculated highest annual individual HE

for this person could be 0.04 mSv. The annual collective HE for all
distribution activities is estimated to be ~0.5 person-Sv. 

Based on studies by Landa and Councell (1992), NRC estimated
that ingestion of uranium leached from glassware by water and
acids could result in an individual annual HE of ~20 μSv. All of NRC
HE estimates were based on uranium glass at 5 to 10 % by weight,
whereas most pieces of uranium glass contain only a few tenths of
a percent of uranium. 

5.7.3 Uranium as a Coloring Agent in Ceramics

During the late 1930s ~30 different companies in the United
States used uranium oxide (sodium diuranate) as a coloring agent
in the glaze on ceramic dinnerware, such as plates, dishes, bowls,
cups and saucers. Uranium oxide when fired at high temperatures
produces an orange or red coloring that became very popular. Per-
haps the best known line of dinnerware using uranium oxide glaze,
called Fiesta® (Fiesta Red®), was first produced in 1936 by the
Homer Laughlin China Company of Newell, West Virginia. Fiesta
Red® was produced with a natural uranium-oxide glaze from 1936
to 1943, the year the government confiscated all uranium supplies.
Production of Fiesta Red® began again in 1959 using depleted ura-
nium and continued as Mango Red® from 1969 until 1972. The use
of uranium as a coloring agent was discontinued in the 1970s. Cur-
rent regulations of NRC allow up to 20 % by weight of uranium in
glazed ceramics (NRC, 2007c), although apparently ~14 % was the
most ever used. Buckley et al. (1980) estimated that a plate could
contain 4.5 g of uranium, and Piesch et al. (1986) reported a red-
glaze thickness of 0.2 mm.

Buckley et al. (1980) estimated that ~200,000 pieces of uranium-
glazed dinnerware were produced each year from 1959 to 1969.
Although many of these pieces may still be in use, today they are
considered antique collectibles and mostly displayed as such. 
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5.7.4 Potential Radiation Exposures from Uranium Glaze 
on Ceramic Dinnerware 

Unlike the use of uranium oxides for coloring within glassware,
uranium glaze is only on the surface of the ceramic and thus there
is no inherent shielding of radiation. Persons handling or near ura-
nium-glazed ceramics could be exposed to beta particles or gamma
rays (external exposure). Moghissi et al. (1978) reported that con-
tact with a typical dinner place setting of uranium-glazed dishes
could result in an absorbed-dose rate of 130 μGy h–1. Sitting at
the table with these items could result in 30 μGy h–1 to the hands
and arms, and 3 μGy h–1 to the main torso. Buckley et al. (1980)
reported that absorbed-dose rates at the surface of glazed plates
ranged from 4 to 130 μGy h–1. The surface of a red-glazed teacup
gave an absorbed-dose rate of 320 μGy h–1 according to Piesch et al.
(1986). Measurements by McCormick (1992) on a variety of Fiesta
Ware® items found absorbed-dose rates of 20 to 90 μGy h–1.
Schneider et al. (2001) estimated that a person handling a 25 cm
glazed dinner plate containing 20 % by weight of 20 y old natural
uranium would receive an absorbed dose to skin of 240 μGy h–1

from beta particles. Based on the range of these data and a wT value
of 0.01 for skin, the HE rate at contact would be expected to vary
from 0.04 to 3.2 μSv h–1. The gamma-ray absorbed-dose rate from
uranium-glazed plates is ~10 % of that for beta particles. 

In addition, if a person consumes only liquids that have been
in contact with uranium-glazed ceramics, this person could receive
an annual HE of 400 μSv from ingestion of leached uranium
(Schneider et al., 2001). A homemaker who stays at home, and
spends much time in the kitchen washing and eating from ura-
nium-glazed dinnerware could receive an annual HE as much as
70 μSv. Others in the same household could receive an annual HE

up to 60 μSv (Schneider et al., 2001). 
The annual collective HE for all handling of uranium-glazed

dinnerware in distribution and sales is estimated to be about
the same as for glassware, 0.5 person-Sv. Almost all uranium-
glazed dinnerware is used only for display as antique collector’s
items. From the contact dose rates stated above, the dose at 1 m
will range from 0.004 to 0.32 μSv h–1. If the average person spends
15 min y–1 viewing the piece and 1 % of the U.S. population is
exposed to this source, the annual collective HE will range from
0.003 to 0.24 person-Sv. These dose estimates are based on use of
uranium up to the exempt limit of 20 % by weight, whereas the
highest concentration reported in actual pieces of tableware is only
14 %. 
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5.7.5 Summary

The annual HE to an individual exposed to glassware or ceramic
dinnerware containing uranium varies greatly according to use.
Estimated values for annual collective HE for various exposure sce-
narios are given below:

• glassware
- home use: 0.03 person-Sv
- public display: 5 person-Sv
- distribution: 0.5 person-Sv

• ceramics
- home use: 0.04 person-Sv (primarily from ingestion)
- public display: 0.003 to 0.2 person-Sv
- distribution: 0.5 person-Sv

The total is <10 person-Sv.

5.8 Building Materials 

NCRP Report No. 95 (NCRP, 1987d) gave estimates of the radio-
active-material concentrations in common building materials and
estimates of the annual dose to individuals exposed to these mate-
rials. The information was summarized in Table 5.1 in NCRP
Report No. 93 (NCRP 1987a). Radiation doses to individuals living
and working in buildings constructed of these common materials
have not changed since the previous reports. However, since those
reports were published, coal combustion products (CCPs) which
include both fly ash and bottom ash generated from coal-fired util-
ities, have become widely used in construction materials. The
quantity of CCPs produced in 2002 in the United States was
128.7 million tons (76.5 million tons of fly ash, 19.8 million tons of
bottom ash, 29.2 million tons of flue gas desulfurization materials,
and 1.9 million tons of boiler ash) (ACAA, 2002). In 2002, 35.4 % of
CCPs were used in cement, concrete, grout and other applications
(ACAA, 2002). This percentage is expected to increase as research
demonstrates the advantages of using these materials and the
costs of depositing CCPs in landfills increases. 

Coal contains numerous naturally-occurring radionuclides
including uranium and thorium. Coal ash has concentrations of
uranium, thorium and radium ~10 times higher than coal, due to
burning off the organic content of the coal (UNSCEAR, 1993;
USGS, 1997). Analysis of fly ash in the United States found 226Ra
within the range of 37 to 296 Bq kg–1 (EPA, 1983; Zielinski
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and Budahn, 1998). Analysis of fly ash from Wisconsin Electric
Power Company and Wisconsin Gas LLC (We Energies) plants
in 1993 and 2003 found 226Ra concentrations in the range of 37 to
111 Bq kg –1 (Ramme and Tharaniyil, 2004), comparable to concen-
trations found in soil (7.4 to 111 Bq kg –1). The annual individual
dose to persons living in buildings in which ash was used in the
building materials has been estimated to be 135 μSv, similar to cal-
culations made for individuals living in a brick and masonry home
(NCRP, 1987d; Smith et al., 2001). Consequently, it is assumed that
the use of CCP in building materials has not substantially
increased the average dose to an individual in the population resid-
ing in a building constructed with brick or masonry materials. It is
also assumed that approximately one-half the population of the
United States resides in homes constructed of wood, which adds no
additional radiation dose. The collective dose given in NCRP
Report No. 93 (NCRP, 1987a) has been updated using the average
HE given there (70 μSv) and adjusting for the population of the
United States in 2006 (i.e., assumes a currently exposed population
of 150 million) (Table 5.8). The use of zircon-glazed tiles and fix-
tures (tubs, toilets and sinks), granite countertops, desktops, wall
and floor tiles, and marble in housing construction could add a
small additional collective dose, which has not been included in the
above estimate.

5.9 Other Minor Contributors

5.9.1 Highway and Road Construction Materials

Highway and road construction materials may contain aggre-
gates made from granite and phosphates that have higher than
average concentrations of uranium and thorium and now may also
contain CCPs (Section 5.8). Although the maximum dose to individ-
uals in some areas may be an order of magnitude greater than the
average dose (EPA, 1990; Schneider et al., 2001), it is assumed that
the average dose to individuals traveling on highways has not
changed since the previous report (NCRP, 1987a). The collective
dose contained in that report has been updated considering the cur-
rent population of the United States (i.e., assuming a currently
exposed population of six million) (Table 5.8). 

5.9.2 Mining and Agricultural Products 

Fertilizers containing phosphates and sulphates contain trace
elements of several naturally-occurring radionuclides, principally
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decay products of uranium and thorium, and 40K. The use of these
materials and the associated radiation exposure has not changed
since the previous report (NCRP, 1987a). Other byproducts and
waste products from phosphate mining were discussed in the pre-
vious report and there is no new information about radiation doses
from these sources. The collective dose contained in that report has
been updated considering the current population of the United
States (Table 5.8) (i.e., assuming a currently exposed population of
250 million).

5.9.3 Combustion of Fossil Fuels

Coal contains numerous naturally-occurring radionuclides
including uranium and thorium. Coal ash (the noncombustible res-
idue remaining when coal is burned) has concentrations of ura-
nium, thorium and radium ~10 times higher than unburned coal,
due to burning off the organic content of the coal (UNSCEAR, 1993;
USGS, 1997).

NCRP (1987a; 1987d) reported that the estimated annual radia-
tion dose to an individual exposed to the emissions from coal burn-
ing ranged from 0.3 to 3 μSv. Since then additional information has
been published concerning the radionuclide content of CCPs and the
potential radiation dose resulting from exposure to these products. 

Analysis of fly ash in the United States found 226Ra within the
range of 37 to 296 Bq kg–1 (EPA, 1983; Zielinski and Budahn,
1998). Analysis of fly ash from We Energies plants in 1993 and
2003 found 226Ra concentrations in the range of 37 to 111 Bq kg–1

(Ramme and Tharaniyil, 2004), comparable to concentrations
found in soil (7.4 to 111 Bq kg –1). The maximum annual dose deter-
mined from this evaluation was 1.5 μSv for a person living within
500 m of a plant stack releasing fly ash to the air, within the dose
range reported in 1987. The collective dose contained in NCRP
Report No. 93 (NCRP, 1987a) has been updated considering the
current population (300 million) of the United States (Table 5.8)
and assuming an annual average dose of 1 μSv.

Combustion of natural gas will release radioactive radon gas to
the atmosphere. This additional source of radon can result in a
small increment of exposure to people residing near gas-fired
power plants or using natural gas for cooking or heating in their
homes. NCRP (1987a) reported the average annual dose to an indi-
vidual whose exposure resulted from cooking with gas as 4 μSv.
Exposure from combustion of gas in power plants would be much
less. There has been little additional information published on
this source of exposure since NCRP (1987a; 1987d). The radiation
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dose estimates contained in those publications and summarized in
Table 5.1 of NCRP (1987a) have been adjusted for the current dose
conversion coefficients and weighting factors for radon dose esti-
mation as described in Section 3 and for the current U.S. population
and are given in Table 5.8 (i.e., assuming a currently exposed pop-
ulation of 155 million).

5.10 Summary

As summarized in Table 5.8, the annual collective effective
doses for the various consumer products and activities were: ciga-
rette smoking, 13,500 person-Sv (35 %); building materials,
10,500 person-Sv (27 %); commercial air travel, 10,300 person-
Sv (26 %); mining and agriculture, 2,500 person-Sv (6 %); other
sources, 1,000 person-Sv (3 %); combustion of fossil fuels,
920 person-Sv; (2 %); highway and road construction materials,
240 person-Sv (0.6 %); and glass and ceramics, <10 person-Sv
(<0.03 %). The distribution of the annual collective effective dose
among these consumer products and activities is shown in Fig-
ure 5.1.

Fig. 5.1. Percent contribution of various sources of exposure to S for
consumer products and activities (39,000 person-Sv) for 2006. Percent
values have been rounded to the nearest 1 %, except for those <1 % [see
Table 5.8 for the values of S (person-sievert)].
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6. Industrial, Security, 
Medical, Educational and 
Research Activities

Thumbnail Sketch (for 2006) (rounded values):

• collective effective dose (S): 1,000 person-Sv
• effective dose per individual in the U.S. population (EUS ):

0.003 mSv
- percent of total S or EUS for the U.S. population (<0.1 %)

• subcategories included (percent of S and EUS for industrial,
security, medical, educational and research activities)
- exposure from nuclear-medicine patients (72 %) 
- nuclear-power generation (15 %) 
- industrial, medical, educational and research activities

(13 %)
- DOE installations («1 %) 
- decommissioning and radioactive waste («1 %)
- security inspection systems («1 %)

• average effective dose for the exposed group (EExp ): not
determined
- magnitude of EExp for the included categories: 1 to 10 μSv

(0.001 to 0.01 mSv) 
• group characteristics: members of the public in proximity to

these activities

6.1 Introduction

For the purposes of this Report, industrial, security, medical,
educational and research activities are those that use sources of
radiation or radioactive material intentionally or produce sources
as byproducts of these activities. Examples of such activities
include: the nuclear fuel cycle; manufacture and use of radioactive
sources and irradiators for sterilization, radiography, and materi-
als processing; DOE facilities; radioactive waste transport and
disposal; security inspection; and medical procedures such as in
nuclear medicine and radiology. This section discusses exposure to
members of the public from these sources. Exposure of the workers
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employed in these activities is covered in Section 7. Exposure of
patients in medicine is covered in Section 4.

There are no measured doses or dose rates for individuals or
groups of individuals that can be used to estimate average or col-
lective effective dose to the U.S. population from these sources.
Consequently, one must rely primarily on measurements of activity
or radionuclide concentrations associated with these sources and
calculations of dose to the exposed population. The assumptions
required for this purpose introduce significant uncertainties, but
because the doses are quite low, the uncertainties do not alter the
relative order of magnitude of the doses.

Two previous NCRP reports, Report No. 92 (NCRP, 1987c) and
Report No. 93 (NCRP, 1987a) provide important background for
population exposures from sources in this category.

6.2 Nuclear-Power Generation

6.2.1 Introduction

Operation of nuclear-power plants results in the irradiation of
some members of the public from releases of radionuclides to the
atmosphere and to bodies of water, and from direct gamma radia-
tion emitted from those facilities. Various regulations promulgated
by EPA and NRC require that releases of radionuclides and direct
radiation exposure be controlled to very low levels. The goal is to
limit radiation dose to an individual outside the boundary of the
power plant to a small fraction of the dose received from naturally-
occurring sources of radiation. The air- and water-borne radionu-
clides that are released deliver radiation doses by various path-
ways such as external exposure, intake from breathing or drinking,
and intake of foods contaminated by these radionuclides. The most
exposed persons are usually those in the immediate vicinity of a
facility, and in the following discussion, the dose to the regional
population within 80 km will be specified.

The entire fuel cycle must be considered in evaluating the radi-
ation dose due to nuclear-power production. In the United States,
the nuclear fuel cycle consists of uranium mining, uranium milling,
uranium hexafluoride production, 235U enrichment, uranium oxide
fuel fabrication, power production, fuel reprocessing, and low- and
high-level radioactive waste management. Some radiation expo-
sure to members of the public occurs near facilities engaged in each
of these fuel-cycle components, and also during transportation of
radioactive material between the facilities. In the United States,
the fuel cycle is focused almost entirely on the operation of light-
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water moderated reactors, specifically boiling water reactors
(BWRs) and pressurized water reactors (PWRs). The fuel cycle for
power generation in the United States is not complete because
there is no commercial fuel reprocessing, and no permanent dis-
posal for spent fuel yet in operation. Spent-fuel elements are now
stored in special facilities (spent-fuel pools and dry casks) at
nuclear-power plant sites.

Uranium is also mined, milled and enriched for purposes of the
military along with any fuel reprocessing and high-level waste
storage necessary to support the military fuel cycle.

Low-level radioactive waste from the nuclear industry and
other sources (e.g., medical applications) are shipped to designated
sites for shallow land burial. There are two disposal facilities that
accept a broad range of low-level waste. They are located in
Barnwell, South Carolina, and Richland, Washington. In addition,
Energy Solutions of Utah is licensed by NRC to operate a facility
near Clive, Utah, for disposal of uranium and thorium mill tailings.
The facility also accepts certain other radioactive waste under a
State of Utah license. 

Four former low-level radioactive waste-disposal sites are closed
and no longer accept waste. They are located in or near Sheffield,
Illinois; Morehead, Kentucky; Beatty, Nevada; and West Valley,
New York.

6.2.2 Sources of Data

Nonoccupational radiation exposures from the nuclear fuel
cycle are calculated for those persons judged to be exposed to the
highest dose and for the population within 80 km of a facility.
Beyond this distance, exposures are too small to warrant consider-
ation. Data to calculate public exposures are obtained by facility
operators in response to requirements by the regulatory agencies
EPA and NRC, or by DOE, which are responsible for some of these
facilities. A typical approach is to monitor or estimate annual
radionuclide releases to air and to water, consider the various path-
ways by which persons may be exposed, and calculate the doses
using selected computational models. Environmental radiological
monitoring is performed, among other reasons, to ensure that reg-
ulatory limits are not exceeded. Direct exposure to radiation is
monitored by detectors at the site boundary.

6.2.3 Special Considerations

In this section, the effective dose equivalent (HE ) is determined
from the dose equivalent rates to various body organs resulting
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from the release of radionuclides to air, water and via the food
chain (NCRP, 1987c). This permits comparison of maximum expo-
sures and collective HE among the various phases of the fuel cycle.
However, the dose values were not derived by uniform methods for
each phase of the fuel cycle. There were differences in the amount
of effort expended in determining radionuclide release rates and
radiation exposure rates, in the calculational models used to esti-
mate individual and collective HE, and in computation at the point
of exposure of doses from calculated radionuclide concentrations.
HE is determined based on a dose commitment of 50 y.

6.2.4 Estimates and Discussion

Annual radiation dose estimates for public exposures from
nuclear-power generation were presented in NCRP Report No. 92
(NCRP, 1987c). Sources of information were DOE, EPA and NRC
compilations and selections of available effluent and dose reports
by facility operators. In some instances, a range of values was given
and a typical value selected. In other instances, a model facility
was assumed, based on the range of operating characteristics and
a model transportation network. Estimates were presented for
annual doses to maximally-exposed individuals (MEIs) due to air-
borne effluents (doses due to liquid effluents were generally much
lower), annual collective HE, and annual collective HE per nuclear-
power plant (normalized to 1 GWe power production operating dur-
ing 80 % of the year). The information for these estimates is given
in Table 6.1.

The essence of the data in NCRP Report No. 92 (NCRP, 1987c)
is that both maximum individual and collective HE values from the
nuclear fuel cycle are relatively low. Among the highest annual HE

values to MEIs (NCRP, 1987c) are:

• values up to 2.6 mSv for milling, but much smaller values
apply to some mills;

• values up to 0.6 mSv due to uranium mining; and
• a value of 0.2 mSv due to transporting radioactive material,

for which it was assumed that the amount of radionuclides
and the exposure rates were at the maximum level within
compliance, although, in practice, much lower exposures are
usually experienced.

The annual collective HE per model nuclear-power plant from
the entire fuel cycle was estimated to be 1.36 person-Sv, with an
estimated 69 % of this value from mining, and an additional 18 %
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from milling (Table 6.1). This value was calculated based on infor-
mation in the early 1980s, when there were a number of active ura-
nium mines in the United States (Blanchard et al., 1983). Mining
for uranium was discontinued in the United States for a time. How-
ever, recent energy and economic conditions have changed such
that uranium mining is again becoming active. Figure 6.1 shows
the locations of uranium mines and mills in the United States as
of the end of 2005 (EPA, 2007b). There is also renewed interest in
uranium recovery using in situ leaching of ore bodies (NRC, 2008).

While an updated calculation of the collective effective dose
from the uranium fuel cycle has not been performed, the previous
calculation (NCRP, 1987c) can be considered a high estimate based

TABLE 6.1—Summary of annual collective HE to the regional 
population normalized to a 1 GWe reactor operating at full 

capacity 80 % of the time (i.e., 0.8 GWe).

Facility
Annual 

Collective HE 
(person-Sv)

Basis of Estimate 

Mining 0.94 Weighted for 2 types of 
model mines [1/2 (open 
pit) + 3 (underground)]

Milling 0.25 0.4 (model mill)

Conversion 0.0003 Weighted for 2 plants 
(65 % wet)

Enrichment 0.0001 Paducah plus Oak Ridge

Fabrication 0.00004 Weighted for 7 plants

Nuclear-power plants 0.048 1980 data for 47 plants

Low-level waste storage — No estimate available

Transportation

Incident-free 0.071 Excludes decommissioning 
waste

Accidents 0.054

Total per 0.8 GWe
Total for 90 GWe
(estimated 2006 
production)

1.36
153
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on the current substantially lower dose from mining and milling. In
addition, changes in NRC regulations have made effluent controls
more stringent, and the effective dose from reactor effluents is
lower now than in the early 1980s. 

In 2006, there were 104 operating nuclear-power plants in the
United States, with an installed capacity of ~100 GWe. With an
89.6 % capacity factor in 2006, the generation was ~90 GWe (NEI,
2007). For nuclear-power plants operating in the United States
in 2006, a conservative estimate of 1.36 person-Sv per 0.8 GWe
generated (Table 6.1) yields a total collective effective dose of
153 person-Sv from nuclear electricity generation. 

The reliability of the dose values differs for the various fuel-
cycle components, and the individual values are not necessarily
comparable because those who made the estimates used different
pathway models and different approaches to dose calculations. For
example, the doses estimated for nuclear-power plants are based on
relatively detailed examinations of effluent data and pathways;
those for conversion and fabrication are in some instances based on
detailed concentration measurements at the points of maximum
exposure; at mills, on the other hand, many values are predictions
based on calculations (often maxima) reported in environmental
impact statements.

Fig. 6.1. Location of uranium mines and mills in the United States as
of November 2005 (EPA. 2007b).
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Offsite doses arising from normal operations in the nuclear fuel
cycle are evidently small. EPA (2007c) requires that the annual
dose equivalent not exceed 0.25 mSv to the whole body or 0.75 mSv
to the thyroid of any member of the public as the result of planned
discharges of radioactive material and to direct radiation from
operations.

The exposure of the U.S. population from accidental releases of
radioactive material has been minor. The release that posed the
greatest potential for exposure in the past three decades resulted
from the accident at the Three Mile Island Nuclear Plant on
March 28, 1979. Although that accident was a serious nuclear engi-
neering event, the releases of radioactive material did not result in
significant offsite doses. The collective HE for the event estimated
for the population within 80 km ranged from 16 to 53 person-Sv
with a most probable value of 33 person-Sv. The maximum individ-
ual dose was <1 mSv while the average dose to individuals living
within a 16 km radius was 0.8 mSv and within an 80 km radius it
was 15 μSv (Behling and Hildebrand, 1986). These doses are small
compared with the average annual HE to members of the U.S. pop-
ulation from the other sources covered in this Report.

The accident at Chernobyl on April 26, 1986 in the former Soviet
Union, although a much worse accident in every respect, had neg-
ligible impact on the population of the United States. 

6.3 U.S. Department of Energy Installations

6.3.1 Introduction 

DOE has a number of laboratories and other sites in the United
States for research in science and energy and for cleanup of
the nation’s nuclear weapons complex. In addition, through the
National Nuclear Security Agency, DOE is responsible for national
security through the military application of nuclear science. The
locations of the various sites and offices are shown in Figure 6.2
(DOE, 2006b).

6.3.2 Sources of Data and Estimates

Each year DOE facilities prepare annual site environmental
reports to characterize site environmental-management perfor-
mance (Andersen et al., 1998; DOE, 1991; 1994; 1995; 1996; 1997a;
1997b; 2000; 2001a; 2001b; 2002; 2003; 2004; 2005; Finley, 2004).
These reports include estimates of radiological doses to members of
the public.

Offsite radiation exposures from DOE nuclear and radiological
sites are typically very low and cannot be determined by direct

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



6.3 U.S. DEPARTMENT OF ENERGY INSTALLATIONS   /   178

F
ig

. 6
.2

. L
oc

at
io

n
 o

f 
D

O
E

 s
it

es
 (l

oc
at

io
n

 w
it

hi
n

 e
ac

h
 s

ta
te

 is
 n

ot
 t

o 
sc

al
e)

 (
D

O
E

, 2
00

6b
).

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



179   /   6. INDUSTRIAL, SECURITY, MEDICAL, EDUCATIONAL & RESEARCH

measurement. As a result, these exposures are calculated based on
measured effluent data and direct dose at the site boundary. There-
fore, the maximum radiation doses reported in annual site environ-
mental reports are potential doses and not actual doses to any
individual or population. Radiation doses are estimated using the
best available data. If adequate data are unavailable, then site-
specific parameters are selected that would result in a high esti-
mate of the maximum dose. For example, the assumed meat con-
sumption rate of 80 kg y–1 is higher than the actual consumption
rate for the majority of individuals in the United States. All param-
eter values are selected in this way. 

Potential offsite doses from DOE sites are calculated for the
following:

• hypothetical MEI; and
• population within a 80 km radius of the site.

6.3.2.1 Estimated Doses to the Maximally-Exposed Individual.
When estimating doses to members of the public, the concept of
MEI is used in environmental impact assessments for DOE sites.
However, because of the lifestyle assumptions used in the dose
models, this does not represent any specific individual. MEI is
defined in the following ways:

• For airborne releases it is an individual that lives at the site
boundary at the point of maximum deposition of airborne
releases for 365 d y–1 and who consumes specified quantities
of milk, meat and vegetables produced at that location.

• For liquid releases it is an individual that lives downstream
of the facility at the point of highest concentration of radio-
active material in the water for 365 d y–1, drinks 2 L d–1 of
untreated water, consumes a specified amount of fish caught
at that location, and spends the majority of time on, near or
in the water.

• For direct radiation it is an individual that lives at the fence
line at the location of the highest measured direct radiation
for 365 d y–1.

Annual site environmental reports combine all three estimated
doses to produce the all-pathway MEI dose, even though the three
doses are calculated for hypothetical individuals residing at differ-
ent geographic locations. The reliability of the values differs for the
different laboratories and facilities, and the individual values are
not necessarily comparable because those who made the estimates
used different pathway models and different approaches to dose
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calculations. In some instances, detailed data were available for
examination of effluent data and pathways, and in other instances,
values are predictions based on calculations (often maxima)
reported in environmental impact statements.

The range and the average MEI for each of the DOE facilities is
given in Table F.1 of Appendix F for all reporting years from 1990
through 2004. 

6.3.2.2 Estimated Collective Doses. The collective dose to the sur-
rounding population is estimated for a region extending from the
site for 80 km. This region is divided into concentric circles, each
subdivided into 16 equally-spaced sectors. The dose to an individ-
ual is multiplied by the population for each sector to give a collec-
tive dose for that sector. The total collective dose represents the
summation of the collective doses from all sectors.

Computer programs are used to predict both dispersion of air-
borne effluents and the dose to an individual at specific locations.
The methods and parameters used are conservative in the follow-
ing ways. The model assumes that: 

• some portion of the food consumed by the individual was
grown within the assessed area;

• the individual resided at this location continuously through-
out the year; and 

• all the radionuclides released were of the most hazardous
form. 

Consequently, this worst case is an upper-bound estimate and
would estimate a dose that is not likely to be received by any single
individual.

The collective HE averaged over the reporting years from 1990
through 2004 and the most recently reported collective HE for each
DOE facility are given in Table F.1 of Appendix F. For all DOE facil-
ities the total mean annual collective HE is 1.6 person-Sv for the
period 1990 through 2004. 

6.3.2.3 Estimated Doses to the Individual Member of the Public.
Members of the public residing >80 km from a DOE facility
received negligible dose from DOE operations.

For members of the public residing within 80 km of a DOE facil-
ity, the reported collective dose for the facility was divided by the
affected population to give an average HE per individual. The aver-
age individual HE for each facility over the reporting years from
1990 through 2004 is given in Table F.1 of Appendix F. The range
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of the average annual values for all DOE sites is <0.001 to 0.6 μSv
with almost all <0.05 μSv.

6.4 Decommissioning and Radioactive Waste

6.4.1 Introduction

Decommissioning is defined by NRC as the removal of a site or
facility safely from service and reduction of residual radiation and
radioactive material to a level that permits release of the property
for unrestricted use, or release of the property under restricted con-
ditions, and termination of the license (NRC, 1988). This activity
may result in the removal and shipment of material containing
radionuclides to a licensed disposal site. Currently three such sites
operate in the United States. These sites, licensed by Agreement
States, also receive radioactive waste from operating nuclear facil-
ities, both commercial and those under the authority of DOE. In
addition, large quantities of waste containing varying amounts of
NORM are produced in the United States through a variety of min-
ing, energy production and industrial processes. In some cases
these radionuclides are either concentrated in waste streams or
made more accessible to the human environment in which case
material is commonly referred to as TENORM (technologically-
enhanced NORM) (Gesell and Prichard, 1975). NCRP has reported
some limited dose estimates from waste discharges and recycling of
TENORM waste into consumer products (NCRP, 1987d; 1993b). 

6.4.2 Sources of Data

Sources of data are varied. Some data are found in peer-
reviewed scientific journals but most of the information appears in
reports prepared by and for government agencies. Some data
appear in reports prepared for trade associations whose members
are involved in TENORM activities. NRC issues Environmental
Impact Statements, both generic and specific, to support rulemak-
ing and specific licensing for decommissioning of major nuclear
facilities and license termination. NRC also issues annual reports
on decommissioning activities. EPA has issued a very large number
of reports on NORM and TENORM and other U.S. government
agencies have issued reports on the same topic. 

6.4.3 Special Considerations

Most of the studies regarding exposure to radioactive waste
have not been directed to the study of dose to either the U.S. popu-
lation or even a specific group within that population. They were
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designed to determine if additional regulation was needed or to
meet other regulatory requirements. The modeling is generally
based on hypothetical scenarios and dose assessments are some-
what conservative in that they estimate a dose that is greater than
any individual or population is expected to receive. 

In the case of decommissioning of licensed nuclear facilities, reg-
ulatory requirements for residual dose must be met, and for NRC
licensees the annual limit is 0.25 mSv to the average member of the
critical group (NRC, 2007d). In actual practice, much lower resid-
ual doses are achieved over most if not all the sites. Many licensees
use a method that involves conservative screening criteria. With
this method, if the residual concentrations are below certain low
levels of contamination (screening criteria), the site can be released
without developing detailed site specific models and performing
dose calculations (Smith et al., 2003). 

Finally, many of the studies on NORM and TENORM are based
on specific geographic areas. Concentrations of NORM in similar
mineral formations in different parts of the United States (USGS,
1997; 1999) and the world vary significantly (IAEA, 2004). This
makes it very difficult even to determine the source term that
should be used in any dose assessment. Data do not exist to approx-
imate the dose to the U.S. population from TENORM waste.

6.4.4 Estimates of Dose

6.4.4.1 Waste Sites. Of the three operating commercial waste sites
in the United States, the one in Utah, located in a remote area
of the Mohave Desert, accepts only the least concentrated levels of
radioactive waste. The waste usually consists of very large volumes
of slightly contaminated soil. A second site is located well inside the
DOE Hanford Site and is remote from any member of the public.
The third site, located in South Carolina, does have liquid releases
but there are no consumers of surface water in the down gradient
direction.

Release of radioactive material from such sites must be con-
trolled to meet the annual dose limits specified by NRC. These
annual limits require that the whole-body dose to any individual
outside the site boundary not exceed 0.25 mSv, the dose to the thy-
roid not exceed 0.75 mSv, and the dose to any other organ not
exceed 0.25 mSv (NRC, 2007e). Because the sites are remote, no
individual is likely to receive a dose that is more than a fraction of
these dose limits. As an example, the environmental assessment
for the site in South Carolina shows a maximum annual individual
dose of 0.13 mSv from surface water at the point of compliance if
the water were used (CNS, 2003).
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In summary, the annual dose to the highest exposed offsite
member of the public from waste-disposal site activities is likely to
be on the order of 0.1 mSv and the collective effective dose is negli-
gible for the purpose of this Report.

6.4.4.2 Decommissioning. NRC (2007d) addresses requirements
for decommissioning of commercial nuclear facilities for unre-
stricted or restricted release and requires that the annual dose not
exceed 0.25 mSv TEDE from all pathways to the average member
of a critical group. Smith et al. (2003) provides guidance on the
assessment necessary to demonstrate compliance with this dose
limit. Generally the average member of the critical group is a resi-
dent farmer. In addition, conservative screening criteria are pro-
vided for licensees not wishing to characterize the site for specific
modeling. NRC has described the status of decommissioning in its
NUREG reports (Buckley, 2005; 2007). However, these reports pro-
vide no estimate of final doses received by individuals occupying
facilities or sites after they have been released for unrestricted use.
This is, in part, because the actual use results in a much lower dose
than would be permitted by criteria used in establishing residual
contamination limits. For example, sites are usually not occupied
by resident farmers but may be used for an industrial or other
purpose. 

6.4.4.3 Technologically-Enhanced Naturally-Occurring Radioac-
tive Material Waste Disposal. EPA (2000a) estimates the total
amount of TENORM waste produced in the United States may
exceed one billion tons annually. There is no generally-accepted
estimate of the total dose to members of the public from TENORM
exposure. Table 6.2 presents the principal sources of TENORM in
the United States, based on EPA (2000a), supplemented by addi-
tional data sources.

A comprehensive draft report (EPA, 1993b) including sources,
concentrations, waste volumes, and dose assessment based on mod-
eling has not been publicly released although data from the report
have been frequently used in later reports.

Some modeling has been performed to estimate doses to individ-
uals from various types of TENORM waste and disposal methods.
Landspreading is a method in actual use for disposing of petroleum
industry NORM (Andersen et al., 1998) and municipal sewage
sludge (ISCORS, 2005a). For landspreading of municipal waste, the
ISCORS modeling shows the highest doses to persons occupying
the land after repeated spreading of waste. After a period of 20 y of
applications the onsite annual dose is 0.09 mSv TEDE (Table 5.2,
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Section 5.3). Note that TENORM in sewage sludge is not associated
with decommissioning of TENORM sites, but is incidental from
naturally-occurring radionuclides in groundwater.

6.4.5 Comments

The effective dose to the U.S. population from TENORM waste
cannot be estimated with confidence because the distribution of the
radioactive waste in the environment, its radionuclide composition,
the distribution of population around it, and the contributions of
the various exposure pathways are not well known. However, cer-
tain conclusions can be made. The concentrations of TENORM that
are placed in the environment, especially at inactive uranium pro-
cessing sites, can lead to doses higher than that permitted in the
case of Atomic Energy Act (AEA, 1954) waste and decommissioning
activities regulated by either DOE, NRC or Agreement States. The
amount of TENORM waste material is much greater than that
generated in decommissioning activities or other uses of AEA reg-
ulated material. Finally, there are many more TENORM waste-
disposal sites than those available for AEA and decommissioning
waste. Therefore, it is very likely that the U.S. population dose is
higher from TENORM waste than from AEA waste sources. 

The annual collective effective dose (S) from TENORM is only a
very small fraction of that from natural background. However,
there are likely to be critical groups with annual individual doses
>0.25 mSv, and possibly >10 mSv in the case of inactive uranium
processing sites.

6.5 Industrial, Medical, Educational and 
Research Activities

6.5.1 Methodology and Discussion

Radioactive material, x-ray equipment and accelerators are
used for various purposes in medicine, industry and commerce, and
education and research. These purposes include diagnosis, therapy,
sterilization, materials processing, transportation and labeling of
research material. All of these operations are controlled by federal
or state regulations that require licensing or permitting. The oper-
ators of these facilities are required to measure the radiation doses
received by their exposed employees, and although the annual
occupational limit is 50 mSv, typical annual occupational doses are
<1 mSv (Section 7). They are required to maintain the potential
annual dose to any member of the public who might be exposed to
their radiation sources to not exceed 1 mSv. To estimate the popu-
lation dose from these sources a number of assumptions were
made, and these assumptions are shown in Table 6.3.
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The general methodology for dose estimation for members of the
public from these sources used the known exposures to the moni-
tored occupational workforce (Section 7), and then estimated the
dose to members of the public. The potentially exposed number of
members of the public is uncertain, but for this purpose is esti-
mated to be larger than the occupational group (10 times larger for
industrial, educational and research sources, and 100 times larger
for the medical sources). However, the dose to members of the pub-
lic is expected to be significantly lower due to the regulatory con-
trols on these sources. The occupational workforce is exposed on a
regular basis. However, individuals outside the workforce are
exposed only when visiting a facility containing sources or when in
the close vicinity of such a facility. Such individuals do not come
in contact with these sources of radiation because of restrictions on
entry into radioactive-material and radiation areas. For transpor-
tation of radioactive source material DOT regulations for packag-
ing and shipping limit the dose rates on packages and on the
vehicles themselves. The collective effective dose estimate for expo-
sure to the population from transportation is treated as part of
the estimate for industry and commerce given in Table 6.3. In all
cases, the exposure to the members of the public will be much
smaller than that for potentially exposed workers. 

The annual collective effective dose to the population from these
sources of radiation is estimated to be 125 person-Sv.

6.5.2 Exposure to Members of the Public from Diagnostic 
Nuclear-Medicine Patients

Nuclear-medicine procedures may result in radiation exposure
of family members and coworkers that would add to the collective
effective dose listed in Table 6.3. For diagnostic procedures, NCRP
Report No. 124 (NCRP, 1996) provided a conservative estimate of
dose to a member of the public of 10 μGy per procedure. It is
assumed that this is an appropriate value for effective dose per pro-
cedure (10 μSv). Table 4.16 projects that there were 18 million
procedures performed in 2006. If it is assumed that four persons
(family and coworkers) are exposed during each procedure, the
annual collective effective dose to the exposed population is
720 person-Sv.

6.6 Security Inspection Systems

Since NCRP Report No. 93 (NCRP, 1987a) was published, there
has been an increase in the use of security inspection systems for
detection of contraband, such as drugs, explosives or flammable
material, both for screening of cargo and individuals. For example,
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inspection systems for checked luggage and carry-on items are now
widely used at airports. 

These security inspection systems employ x-ray technologies
or a variety of radioactive sources, and include scanners capable of
imaging cargo in trucks, trains and boats, as well as personnel
security systems that can image items hidden on and in the body
of an individual. 

6.6.1 Cabinet X-Ray Systems

Baggage inspection systems are classified as cabinet x-ray sys-
tems because the x rays are contained within a shielded enclosure.
These systems are subject to a federal cabinet x-ray system stan-
dard (FDA, 2007d), for all systems manufactured after April 10,
1975, that limits exposure to ≤0.17 C kg–1 (5 μGy air kerma) in 1 h
at any point 5 cm outside the external surface of the system. Since
the previous NCRP (1987a) report on exposure of the U.S. popula-
tion, cabinet x-ray systems have increased in number and are no
longer limited to airports. They are currently used widely in office
buildings and anywhere security is a concern. In addition, a new
type of cabinet system, designed to detect explosives, utilizes CT to
inspect checked luggage at airports. However, the dose rate at any
point outside all cabinet systems is essentially zero.

6.6.2 Nonintrusive Inspection Equipment (Cargo Scanners)

A number of types of nonintrusive inspection (NII) equipment
based on technologies using low-energy x or gamma rays have been
deployed at 301 air, sea and land ports-of-entry throughout the
United States and Puerto Rico (CBP, 2004). A linear-accelerator
system is also available. These imaging systems enable the user
to perform effective and efficient NII of cargo vehicles including
tanker and trailer trucks, trailer mounted cargo containers,
and railroad cars for contraband such as illicit drugs, currency and
guns. In very limited applications, this technology has also been
used for the detection of contraband and illegal aliens. The detec-
tion is based on the size, shape, density of the materials identified
in the radiographic image as produced by the NII systems. An NII
prototype using pulsed fast-neutron analysis (PFNA) which uses
neutrons for interrogation of cargo and identification of contraband
is being developed.

Khan et al. (2004) reported that an individual hidden in a cargo
container that is inadvertently exposed could receive a dose equiv-
alent from various NII systems as noted below (Table 6.4 for addi-
tional information for these systems):
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• range of 0.025 to 0.53 μSv for x- and gamma-ray systems; 
• 115 μSv for a linear-accelerator (electron-beam) system; and
• 315 μSv for the PFNA system.

However, the number of individuals inadvertently exposed as a
result of searches at U.S. points of entry is low and any exposure is
estimated to be within the dose estimates provided here.

NCRP has also performed an analysis of the PFNA system and
concluded that such a system should be designed and operated in a
manner to ensure that, under normal circumstances, an inadver-
tently-exposed individual will not receive an effective dose >1 mSv
(or >5 mSv, if necessary to achieve national security objectives)
(NCRP, 2003a). 

As the largest user of gamma-based NII screening systems, the
U.S. Customs and Borders Protection has established a maximum
dose rate of 0.5 μSv h–1 and 2,000 h y–1 as the maximum time of
exposure, so that neither the Customs inspectors nor members
of the public will experience an annual dose >1 mSv from this radi-
ation source (CBP, 2004).

NCRP has also evaluated a proposed Cargo Advanced
Automated Radiography System (CAARS), which is an electron
accelerator-based high-energy photon scanning system, and recom-
mended it be designed and operated such that:

• effective dose to inadvertently-exposed individuals not
exceed 5 mSv;

• effective dose to individuals inside the CAARS facility
perimeter not exceed 0.5 μSv in an hour; and

• annual effective dose to individuals outside the CAARS
perimeter not exceed 0.25 mSv (NCRP, 2007).

Portal systems designed to inspect passenger vehicles passing
through a border checkpoint are also being evaluated. Because the
passengers would be scanned along with the vehicle, these systems
are designed to comply with the recommendations and standards
listed in Section 6.6.3 for personnel security systems.

6.6.3 Personnel Security Systems

X rays are used to screen people directly for security purposes in
some countries and industries, such as the diamond industry. These
systems have been used in the United States on an extremely-
limited basis to date, primarily by prisons, but only to screen
prisoners. However, the Transportation Security Administration is
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evaluating the use of such systems for general passenger screening
at airports. Although some state governments prohibit the use of
x-ray screening for nonmedical purposes, there is no similar federal
prohibition. 

NCRP published a commentary on this subject (NCRP, 2003b)
and recommended classifying these systems into two categories:
general- and limited-use systems. General use systems should
adhere to an effective dose of 0.1 μSv or less per scan, and typically
utilize a backscatter technology, for which the effective dose is
~0.03 μSv per scan. Limited-use systems deliver an effective dose
>0.1 μSv but are limited to ≤10 μSv per scan, and typically utilize a
transmission type x-ray system, for which the effective doses are in
the range of 0.5 to 6 μSv per scan. ANSI (2002) provides a voluntary
standard for personnel screening security systems of 0.1 μSv per
scan and NCRP (2003b) is consistent with that standard for the
general use systems that utilize backscatter technology. At present,
these systems are only used to screen prisoners, and because of
the very low doses contribute a negligible collective effective dose
to the U.S. population. 

6.7 Summary

The annual collective effective dose (S) for this category of expo-
sures is quite low [~1,000 (998) person-Sv for 2006] and minor rel-
ative to that for other exposure categories. It is based mostly on best
estimates from very limited information on numbers of individuals
exposed and the associated effective doses. An estimated 72 % of the
collective dose from industrial, security, medical, educational and
research activities results from exposure to members of the public
who have come in contact with patients who have received radionu-
clides for a nuclear-medicine procedure. The effective dose to an
individual in this situation is low, 10 μSv, but the number of people
exposed may be quite large. The estimated S is 720 person-Sv for
2006. Exposures to other industries are minor. Nuclear power is
estimated to deliver 153 person-Sv and the estimated sum for med-
ical, industrial and commerce, educational and research activities
is 125 person-Sv (i.e., 120 person-Sv for medical, 3 person-Sv for
industry and commerce, 2 person-Sv for education and research). 

The distribution of the collective effective dose among the indus-
trial, security, medical, educational and research sources is shown
in Figure 6.3.
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Fig. 6.3. Percent contribution of various sources of exposure to S
for industrial, security, medical, educational and research activities
(1,000 person-Sv) for 2006. Percent values have been rounded to the near-
est 1 %, except those <1 % [see Section 6.7 for the values of S (per-
son-sievert)].
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7. Occupational Exposure

Thumbnail Sketch (for 2006) (rounded values):

• collective effective dose (S): 1,400 person-Sv
• effective dose per individual in the U.S. population (EUS ):

0.005 mSv
- percent of total S or EUS for the U.S. population (<0.1 %)

• subcategories included (percent of total S or EUS for occupa-
tional exposure)
- medical (39 %)
- aviation (38 %) 
- commercial nuclear power (8 %)
- industry and commerce (8 %) 
- education and research (4 %)
- government, DOE, military (3 %)

• average effective dose for the exposed group (EExp ): 1.1 mSv
- variation in EExp among the included categories: 0.6 to

3.1 mSv
• group characteristics: all adults

7.1 Introduction

Available data have been collected and evaluated for occupa-
tionally-exposed workers in various groups. Personal monitoring
data were obtained from currently available sources, including the
U.S. military, DOE, NRC and two major dosimeter providers
(Global Dosimetry Solutions, Inc. and Landauer, Inc.). Personal
monitoring programs cited in this Report are accredited by either
the National Voluntary Laboratory Accreditation Program (NIST,
2008) or the DOE Laboratory Accreditation Program (DOE, 2007).
Airline crews are not personally monitored. Therefore, doses for
airline crews were calculated based on other available information.

7.1.1 Exposure Categories and Dose Quantities

The data are grouped by occupational category and, when
appropriate, by additional subcategories. The following occupa-
tional categories were used:
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• medical (including dental and veterinary medicine)
• aviation
• commercial nuclear power
• industry and commerce
• education and research
• government, DOE, military

Data are presented for the years 2003 through 2006 for the
number of individuals monitored, the number receiving a record-
able dose,25 and, for those with a recordable dose, the collective
dose, the average dose, and the dose distributions. The data are
presented as effective doses, without adjustments made to the
actual surrogate quantities reported. The categories are presented
in the order listed above starting with the highest collective effec-
tive dose category and ending with the lowest.

Table 7.1 summarizes the occupational categories, subcatego-
ries, and data sources. Table 7.2 provides the associated references,
data types, and dosimetry methods. 

7.1.2 Limitations and Sources of Uncertainty

Most of the data reported for external doses are measurements
from dosimeters [e.g., thermoluminescent dosimeters (TLDs), film,
optically-stimulated luminescent dosimeters] purportedly worn in
the exposure environment. These data, while perhaps the best esti-
mates of occupational doses in most circumstances, have uncertain-
ties due to the many variables that can impact the accuracy of the
exposure assessment and determination of delivered dose. For
the data presented, no attempt has been made to correct for any
of the variables discussed below. 

• Not every supplier of personal monitoring systems was
included. As a result, although average doses, dose distribu-
tions, and the relative fraction of collective dose in different
occupations are likely to be relatively accurate, the collec-
tive doses are likely to be underestimated. 

25Each organization establishes a “minimum recordable dose” based
on a number of factors. Recordable dose in the context of this Report
refers to values greater than a minimum detectable level. Minimum
detectable levels vary, but are on the order of 0.1 to 0.15 mSv for film and
thermoluminescent dosimeters (TLDs), and 0.01 mSv for optically-stimu-
lated luminescent dosimeters.
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TABLE 7.1—Summary of occupational categories, subcategories, 
and data sources.

Category/Subcategory Data Source

Medical

Dental practices Global Dosimetry Solutions, Inc.a

Landauer, Inc.
Hospitals/medical centers Global Dosimetry Solutions, Inc.

Landauer, Inc.
Medically-related schools Landauer, Inc.
Other medical practices Global Dosimetry Solutions, Inc.

Landauer, Inc.
VA hospitals Global Dosimetry Solutions, Inc.

Landauer, Inc.
Veterinary medicine/practice Global Dosimetry Solutions, Inc.

Landauer, Inc.
Aviation U.S. Department of Labor 

U.S. Department of Transportation 
Commercial nuclear power U.S. Nuclear Regulatory Commission
Industry and commerce

General manufacturing Landauer, Inc.
Other fuel cycle, uranium 
mining

Landauer, Inc.

Other industrial uses Global Dosimetry Solutions, Inc.
Landauer, Inc.

Source production Global Dosimetry Solutions, Inc.
Landauer, Inc.

Testing and inspection Landauer, Inc.
Education and research

Research laboratories Global Dosimetry Solutions, Inc.
Universities, colleges Global Dosimetry Solutions, Inc.

Landauer, Inc.
Government, DOE, military

Air Force U.S. Department of the Air Force
Army U.S. Department of the Army
DOE/DOE contractors U.S. Department of Energy
Government Global Dosimetry Solutions, Inc.

Landauer, Inc.
Naval nuclear propulsion U.S. Department of the Navy
Navy/Marines U.S. Department of the Navy
aA division of Mirion Technologies.
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• Workers may change employment during the year. As a
result, they may be monitored at more than one location and
by more than one monitoring program. Therefore, the entries
for the number of monitored workers and those with record-
able dose overestimate the actual number of individuals
monitored. This does not affect S, but would underestimate
EExp . This has been corrected for the commercial nuclear-
power data and does not apply to the aviation data because
the number of airline crew members comes from employ-
ment statistics.

• Workers may not wear their personal monitors at all times.
Consequently some exposures may be missed. This would
lead to an underestimate of average individual and collec-
tive doses.

• Monitoring programs do not exist for some occupationally-
exposed work groups (in particular, airline crews). In that
case, doses were estimated from calculations of dose rate
distributions and estimated exposure time. 

• Occupational doses that are below each organization’s
recordable dose (minimum detectable level) are not included;
therefore, the collective doses are likely to be underesti-
mated. Recordable doses vary depending on dosimeter type
and the policies and practices of the organization. 

• Administrative variability, that is, when dosimetry is or is
not issued or audited when radiation levels are expected
to be low (e.g., use of fluoroscopy in operating rooms, use
of conventional radiography or fluoroscopy in morgues,
presence of unregulated radioactive material at industrial
facilities) alters the ability to develop a precise assessment
of occupational exposure.

• There is no direct way to measure effective dose from expo-
sure received in occupational settings. Algorithms that make
adjustments to monitored doses can often provide closer esti-
mates of effective dose (Faulkner et al., 1996; Huda et al.,
1997; Kocher and Eckerman, 1988; Meinhold, 1989; NCRP,
1995b; Niklason et al., 1994; Rosenstein and Webster, 1994;
Sherbini and DeCicco, 2002; Webster, 1989). Typically, the
effective dose computed from an algorithm is numerically
less than the monitored dose. In most cases the doses
reported from personal monitoring are assumed to be ade-
quate indicators of the actual effective dose received by the
monitored individuals.

• Methods and practices for calculating and assigning inter-
nal doses are used for those occupations where internal
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exposure is of concern. However, in most occupational cate-
gories, effective doses from internally-deposited radioactive
material are either not present or small compared with
effective doses from the external contribution, and are
therefore not monitored.

• Statistical errors associated with the dose measurement
and data analysis are rarely documented.

• Organizations may use different conversion coefficients to
convert various types of exposure to effective dose.

• The orientation of the worker and the dosimeter in relation
to the radiation source is not known.

• In some occupational settings, particularly in medical facili-
ties, workers wearing dosimeters might also be wearing pro-
tective devices such as leaded aprons, thyroid collars, or
leaded glasses. Thus, reported doses may overestimate the
actual doses.26

7.1.3 Overview of Occupational Doses

Table 7.3 provides the total number of monitored individuals in
each occupational category, the number of monitored individuals
who received recordable doses, the collective effective dose, and the
average effective dose, which is based on the number of workers
receiving a recordable dose. Figures 7.1 through 7.4 provide graph-
ical representations of these data.
 

• Figure 7.1 shows the number of workers with a recordable
occupational dose for 2003 to 2006. 

• Figure 7.2 shows the occupational collective effective dose
for 2003 to 2006. 

• Figure 7.3 shows the 2006 occupational collective effective
dose in pie-chart format (percent of total).

• Figure 7.4 shows the average annual effective dose for those
with a recordable dose for the years 2003 to 2006.

Figures 7.1 through 7.4 show that, for 2006, the medical category
contains the largest number of monitored workers, workers with

26For example, use of a single monitor worn outside and above a pro-
tective apron will overestimate E by a factor of 21 and HE by a factor of
5.6 (NCRP, 1995b). Use of two monitors, the aforementioned one and one
worn under the protective apron at the waist or chest, along with appro-
priate weighting of the two values, yields much improved estimates of E
and HE (NCRP, 1995b).
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203   /   7. OCCUPATIONAL EXPOSURE

recordable dose, and collective effective dose. However, the largest
average effective dose (3.07 mSv) occurs in aviation. The average
effective dose in 2006 for the medical (0.75 mSv), industry and com-
merce (0.81 mSv), education and research (0.72 mSv), and govern-
ment, DOE, military (0.49 mSv) categories are fairly similar while
the average effective dose for commercial nuclear power was
1.87 mSv. All average annual effective doses are much less than the
50 mSv occupational limit recommended by NCRP (1993a).

7.2 Occupational Exposures from Medical Practice

The previous report (NCRP, 1989b) relied heavily on the compi-
lations of Kumazawa et al. (1984) for the characterization of expo-
sures for medical personnel. For occupational exposures in the
medical category,27 this Report utilizes the results of personal mon-
itoring dosimetry information accumulated from Global Dosimetry
Solutions, Inc. and Landauer, Inc. to produce estimates for the

Occupational
Categories Medical Aviation Nuclear 

Power

Industry
and

Commerce

Education
and

Research

Government, 
DOE and 
Military

2003 690,661 177,000 55,967 112,671 79,901 36,559

2004 735,400 180,000 52,873 133,926 88,125 36,788

2005 693,941 176,000 57,566 125,257 81,732 33,934

2006 735,347 173,000 58,788 134,105 83,700 30,591

Fig. 7.1. Number of monitored workers with recordable dose and
number of airline crew members for the occupational categories, 2003
to 2006.
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period 2003 to 2006 in the United States. In these personal moni-
toring programs, the medical category is divided into subcategories
according to type of facility, as opposed to the specific discipline.
Additional brief perspectives for workers in the disciplines of diag-
nostic radiology, nuclear medicine, radiation oncology, chiropractic
practice, podiatry, osteopathic practice, dental practice, and veteri-
nary medicine are also given, using information provided in
UNSCEAR (2000) and the more recent literature.

7.2.1 Summary of Personal Monitoring Information 

The medical category has the largest number of occupationally-
exposed individuals and the highest collective effective dose
(Table 7.3). The dose distribution for this category (Figure 7.5)

27For purposes of this Report, chiropractic practice, podiatry, osteo-
pathic practice, dental practice, and veterinary practice are included in
this occupational category.

Occupational
Categories Medical Aviation Nuclear 

Power

Industry
and

Commerce

Education
and

Research

Government, 
DOE and 
Military

2003 508 543 120 98 43 44

2004 559 553 104 114 73 49

2005 546 540 115 117 51 38

2006 549 531 110 109 60 39

Fig. 7.2. Annual collective effective dose for the occupational cate-
gories, 2003 to 2006.
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205   /   7. OCCUPATIONAL EXPOSURE

shows that the vast majority of workers with recordable dose
(81 %) received annual doses <1 mSv and 96 % received <5 mSv.
The average annual effective dose was 0.75 mSv (Table 7.3)

Figure 7.6 shows the collective effective doses (person-sievert
and percent of total) for 2006 for the medical subcategories. The
greatest percentage of collective effective dose (70 %) was accrued
in hospitals and medical centers where procedures are done that
have the highest potential for occupational exposure (e.g., cardiac
catheterization, nuclear-medicine procedures). The “other medical
practices” subcategory resulted in 23 % of the collective effective
dose; VA hospitals, medically-related schools, dental practices, and
veterinary medicine each constituted on the order of 1 to 2 % of the
collective effective dose. The “other medical practices” subcategory
included chiropractic practices, osteopathic practices, radiology,
podiatry, general medical doctors and medical clinics, medical lab-
oratories, orthopedic surgeons, and sports medicine. Table 7.4 pro-
vides the available personal monitoring data for the chiropractic,
podiatry, osteopathic, dental and veterinary practices, showing rel-
atively low contributions to the collective effective dose for this
occupational category.

Fig. 7.3. Percent contribution of various sources to S for occupational
exposure (1,400 person-Sv) for 2006. Percent values have been rounded to
the nearest 1 % [see Table 7.3 for the values of S (person-sievert)].
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7.2.2 Supplemental Information on Medical Specialties

Occupational doses to interventional radiologists and cardiolo-
gists can be estimated because of the wealth of literature available.
For example, for cardiologists, Kim et al. (2008) evaluated the
published data from the early 1970s through 2007 and discovered
variations of several orders of magnitude in radiation doses per
procedure to operators performing the various cardiology proce-
dures. The widest range of doses (0.02 to 38 μSv per procedure) was
found for diagnostic catheterizations.

Several reports in the literature (Chiesa, et al., 1997; Dignum
and van Lingen, 1997; Guillet et al., 2005; Robinson et al., 2005;
Schleipman et al., 2006; Seierstad et al., 2007) review occupational
doses for those staff working primarily or solely with radionuclides
used in PET. Effective doses were reported to range from 9 to
25 nSv MBq–1. Schleipman et al. (2006) and Robinson et al. (2005)
also reported doses for typical nuclear-medicine procedures. The
range of doses per procedure was consistently between 0.14 and

Occupational
Categories Medical Aviation Nuclear 

Power

Industry
and

Commerce

Education
and

Research

Government, 
DOE and 
Military

2003 0.74 3.07 2.14 0.87 0.54 0.66

2004 0.76 3.07 1.97 0.85 0.83 0.73

2005 0.79 3.07 2.00 0.93 0.62 0.50

2006 0.75 3.07 1.87 0.81 0.72 0.59

Fig. 7.4. Average annual effective dose for workers with record-
able dose (EExp ) for the occupational categories, 2003 to 2006.
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0.4 μSv for all procedures except 99mTc sestimibi myocardial scans
and RBC angiograms. Doses per procedure for those were 0.67 to
1.26 μSv and 1.19 to 2.5 μSv, respectively.

Achey et al. (2004) estimated technologist doses from 99mTc
DTPA aerosol studies by measuring air concentration during 190
consecutive procedures. They concluded that one technologist per-
forming all 190 procedures could receive a whole-body dose of
0.1 mSv and a lung dose of 1 mSv. 

For the years 1990 to 1994, UNSCEAR (2000) indicated a world-
wide average dose for measurably exposed workers in nuclear
medicine of 0.8 mSv. However, for individuals doing radiopharma-
ceutical preparation and assay the whole-body annual doses could
be 5 mSv and 500 mSv for the hands.

Individuals working solely with linear accelerators, high
dose-rate afterloaders, gamma-ray stereotactic units, or telether-
apy units in appropriately shielded radiation oncology facilities
should receive no measurable radiation exposure.

Brachytherapy is performed manually using gamma-emitting
sealed sources, typically 103Pd or 125I for prostate, 192Ir for inter-
stitial and intravascular, 137Cs for intracavitary treatment, and

Fig. 7.6. Contribution of the various subcategories to S (percent and
person-sievert) for the medical category of occupational exposure for 2006.
Total for S is 550 person-Sv. Percent values have been rounded to the
nearest 1 %.
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occasionally 131Cs, 125I and 198Au for other procedures. This may
result in individuals receiving some whole-body radiation expo-
sure. Schwartz et al. (2003) reporting on 155 prostate brachyther-
apy cases (both 103Pd and 125I) indicated that the average monitored
dose is between 0.07 and 0.15 mSv per procedure. However, most,
or all, of that dose is likely due to the fluoroscopy used in the pro-
cedure. Balter et al. (2000), Bohan et al. (2001), and Kirisits et al.
(2004) indicate that doses to the radiation oncologist, physicist, car-
diologist, and cardiology technologist are <10 μSv per procedure for
intravascular brachytherapy with 192Ir.

A majority of x-ray procedures in chiropractic medicine, podia-
try, and dental practice use plain-film or digital radiography. The
use of shielded control booths, control panels, or distance is usually
sufficient to minimize occupational exposures. UNSCEAR (2000)
estimated the annual effective dose to monitored workers in dental
radiography at 0.32 mSv in 1990 and 0.06 mSv in 1994.

In routine practice, the occupational exposure in veterinary med-
icine would come from conventional radiography and fluoroscopy. In
specialty practices, the occupational exposure would include the use
of radiopharmaceuticals for diagnostic and therapeutic purposes.
The most commonly used radionuclides include those most often
used for human nuclear-medicine procedures: 99mTc and 131I (Berg
et al., 1990; Ehrlich et al., 1999; Koblik et al., 1988; NCRP, 2004b).
The use of positron emitters (e.g., 18F) is beginning to expand in the
animal sciences area though they still are not common. UNSCEAR
(2000) estimated a total of 85,000 monitored workers in veterinary
medicine in the United States with the 38,000 receiving measurable
dose having an annual average of 0.95 mSv.

7.3 Commercial Aviation

Commercial aviation is an occupational group that has a collec-
tive effective dose almost equal to the medical group and the high-
est average annual individual dose (Figures 7.1 to 7.4). Unlike
other occupationally-exposed workers, commercial airline crews
and pilots of corporate and cargo aircraft are not monitored. Conse-
quently, doses are estimated based on calculations of galactic
cosmic-ray doses for various flight routes and altitudes. The data
used for the dose estimates in this Report are 45 y average effective
doses for the flights and are listed in Table 7.5. The variation from
these average doses over the 11 y solar cycle is estimated to be
about ±10 %.

NCRP (1989b) noted that cosmic and solar particles were major
sources of radiation exposure to airline crews during commercial
aviation. These high-energy particles interact with nitrogen, oxygen

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



211   /   7. OCCUPATIONAL EXPOSURE

T
A

B
L

E
 7

.4
—

P
er

so
n

al
 m

on
it

or
in

g 
in

fo
rm

at
io

n
 fo

r 
ch

ir
op

ra
ct

ic
 p

ra
ct

ic
es

, p
od

ia
tr

y,
 o

st
eo

pa
th

ic
 m

ed
ic

in
e,

 d
en

ta
l 

pr
ac

ti
ce

s,
 a

n
d

 v
et

er
in

ar
y 

m
ed

ic
in

e.
S

u
bc

at
eg

or
y

20
03

20
04

20
05

20
06

C
h

ir
op

ra
ct

ic
 p

ra
ct

ic
es

M
on

it
or

ed
 w

or
ke

rs
9,

19
6

9,
51

9
9,

31
7

9,
38

6

W
or

ke
rs

 w
it

h 
re

co
rd

ab
le

 d
os

e
1,

35
5

1,
32

2
99

4
1,

08
4

C
ol

le
ct

iv
e 

ef
fe

ct
iv

e 
do

se
 (

pe
rs

on
-S

v)
0.

3
0.

3
0.

3
0.

4

A
ve

ra
ge

 e
ff

ec
ti

ve
 d

os
e 

(m
S

v)
0.

22
0.

23
0.

30
0.

42

P
od

ia
tr

y

M
on

it
or

ed
 w

or
ke

rs
7,

78
2

8,
67

4
9,

02
6

8,
70

4

W
or

ke
rs

 w
it

h 
re

co
rd

ab
le

 d
os

e
84

14
5

12
4

14
1

C
ol

le
ct

iv
e 

ef
fe

ct
iv

e 
do

se
 (

pe
rs

on
-S

v)
0.

02
0.

04
0.

04
0.

04

A
ve

ra
ge

 e
ff

ec
ti

ve
 d

os
e 

(m
S

v)
0.

24
0.

28
0.

32
0.

28

O
st

eo
pa

th
ic

 m
ed

ic
in

e

M
on

it
or

ed
 w

or
ke

rs
1,

28
0

1,
46

1
1,

41
7

1,
25

7

W
or

ke
rs

 w
it

h 
re

co
rd

ab
le

 d
os

e
54

2
49

1
42

5
37

8

C
ol

le
ct

iv
e 

ef
fe

ct
iv

e 
do

se
 (

pe
rs

on
-S

v)
0.

1
0.

3
0.

1
0.

1

A
ve

ra
ge

 e
ff

ec
ti

ve
 d

os
e 

(m
S

v)
0.

18
0.

61
0.

24
0.

26

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



7.3 COMMERCIAL AVIATION   /   212

D
en

ta
l 

pr
ac

ti
ce

s

M
on

it
or

ed
 w

or
ke

rs
15

8,
90

9
17

1,
36

9
21

5,
13

6
32

9,
85

6

W
or

ke
rs

 w
it

h 
re

co
rd

ab
le

 d
os

e
14

,4
78

16
,6

36
17

,5
06

28
,2

31

C
ol

le
ct

iv
e 

ef
fe

ct
iv

e 
do

se
 (

pe
rs

on
-S

v)
2.

3
3.

1
4.

5
10

.5

A
ve

ra
ge

 e
ff

ec
ti

ve
 d

os
e 

(m
S

v)
0.

16
0.

19
0.

26
0.

37

V
et

er
in

ar
y 

m
ed

ic
in

e 

M
on

it
or

ed
 w

or
ke

rs
22

1,
55

4
27

1,
72

2
29

6,
34

1
29

4,
78

9

W
or

ke
rs

 w
it

h 
re

co
rd

ab
le

 d
os

e
42

,3
81

49
,3

47
44

,4
84

46
,9

98

C
ol

le
ct

iv
e 

ef
fe

ct
iv

e 
do

se
 (

pe
rs

on
-S

v)
21

.6
13

.7
11

.4
13

.1

A
ve

ra
ge

 e
ff

ec
ti

ve
 d

os
e 

(m
S

v)
0.

51
0.

28
0.

26
0.

28

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



213   /   7. OCCUPATIONAL EXPOSURE

T
A

B
L

E
 7

.5
—

E
ff

ec
ti

ve
 d

os
e 

of
 g

al
ac

ti
c 

co
sm

ic
 r

ad
ia

ti
on

 r
ec

ei
ve

d
 b

y 
ai

rl
in

e 
cr

ew
s 

on
 f

li
gh

ts
 a

s 
ca

lc
u

la
te

d
 b

y 
th

e 
co

m
pu

te
r 

co
d

e 
C

A
R

I-
6 

(a
d

ap
te

d
 f

ro
m

 F
ri

ed
be

rg
 a

n
d

 C
op

el
an

d
, 2

00
3)

.

O
ri

gi
n

 –
 D

es
ti

n
at

io
n

H
ig

h
es

t
A

lt
it

u
de

[f
ee

t
(t

h
ou

sa
n

ds
)]

a

D
is

ta
n

ce
(s

ta
tu

te
m

il
es

)b

A
ir

T
im

e
(h

)

B
lo

ck
H

ou
rs

c

E
ff

ec
ti

ve
D

os
ed

(µ
S

v)

E
ff

ec
ti

ve
D

os
e 

R
at

e
(µ

S
v 

pe
r

ai
r 

h
ou

r)

E
ff

ec
ti

ve
D

os
e 

R
at

e
(µ

S
v 

pe
r

bl
oc

k 
h

ou
r)

D
om

es
ti

c 
S

ea
tt

le
, W

A
 –

 P
or

tl
an

d,
 O

R
21

15
0

0.
4

0.
6

0.
17

0.
43

0.
28

H
ou

st
on

, T
X

 –
 A

u
st

in
, T

X
20

14
0

0.
5

0.
6

0.
17

0.
34

0.
28

M
ia

m
i, 

F
L

 –
 T

am
pa

, F
L

24
20

0
0.

6
0.

8
0.

39
0.

65
0.

49

S
t.

 L
ou

is
, M

O
 –

 T
u

ls
a,

 O
K

35
34

0
0.

9
1.

1
1.

71
1.

90
1.

55

T
am

pa
, F

L
 –

 S
t.

 L
ou

is
, M

O
31

87
0

2.
0

2.
2

4.
71

2.
36

2.
14

N
ew

 O
rl

ea
n

s,
 L

A
 –

 S
an

 A
n

to
n

io
, T

X
39

48
0

1.
2

1.
3

3.
27

2.
73

2.
52

L
os

 A
n

ge
le

s,
 C

A
 –

 H
on

ol
u

lu
, H

I
35

2,
55

0
5.

2
5.

6
14

.7
2.

83
2.

63

H
on

ol
u

lu
, H

I 
– 

L
os

 A
n

ge
le

s,
 C

A
40

2,
55

0
5.

1
5.

5
16

.4
3.

22
2.

98

N
ew

 Y
or

k,
 N

Y
 –

 S
an

 J
u

an
, P

R
37

1,
60

0
3.

0
3.

4
10

.1
3.

37
2.

97

W
as

h
in

gt
on

, D
C

 –
 L

os
 A

n
ge

le
s,

 C
A

35
2,

29
0

4.
7

4.
9

19
.1

4.
06

3.
90

N
ew

 Y
or

k,
 N

Y
 –

 C
h

ic
ag

o,
 I

L
39

72
0

1.
8

2.
3

8.
92

4.
96

3.
88

S
an

 F
ra

n
ci

sc
o,

 C
A

 –
 C

h
ic

ag
o,

 I
L

41
1,

87
0

3.
8

4.
3

20
.7

5.
45

4.
81

C
h

ic
ag

o,
 I

L
 –

 S
an

 F
ra

n
ci

sc
o,

 C
A

39
1,

87
0

3.
8

4.
3

19
.4

5.
11

4.
51

S
ea

tt
le

, W
A

 –
 A

n
ch

or
ag

e,
 A

K
35

1,
43

0
3.

4
3.

7
16

.9
4.

97
4.

57

S
ea

tt
le

, W
A

 –
 W

as
h

in
gt

on
, D

C
37

2,
34

0
4.

1
4.

4
19

.2
4.

68
4.

36

N
ew

 Y
or

k,
 N

Y
 –

 S
ea

tt
le

, W
A

39
2,

44
0

4.
9

5.
6

28
.0

5.
71

5.
00

A
ve

ra
ge

1,
36

5
2.

84
3.

30
2.

93

S
ta

n
da

rd
 d

ev
ia

ti
on

1.
81

1.
63

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



7.3 COMMERCIAL AVIATION   /   214

In
te

rn
at

io
n

al
L

os
 A

n
ge

le
s,

 C
A

 –
 T

ok
yo

40
5,

51
0

11
.7

12
.0

43
.4

3.
71

3.
62

T
ok

yo
 –

 L
os

 A
n

ge
le

s,
 C

A
37

5,
51

0
8.

8
9.

3
33

.4
3.

80
3.

59

L
is

bo
n

 –
 N

ew
 Y

or
k,

 N
Y

39
3,

33
0

6.
5

6.
9

28
.9

4.
45

4.
19

L
on

do
n

 –
 D

al
la

s/
F

or
t 

W
or

th
, T

X
39

4,
75

0
9.

7
10

.2
43

.7
4.

51
4.

28

D
al

la
s/

F
or

t 
W

or
th

, T
X

 –
 L

on
do

n
37

4,
75

0
8.

5
9.

0
39

.6
4.

66
4.

40

L
on

do
n

 –
 N

ew
 Y

or
k,

 N
Y

37
3,

45
0

6.
8

7.
3

37
.4

5.
50

5.
12

N
ew

 Y
or

k,
 N

Y
 –

 T
ok

yo
43

6,
80

0
13

.0
13

.6
75

.4
5.

80
5.

54

T
ok

yo
 –

 N
ew

 Y
or

k,
 N

Y
41

6,
80

0
12

.2
12

.5
69

.6
5.

70
5.

57

L
on

do
n

 –
 L

os
 A

n
ge

le
s,

 C
A

39
5,

44
0

10
.5

11
.0

61
.6

5.
87

5.
60

C
h

ic
ag

o,
 I

L
 –

 L
on

do
n

37
3,

95
0

7.
3

7.
7

43
.0

5.
89

5.
58

L
on

do
n

 –
 C

h
ic

ag
o,

 I
L

39
3,

95
0

7.
8

8.
3

47
.5

6.
09

5.
72

A
th

en
s 

– 
N

ew
 Y

or
k,

 N
Y

41
4,

92
0

9.
4

9.
7

61
.3

6.
52

6.
32

A
ve

ra
ge

4,
93

0
9.

35
5.

21
4.

96

S
ta

n
da

rd
 d

ev
ia

ti
on

0.
94

0.
91

a T
o 

co
n

ve
rt

 t
o 

m
et

er
s 

(a
pp

ro
xi

m
at

el
y)

, d
iv

id
e 

by
 3

.2
8.

b T
o 

co
n

ve
rt

 t
o 

ki
lo

m
et

er
s 

(a
pp

ro
xi

m
at

el
y)

, d
iv

id
e 

by
 0

.6
2.

c B
lo

ck
 h

ou
rs

 a
re

 m
ea

su
re

d 
fr

om
 t

h
e 

ti
m

e 
th

e 
ai

rc
ra

ft
 p

ar
ki

n
g 

br
ak

e 
is

 fi
rs

t 
re

le
as

ed
 a

ft
er

 t
h

e 
do

or
 is

 c
lo

se
d 

(p
ri

or
 t

o 
ta

ke
-o

ff
) u

n
ti

l t
h

e 
la

st
ti

m
e 

th
e 

ai
rc

ra
ft

 p
ar

ki
n

g 
br

ak
e 

is
 s

et
 b

ef
or

e 
th

e 
do

or
 is

 o
pe

n
ed

 (
af

te
r 

la
n

di
n

g)
.

d 4
5 

y 
av

er
ag

e 
ef

fe
ct

iv
e 

do
se

 f
or

 t
h

e 
fl

ig
h

t,
 J

an
u

ar
y 

19
58

 t
h

ro
u

gh
 D

ec
em

be
r 

20
02

.

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



215   /   7. OCCUPATIONAL EXPOSURE

and argon nuclei in the upper atmosphere. Once a primary cosmic
or solar particle interacts with an atmospheric gas nucleus, a cas-
cade of secondary particles is produced. Though the ratio of second-
ary particles will vary with latitude, at 9,100 m this radiation field
includes neutrons (42 to 52 %), electrons and photons (18 to 31 %),
protons (~24 %), and muons (<5 %) (Friedberg et al., 2000). Airline
crews are exposed to this complex secondary particle and photon
radiation field while at altitude. Typical flight altitudes for commer-
cial aviation in the United States are between 6,100 and 12,200 m.
Private passenger jet aircraft routinely fly at 15,000 to 17,000 m. At
the equator, the mean effective dose from galactic cosmic rays varies
from 0.54 to 3.89 μSv h–1 between 6,100 and 18,300 m, and at high
latitudes, the dose varies from 1.05 to 14.5 μSv h–1 for the same alti-
tudes (Friedberg et al., 2000).

The Bureau of Labor Statistics reports employment data for
airline pilots, copilots, flight engineers, and flight attendants by
year (DOL, 2008). The information for 2003 to 2006 is shown in
Table 7.3 and Figure 7.1. For 2006 there were ~76,000 aircraft
pilots, copilots and flight engineers, and 97,000 flight attendants
for a total number of 173,000 airline crew members. 

UNSCEAR (2000) reviewed the potential for exposure to airline
crews from cosmic rays and solar particles and found that during
normal solar activity at the highest altitudes flown (typically
12,200 m) the dose rate averages 5.8 μSv h–1. UNSCEAR (2000)
further indicates:

• location within an aircraft does not affect the exposure by
more than ±10 %;

• in going from the equator to either pole, the dose rate
increases up to a geomagnetic latitude of ~58 degrees and
remains approximately constant at higher latitudes with
the increase for the high linear energy transfer component
being about double that for the low linear energy transfer
component; and

• the total dose equivalent rate increases with altitude for all
latitudes.

Total annual doses depend on the flight route patterns and the
total number of flying hours per year. O’Brien and Friedberg (1994)
estimated that the annual doses ranged from 0.2 to 5 mSv. Actual
data are difficult to obtain, but NCRP (1995c) noted flight time for
members of U.S. airline crew may not exceed 1,000 h, assuming the
crew members are not part of a second onboard relief crew for long
duration flights. Currently members of the cockpit crew are limited
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7.3 COMMERCIAL AVIATION   /   216

to 1,000 h y–1, but flight attendants have no yearly limit and may
fly 1,000 to 1,200 h y–1 on average.28 Note that hours, termed block
hours, are measured from the time the aircraft parking brake is
first released after the door is closed (prior to take-off) until the last
time the aircraft parking brake is set before the door is opened
(after landing).

UNSCEAR (2000) estimated that airline crews who make long-
haul runs may be airborne for 600 h y–1 and experience annual
effective doses of 3 mSv; whereas, short-haul flight (lower altitude)
crews typically accrue 2 mSv during average annual times aloft of
500 h. Friedberg et al. (2000) calculated an annual dose to members
of airline crew who make long-haul runs of 4.4 mSv using 700 block
hours per year. Boice et al. (2000) estimated that a member of an
airline crew flying between Los Angeles and Frankfurt for
700 block hours would receive an estimated yearly average dose of
4.1 mSv (range between 3.5 to 4.7 mSv depending on solar activ-
ity). Waters et al. (2000) indicated that the annual dose equivalent
to flight attendants using 900 block hours can range from 0.82 to
5.4 mSv. From Table 7.5 (Friedberg and Copeland, 2003), a range
in average annual effective dose of 0.2 to 4.4 mSv can be calculated
using 700 block hours per year. However, for 1,000 block hours
per year, the annual dose could be as high as 6.3 mSv. The range
in average annual effective dose arises because of the variations in
dose rate with altitude and latitude.

Using 700 block hours and the average dose rate for domestic
flights (2.93 μSv per block hour) results in an average annual indi-
vidual effective dose of 2.05 mSv for the cockpit crew. For 700 block
hours on international flights (dose rate is 4.96 μSv per block hour)
the average annual individual effective dose would be 3.47 mSv.
Flight attendants flying an average of 1,000 to 1,200 block hours
per year on domestic flights would receive an average annual indi-
vidual effective dose of 2.93 to 3.52 mSv, and 4.96 to 5.95 mSv for
the same times on international flights. In 2006, 89 % of travelers
in the United States embarked on domestic flights and 93 % of
all departures were domestic flights (BTS, 2008). To estimate
an average annual dose for all airline crew, the average effective
doses were weighted 90 % for domestic and 10 % for international
flights. This results in an annual effective dose for cockpit crews of
2.19 mSv and for flight attendants a range of 3.13 to 3.76 mSv. A
weighted average using 2.19 mSv for 76,000 cockpit crew members
and the higher value of 3.76 mSv for 97,000 flight attendants

28Holland, M. (2008). Personal communication (American Airlines and
Allied Pilots Association, Fort Worth, Texas).
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results in an average individual effective dose for 2006 of 3.07 mSv
for members of U.S. airline crew. This average value was used to
calculate the collective effective dose for each year (Table 7.3).

The collective effective dose for pilots is probably underesti-
mated because pilots of corporate and cargo aircraft were not
included. Current trends indicate that airline crew staffing may be
increasing again, which would increase the collective dose (S) for
this employment category. More importantly, individual doses may
be higher than estimated for several reasons. For fuel economy,
flight routes may be at higher altitudes than were used in the dose
calculations given in Table 7.5. International flights typically have
a larger crew than domestic flights and therefore >10 % of crew
flights may be international. Finally, airline crews may fly more
hours than were estimated. These various factors could increase
the estimate of the annual average effective dose (EExp ) for mem-
bers of airline crew by 10 to 20 %.

7.4 Industry and Commerce

7.4.1 General Trends

The industry and commerce exposure category includes a wide
variety of industries:

• general manufacturing (e.g., x-ray equipment manufactur-
ing);

• various industrial uses (e.g., construction, metal processing,
petroleum refineries, petrochemical companies, mining,
transportation/security, well loggers, highway construction);

• other fuel cycle (uranium);
• source production (e.g., any industrial company, pharmaceu-

tical companies, manufacturing companies); and
• testing and inspection (e.g., industrial radiography, nuclear

component construction).

Sources of radiation exposure include those used for industrial
radiography, well logging, thickness and density measurement,
static elimination, materials processing, sterilization, and produc-
tion and distribution of radioactive material for nonmedical uses.
Some workers in these industries may not be routinely monitored
and for that reason their numbers and doses are not known. The
uses most likely to result in the greatest exposure to an individual
include radiography, and radiation-source manufacture and distri-
bution (including x-ray machines). While the maximum dose to an
individual working in one of these occupations may be higher than
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for other industrial uses, the number of persons potentially
exposed is small. 

Industry and commerce accounts for ~8 % of the occupational
collective effective dose; as shown in Figure 7.2, there is a relatively
flat collective dose trend over the 2003 to 2006 period. As shown in
Figure 7.7, the dose distribution is similar to other occupational
groups; the majority of workers with recordable doses (82 %)
received annual doses <1 mSv and 96 % received <5 mSv. The aver-
age annual effective dose for those with recordable dose was
0.81 mSv (Table 7.3).

Figure 7.8 shows the distribution of doses within the industry
and commerce subcategories. Source production and general
manufacturing, including x-ray equipment manufacturing, con-
tribute nearly 71 % of the annual collective effective dose in this
category.

7.4.2 Naturally-Occurring Radioactive Material and 
Technologically-Enhanced Naturally-Occurring 
Radioactive Material 

In recent years it has been recognized that certain materials
used or generated in certain industry sectors have higher than
average levels of NORM, or may concentrate NORM into TENORM.
TENORM is usually defined as any NORM whose radionuclide con-
centrations or potential for human exposure have been increased by
any human activities. Examples of industry sectors where such
occupational exposures may occur are mining (uranium and other
metal), metal works (ore processing, welding and fabrication, cast-
ing, grinding or sand-blasting), material production (phosphate fer-
tilizer, phosphorus, paper and pulp, decorative or optical glass),
energy production (oil and gas, geothermal, coal combustion), water
treatment (drinking water, waste water), the building industry
(stone cutting and polishing, building materials), and the chemical
industry.

To the extent that monitored workers in the five subcategories
of industry and commerce (Section 7.4.1) are exposed to TENORM
sources, the doses from TENORM sources are included in the doses
shown in Figure 7.8.

7.5 Commercial Nuclear-Power Industry

As shown in Table 7.3 and Figure 7.3, the commercial nuclear-
power industry accounts for ~8 % of the occupational collective
effective dose in the United States. Table 7.3 gives the average
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annual dose in the nuclear-power industry as 1.9 mSv, which is sec-
ond only to aviation (3.1 mSv); all other occupational groups have
average annual doses <1 mSv. 

Figure 7.9 indicates that the nuclear-power industry has rela-
tively more workers than other industry sectors receiving doses
>1 mSv. For perspective, 3.5 % of workers with recordable doses in
the medical category received annual doses >5 mSv while 5 % of
those in the commercial nuclear-power category received doses
>5 mSv.

Information regarding radiation dose and dose trends for the
light water reactors (the only type of power reactor in use in
the United States) and their subsets, BWRs and PWRs, is available
in NUREG-0713 (Dickson et al., 2007), which provides graphs that
show a rather steady increase in the number of operating nuclear-
power plants in the United States from 1973 to 1988. A few plants
have been decommissioned since the late 1970s and the total num-
ber of operating nuclear-power plants has remained at just over
100 for the past decade. 

The annual collective dose for nuclear-power operation peaked
in the early 1980s reaching a maximum of 565 person-Sv. Since

Fig. 7.8. Contribution of the various subcategories to S (percent and
person-sievert) for the industry and commerce category of occupational
exposure for 2006. Total for S is 110 person-Sv. Percent values have been
rounded to the nearest 1 %. 

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



7.7 GOVERNMENT, DOE AND MILITARY   /   222

then, there has been a steady decrease in both the number of indi-
viduals with recordable doses and the annual collective dose.
The data for 2006 indicate that 58,788 individuals had a recordable
dose and that the collective effective dose for that year was
110 person-Sv. While considerably more individuals are monitored
in the PWR community than in the BWR community, the number of
individuals with recordable dose in each and their respective contri-
butions to the annual collective effective doses are about the same.

 The decrease in annual collective effective dose for U.S. power
plant workers occurred during a period in which the electricity gen-
erated by this industry increased. This can be accounted for
because the efficiency of reactor operation increased with fewer
and shorter outages, improved reactor coolant chemistries and
materials, careful planning for outages, increased emphasis on the
as low as reasonably achievable principle and radiation safety,
improved tools and procedures, and a renewed emphasis on clean-
liness of the work environment.

7.6 Academic Institutions

Academic institutions (education and research category)
include colleges, universities and research institutes, and as shown
in Figure 7.3, contribute ~4 % of the occupational dose in the
United States. The majority of workers with recordable doses
(88 %) received annual doses <1 mSv; 98 % received <5 mSv (Fig-
ure 7.10), and the average annual effective dose for those with
recordable dose was 0.72 mSv (Table 7.3). The data do not include
doses at academic institutions from work around research reactors
or research on the nuclear fuel cycle.

Some of the more commonly used radionuclides in education
and research environments include 3H, 14C, 32P, 33P, 35S, 45Ca, 51Cr,
111In, and 125I. The data from Landauer, Inc. show that while the
number of individuals monitored in academic and research organi-
zations increased over the years 2003 to 2006, the average annual
dose for those with recordable dose remained about the same. 

These indications compare favorably with the UNSCEAR (2000)
data for the United States for 1985 to 1989 showing an average
annual dose per person with measurable exposure to be 0.86 mSv. 

7.7 Government, DOE and Military

Government includes city and county agencies, DOT, FDA, the
Federal Emergency Management Agency, federal and state pris-
ons; DOE includes DOE and its contractors and subcontractors;
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military includes Army, Air Force, Navy/Marines, and the Naval
Nuclear Propulsion Program.

As shown in Figure 7.3, the government, DOE, and military cat-
egory contributes ~3 % of the occupational dose in the United
States; the average annual dose varied between 0.5 and 0.7 mSv
during 2003 to 2006 (Table 7.3). As shown in Figure 7.11, the
majority of those with recordable doses (87 %) received <1 mSv;
98 % received <5 mSv. The average annual effective dose for those
with recordable dose was 0.59 mSv (Table 7.3).

The percent of dose accrued in 2006 in various subcategories is
shown in Figure 7.12. The Naval Nuclear Propulsion Program con-
tributed 51 % of the government, DOE, military dose in 2006.

7.7.1 Government

Combined data from Global Dosimetry Solutions, Inc. and
Landauer, Inc. for workers in government (Table 7.6) show signifi-
cant variation for the years 2003 to 2006; the number of individuals
monitored varied by ~50 %, the annual collective effective dose and
the average annual effective dose for those with recordable dose
were low but varied by more than a factor of two. 

Because it was not possible to segregate doses received in con-
nection with DOE activities from other government agencies using
the Global Dosimetry Solutions, Inc. and Landauer, Inc. data, there
may be minor duplication of data shown in the DOE category (Sec-
tion 7.7.2). However, this duplication does not introduce a signifi-
cant error. Also, an agency may appear in more than one subcate-
gory because Global Dosimetry Solutions, Inc. and Landauer, Inc.
grouped them differently; this is not a duplication of data. 

7.7.2 U.S. Department of Energy and U.S. Department of 
Energy Contractors 

DOE data include DOE employees, contractors and subcontrac-
tors (including “transient” workers). Detailed dose information is
available in DOE Occupational Radiation Exposure (DOE, 2006a)
report. 

Over the time period 2003 to 2006, the number of monitored
workers decreased each year, from 102,509 in 2003 to 91,280 in
2006 (a decrease of 11 %) (Table 7.7). The average dose is also on a
decreasing trend, from 0.83 mSv in 2003 to 0.63 mSv (down ~25 %)
in 2006. Similarly, the collective effective dose decreased from
14.4 person-Sv in 2003 to 8.1 person-Sv (down ~40 %) in 2006.
From 2003 to 2006, all annual doses in excess of 30 mSv (none
exceeded 50 mSv) resulted from internally-deposited radionuclides.
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Due to the nature of work it carries out, DOE workers are more
likely than others to receive neutron and internal doses. During the
years 2003 to 2006, neutron dose contributed between 15 and 21 %
of the collective TEDE, internal dose contributed between 6 and
7 %, and photon dose contributed between 73 and 79 %. 

While weapons-related activities are declining at DOE facilities,
other types of basic research continue, and new facilities are being
built and staffed at some locations. As facilities are closed and
decommissioned, the potential for exposure at many of the remain-
ing facilities is changing. The increases and decreases in average
doses reflect both the decommissioning activities as well as the ini-
tiation of new programs.

7.7.3 Military

The Naval Nuclear Propulsion Program contributes 87 % of the
collective effective dose in the military group (Table 7.8). This
includes doses to crews on ships and submarines (i.e., the “fleet”),
shipyard workers, laboratory workers, and prototype reactor work-
ers. The dominant contribution to radiation exposure in the Naval
Nuclear Propulsion Program is from the fleet and shipyard workers.

For the U.S. Army, the number of individuals receiving a record-
able dose has remained fairly constant from 2003 through 2006, as
has the average annual dose (0.62 to 0.7 mSv) (Table 7.8). The aver-
age annual collective effective dose of 1 to 1.2 person-Sv is low in
comparison to the annual collective effective dose within other
occupations such as medicine, industry or education. 

For the U.S. Air Force, the average annual dose (0.5 to 0.9 mSv)
and annual collective effective dose (0.5 to 1.1 person-Sv) for the
years 2003 through 2006 (Table 7.8) are low and comparable to that
for the Army.

For the U.S. Navy/Marines, the annual collective effective doses
(1.3 to 1.4 person-Sv) are also similar to that for the Army
(Table 7.8).

The data do not include for any of the military services exposure
of pilots from cosmic rays and solar particles during flight opera-
tions, nor potential dose from internally-deposited depleted ura-
nium for combat soldiers. 

7.8 Summary

For occupationally-exposed workers, the medical category con-
stitutes the largest number of individuals and shares the highest
collective effective dose with the aviation category. Together these
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two categories account for 77 % of the collective effective dose for
occupational exposures. Medical, industrial and commerce, educa-
tion and research, and government (including DOE and military)
all have average annual effective doses <1 mSv. The commercial
nuclear-power industry has a somewhat higher average annual
effective dose (1.9 mSv), and aviation has the highest average
annual effective dose (3.1 mSv). The results were obtained from
personal monitoring data for all categories except aviation, which
utilized information related to airline crews from U.S. Department
of Labor and DOT.

For all occupational groups reviewed, the average annual effec-
tive dose received is but a fraction (<10%) of the annual occupa-
tional limit of 50 mSv recommended by NCRP (1993a). For most
occupational workers, the annual dose is less than the value of
1 mSv recommended by NCRP (1993a) for members of the public.
For 2006, the total occupational collective effective dose is
1,400 person-Sv. As stated in Section 7.1.2, the occupational collec-
tive effective doses derived from personal monitoring data are

Fig. 7.12. Contribution of the various subcategories to S (percent) for
the government, DOE and military category of occupational exposure
for 2006. Total for S is 39 person-Sv. Percent values have been rounded to
the nearest 1 % [see Tables 7.6, 7.7, and 7.8 for the individual values of S
(person-sievert)].
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likely underestimated, in part because some individuals who are
monitored, but do not have a recordable dose above the minimum
detectable level, may have received several tenths of a millisievert
annually. For example, if the average annual effective dose in 2006
for all workers with doses below the minimum detectable level
(nearly 2.6 million) were assumed to be 0.1 mSv, 260 person-Sv
would be added to the occupational collective effective dose making
it 1,660 person-Sv.

It is worth noting that for the categories in which doses were
monitored (except commercial nuclear power and the DOE compo-
nent of government and DOE) a small fraction of workers received
an annual dose exceeding 50 mSv.29 In 2006 the percentage of
workers in each category exceeding 50 mSv was 0.07 % in medical,
0.1 % in industrial and commerce, 0.08 % in education and
research, and 0.03 % in government and DOE (but no workers from
DOE).

 

29NCRP (1993a) has an additional cumulative limit with age [i.e.,
10 mSv × age (years)] that would apply to these workers.
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8. Summary and 
Conclusions

Radiation exposure of the U.S. population results from a vari-
ety of sources. For the purpose of this Report, the following five
categories (noting the individuals exposed) were used: 

• ubiquitous background radiation (members of the public)
• medical exposure (patients) 
• consumer products and activities (members of the public)
• industrial, security, medical, educational and research

activities (members of the public)
• occupational exposure (workers) 

These categories are very similar in organization to those used in
NCRP (1987a) for exposure to the U.S. population in the early
1980s. However, they do differ in their detailed components. For
ubiquitous background radiation, more is known about radon levels
in the United States and their related doses than before. For medi-
cal exposure, computed tomography (CT) and interventional proce-
dures were just beginning to be utilized in the early 1980s, and now
they are common. For consumer products and activities, an effort to
include cigarette smoking and commercial air travel has been
made. The industrial, security, medical, educational and research
activities included in this Report and NCRP (1987a) are not identi-
cal, and for occupational exposure, considerable information from
personal monitoring services is now available, but the contribu-
tions from both these categories are very small.

8.1 Population Doses for 2006

Table 8.1 summarizes the results for collective effective dose (S)
(person-sievert and percent of total); effective dose per individual
in the U.S. population (EUS) (millisievert and percent of total); and,
when possible, average effective dose for the exposed group (EExp )
(millisievert) for 2006. The estimates are annual values for the five
categories (and major subcategories). Some additional data are pro-
vided on number of medical procedures and number of persons
exposed.
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TABLE 8.1—Collective effective dose (S), effective dose per individual in the U.S. population (EUS ), and average 
effective dose for the exposed group (EExp ) for 2006 (annual values for percent are rounded to the nearest 1 %).

Exposure Category
S

(person-Sv)
EUS

(mSv)
Percent of

Total S or EUS

EExp
(mSv)

Number of
Procedures
(millions)

Number of
People

Exposed

Ubiquitous background 933,000 3.11 50 3.11 300 million

Internal, inhalation (radon 
and thoron) 

684,000 2.28 37 (73)a 2.28

External, space 99,000 0.33 5 (11)a 0.33

Internal, ingestion 87,000 0.29 5 (9)a 0.29

External, terrestrial 63,000 0.21 3 (7)a 0.21

Medicalb 899,000 3.00 48 — 395

Computed tomography 440,000 1.47 24 (49)c — 67d (17 %)

Nuclear medicine 231,000 0.77 12 (26)c — 18 (5 %)

Interventional fluoroscopy 128,000 0.43 7 (14)c — 17 (4 %)

Conventional radiography 
and fluoroscopy

100,000 0.33 5 (11)c — 293 (74 %)

Consumere 39,000 0.13 2 0.001 – 0.3 Table 5.8

Industrial, security, medical, 
educational and researchf

1,000 0.003 0.05 0.001 – 0.01 Table 6.3
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TABLE 8.1—(continued).

Exposure Category
S

(person-Sv)
EUS

(mSv)
Percent of

Total S or EUS

EExp
(mSv)

Number of
Procedures
(millions)

Number of
People

Exposed

Occupational 1,400 0.005 0.08 1.1 1,216,000

Medical 550 0.8 735,000

Aviation 530 3.1 173,000

Commercial nuclear power 110 1.9 59,000

Industry and commerce 110 0.8 134,000

Education and research 60 0.7 84,000

Government, DOE, military 40 0.6 31,000

Total 1,873,400
(1,870,000)

6.248
(6.2)

aNumbers in parentheses are percent for ubiquitous background category only.
bA separate analysis for external-beam radiotherapy is presented in Section 4.6, but is excluded from the totals presented here, as

explained in Section 4.6.
cNumbers in parentheses are percent for medical category only.
dNumber of CT scans (Section 4.2).
eIncludes exposure to members of the public due to: building materials, commercial air travel, cigarette smoking, mining and agriculture,

combustion of fossil fuels, highway and road construction materials, and glass and ceramics.
fIncludes exposure to members of the public due to: nuclear-power generation; DOE installations; decommissioning and radioactive waste;

industrial, medical, educational and research activities; contact with nuclear-medicine patients; and security inspection systems.
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The total from all sources for 2006 is 1,870,000 person-Sv for S
and 6.2 mSv for EUS , using a U.S. population of 300 million for
2006. These are significant increases over NCRP (1987a) esti-
mates. Nearly all the S or EUS (98 %) results from ubiquitous back-
ground (50 %) and medical exposure of patients (48 %). Consumer
products and activities account for 2 % and the other two categories
contribute very little (on the order of 0.1 %). This distribution is
presented in Figure 8.1.

The major sources are radon and thoron (37 %) (primarily
radon), CT (24 %), nuclear medicine (12 %); other ubiquitous back-
ground sources (external plus internal) (13 %), and other medical
exposure (interventional fluoroscopy plus conventional radiography
and fluoroscopy) (12 %). This distribution is presented in Figure 8.2.

Of particular note in Table 8.1 is the observation that while the
number of CT scans is only 17 % of the total procedures for
the medical category,30  CT contributes nearly one-half (49 %) of

Fig. 8.1. Distribution of S or EUS for the categories of exposure for
2006. The percent values have been rounded to the nearest 1 %, except
those <1 %. The total for S is 1,870,000 person-Sv and the total for EUS is
6.2 mSv, using a U.S. population of 300 million for 2006 [see Table 8.1 for
the values of S (person-sievert) and EUS (millisievert)].

30Excludes dental bitewing and full-mouth procedures.
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the S or EUS for medical exposure, and nearly one-quarter (24 %)
of the S or EUS for all sources of exposure. In a similar manner,
while nuclear medicine consists of only 5 % of these medical proce-
dures it contributes over one-quarter (26 %) of the S or EUS for med-
ical exposure, and 12 % of the S or EUS for all sources of exposure.

8.2 Comparison of Population Doses
for 2006 and the Early 1980s

Figures 8.3 and 8.4 present the distributions for the categories
and major sources from the early 1980s, respectively.

Table 8.2 compares the results for S or EUS as reported by NCRP
(1987a) for the early 1980s and in this Report for 2006. The esti-
mates are annual values for the five categories (and major subcat-
egories). Table 8.3 gives the magnitude of the changes in S or EUS

for the five categories between NCRP (1987a) and this Report as
ratios of the 2006 values to the values for the early 1980s. Of par-
ticular note are the following comparisons:

Fig. 8.2. Distribution of S or EUS for the major sources of exposure for
2006. The percent values have been rounded to the nearest 1 %. The total
for S is 1,870,000 person-Sv and the total for EUS is 6.2 mSv, using a U.S.
population of 300 million for 2006. The other background category con-
sists of the external (space and terrestrial) and internal subcategories [see
Table 8.1 for the values of S (person-sievert) and EUS (millisievert)].
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• Total S (all sources) is 1,870,000 and 835,000 person-Sv
for 2006 and the early 1980s, respectively. The increase for
2006 is a factor of ~2.2 (124 %). This includes an increase
due only to the number of individuals in the U.S. population,
which increased a factor of 1.3 (30 %) from 230 million in
1980 to 300 million in 2006.

• Total EUS (all sources) is 6.2 and 3.6 mSv for 2006 and the
early 1980s, respectively. The increase for 2006 is a factor
of ~1.7 (72 %). This differs from the ratio for S because of
the normalization to an individual in the U.S. population,
thus removing the effect of the population increase. The
remaining increase is due solely to additional exposure that
was not experienced in the early 1980s.

• S for ubiquitous background alone is 933,000 and
690,000 person-Sv for 2006 and the early 1980s, respec-
tively, which is a factor of 1.35 (35 %). This corresponds
approximately to the population increase. Therefore, EUS for
ubiquitous background is 3.1 and 3 mSv for 2006 and the
early 1980s, respectively, and nearly the same. 

• S for medical exposure alone is 899,000 person-Sv for 2006
and 123,000 person-Sv for the early 1980s. The increase for

Fig. 8.3. Distribution of S or EUS for the categories of exposure for the
early 1980s (NCRP, 1987a). The percent values have been rounded to
the nearest 1 %, except those <1 %. The total for S is 835,000 person-Sv
and the total for EUS is 3.6 mSv, using a U.S. population of 230 million for
the early 1980s [see Table 8.2 for the values of S (person-sievert) and EUS
(millisievert)].
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2006 is a factor of 7.3 (630 %). This also includes an increase
due only to population growth. The increase in medical
exposure accounts for the large majority (776,000 person-
Sv) of the overall increase (1,035,000 person-Sv) in S from
the early 1980s.

• EUS for medical exposure is 3 and 0.53 mSv for 2006 and the
early 1980s, respectively. The increase for 2006 is a factor
of 5.7 (470 %). With the increase due to population growth
removed, this represents the much increased utilization of
the medical modalities of CT, nuclear-medicine, and inter-
ventional-fluoroscopic procedures compared with the early
1980s.

The occupational category suggests a reduction in the values of S
and EUS compared to the early 1980s, but that category and the
remaining two categories (i.e., consumer; and industrial, security,
medical, educational and research) consist of relatively small con-
tributions from disparate aggregated sources and further conclu-
sions cannot be drawn. 

Fig. 8.4. Distribution of S or EUS for the major sources of exposure for
the early 1980s (NCRP, 1987a). The percent values have been rounded to
the nearest 1 %. The total for S is 835,000 person-Sv and the total for EUS
is 3.6 mSv, using a U.S. population of 230 million for 1980 [see Table 8.2
for the values of S (person-sievert) and EUS (millisievert)].
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8.3 Uncertainties in Estimating the Dose Quantities

Uncertainty in the dose quantities presented in this Report are
due to uncertainty in the underlying measurements from which
these quantities are estimated, in the dosimetric models and their
parameters, in the number of individuals exposed, and in the
assumptions made in the absence of information. 

With regard to exposure from the ubiquitous background radia-
tion category, the greatest uncertainty is with estimating effective
dose from exposure to radon, thoron, and their short-lived decay
products. There also are uncertainties associated with the esti-
mated effective dose from internally-deposited uranium and tho-
rium due to a scarcity of human tissue data. Because of the
complexity of intake routes, and differing uptakes of the various
radioactive elements in the natural series decay chains, different
approaches have yet to be reconciled. There are uncertainties for
estimating effective dose for external irradiation associated with
shielding by buildings, irradiation by building materials, and por-
tions of time spent out- and indoors.

In the assessment of effective dose and collective effective dose
for the medical exposure of patients category, the largest sources of
uncertainty are in the number of procedures and the effective dose
for each type of examination. For 2006, no information was readily
available for the actual number of patients, only for the number of
procedures. Additional uncertainty arises because effective doses
are based on various types of measurements using standard phan-
toms and representative clinical technique factors. The effective
doses to patients may differ significantly from those determined in
that manner. In nuclear medicine, uncertainties in effective dose
arise because of assumptions made regarding the transfer of the
radionuclide between different metabolic or physiologic compart-
ments in the human body, especially in diseased patients, as well
as in radiation transport calculations, the quantity of impurities in
the radiopharmaceutical and the amount of administered activity.

For the consumer products and activities category, and the
industrial, security, medical, educational and research activities
category, large uncertainties arise because of the lack of measure-
ments and records for assessing exposure to members of the public.
For the occupational exposure category uncertainties and a general
bias toward underestimation of effective dose are introduced
because of a number of reasons, including:

• not every supplier of personal monitoring systems was
included;
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• workers may not wear their personal monitors at all times;
• monitoring programs do not exist for some occupationally-

exposed work groups; and 
• dosimetry may or may not be issued or audited.

Additional reasons are listed in Section 7.1.2.
A detailed uncertainty analysis was possible for only the ubiq-

uitous background radiation category (Table 3.14). The uncertainty
for other exposure categories cannot be inferred from that analysis.
At the present time, uncertainty analysis for all the other catego-
ries is limited primarily to identification of the contributing factors.
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Appendix A

Conversions from 
International System 
of Quantities and Units 
to Previous System 

Absorbed dose, kerma
1 Gy = 100 rad
1 mGy = 100 mrad

Effective dose, equivalent dose
1 Sv = 100 rem
1 mSv = 100 mrem
1 μSv = 0.1 mrem

Exposure
1 C kg–1 = 3,876 R
1 C kg–1 min–1 = 3,876 R min–1

Activity
1 Bq = 27 pCi
1 Bq m–3 = 0.027 pCi L–1

1 MBq (1 × 106 Bq) = 0.027 mCi
1 Bq kg–1 = 0.027 pCi g–1

Relationship (free-in-air) between air kerma and exposure 
1 Gy (air kerma) results from 114 R (exposure) 
1 mGy results from 0.114 R

Working level and working level month
1 WL = 2.08 × 10–5 J m–3 = 1.3 × 105 MeV L–1 (potential
alpha-energy concentration)
1 WLM = 3.54 × 10–3 J h m–3 = 2.21 × 107 MeV L–1 (potential
alpha-energy exposure)

 

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



248

Appendix B

Radionuclides in 
Domestic Water 
Supplies

Radium, uranium and radon may be present in public and
domestic (private) water supplies throughout the United States.
Between July 1, 1984 and October 31, 1986, EPA sampled 990 pub-
lic water supplies as part of the National Inorganic and Radionu-
clide Survey (NIRS) (Longtin, 1988).

NIRS data are presented as population-weighted average
concentrations for each state and for the United States. Population-
weighted means that for each water system sampled, the concen-
tration was multiplied by the population served by that system.
The result was summed for all systems and divided by the sum of
the population over all sites sampled for that state. Longtin (1988)
reported that 30 to 90 % of the systems in a given state showed con-
centrations below the minimum reporting level, but he assumed
that those results were equal to the minimum reporting level. This
assumption overestimates the level of occurrence, introducing a
bias on the high side. However, for systems with multiple sources,
the distribution sampling method used by Longtin (1988) may
bias the results low for some consumers who are near the start
of the distribution system and receive water from a point-of-entry
with elevated radionuclide concentrations. Although the sampling
was done in 1986, NIRS data are still the most complete and cur-
rent empirical data available on radionuclides in public drinking
water supplies. 

B.1 Radium and Uranium in Drinking Water

The range of doses using NIRS data is presented in Table B.1.
The range was selected by using the states with the lowest and
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highest population-weighted averages for each radionuclide. Con-
sumption rates for each age range were taken from Table A2 of
Estimated Per Capita Water Ingestion in the United States (EPA,
2000b). The dose conversion coefficients were taken from ICRP
Publication 72 (ICRP, 1996), to convert to effective dose (E). Based
on the reconnaissance survey conducted by USGS in 1998, it was
assumed that 224Ra concentrations were equal to 228Ra concen-
trations (Barringer et al., 2001). Since uranium concentrations
were reported as a mass concentration (μg L–1), they were con-
verted to an activity concentration (Bq L–1) of 238U by multiplying
by 0.025 Bq μg–1 (Longtin, 1988). Uranium-234 concentrations
were assumed to be equal to that of 238U based on the assumption
of natural abundance (Longtin, 1988). Hess et al. (1985) reported
234U to 238U activity ratios of <1 to >20, which suggests a large vari-
ability depending on the chemistry of the local aquifer. The contri-
bution to E from 235U was negligible and was not included in these
estimates. Eighty-five percent of the U.S. population uses public
water supplies (Hutson et al., 2005). Therefore, the population val-
ues used for the age distribution are 85 % of the estimated 2006
values in each age range based on the 2000 U.S. Census (USCB,

TABLE B.1—Annual effective doses (E) and collective effective doses 
(S) (by age) in the U.S. population from radium and uranium in 

public water supplies.

Age (y)
Number of 

People Exposed 
(thousands)a

E
(minimum – 

maximum) (μSv)b

Sc

(person-Sv)
(using average 
concentrations)

0 – 1 3,526 154 – 768 822

>1 – 2 3,502 26 – 134 140

>2 – 7 17,272 21 – 109 558

>7 – 12 16,757 25 – 132 651

>12 – 17 18,020 50 – 278 1,438

>17 196,485 11 – 67 3,590

aValues are 85 % of the estimated 2006 population based on the 2000 U.S.
Census (USCB, 2006c). The total 2006 population is 300 million.

bRepresents the range of concentrations of radium and uranium for U.S. com-
munity water systems.

cBased on population-weighted U.S. averages of 33 Bq m–3 for 226Ra,
52 Bq m–3 for 228Ra, 52 Bq m–3 for 224Ra, and 41 Bq m–3 for total uranium.
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2006c). The total 2006 population is 300 million. Note that E for an
infant (age 0 to 1 y) is over 10 times that for an adult, even account-
ing for the lower consumption rate of infants. However, S is much
smaller for infants than adults due to the smaller population size.

USGS reports that 15 % of the total population of the United
States consumes drinking water from private wells (Hutson et al.,
2005). USGS analyzed data for 222Rn and uranium from domestic
wells that were sampled from 1986 to 2004 as part of the National
Water-Quality Assessment Program, the USGS Cooperative Water
Program, National Research Program, and the Toxic Substances
Hydrology Program (Focazio et al., 2006). Radium-226, radium-
228, and radium-224 concentrations in domestic wells were
obtained directly from the same USGS National Water-Quality
Assessment Program.31 Not all water samples were analyzed for
radon, uranium and radium. Uranium was analyzed in samples
from 2,390 wells, while radon was analyzed in samples from 4,820
wells. Radium-226, radium-228, and radium-224 were analyzed in
samples from 558, 391, and 553 wells, respectively. The concentra-
tions of uranium and radon are higher in these private wells than
in the community water supplies analyzed by Longtin (1988). The
concentration distribution of radium in the national survey was
higher in community water supplies than the domestic wells sam-
pled. This difference may be due to a bias in domestic well selection
focused towards volatile organic compound detection where aqui-
fers were shallow and unconfined, which may have corresponded to
a few radium-affected areas, as well as substantial sampling of
domestic wells from confined aquifers with chemistry not condu-
cive to radium mobility.31

The concentrations for private wells are not population
weighted. The range of doses was determined based on the mini-
mum and maximum reported values. In the case of radon, the min-
imum value used was determined by assessing the lowest positive
value (407 Bq m–3), which was comparable with EPA assessment of
the method’s minimum detectable concentration (444 Bq m–3). The
lowest minimum detectable concentration was used as the mini-
mum for uranium and the radium family. The values of E resulting
from this occurrence data are presented in Tables B.2 and B.3 for
uranium and radium, respectively, and for radon in Section B.2. 

Although the uranium and radon data in Focazio et al. (2006)
were not originally designed to be a statistical representation of
national occurrence of domestic water supplies, the data encompass

31Szabo, Z. (2007). Personal communication (New Jersey Water Sci-
ence Center, U.S. Geological Survey, Trenton, New Jersey). 
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TABLE B.2—Annual effective doses (E) and collective effective doses 
(S) in the U.S. population from uranium in private wells.

Age (y)
Number of 

People Exposed
(thousands)a

E
(minimum – 

maximum) (μSv)b

Sc

(person-Sv)
(using average 
concentration)

0 – 1 622 0.02 – 1,122 7

>1 – 2 618 0.007 – 349 2

>2 – 7 3,048 0.006 – 318 10

>7 – 12 2,957 0.005 – 288 9

>12 – 17 3,180 0.008 – 426 14

>17 34,674 0.008 – 424 154

aValues are 15 % of the estimated 2006 population based on the 2000 U.S.
Census (USCB, 2006c). The total 2006 population is 300 million.

bRepresents the range of concentrations of total uranium for U.S. private
wells of between 0.5 Bq m –3 (0.01 µg L–1) and 25,782 Bq m–3 (520 µg L–1).

cBased on average U.S. total uranium concentration of 270 Bq m–3

(5.44 µg L–1). 

TABLE B.3—Annual effective doses (E) from radium in 
private wells.a

Age (y) E (minimum – maximum) (μSv)b

0 – 1 0.35 – 2,900

>1 – 2 0.60 – 480

>2 – 7 0.48 – 390

>7 – 12 0.58 – 480

>12 – 17 1.2 – 1,000

>17 0.27 – 210

aS for the U.S. population was not determined because the data were not rep-
resentative of the U.S. average concentration of radium.

bRepresents the range of concentrations for U.S. private wells of 0.67 to
407 Bq m–3 for 226Ra, 0.74 to 688 Bq m–3 for 228Ra, and 0.92 to 159 Bq m–3 for
224Ra. 
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large parts of the United States including at least some wells in
every state and Puerto Rico. Therefore, the average value from
the data was used to determine S for the U.S. population from pri-
vate wells for uranium (Table B.2) and radon (Tables B.5 and B.7)
(Section B.2). 

B.2 Radon in Water

Radon is a naturally-occurring radioactive gas, and may be
found in drinking water and indoor air. Radon is a decay product of
natural uranium present in some rocks and soil. If groundwater
travels through uranium-bearing rock, the radon will dissolve in
the groundwater. Whenever water is used in a home such as for
showering, washing clothes, and flushing toilets, some of the radon
is released from the water and mixes with the indoor air where it
is inhaled by the consumer. Drinking water containing dissolved
radon is also a source of exposure to internal organs after ingestion.

Most of the radon in indoor air comes directly from soil that is in
contact with or beneath the basement or foundation. Radon enters
homes through openings that are in contact with the ground, such
as cracks in the foundation, small openings around pipes, and sump
pits. This is discussed in Section 3 as part of the exposure from
ubiquitous background radiation.

To determine the dose from radon in water, the concentration of
radon in air that results from a given concentration of radon in
water, termed the transfer coefficient, must be determined.
NAS/NRC (1999a), Risk Assessment of Radon in Drinking Water,
concluded that the transfer coefficient is between 0.8 × 10–4 and
1.2 × 10–4 and is dependent on many factors including room volume,
water usage, and ventilation rate. NAS/NRC (1999a) recommended
that EPA continue to use 1 × 10–4 as the best central estimate of the
transfer coefficient. This means that typical use of water contain-
ing radon at 10,000 Bq m–3 will, on average, increase the air radon
concentration by 1 Bq m–3. 

Effective dose32 from radon decay products in air for adults
is determined in this Report using a conversion coefficient of
10 mSv WLM–1 (Section 3.3.4.10). WLM is defined as the exposure
to 1 WL for a working month (170 h). WL is a measure of the energy
from a specified amount of alpha-particle emitting short-lived
radon progeny in 1 L of air. For a more detailed discussion of WLM,
WL and E from inhaled radon, see Sections 3.3.4.1 and 3.3.4.10. In
order to determine the WLM from a given concentration of radon

32The committed effective dose component from internal exposure.
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in water, the transfer coefficient of 10,000 to 1 (as discussed above),
and an equilibrium factor of 40 % is assumed (Section 3.3.4.4). The
occupancy factor for a year was determined by using EPA Exposure
Factors Handbook value of 16.4 h indoors at home per day (EPA,
1997). It was assumed that a person spends 350 d y–1 at home
(EPA, 1997).

Using NIRS data for population-weighted averages, the mini-
mum and maximum E from radon in public water supplies was
calculated for the United States for inhalation (Table B.4)
and ingestion (Table B.5). The estimated annual S (inhalation
plus ingestion) for adults using the average concentration is
8,700 person-Sv. For average U.S. concentration of radon in private
wells, the estimated annual S (inhalation plus ingestion) for adults
is ~14,000 person-Sv. The separate annual contributions from
inhalation and ingestion to E for adults from radon in private water
supplies are given in Tables B.6 and B.7, respectively.

B.3 Summary

NIRS data and dose conversion coefficients from ICRP [1996
(for radium and uranium)] and NAS/NRC [1999a (for radon)] were
used to estimate S due to radium, uranium and radon in commu-
nity water for the 2006 estimated U.S. population (USCB, 2006c). 

Since public drinking water is regulated with respect to radium
and uranium by EPA, the dose from radium and uranium should be
an insignificant contributor to the total radiation exposure of the
U.S. population, provided that these public water supplies are in
compliance with EPA maximum contaminant levels. All systems
are required to be in compliance by 2008. However, private well
water is unregulated, as well as radon in water from public or pri-
vate wells. Although private wells serve a small portion of the pop-
ulation, individuals who consume water from these private wells
could receive significant doses. Some private well water contains
much greater amounts of radon than public water supplies (e.g.,
radon levels over 37 × 106 Bq m–3 have been observed in water in
the Appalachian Highlands). The resultant annual E to an individ-
ual from such a concentration can be as high as 135 mSv.

Higher doses to some individuals could also result from con-
sumption of public water supplies that draw from groundwater
with elevated radon concentrations. Longtin (1988) found that
radon concentrations in water from large public water supplies
(serving >1,000 people) are less than concentrations in small public
water supplies (those serving <1,000 people). However, the result-
ing contributions to collective effective doses would be higher for
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the large public water supplies because of the much larger number
of individuals served.

The estimated annual S from average concentrations of ura-
nium, radium and radon in the United States for consuming com-
munity water is 33,700 person-Sv [16,700 person-Sv for public
water supplies (sum of entries in Tables B.1, B.4, and B.5) plus
17,000 person-Sv for private water supplies (sum of entries in
Tables B.2, B.3, B.6, and B.7)].33

33The sum of 15,100 person-Sv from Tables B.2, B.6, and B.7 was
adjusted arbitrarily to 17,000 person-Sv to include a small contribution
from radium that could not be directly calculated (Table B.3).
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Appendix C

Computed 
Tomography Dose 
Indices and Dose 
Length Product

The computed tomography dose index (CTDI) (Shope et al.,
1981) is the primary dose metric in computed tomography (CT).
CTDI represents the average absorbed dose at the midpoint of a
range along the longitudinal axis spanned in a sequence of contig-
uous exposures, each exposure made in an axial-scanning mode
(i.e., where there is no table movement during irradiation). As
CTDI is equivalent to the longitudinal integral of dose contribu-
tions (per total beam width) associated with a single rotation of the
x-ray tube around the system isocenter, CTDI is typically measured
with a fixed-length (usually 100 mm) ionization chamber centrally
positioned at the fan-beam plane during a single rotation. CTDI100

is the name for this index of dose based on a convention of a
100 mm range of integration along the longitudinal axis (Bongartz
et al., 2004; IEC, 2002; Jessen et al., 2000). Specifically, CTDI100

has units of absorbed dose (milligray in air) within a standard
cylindrical dosimetry phantom made of polymethyl methacrylate
[i.e., acrylic, Plexiglas® (Evonik Industries, Darmstadt, Germany),
Perspex® or Lucite® (Lucite International, Southampton, United
Kingdom)]. Phantom diameters of 16 cm and 32 cm, respectively,
correspond to dimensions associated with an adult head and body.
The value of CTDI100 varies across the field-of-view. For the
body phantom, CTDI100 is typically a factor of two higher near
the phantom surface than along the central axis. With the phantom
central axis aligned with the axis of rotation, and with the phan-
tom positioned centrally at the fan-beam plane, measurements are
made along the phantom central (c) axis and along peripheral (p)
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axes located 10 mm below the phantom surface. The average
CTDI100 across the field-of-view of the phantom is given by the
weighted CTDI100 (i.e., CTDIw) (Bongartz et al., 2004; IEC, 2002;
Jessen et al., 2000), which is approximated as follows:

. (C.1)

CTDIw has been a useful indicator of radiation output of a scanner
operating at a peak kilovoltage and milliampere-second.

In order to represent dose for a specific scan protocol, which
almost always involves a series of rotations, it is essential to take
into account any gaps or overlaps between the radiation dose pro-
files from consecutive rotations of the x-ray source. This is accom-
plished with use of a dose descriptor known as the volume CTDIw

(i.e., CTDIvol) (IEC, 2002), which, for axial-mode CT scanning is
given as follows: 

, (C.2)

where:
N = number of slices imaged simultaneously during a rota-

tion
T = nominal width of each slice
I = table travel between each successive gantry rotation

In helical-mode CT scanning, the table moves during x-ray rotation
and data acquisition; the ratio of table travel per rotation to the
nominal total beam width (NT ) is referred to as pitch ( p). For heli-
cal-mode scanning:

. (C.3)

CTDIw represents the index CTDI100 of absorbed dose as an
average over the field-of-view of the phantom within the x-y plane.
By accounting for variation in dose along the central axis (z-axis)
as well as over the x-y plane, CTDIvol represents an index of
absorbed dose as an average over the volume of the phantom cen-
tral section.

 To better represent the overall energy delivered by a given scan
protocol, the CTDIvol (milligray) can be integrated over the
scan length (L) (centimeters) to compute DLP (mGy cm), where:

CTDIw
1

 3 
------CTDI100,c

2
 3 
------CTDI100,p+=

CTDIvol N T
 I 
-----  ⎝ ⎠

⎛ ⎞ CTDIw( )=

CTDIvol
 CTDIw 

p
--------------------=
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(C.4)

DLP is an index of total energy absorbtion associated with a spe-
cific scan acquisition. Thus, while an abdominal CT scan might
have the same CTDIvol as an abdominal-and-pelvic CT scan, the
latter examination would have a higher DLP, proportional to
the longer longitudinal range of anatomy covered during scanning.

A more detailed discussion on the measurement and reporting
of radiation dose in CT is found in The Measurement, Reporting,
and Management of Radiation Dose in CT (McCollough et al.,
2008).

DLP CTDIvol L=

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



260

A
p

p
en

d
ix

 D

S
u

p
p

or
ti

n
g 

D
at

a 
fo

r 
S

ec
ti

on
 4

 (
M

ed
ic

al
 

E
xp

os
u

re
 o

f 
P

at
ie

n
ts

)

T
A

B
L

E
 D

.1
—

P
ro

je
ct

io
n

s 
in

cl
u

d
ed

 i
n

 s
pe

ci
fi

c 
co

n
ve

n
ti

on
al

 r
ad

io
gr

ap
h

ic
 a

n
d

 f
lu

or
os

co
pi

c 
ex

am
in

at
io

n
s.

C
P

T
a

D
es

cr
ip

ti
on

b
E

xa
m

in
at

io
n

b
P

ro
je

ct
io

n
sb

74
00

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, a

bd
om

en
; s

in
gl

e 
A

P
 v

ie
w

A
bd

om
en

A
P

 a
bd

om
en

, o
bl

iq
u

e,
 

co
ne

74
02

2
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, a

bd
om

en
; c

om
pl

et
e 

ac
u

te
 a

bd
om

en
 

se
ri

es
, i

n
cl

u
di

n
g 

su
pi

n
e,

 e
re

ct
, a

n
d/

or
 d

ec
u

bi
tu

s 
vi

ew
s,

 s
in

gl
e 

vi
ew

 c
h

es
t

A
bd

om
en

P
A

 c
h

es
t,

 2
 A

P
 a

bd
om

en

74
02

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, a

bd
om

en
; c

om
pl

et
e,

 in
cl

u
di

n
g 

de
cu

bi
tu

s 
an

d/
or

 e
re

ct
 v

ie
w

s
A

bd
om

en
2 

A
P

 a
bd

om
en

74
01

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, a

bd
om

en
; A

P
 a

n
d 

ad
di

ti
on

al
 o

bl
iq

u
e 

an
d 

co
n

e 
vi

ew
s

A
bd

om
en

A
P

 a
bd

om
en

, o
bl

iq
u

e,
 

co
ne

71
01

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, c

h
es

t;
 s

in
gl

e 
vi

ew
, f

ro
n

ta
l

C
h

es
t

P
A

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



261   /   APPENDIX D

T
A

B
L

E
 D

.1
—

(c
on

ti
n

u
ed

).

C
P

T
a

D
es

cr
ip

ti
on

b
E

xa
m

in
at

io
n

b
P

ro
je

ct
io

n
sb

71
02

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, c

h
es

t;
 t

w
o 

vi
ew

s,
 f

ro
n

ta
l a

nd
 la

te
ra

l;
C

he
st

P
A

, l
at

er
al

74
23

0
S

w
al

lo
w

in
g 

fu
n

ct
io

n
, w

it
h

 c
in

er
ad

io
gr

ap
h

y/
vi

de
or

ad
io

gr
ap

h
y

U
G

I
2 

m
in

, P
A

, o
bl

iq
u

e

74
22

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, e

so
ph

ag
u

s
U

G
I

1 
m

in
, 3

 fi
lm

s,
 P

A
, 

ob
li

qu
e

74
25

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

m
al

l i
n

te
st

in
e;

 in
cl

u
de

s 
m

u
lt

ip
le

 
se

ri
al

 f
il

m
s

U
G

I
2 

m
in

, 6
 a

bd
om

en
, 1

 c
on

e

74
24

6
R

ad
io

lo
gi

ca
l e

xa
m

in
at

io
n

, G
I 

tr
ac

t;
 u

pp
er

, a
ir

 c
on

tr
as

t,
 w

it
h

 
sp

ec
if

ic
 h

ig
h 

de
n

si
ty

 b
ar

iu
m

, e
ff

er
ve

sc
en

t 
ag

en
t,

 w
it

h
 o

r 
w

it
h

ou
t 

gl
u

ca
go

n
; w

it
h 

or
 w

it
h

ou
t 

de
la

ye
d 

fi
lm

s,
 w

it
h

ou
t 

K
U

B
 

U
G

I
3 

m
in

, 1
2 

10
 ×

 1
2 

co
n

ed
 

fi
lm

s

74
24

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, G

I 
tr

ac
t,

 u
pp

er
; w

it
h

 o
r 

w
it

ho
u

t 
de

la
ye

d 
fi

lm
s,

 w
it

h
ou

t 
K

U
B

U
G

I
2 

m
in

, 8
 c

on
ed

 f
il

m
s

74
24

7
R

ad
io

lo
gi

ca
l e

xa
m

in
at

io
n

, G
I 

tr
ac

t,
 u

pp
er

; a
ir

 c
on

tr
as

t,
 w

it
h

 
sp

ec
if

ic
 h

ig
h 

de
n

si
ty

 b
ar

iu
m

, e
ff

er
ve

sc
en

t 
ag

en
t,

 w
it

h
 o

r 
w

it
ho

u
t 

gl
u

ca
go

n
; w

it
h 

or
 w

it
ho

u
t 

de
la

ye
d 

fi
lm

s,
 w

it
h 

K
U

B

U
G

I
3 

m
in

, 1
2 

fi
lm

s

74
24

9
R

ad
io

lo
gi

ca
l e

xa
m

in
at

io
n

, G
I 

tr
ac

t,
 u

pp
er

; a
ir

 c
on

tr
as

t,
 w

it
h

 
sp

ec
if

ic
 h

ig
h 

de
n

si
ty

 b
ar

iu
m

, e
ff

er
ve

sc
en

t 
ag

en
t,

 w
it

h
 o

r 
w

it
h

ou
t 

gl
u

ca
go

n
; w

it
h

 s
m

al
l i

n
te

st
in

e 
fo

ll
ow

-t
h

ro
u

gh

U
G

I
2 

m
in

, 1
2 

fi
lm

s

74
24

5
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, G

I 
tr

ac
t,

 u
pp

er
; w

it
h

 s
m

al
l i

nt
es

ti
n

e,
 

in
cl

u
de

s 
m

u
lt

ip
le

 s
er

ia
l f

il
m

s
U

G
I

4 
m

in
, 8

 c
on

ed
, 4

 1
4 

× 
17

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



D.  SUPPORTING DATA FOR SECTION 4   /   262

74
24

1
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, G

I 
tr

ac
t,

 u
pp

er
; w

it
h

 o
r 

w
it

ho
u

t 
de

la
ye

d 
fi

lm
s,

 w
it

h
 K

U
B

U
G

I
2 

m
in

, 8
 c

on
ed

 1
0 

× 
12

74
29

0
C

h
ol

ec
ys

to
gr

ap
h

y,
 o

ra
l c

on
tr

as
t

B
il

ia
ry

1 
m

in
, 4

 c
on

ed
 f

il
m

s

74
27

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, c

ol
on

; b
ar

iu
m

 e
n

em
a,

 w
it

h
 o

r 
w

it
h

ou
t 

K
U

B
B

ar
iu

m
 

en
em

a
3 

m
in

, 4
 a

bd
om

en
 

14
×

17
, 8

 c
on

ed
 1

0 
× 

12

74
28

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, c

ol
on

; a
ir

 c
on

tr
as

t 
w

it
h

 s
pe

ci
fi

c 
h

ig
h 

de
n

si
ty

 b
ar

iu
m

, w
it

h
 o

r 
w

it
h

ou
t 

gl
u

ca
go

n
B

ar
iu

m
 

en
em

a
3 

m
in

, 4
 a

bd
om

en
 

14
×

17
, 8

 c
on

ed
 1

0 
× 

12

70
22

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

in
u

se
s,

 p
ar

an
as

al
, c

om
pl

et
e,

 
m

in
im

u
m

 o
f 

th
re

e 
vi

ew
s

O
th

er
 H

N
F

2 
P

A
, 1

 la
te

ra
l

70
21

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

in
u

se
s,

 p
ar

an
as

al
, l

es
s 

th
an

 t
hr

ee
 

vi
ew

s
O

th
er

 H
N

F
P

A
, l

at
er

al

70
36

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, n

ec
k;

 s
of

t 
ti

ss
u

e
O

th
er

 H
N

F
L

at
er

al

70
16

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, n

as
al

 b
on

es
; c

om
pl

et
e,

 m
in

im
u

m
 o

f 
th

re
e 

vi
ew

s
O

th
er

 H
N

F
P

A
, l

at
er

al

70
15

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, f

ac
ia

l b
on

es
; c

om
pl

et
e,

 m
in

im
u

m
 o

f 
th

re
e 

vi
ew

s
O

th
er

 H
N

F
2 

P
A

, l
at

er
al

70
37

1
C

om
pl

ex
 d

yn
am

ic
 p

h
ar

yn
ge

al
 a

nd
 s

pe
ec

h
 e

va
lu

at
io

n
 b

y 
ci

n
ef

lu
or

og
ra

ph
y 

or
 v

id
eo

 r
ec

or
di

n
g

O
th

er
 H

N
F

3 
m

in
, P

A
, o

bl
iq

u
e

70
03

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, e

ye
; f

or
 d

et
ec

ti
on

 o
f 

fo
re

ig
n

 b
od

y
O

th
er

 H
N

F
P

A

70
20

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, o

rb
it

s;
 c

om
pl

et
e,

 m
in

im
u

m
 o

f 
fo

u
r 

vi
ew

s
O

th
er

 H
N

F
2 

P
A

, 2
 o

bl
iq

ue

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



263   /   APPENDIX D

T
A

B
L

E
 D

.1
—

(c
on

ti
n

u
ed

).

C
P

T
a

D
es

cr
ip

ti
on

b
E

xa
m

in
at

io
n

b
P

ro
je

ct
io

n
sb

70
11

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, m

an
di

bl
e;

 c
om

pl
et

e,
 m

in
im

u
m

 o
f 

fo
u

r 
vi

ew
s

O
th

er
 H

N
F

2 
P

A
, 2

 la
te

ra
l, 

10
 ×

 1
2

70
14

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, f

ac
ia

l b
on

es
; l

es
s 

th
an

 t
h

re
e 

vi
ew

s
O

th
er

 H
N

F
P

A
, l

at
er

al

70
10

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, m

an
di

bl
e;

 p
ar

ti
al

, l
es

s 
th

an
 fo

u
r 

vi
ew

s
O

th
er

 H
N

F
P

A
, 2

 la
te

ra
l

70
33

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, t

em
po

ro
m

an
di

bu
la

r 
jo

in
t;

 o
pe

n
 a

n
d 

cl
os

ed
 m

ou
th

, b
il

at
er

al
O

th
er

 H
N

F
P

A
, 4

 la
te

ra
l

70
37

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, p

h
ar

yn
x 

or
 la

ry
n

x;
 in

cl
u

di
n

g 
fl

u
or

os
co

py
 a

nd
/o

r 
m

ag
n

if
ic

at
io

n
 t

ec
h

n
iq

u
e

O
th

er
 H

N
F

2 
m

in
, P

A
, 2

 la
te

ra
l

70
32

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, t

ee
th

; c
om

pl
et

e,
 fu

ll
 m

ou
th

D
en

ta
l

70
35

5
O

rt
h

op
an

to
gr

am
D

en
ta

l

70
30

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, t

ee
th

; s
in

gl
e 

vi
ew

D
en

ta
l

70
35

0
C

ep
h

al
og

ra
m

, o
rt

h
od

on
ti

c
D

en
ta

l

70
31

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, t

ee
th

; p
ar

ti
al

 e
xa

m
in

at
io

n
, l

es
s 

th
an

 
fu

ll
 m

ou
th

D
en

ta
l

73
56

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, k

n
ee

; o
n

e 
or

 t
w

o 
vi

ew
s

K
n

ee
A

P
 la

te
ra

l

73
56

2
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, k

n
ee

; t
hr

ee
 v

ie
w

s
K

n
ee

A
P,

 la
te

ra
l s

u
n

ri
se

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



D.  SUPPORTING DATA FOR SECTION 4   /   264

73
56

4
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, k

n
ee

; c
om

pl
et

e,
 f

ou
r 

or
 m

or
e 

vi
ew

s
K

n
ee

2 
A

P,
 1

 la
te

ra
l s

u
n

ri
se

 
pa

te
ll

a

73
55

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, f

em
u

r;
 t

w
o 

vi
ew

s
K

n
ee

A
P,

 la
te

ra
l

73
56

5
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, k

n
ee

; b
ot

h
 k

n
ee

s,
 s

ta
n

di
n

g,
 A

P
K

n
ee

2 
A

P

73
03

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

h
ou

ld
er

; c
om

pl
et

e,
 m

in
im

u
m

 o
f t

w
o 

vi
ew

s
S

h
ou

ld
er

A
P

 a
xi

ll
ar

y

73
06

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, h

u
m

er
us

; m
in

im
u

m
 o

f 
tw

o 
vi

ew
s

S
h

ou
ld

er
A

P
 la

te
ra

l

73
02

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

h
ou

ld
er

; o
n

e 
vi

ew
S

ho
u

ld
er

A
P

73
00

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, c

la
vi

cl
e;

 c
om

pl
et

e
S

ho
u

ld
er

A
P

73
01

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

ca
pu

la
; c

om
pl

et
e

S
ho

u
ld

er
1 

A
P,

 1
 o

bl
iq

u
e 

co
n

ed

73
05

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, a

cr
om

io
cl

av
ic

ul
ar

 jo
in

ts
; b

il
at

er
al

, w
it

h
 

or
 w

it
h

ou
t 

w
ei

gh
te

d 
di

st
ra

ct
io

n
S

h
ou

ld
er

2 
A

P,
 u

pp
er

 1
/3

 c
h

es
t 

on
ly

73
51

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, h

ip
; u

n
il

at
er

al
, c

om
pl

et
e,

 m
in

im
um

 o
f 

tw
o 

vi
ew

s
H

ip
A

P,
 o

bl
iq

u
e

73
50

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, h

ip
; u

n
il

at
er

al
, o

n
e 

vi
ew

H
ip

A
P

73
53

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, h

ip
; d

u
ri

n
g 

op
er

at
iv

e 
pr

oc
ed

u
re

H
ip

A
P

73
52

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, h

ip
s;

 b
il

at
er

al
, m

in
im

u
m

 o
f 

tw
o 

vi
ew

s 
of

 e
ac

h
 h

ip
, i

n
cl

u
di

n
g 

A
P

 v
ie

w
 o

f 
pe

lv
is

H
ip

1 
pe

lv
is

, 2
 h

ip
 A

P,
 

2
ob

li
qu

e 
h

ip

72
17

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, p

el
vi

s;
 o

n
e 

or
 t

w
o 

vi
ew

s
P

el
vi

s
A

P
 p

el
vi

s

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



265   /   APPENDIX D

T
A

B
L

E
 D

.1
—

(c
on

ti
n

u
ed

).

C
P

T
a

D
es

cr
ip

ti
on

b
E

xa
m

in
at

io
n

b
P

ro
je

ct
io

n
sb

72
22

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

ac
ru

m
 a

n
d 

co
cc

yx
; m

in
im

u
m

 o
f 

tw
o 

vi
ew

s
P

el
vi

s
A

P
 p

el
vi

s 
co

n
ed

 1
0 

× 
12

, 
la

te
ra

l c
on

ed
 s

ac
ru

m
 

10
× 

12

72
19

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, p

el
vi

s;
 c

om
pl

et
e,

 m
in

im
u

m
 o

f 
th

re
e 

vi
ew

s
P

el
vi

s
A

P,
 2

 o
bl

iq
u

e

72
20

2
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

ac
ro

il
ia

c 
jo

in
ts

; t
hr

ee
 o

r 
m

or
e 

vi
ew

s
P

el
vi

s
A

P
 c

on
ed

 1
0 

× 
12

 a
n

d 
2

ob
li

qu
e 

10
 ×

 1
2

72
20

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

ac
ro

il
ia

c 
jo

in
ts

; l
es

s 
th

an
 t

h
re

e 
vi

ew
s

P
el

vi
s

2 
ob

li
qu

e 
co

n
ed

 1
0 

× 
12

73
54

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, p

el
vi

s 
an

d 
h

ip
s,

 in
fa

n
t 

or
 c

h
il

d,
 

m
in

im
u

m
 o

f 
tw

o 
vi

ew
s

P
el

vi
s

2 
A

P
 p

el
vi

s

72
04

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

pi
n

e,
 c

er
vi

ca
l; 

tw
o 

or
 t

h
re

e 
vi

ew
s

C
S

A
P,

 la
te

ra
l

72
05

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

pi
n

e,
 c

er
vi

ca
l; 

m
in

im
u

m
 o

f f
ou

r 
vi

ew
s

C
S

A
P,

 la
te

ra
l, 

2 
ob

li
qu

e

72
02

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

pi
n

e;
 s

in
gl

e 
vi

ew
, s

pe
ci

fy
 le

ve
l

C
S

L
at

er
al

72
05

2
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

pi
n

e,
 c

er
vi

ca
l; 

co
m

pl
et

e,
 in

cl
u

di
n

g 
ob

li
qu

e 
an

d 
fl

ex
io

n
 a

nd
/o

r 
ex

te
n

si
on

 s
tu

di
es

C
S

A
P,

 3
 la

te
ra

l, 
2 

ob
li

qu
e

72
10

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

pi
n

e,
 lu

m
bo

sa
cr

al
; t

w
o 

or
 t

hr
ee

 v
ie

w
s

L
S

A
P,

 1
 la

te
ra

l, 
1 

co
n

ed
 

la
te

ra
l 1

0 
× 

12

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



D.  SUPPORTING DATA FOR SECTION 4   /   266

72
11

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

pi
n

e,
 lu

m
bo

sa
cr

al
; m

in
im

u
m

 o
f 

fo
u

r 
vi

ew
s

L
S

A
P,

 2
 o

bl
iq

u
e,

 1
 s

po
t 

la
te

ra
l

72
11

4
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

pi
ne

, l
u

m
bo

sa
cr

al
; c

om
pl

et
e,

 in
cl

u
di

n
g 

be
n

di
n

g 
vi

ew
s

L
S

A
P,

 3
 la

te
ra

l

72
12

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

pi
n

e,
 lu

m
bo

sa
cr

al
; b

en
di

ng
 v

ie
w

s 
on

ly
, 

m
in

im
u

m
 o

f 
fo

u
r 

vi
ew

s
L

S
A

P,
 3

 la
te

ra
l

70
25

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

ku
ll

; l
es

s 
th

an
 f

ou
r 

vi
ew

s
S

ku
ll

P
A

, l
at

er
al

70
26

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

ku
ll

; c
om

pl
et

e,
 m

in
im

u
m

 o
f f

ou
r 

vi
ew

s
S

ku
ll

3 
A

P,
 la

te
ra

l

72
07

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

pi
n

e;
 t

h
or

ac
ic

, t
w

o 
vi

ew
s

T
S

A
P,

 la
te

ra
l

72
07

2
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

pi
n

e;
 t

h
or

ac
ic

, t
hr

ee
 v

ie
w

s
T

S
A

P,
 2

 la
te

ra
l

72
08

0
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

pi
n

e;
 t

h
or

ac
ol

u
m

ba
r,

 t
w

o 
vi

ew
s

T
S

A
P,

 la
te

ra
l

72
07

4
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

pi
n

e;
 t

h
or

ac
ic

, m
in

im
um

 o
f f

ou
r 

vi
ew

s
T

S
A

P,
 la

te
ra

l, 
2 

ob
li

qu
es

72
06

9
R

ad
io

lo
gi

c 
ex

am
in

at
io

n
, s

pi
n

e;
 t

h
or

ac
ol

u
m

ba
r,

 s
ta

n
di

n
g 

(s
co

li
os

is
)

T
S

A
P

76
07

5
D

E
X

A
, b

on
e 

de
n

si
ty

 s
tu

dy
, o

n
e 

or
 m

or
e 

si
te

s;
 a

xi
al

 s
ke

le
to

n
 

(e
.g

., 
h

ip
s,

 p
el

vi
s,

 s
pi

n
e)

D
E

X
A

74
42

0
U

ro
gr

ap
h

y,
 r

et
ro

gr
ad

e;
 w

it
h

 o
r 

w
it

ho
u

t 
K

U
B

IV
P

3 
A

P
 a

bd
om

en

74
40

0
U

ro
gr

ap
h

y 
(p

ye
lo

gr
ap

h
y)

; i
n

tr
av

en
ou

s,
 w

it
h

 o
r 

w
it

h
ou

t 
K

U
B

, 
w

it
h 

or
 w

it
h

ou
t 

to
m

og
ra

ph
y

IV
P

4 
A

P
 a

bd
om

en
, 5

 c
on

ed
 

10
 ×

 1
2

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



267   /   APPENDIX D

T
A

B
L

E
 D

.1
—

(c
on

ti
n

u
ed

).

C
P

T
a

D
es

cr
ip

ti
on

b
E

xa
m

in
at

io
n

b
P

ro
je

ct
io

n
sb

74
41

5
U

ro
gr

ap
h

y,
 in

fu
si

on
; d

ri
p 

te
ch

n
iq

ue
 a

n
d/

or
 b

ol
us

 t
ec

h
n

iq
u

e;
 

w
it

h 
n

ep
h

ro
to

m
og

ra
ph

y
IV

P
4 

A
P

 a
bd

om
en

, 5
 c

on
ed

 
10

 ×
 1

2

74
41

0
U

ro
gr

ap
h

y,
 in

fu
si

on
; d

ri
p 

te
ch

n
iq

ue
 a

n
d/

or
 b

ol
us

 t
ec

h
n

iq
u

e
IV

P
6 

A
P

a C
P

T
=

C
om

m
on

 P
ro

ce
du

ra
l T

er
m

in
ol

og
y 

(A
M

A
, 2

00
4)

.
b A

P
=

an
te

ri
or

-p
os

te
ri

or
 v

ie
w

IV
P

=
in

tr
av

en
ou

s 
py

el
og

ra
m

C
S

=
ce

rv
ic

al
 s

pi
n

e
K

U
B

=
ki

dn
ey

, u
re

te
r 

an
d 

bl
ad

de
r

D
E

X
A

=
du

al
-e

n
er

gy
 x

-r
ay

 a
bs

or
pt

io
m

et
ry

L
S

=
lu

m
bo

sa
cr

al
 s

pi
n

e
G

I
=

ga
st

ro
in

te
st

in
al

P
A

=
po

st
er

io
r-

an
te

ri
or

 v
ie

w
H

N
F

=
h

ea
d 

an
d 

n
ec

k 
fi

lm
s

T
S

=
th

or
ac

ic
 s

pi
n

e
U

G
I

=
u

pp
er

 g
as

tr
oi

n
te

st
in

al

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



D.  SUPPORTING DATA FOR SECTION 4   /   268

T
A

B
L

E
 D

.2
—

D
at

a 
u

se
d

 t
o 

ob
ta

in
 e

ff
ec

ti
ve

 d
os

e 
es

ti
m

at
es

 fo
r 

fl
u

or
os

co
pi

ca
ll

y-
gu

id
ed

 d
ia

gn
os

ti
c 

an
d

 
in

te
rv

en
ti

on
al

pr
oc

ed
u

re
s.

G
ro

u
ps

/S
u

bg
ro

u
ps

E
xa

m
in

at
io

n
s

K
er

m
a-

A
re

a
P

ro
du

ct
 (

K
A

P
)

(G
y 

cm
2 )

D
os

e 
C

on
ve

rs
io

n
C

oe
ff

ic
ie

n
t 

(D
C

C
E

)
[m

S
v 

(G
y 

cm
2 )

–1
]

E
ff

ec
ti

ve
 D

os
e 

(E
)

(m
S

v)

N
on

va
sc

u
la

r 
pr

oc
ed

u
re

s

U
ri

n
ar

y 
st

u
di

es
C

ys
to

m
et

ro
gr

ap
h

y
7

0.
18

1.
3a

C
ys

to
gr

ap
h

y
10

0.
18

1.
8a

E
xc

re
ti

on
 u

ro
gr

ap
h

y,
 

m
ic

tu
ra

ti
n

g 
cy

st
o-

u
re

th
ro

gr
am

6.
4

0.
18

1.
2a

U
re

th
ro

gr
ap

h
y

6
0.

18
1.

1a

U
ri

n
ar

y 
tr

ac
t

2.
5 

– 
7b

 
M

ye
lo

gr
ap

h
y

M
ye

lo
gr

ap
h

y
12

.3
0.

2
2.

5a

4c

D
is

co
gr

ap
h

y
1.

3a

L
u

m
ba

r 
ra

di
cu

lo
gr

ap
h

y
3.

7a

E
n

do
sc

op
ic

 r
et

ro
gr

ad
e

ch
ol

an
gi

op
an

cr
ea

to
gr

ap
h

y 
15 14

.5
0.

26
0.

26
3.

9a

3.
8d

A
rt

h
ro

gr
am

s
1.

7
0.

1
0.

17
a

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



269   /   APPENDIX D

T
A

B
L

E
 D

.2
—

(c
on

ti
n

u
ed

).

G
ro

u
ps

/S
u

bg
ro

u
ps

E
xa

m
in

at
io

n
s

K
er

m
a-

A
re

a
P

ro
du

ct
 (

K
A

P
)

(G
y 

cm
2 )

D
os

e 
C

on
ve

rs
io

n
C

oe
ff

ic
ie

n
t 

(D
C

C
E

)
[m

S
v 

(G
y 

cm
2 )–1

]

E
ff

ec
ti

ve
 D

os
e 

(E
)

(m
S

v)

O
rt

h
op

ed
ic

 a
n

d 
jo

in
ts

0.
06

 –
 0

.1
5

0.
01

<0
.0

25
a

O
bs

te
tr

ic
s 

an
d 

gy
n

ec
ol

og
y

P
el

vi
m

et
ry

1.
4

0.
29

0.
41

a

H
ys

te
ro

sa
lp

in
go

gr
am

4
0.

29
1.

2a

B
io

ps
y

P
at

h
ol

og
ic

al
 s

pe
ci

m
en

1.
6a

B
io

ps
y

6
0.

26
1.

6a

S
m

al
l b

ow
el

 b
io

ps
y

1
0.

26
0.

26
a

V
en

ou
s 

sa
m

pl
in

g
0.

4a

V
er

te
br

op
la

st
y

78
 (m

ea
n

) 
6.

6 
– 

33
5 

(r
an

ge
)

0.
2

15
.6

e 
(m

ea
n

) 

1.
3 

– 
67

 (r
an

ge
)

N
on

ca
rd

ia
c 

d
ia

gn
os

ti
c 

pr
oc

ed
u

re
s

P
er

ip
h

er
al

 v
as

cu
la

r
A

rt
er

io
gr

ap
h

y 
(a

ll
 t

yp
es

)
27

.2
26

.3
0.

26
7.

1a

4.
0f

R
u

n
of

fs
3.

5g

P
h

le
bo

gr
ap

h
y/

ve
n

og
ra

ph
y

of
 a

 li
m

b
3.

7
0.

1
0.

37
a

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



D.  SUPPORTING DATA FOR SECTION 4   /   270

P
h

le
bo

gr
ap

h
y 

(l
eg

-p
el

vi
s)

0.
5 

– 
2b

N
eu

ro
lo

gi
c 

(i
n

cl
u

di
n

g 
ca

ro
ti

d)
C

ar
ot

id
, c

er
eb

ra
l 

an
gi

og
ra

ph
y

48
.5

28
0.

08
7

0.
02

8
4a

0.
78

a

C
ar

ot
id

 a
ng

io
gr

am
34

.6
0.

08
7

3.
0a

C
er

eb
ra

l a
n

gi
og

ra
m

91
.8

0.
08

7
8.

0a

R
en

al
A

n
te

gr
ad

e 
py

el
og

ra
ph

y
3.

5
0.

18
0.

6a

N
ep

hr
os

to
gr

am
9

0.
18

1.
6a

R
et

ro
gr

ad
e 

py
el

og
ra

m
13

0.
18

2.
3a

R
en

al
 a

ng
io

gr
am

48
.5

0.
26

12
.6

a

C
ar

ot
id

 a
n

d 
ao

rt
ic

 a
rc

h
T

h
or

ac
ic

 a
or

to
gr

ap
h

y,
 

ar
ch

 a
n

gi
og

ra
m

34
.5

0.
12

4.
1a

A
bd

om
in

al
 a

or
to

gr
ap

h
y

98
0.

26
25

.5
a

14
h

O
th

er
 p

er
ip

h
er

al
0.

37
 –

 7
.1

a

N
eu

ro
lo

gi
c 

(e
xc

lu
di

n
g 

ca
ro

ti
d)

C
er

vi
ca

l s
pi

n
e

0.
49

0.
13

0.
06

4a

T
h

or
ac

ic
 s

pi
n

e
4.

2
0.

19
0.

80
a

L
u

m
ba

r 
sp

in
e

5.
7

0.
21

1.
2a

P
u

lm
on

ar
y

P
u

lm
on

ar
y 

ar
te

ri
og

ra
ph

y
47

0.
12

5.
6a

P
u

lm
on

ar
y 

an
gi

og
ra

m
73

0.
12

8.
8e

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



271   /   APPENDIX D

T
A

B
L

E
 D

.2
—

(c
on

ti
n

u
ed

).

G
ro

u
ps

/S
u

bg
ro

u
ps

E
xa

m
in

at
io

n
s

K
er

m
a-

A
re

a
P

ro
du

ct
 (

K
A

P
)

(G
y 

cm
2 )

D
os

e 
C

on
ve

rs
io

n
C

oe
ff

ic
ie

n
t 

(D
C

C
E

)
[m

S
v 

(G
y 

cm
2 )–1

]

E
ff

ec
ti

ve
 D

os
e 

(E
)

(m
S

v)

A
rt

er
ia

l p
re

ss
u

re
s

7a

V
en

ac
av

og
ra

m
21

0.
12

2.
5a

N
on

ca
rd

ia
c 

in
te

rv
en

ti
on

al
 v

as
cu

la
r 

pr
oc

ed
u

re
s 

V
as

cu
la

r 
ac

ce
ss

4.
5g

7.
4i 

P
er

cu
ta

n
eo

u
s 

tr
an

sl
u

m
in

al
 

an
gi

op
la

st
y 

(P
T

A
)

17
.8

19
.5

0.
26

0.
26

4.
6a

5.
1d

S
te

n
ts

R
en

al
/v

is
ce

ra
l P

T
A

 (a
ll

) 
w

it
h

 s
te

n
t

 2
41

 (
m

ea
n)

 7
5 

– 
46

4 
(r

an
ge

)
0.

26
 6

3e  
(m

ea
n

)
19

.5
 –

 1
21

 (
ra

n
ge

)

Il
ia

c 
P

T
A

 (a
ll

) w
it

h
 s

te
n

t
24

5 
(m

ea
n

)
42

 –
 6

57
 (r

an
ge

)
0.

26
64

e  
(m

ea
n

)
11

 –
 1

71
 (

ra
n

ge
)

C
ar

ot
id

 s
te

n
t

16
1 

(m
ea

n
)

 3
2 

– 
51

5 
(r

an
ge

)
0.

08
7

14
e  

(m
ea

n
)

2.
8 

– 
45

 (r
an

ge
)

B
il

e 
du

ct
, d

il
at

io
n

 a
n

d 
st

en
ti

n
g

54
0.

26
14

a

S
te

n
ti

n
g

47
.9

0.
26

12
.5

d

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



D.  SUPPORTING DATA FOR SECTION 4   /   272

In
fe

ri
or

 v
en

a 
ca

va
fi

lt
er

s
F

il
te

r 
pl

ac
em

en
t 

on
ly

54
 (

m
ea

n
)

6.
1 

– 
20

3 
(r

an
ge

) 
0.

26
14

e 
(m

ea
n

)
5.

2 
– 

16
0 

(r
an

ge
)

P
u

lm
on

ar
y 

an
gi

og
ra

ph
y 

w
it

h 
fi

lt
er

10
3 

(m
ea

n
) 

71
 –

 1
19

 (r
an

ge
)

0.
12

12
e 
(m

ea
n

) 
8.

5 
– 

14
 (r

an
ge

)

E
m

bo
li

za
ti

on
B

ro
n

ch
ia

l a
rt

er
y 

em
bo

li
za

ti
on

13
8 (m

ea
n

)
72

 –
 3

15
 (r

an
ge

)
0.

12
17

e 
(m

ea
n

)
8.

6 
– 

38
 (r

an
ge

)

H
ep

at
ic

 
ch

em
oe

m
bo

li
za

ti
on

27
0 (m

ea
n

)
20

 –
 6

16
 (r

an
ge

)
0.

26
70

e 
(m

ea
n

)
5.

2 
– 

16
0 

(r
an

ge
)

P
el

vi
c 

ar
te

ri
al

 
em

bo
li

za
ti

on
29

9 
(m

ea
n

)
38

 –
 6

24
 (r

an
ge

)
0.

26
78

e 
(m

ea
n

)
9.

9 
– 

16
2 

(r
an

ge
)

P
el

vi
c 

ve
in

 e
m

bo
li

za
ti

on
: 

ov
ar

ia
n

 v
ei

n
16

9 
(m

ea
n

)
0.

26
44

e 
(m

ea
n

)

O
th

er
 t

u
m

or
 e

m
bo

li
za

ti
on

32
7 (m

ea
n

)
87

 –
 9

72
 (r

an
ge

)
0.

26
84

e 
(m

ea
n

)
23

 –
 2

52
 (

ra
n

ge
)

E
m

bo
li

za
ti

on
91

.5
11

4 
0.

26
0.

26
23

.8
a

29
.6

d

T
h

ro
m

bo
ly

ti
c 

th
er

ap
y

13
.5

0.
26

3.
5a

C
ar

d
ia

c 
pr

oc
ed

u
re

s

D
ia

gn
os

ti
c 

ar
te

ri
og

ra
ph

y 
14

 –
 6

3
0.

12
3.

1 
– 

10
.6

a

5 
– 

9
j

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



273   /   APPENDIX D

T
A

B
L

E
 D

.2
—

(c
on

ti
n

u
ed

).

G
ro

u
ps

/S
u

bg
ro

u
ps

E
xa

m
in

at
io

n
s

K
er

m
a-

A
re

a
P

ro
du

ct
 (

K
A

P
)

(G
y 

cm
2 )

D
os

e 
C

on
ve

rs
io

n
C

oe
ff

ic
ie

n
t 

(D
C

C
E

)
[m

S
v 

(G
y 

cm
2 )–1

]

E
ff

ec
ti

ve
 D

os
e 

(E
)

(m
S

v)

In
te

rv
en

ti
on

 
A

n
gi

op
la

st
y

26
0.

26
0.

20
k

6.
8a

 
P

er
cu

ta
n

eo
u

s 
tr

an
sl

u
m

in
al

 c
or

on
ar

y 
an

gi
op

la
st

y 

58 63
.4

0.
26

0.
18

l 

0.
20

m

0.
28

n

0.
26

15
.1

a

6 
– 

15
j

10
o

22
p

16
.5

d

E
m

bo
li

za
ti

on
75

0.
26

19
.5

a

C
ar

di
ac

 r
ad

io
fr

eq
ue

n
cy

 
ab

la
ti

on
30 33

.1

48
.7

 (m
ea

n)
6.

4 
– 

23
0 

(r
an

ge
)

0.
1

0.
14

r

0.
18

 –
 0

.2
k

0.
21

 –
 0

.2
3m

0.
19

3q

21
s

17
.3

a

6.
3a

15
.2

 (m
ea

n)
t

2.
1 

– 
59

.6
 (r

an
ge

)t 

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



D.  SUPPORTING DATA FOR SECTION 4   /   274

T
ra

n
sj

u
gu

la
r i

nt
ra

h
ep

at
ic

 
po

rt
os

ys
te

m
ic

 s
h

un
t 

20
6

43
1 

(m
ea

n
)

89
 –

 1
,0

13
 (

ra
ng

e)

18
2u

16
1

52
4

0.
26

0.
26

53
.6

a

11
2e 

(m
ea

n
)

23
 –

 2
63

 (
ra

n
ge

)

19
v

84
i

E
le

ct
ro

ph
ys

io
lo

gy
D

ia
gn

os
ti

c 
pr

oc
ed

u
re

s
 

12
.5

 (m
ea

n)
4.

5 
– 

11
7 

(r
an

ge
)

3.
2 

(m
ea

n
)t

1.
3 

– 
23

.9
 (

ra
ng

e)
t

P
ac

em
ak

er
P

ac
em

ak
er

 in
se

rt
io

n
7

0.
1

0.
7a

0.
7u

F
oo

tn
ot

es
 a

pp
ly

 t
o 

al
l d

at
a 

li
st

ed
 o

n
 a

 g
iv

en
 r

ow
.

a H
ar

t 
an

d 
W

al
l (

20
02

).
b R

eg
u

ll
a 

an
d 

E
de

r 
(2

00
5)

.
c R

S
N

A
 (

20
08

).
d M

ar
sh

al
l e

t 
al

. (
20

00
).

e M
il

le
r 

et
 a

l.
 (

20
03

).
f T

h
w

ai
te

s 
et

 a
l.

 (
19

96
).

g B
or

 e
t 

al
. (

20
04

).
h
C

h
u

 e
t 

al
. (

19
98

).
i M

cP
ar

la
n

d 
(1

99
8)

.
j B

og
ae

rt
 e

t 
al

. (
20

08
).

k B
ro

ad
h

ea
d 

et
 a

l.
 (

19
97

).
l B

et
so

u
 e

t 
al

. (
19

98
).

m
N

eo
fo

ti
st

ou
 e

t 
al

. (
19

98
).

n
D

el
ic

h
as

 e
t 

al
. (

20
03

).
o P

u
kk

il
a 

an
d 

K
ar

il
a 

(1
99

0)
.

p L
in

ds
ay

 e
t 

al
. (

19
92

).
 

q S
ch

u
lt

z 
an

d 
Z

oe
te

li
ef

 (
20

05
).

r M
cF

ad
de

n
 e

t 
al

. (
20

02
).

s R
os

en
th

al
 e

t 
al

. (
19

98
).

t E
fs

ta
th

op
ou

lo
s 

et
 a

l.
 (

20
06

).
u
W

il
li

am
s 

(1
99

7)
.

v Z
w

ee
rs

 e
t 

al
. (

19
98

).

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



275   /   APPENDIX D

T
A

B
L

E
 D

.3
—

D
is

tr
ib

u
ti

on
 o

f 
n

u
cl

ea
r-

m
ed

ic
in

e 
pr

oc
ed

u
re

s 
by

 C
P

T
 c

od
e 

an
d

 c
at

eg
or

y 
in

 2
00

4 
M

ed
ic

ar
e 

d
at

a.
N

u
cl

ea
r-

M
ed

ic
in

e 
P

ro
ce

du
re

s
M

ed
ic

ar
e 

20
04

O
rg

an
, S

ys
te

m
 

or
C

on
di

ti
on

C
P

T
 C

od
e

D
es

cr
ip

ti
on

a
T

ot
al

P
ro

ce
du

re
s

P
er

ce
n

t 
of

T
ot

al
P

ro
ce

du
re

s

P
ro

ce
du

re
s 

pe
r

10
0,

00
0 

M
ed

ic
ar

e
P

op
u

la
ti

on

B
on

e
78

10
2

B
on

e 
m

ar
ro

w
10

,3
83

0.
20

6
3

78
10

3
B

on
e 

m
ar

ro
w

35
3

0.
00

7
1

78
10

4
B

on
e 

m
ar

ro
w

44
8

0.
00

9
1

78
30

0
B

on
e 

li
m

it
ed

40
,0

57
0.

79
3

11
8

78
30

5
B

on
e 

m
ul

ti
pl

e
20

,2
58

0.
40

1
60

78
30

6
B

on
e:

 w
h

ol
e 

bo
dy

72
2,

17
5

14
.3

2,
12

4

78
31

5
B

on
e 

3-
ph

as
e

13
9,

59
2

2.
77

41
1

78
32

0
B

on
e 

S
P

E
C

T
22

,7
39

0.
45

0
73

T
ot

al
 b

on
e

95
6,

00
5

18
.9

78
35

0 
D

E
X

A
2,

61
4

0.
05

2
8

78
35

1
D

E
X

A
0

0
0

C
ar

d
ia

c
78

42
8

S
hu

n
t

87
8

0.
01

7
3

78
46

0
P

er
fu

si
on

6,
93

3
0.

13
7

20

78
46

1
P

er
fu

si
on

25
,5

90
0.

50
7

75

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



D.  SUPPORTING DATA FOR SECTION 4   /   276

78
46

4
P

er
fu

si
on

 S
P

E
C

T
89

,2
87

1.
77

26
3

78
46

5
P

er
fu

si
on

 S
P

E
C

T
2,

93
0,

45
0

58
.0

8,
61

8

78
47

2
B

lo
od

 p
oo

l
88

,9
11

1.
76

26
1

78
47

3
B

lo
od

 p
oo

l
5,

95
3

0.
11

8
18

78
47

8
P

ro
fu

si
on

 in
 a

dd
it

io
n

 t
o 

pr
im

ar
y 

co
de

0
0

0

78
48

0
P

ro
fu

si
on

 in
 a

dd
it

io
n

 t
o 

pr
im

ar
y 

co
de

0
0

0

78
48

1
B

lo
od

 p
oo

l
25

,6
55

0.
50

8
75

78
48

3
B

lo
od

 p
oo

l
7,

52
6

0.
14

9
22

78
49

4
B

lo
od

 p
oo

l
5,

43
2

0.
10

7
16

78
45

9
P

E
T

 m
et

ab
ol

is
m

53
9

0.
01

0
2

78
49

1
P

E
T

 p
er

fu
si

on
0

0

78
49

2
P

E
T

 P
er

fu
si

on
0

0

78
49

6
B

lo
od

 p
oo

l i
n

 a
dd

it
io

n
 t

o 
pr

im
ar

y 
co

de
b

0
0

T
ot

al
 c

ar
d

ia
c

3,
18

7,
15

4
63

.1

L
u

n
g

78
58

0
P

er
fu

si
on

 b
lo

od
 p

oo
l

0
0

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



277   /   APPENDIX D

T
A

B
L

E
 D

.3
—

(c
on

ti
n

u
ed

).

N
u

cl
ea

r-
M

ed
ic

in
e 

P
ro

ce
du

re
s

M
ed

ic
ar

e 
20

04

O
rg

an
, S

ys
te

m
 

or
C

on
di

ti
on

C
P

T
 C

od
e

D
es

cr
ip

ti
on

a
T

ot
al

P
ro

ce
du

re
s

P
er

ce
n

t 
of

T
ot

al
P

ro
ce

du
re

s

P
ro

ce
du

re
s 

pe
r

10
0,

00
0 

M
ed

ic
ar

e
P

op
u

la
ti

on

78
58

4
V

Q
 x

en
on

 p
er

fu
si

on
 in

 a
dd

it
io

n
 t

o 
pr

im
ar

y 
co

de
b

23
,3

88
0.

46
3

69

78
58

5
V

Q
 x

en
on

11
4,

18
6

2.
26

33
6

78
58

6
V

en
ti

la
ti

on
 a

er
os

ol
82

0
0.

01
6

2

78
58

7
V

en
ti

la
ti

on
 a

er
os

ol
73

21
0.

14
5

22

78
58

8
V

Q
 a

er
os

ol
85

,9
57

1.
70

25
3

78
59

1
V

en
ti

la
ti

on
 s

in
gl

e
88

2
0.

01
7

3

78
59

3
V

Q
 a

er
os

ol
16

,4
09

0.
32

5
43

78
59

4
V

en
ti

la
ti

on
 x

en
on

7,
60

1
0.

15
1

22

78
59

6
V

Q
 q

u
an

ti
ta

ti
ve

11
,1

50
0.

22
1

33

T
ot

al
 l

u
n

g
26

7,
71

4
5.

30

T
h

yr
oi

d
78

00
0

U
pt

ak
e

4,
07

6
0.

08
1

12

78
00

1
M

ul
ti

pl
e 

u
pt

ak
e

2,
55

5
0.

05
1

8

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



D.  SUPPORTING DATA FOR SECTION 4   /   278

78
00

3
U

pt
ak

e
55

8
0.

01
1

2

78
00

6
Im

ag
e 

+ 
si

n
gl

e 
u

pt
ak

e
31

,4
00

0.
62

2
92

78
00

7
Im

ag
e 

+ 
m

u
lt

ip
le

 u
pt

ak
e

38
,4

28
0.

76
1

11
3

78
01

0
Im

ag
e

12
,9

94
0.

25
7

38

78
01

1
Im

ag
e 

+ 
fl

ow
48

3
0.

01
0

1

78
01

5
Im

ag
e 

m
et

s 
li

m
it

ed
21

4
0.

00
4

1

78
01

8
Im

ag
e 

m
et

s
7,

97
1

0.
15

8
23

78
02

0
Im

ag
e 

m
et

s
77

8
0.

01
5

2

T
ot

al
 t

h
yr

oi
d

99
,4

57
1.

97

R
en

al
78

70
0

K
id

n
ey

 s
ta

ti
c

1,
86

8
0.

03
7

5

78
70

1
K

id
n

ey
 +

 f
lo

w
3,

02
3

0.
06

0
9

78
70

4
R

en
og

ra
m

4,
43

0
0.

08
8

13

78
70

7
R

en
og

ra
m

41
,1

27
0.

81
5

12
1

78
70

8
R

en
og

ra
m

22
,0

32
0.

43
6

65

78
70

9
R

en
og

ra
m

8,
69

4
0.

17
2

26

78
71

5
K

id
n

ey
 fl

ow
91

2
0.

01
8

3

78
71

0
S

P
E

C
T

 k
id

n
ey

20
0

0.
00

4
1

78
76

0
T

es
ti

cu
la

r
15

5
0.

00
3

0

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



279   /   APPENDIX D

T
A

B
L

E
 D

.3
—

(c
on

ti
n

u
ed

).

N
u

cl
ea

r-
M

ed
ic

in
e 

P
ro

ce
du

re
s

M
ed

ic
ar

e 
20

04

O
rg

an
, S

ys
te

m
 

or
C

on
di

ti
on

C
P

T
 C

od
e

D
es

cr
ip

ti
on

a
T

ot
al

P
ro

ce
du

re
s

P
er

ce
n

t 
of

T
ot

al
P

ro
ce

du
re

s

P
ro

ce
du

re
s 

pe
r

10
0,

00
0 

M
ed

ic
ar

e
P

op
u

la
ti

on

78
76

1
T

es
ti

cu
la

r
24

5
0.

00
5

1

T
ot

al
 r

en
al

82
,6

86
1.

64

G
I

78
20

1
L

iv
er

 s
ta

ti
c

66
9

0.
01

3
2

78
20

2
L

iv
er

 +
 fl

ow
54

6
0.

01
1

2

78
20

5
L

iv
er

 S
P

E
C

T
2,

91
3

0.
05

8
9

78
20

6
L

iv
er

 S
P

E
C

T
78

1
0.

01
5

2

78
21

5
L

iv
er

 a
n

d 
sp

le
en

14
,9

22
0.

29
6

44

78
21

6
L

iv
er

 a
n

d 
sp

le
en

2,
21

1
0.

04
4

7

78
22

0
H

ep
at

ob
il

ia
ry

18
0,

60
0

3.
58

53
1

78
26

0
E

so
ph

ag
us

 m
ot

il
it

y
26

3
0.

00
5

1

 
78

26
1

G
as

tr
ic

 m
u

co
sa

13
4

0.
00

3
0

78
26

2
G

E
 r

ef
lu

x
57

8
0.

01
1

2

78
62

4
G

as
tr

ic
 e

m
pt

yi
n

g
46

,8
49

0.
92

8
13

8

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



D.  SUPPORTING DATA FOR SECTION 4   /   280

78
27

8
B

lo
od

 lo
ss

50
,0

49
0.

99
1

14
7

78
29

0
In

te
st

in
e

2,
13

8
0.

04
2

6

78
29

1
L

aV
ee

n
 s

hu
n

t
31

9
0.

00
6

1

78
29

9
U

n
li

st
ed

18
5

0.
00

4
1

T
ot

al
 G

I
30

3,
15

7
6.

05

B
ra

in
78

60
0

S
ta

ti
c 

li
m

it
ed

10
7

0.
00

2
0

78
60

1
S

ta
ti

c 
+ 

fl
ow

 li
m

it
ed

30
4

0.
00

6
1

78
60

5
S

ta
ti

c 
co

m
pl

et
e

26
5

0.
00

5
1

78
60

6
S

ta
ti

c 
+ 

fl
ow

 c
om

pl
et

e
91

8
0.

01
8

3

78
60

7
S

P
E

C
T

8,
58

6
0.

17
0

25

78
61

0
F

lo
w

 o
n

ly
29

6
0.

00
6

1

78
61

5
F

lo
w

 o
n

ly
59

8
0.

01
2

2

78
60

8
P

E
T

 F
D

G
15

0.
00

0
0

78
60

9
P

E
T

 p
er

fu
si

on
0

0
0

78
63

0
C

S
F

5,
15

6
0.

10
2

15

74
63

5
C

S
F

48
8

0.
01

0
1

78
64

5
C

S
F

1,
11

9
0.

02
2

3

78
65

0
C

S
F

 le
ak

28
1

0.
00

6
1

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



281   /   APPENDIX D

T
A

B
L

E
 D

.3
—

(c
on

ti
n

u
ed

).

N
u

cl
ea

r-
M

ed
ic

in
e 

P
ro

ce
du

re
s

M
ed

ic
ar

e 
20

04

O
rg

an
, S

ys
te

m
 

or
C

on
di

ti
on

C
P

T
 C

od
e

D
es

cr
ip

ti
on

a
T

ot
al

P
ro

ce
du

re
s

P
er

ce
n

t 
of

T
ot

al
P

ro
ce

du
re

s

P
ro

ce
du

re
s 

pe
r

10
0,

00
0 

M
ed

ic
ar

e
P

op
u

la
ti

on

 
T

ot
al

 b
ra

in
18

,1
33

0.
35

9

In
fe

ct
io

n
78

80
5

In
fl

am
m

at
io

n
 li

m
it

ed
16

,1
33

0.
32

0
47

78
80

6
In

fl
am

m
at

io
n

 w
h

ol
e 

bo
dy

29
,4

70
0.

58
3

87

78
80

7
S

P
E

C
T

1,
92

8
0.

03
8

6

T
ot

al
 i

n
fe

ct
io

n
47

,5
31

0.
94

2

T
u

m
or

N
on

-F
D

G
 t

u
m

or
78

07
5

A
dr

en
al

20
5

0.
00

4
1

78
07

0
P

ar
at

h
yr

oi
d

27
,6

62
0.

54
8

81

78
80

0
T

u
m

or
 li

m
it

ed
3,

64
0

0.
07

2
11

78
80

1
T

u
m

or
 m

u
lt

ip
le

1,
83

5
0.

03
6

4

78
80

2
T

u
m

or
: w

h
ol

e 
bo

dy
10

,8
90

0.
21

6
32

78
80

3
T

u
m

or
 S

P
E

C
T

8,
84

5
0.

17
5

26

78
80

4
T

u
m

or
 m

u
lt

ip
le

 d
ay

s
2,

20
2

0.
04

4
6

78
19

5
L

ym
ph

at
ic

s
28

,4
66

0.
56

4
87

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



D.  SUPPORTING DATA FOR SECTION 4   /   282

P
E

T
78

81
0

F
D

G
35

0.
00

07
0

T
ot

al
 t

u
m

or
83

,7
80

1.
66

T
ot

al
 M

ed
ic

ar
e 

d
ia

gn
os

ti
c 

n
u

cl
ea

r 
m

ed
ic

in
e

5,
04

8,
23

1

T
h

er
ap

y
79

00
0

H
yp

er
th

yr
oi

d
11

,1
58

33

79
00

1
H

yp
er

th
yr

oi
d

25
0

1

79
02

0
H

yp
er

th
yr

oi
d

18
9

1

79
03

0
T

h
yr

oi
d 

ca
n

ce
r 

gl
an

d 
ab

la
ti

on
3,

45
5

10

79
03

5
T

h
yr

oi
d 

ca
n

ce
r

1,
11

7
3

79
10

0
P

ol
yc

yt
h

em
ia

 v
er

a
16

4
0

79
20

0
In

tr
ac

av
it

ar
y

27
0

79
40

0
N

on
th

yr
oi

d,
 n

on
h

em
at

ol
og

ic
al

1,
25

7
4

79
99

9
U

n
li

st
ed

43
0

T
ot

al
 M

ed
ic

ar
e 

n
u

cl
ea

r-
m

ed
ic

in
e 

u
n

se
al

ed
-r

ad
io

n
u

cl
id

e 
th

er
ap

y
17

,6
60

a C
S

F
=

ce
re

br
os

pi
n

al
 f

lu
id

G
I

=
ga

st
ro

in
te

st
in

al
D

E
X

A
=

du
al

-e
n

er
gy

 x
-r

ay
 a

bs
or

pt
io

m
et

ry
P

E
T

=
po

si
tr

on
 e

m
is

si
on

 t
om

og
ra

ph
y

F
D

G
=

fl
u

or
od

eo
xy

gl
u

co
se

S
P

E
C

T
=

si
n

gl
e-

ph
ot

on
 e

m
is

si
on

 c
om

pu
te

d 
to

m
og

ra
ph

y
G

E
=

ga
st

ro
es

op
h

ag
ea

l
V

Q
=

ve
n

ti
la

ti
on

-p
er

fu
si

on
 s

ca
n

b T
h

es
e 

ar
e 

“a
dd

 o
n

” 
co

de
s 

fo
r 

pu
rp

os
es

 o
f 

bi
ll

in
g 

an
d 

do
 n

ot
 r

ep
re

se
n

t 
ad

di
ti

on
al

 a
dm

in
is

tr
at

io
n

s 
of

 r
ad

io
ph

ar
m

ac
eu

ti
ca

ls
.

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



283   /   APPENDIX D

T
A

B
L

E
 D

.4
—

N
u

m
be

r 
of

 p
ai

d
 e

xa
m

s,
 p

ro
ce

d
u

re
s 

or
 v

is
it

s 
an

d
 p

er
ce

n
t 

fo
r 

ge
n

er
al

 g
ro

u
ps

 b
y 

d
if

fe
re

n
t 

d
at

a 
se

t.

N
u

cl
ea

r-
M

ed
ic

in
e

D
es

cr
ip

ti
on

M
ed

ic
ar

e 
20

04
IM

V
 2

00
5 

(I
M

V,
 2

00
6c

)
V

A
 2

00
6

T
ot

al
 P

ai
d 

E
xa

m
s

P
er

ce
n

t 
of

 T
ot

al
V

is
it

s
P

er
ce

n
t 

of
 T

ot
al

P
ro

ce
du

re
s

P
er

ce
n

t 
of

 T
ot

al

B
on

e
95

6,
00

5
17

.6
6

3,
45

0,
00

0
20

.0
46

,5
72

11
.8

D
u

al
-e

n
er

gy
 x

-r
ay

 
ab

so
rp

ti
om

et
ry

2,
61

4
0.

05
1,

70
6

0.
43

C
ar

di
ac

3,
19

4,
50

8
58

.6
9,

80
0,

00
0

56
.9

32
5,

71
6

82
.2

L
u

n
g

26
7,

71
4

4.
92

74
0,

00
0

4.
30

3,
26

3
0.

82

T
h

yr
oi

d
99

,4
57

1.
83

6,
38

3
1.

61

R
en

al
82

,6
86

1.
52

47
0,

00
0

2.
73

5,
61

8
1.

42

G
as

tr
oi

n
te

st
in

al
30

3,
15

7
5.

57
1,

21
0,

00
0

7.
03

3,
62

3
0.

92

B
ra

in
18

,1
33

0.
33

1,
37

8
0.

35

In
fe

ct
io

n
47

,5
31

0.
87

38
0,

00
0

2.
21

1,
51

8
0.

38

T
u

m
or

36
0,

54
2

6.
62

34
0,

00
0

1.
97

20
4

0.
05

O
th

er
83

0,
00

0
4.

82

T
h

er
ap

y
17

,6
00

<0
.0

1
51

.0
0.

01

T
ot

al
 n

u
cl

ea
r 

m
ed

ic
in

e
5,

44
7,

30
2

10
0

17
,2

20
,0

00
10

0
39

6,
03

2
10

0

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



D.  SUPPORTING DATA FOR SECTION 4   /   284

T
A

B
L

E
 D

.5
—

R
ad

io
n

u
cl

id
es

, a
d

m
in

is
te

re
d

 a
ct

iv
it

y,
 d

os
e 

co
n

ve
rs

io
n

 c
oe

ff
ic

ie
n

t 
an

d
 e

ff
ec

ti
ve

 d
os

e 
pe

r 
pr

oc
ed

u
re

 i
n

 
n

u
cl

ea
r 

m
ed

ic
in

e.
a,

b

N
u

cl
ea

r-
M

ed
ic

in
e 

P
ro

ce
du

re

R
ad

io
ph

ar
m

ac
eu

ti
ca

ld
A

dm
in

is
te

re
d

A
ct

iv
it

y
(M

B
q)

D
os

e
C

on
ve

rs
io

n
C

oe
ff

ic
ie

n
t

(m
S

v 
M

B
q–1

)

E
ff

ec
ti

ve
 D

os
e

pe
r 

P
ro

ce
du

re
(m

S
v)

C
P

T
 C

od
e

D
es

cr
ip

ti
on

c

B
on

e

78
10

2
B

on
e 

m
ar

ro
w

99
m

T
c 

S
C

37
0

0.
00

94
3.

5

78
10

3
B

on
e 

m
ar

ro
w

99
m

T
c 

S
C

37
0

0.
00

94
3.

5

78
10

4
B

on
e 

m
ar

ro
w

99
m

T
c 

S
C

37
0

0.
00

94
3.

5

78
30

0
B

on
e 

li
m

it
ed

99
m

T
c 

M
D

P
1,

11
0

0.
00

57
6.

3

78
30

5
B

on
e 

m
u

lt
ip

le
99

m
T

c 
M

D
P

1,
11

0
0.

00
57

6.
3

78
30

6
B

on
e:

 w
h

ol
e 

bo
dy

99
m

T
c 

M
D

P
1,

11
0

0.
00

57
6.

3

78
31

5
B

on
e 

3-
ph

as
e

99
m

T
c 

M
D

P
1,

11
0

0.
00

57
6.

3

78
32

0
B

on
e 

S
P

E
C

T
99

m
T

c 
M

D
P

1,
11

0
0.

00
57

6.
3

78
35

0
D

E
X

A
N

on
e

78
35

1
D

E
X

A
N

on
e

C
ar

d
ia

c

78
42

8
S

h
u

n
t

99
m

T
c 

R
B

C
1,

11
0

0.
00

7
7.

8

78
46

0
P

er
fu

si
on

99
m

T
c 

M
IB

I/
20

1 T
l 7

5/
25

1,
48

0/
15

0
0.

00
85

/0
.2

2
17

.7

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



285   /   APPENDIX D

T
A

B
L

E
 D

.5
—

(c
on

ti
n

u
ed

).

N
u

cl
ea

r-
M

ed
ic

in
e 

P
ro

ce
du

re

R
ad

io
ph

ar
m

ac
eu

ti
ca

ld
A

dm
in

is
te

re
d

A
ct

iv
it

y
(M

B
q)

D
os

e
C

on
ve

rs
io

n
C

oe
ff

ic
ie

n
t

(m
S

v 
M

B
q–1

)

E
ff

ec
ti

ve
 D

os
e

pe
r 

P
ro

ce
du

re
(m

S
v)

C
P

T
 C

od
e

D
es

cr
ip

ti
on

c

78
46

1
P

er
fu

si
on

99
m

T
c 

M
IB

I/
20

1 T
l 7

5/
25

1,
48

0/
15

0
0.

00
85

/0
.2

2
17

.7

78
46

4
P

er
fu

si
on

: S
P

E
C

T
99

m
T

c 
M

IB
I/

20
1 T

l 7
5/

25
1,

48
0/

15
0

0.
00

85
/0

.2
2

17
.7

78
46

5
P

er
fu

si
on

: S
P

E
C

T
99

m
T

c 
M

IB
I/

20
1 T

l 7
5/

25
1,

48
0/

15
0

0.
00

85
/0

.2
2

17
.7

78
47

2
B

lo
od

 p
oo

l
99

m
T

c 
R

B
C

1,
11

0
0.

00
7

7.
8

78
47

3
B

lo
od

 p
oo

l
99

m
T

c 
R

B
C

1,
11

0
0.

00
7

7.
8

78
47

8
P

er
fu

si
on

 in
 a

dd
it

io
n

 t
o

pr
im

ar
y 

co
de

0
0

78
48

0
P

er
fu

si
on

 in
 a

dd
it

io
n

 t
o

pr
im

ar
y 

co
de

0
0

78
48

1
B

lo
od

 p
oo

l
99

m
T

c 
R

B
C

1,
11

0
0.

00
7

7.
8

78
48

3
B

lo
od

 p
oo

l
99

m
T

c 
R

B
C

1,
11

0
0.

00
7

7.
8

78
49

4
B

lo
od

 p
oo

l
99

m
T

c 
R

B
C

1,
11

0
0.

00
7

7.
8

78
45

9
P

E
T

 m
et

ab
ol

is
m

18
F

 F
D

G
74

0
0.

01
9

14
.1

78
49

6
B

lo
od

 p
oo

l i
n

 a
dd

it
io

n
 t

o 
pr

im
ar

y 
co

de
0

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



D.  SUPPORTING DATA FOR SECTION 4   /   286

L
u

n
g

78
58

0
P

er
fu

si
on

 b
lo

od
 p

oo
l

99
m

T
c 

M
A

A
18

5
0.

01
1

2.
0

78
58

4
V

Q
 x

en
on

99
m

T
c 

M
A

A
18

5
0.

01
1

2.
0

13
3 X

e
74

0
0.

00
07

4
0.

5

78
58

5
V

Q
 x

en
on

99
m

T
c 

M
A

A
18

5
0.

01
1

2.
0

13
3 X

e
74

0
0.

00
07

4
0.

5

78
58

6
V

en
ti

la
ti

on
 a

er
os

ol
99

m
T

c 
D

T
P

A
1,

30
0

0.
00

7
9.

1

78
58

7
V

en
ti

la
ti

on
 a

er
os

ol
99

m
T

c 
D

T
P

A
1,

30
0

0.
00

7
9.

1

78
58

8
V

Q
 a

er
os

ol
99

m
T

c 
M

A
A

18
5

0.
01

1
2.

0

99
m

T
c 

M
A

A
1,

30
0

0.
00

7
9.

1

78
59

1
V

en
ti

la
ti

on
 s

in
gl

e
13

3 X
e

74
0

0.
00

07
4

0.
5

78
59

3
V

Q
 a

er
os

ol
99

m
T

c 
M

A
A

18
5

0.
01

1
2.

0

99
m

T
c 

D
T

P
A

1,
30

0
0.

00
7

9.
1

78
59

4
V

en
ti

la
ti

on
 x

en
on

13
3 X

e
74

0
0.

00
08

0.
6

78
59

6
V

Q
 q

u
an

ti
ta

ti
ve

99
m

T
c 

M
A

A
18

5
0.

01
1

2.
0

T
h

yr
oi

d

78
00

0
U

pt
ak

e
12

3 I
7.

4
0.

00
75

0.
06

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



287   /   APPENDIX D

T
A

B
L

E
 D

.5
—

(c
on

ti
n

u
ed

).

N
u

cl
ea

r-
M

ed
ic

in
e 

P
ro

ce
du

re

R
ad

io
ph

ar
m

ac
eu

ti
ca

ld
A

dm
in

is
te

re
d

A
ct

iv
it

y
(M

B
q)

D
os

e
C

on
ve

rs
io

n
C

oe
ff

ic
ie

n
t

(m
S

v 
M

B
q–1

)

E
ff

ec
ti

ve
 D

os
e

pe
r 

P
ro

ce
du

re
(m

S
v)

C
P

T
 C

od
e

D
es

cr
ip

ti
on

c

78
00

1
M

u
lt

ip
le

 u
pt

ak
e

12
3 I

7.
4

0.
00

75
0.

06

78
00

3
U

pt
ak

e
12

3 I
7.

4
0.

00
75

0.
06

78
00

6
Im

ag
e 

+ 
si

n
gl

e 
u

pt
ak

e
12

3 I
25

0.
00

75
0.

2

78
00

7
Im

ag
e 

+ 
m

u
lt

ip
le

 u
pt

ak
e

12
3 I

25
0.

00
75

0.
2

78
01

0
Im

ag
e

99
m

T
c 

O
4/

12
3 I

50
/5

0
37

0/
25

0.
01

3/
0.

07
5

6.
7

78
01

1
Im

ag
e 

+ 
fl

ow
99

m
T

c 
O

4/
12

3 I
50

/5
0

37
0/

25
0.

01
3/

0.
07

5
6.

7

78
01

5
Im

ag
e 

m
et

s 
lt

d
13

1 I
18

5
0.

06
2

11
.5

78
01

8
Im

ag
e 

m
et

s
13

1 I
18

5
0.

06
2

11
.5

78
02

0
Im

ag
e 

m
et

s
13

1 I
18

5
0.

06
2

11
.5

R
en

al

78
70

0
K

id
n

ey
 s

ta
ti

c
99

m
T

c 
D

T
P

A
/99

m
T

c 
M

A
G

3
50

/5
0

37
0

0.
00

49
/0

.0
07

2.
2

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



D.  SUPPORTING DATA FOR SECTION 4   /   288

78
70

K
id

n
ey

 +
 fl

ow
99

m
T

c 
D

T
P

A
/99

m
T

c 
M

A
G

3
50

/5
0

37
0

0.
00

49
/0

.0
07

2.
2

78
70

4
R

en
og

ra
m

99
m

T
c 

D
T

P
A

/99
m

T
c 

M
A

G
3

50
/5

0
37

0
0.

00
49

/0
.0

07
2.

2

78
70

7
R

en
og

ra
m

99
m

T
c 

D
T

P
A

/99
m

T
c 

M
A

G
3

50
/5

0
37

0
0.

00
49

/0
.0

07
2.

2

78
70

8
R

en
og

ra
m

99
m

T
c 

D
T

P
A

/99
m

T
c 

M
A

G
3

50
/5

0
37

0
0.

00
49

/0
.0

07
2.

2

78
70

9
R

en
og

ra
m

99
m

T
c 

D
T

P
A

/99
m

T
c 

M
A

G
3

50
/5

0
37

0
0.

00
49

/0
.0

07
2.

2

78
71

5
K

id
n

ey
 f

lo
w

99
m

T
c 

D
T

P
A

/99
m

T
c 

M
A

G
3

50
/5

0
37

0
0.

00
49

/0
.0

07
2.

2

78
71

0
S

P
E

C
T

 k
id

n
ey

99
m

T
c 

G
lu

co
h

ep
/D

M
S

A
50

/5
0

37
0

0.
00

54
/0

.0
08

8
2.

6

78
76

0
Te

st
ic

u
la

r
99

m
T

c 
O

4
1,

11
0

0.
01

3
14

.4

78
76

1
Te

st
ic

u
la

r
99

m
T

c 
O

4
1,

11
0

0.
01

3
14

.4

G
I 78

20
1

L
iv

er
 s

ta
ti

c
99

m
T

c 
S

C
22

2
0.

00
94

2.
1

78
20

2
L

iv
er

 +
 f

lo
w

99
m

T
c 

S
C

22
2

0.
00

94
2.

1

78
20

5
L

iv
er

 S
P

E
C

T
99

m
T

c 
S

C
22

2
0.

00
94

2.
1

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



289   /   APPENDIX D

T
A

B
L

E
 D

.5
—

(c
on

ti
n

u
ed

).

N
u

cl
ea

r-
M

ed
ic

in
e 

P
ro

ce
du

re

R
ad

io
ph

ar
m

ac
eu

ti
ca

ld
A

dm
in

is
te

re
d

A
ct

iv
it

y
(M

B
q)

D
os

e
C

on
ve

rs
io

n
C

oe
ff

ic
ie

n
t

(m
S

v 
M

B
q–1

)

E
ff

ec
ti

ve
 D

os
e

pe
r 

P
ro

ce
du

re
(m

S
v)

C
P

T
 C

od
e

D
es

cr
ip

ti
on

c

78
20

6
L

iv
er

 S
P

E
C

T
99

m
T

c 
S

C
22

2
0.

00
94

2.
1

78
21

5
L

iv
er

 S
P

E
C

T
99

m
T

c 
S

C
22

2
0.

00
94

2.
1

78
21

6
L

iv
er

 s
pl

ee
n

99
m

T
c 

S
C

22
2

0.
00

94
2.

1

78
22

0
H

ep
at

ob
il

ia
ry

99
m

T
c 

D
IS

ID
A

18
5

0.
01

7
3.

1

78
26

0
E

so
ph

ag
u

s 
m

ot
il

it
y

99
m

T
c 

S
C

11
.1

0.
02

4
0.

3

78
26

1
G

as
tr

ic
 m

u
co

sa
99

m
T

c 
O

4
37

0
0.

13
48

.1

78
26

2
G

E
 r

ef
lu

x
99

m
T

c 
S

C
11

.1
0.

00
94

0.
1

78
62

4
G

as
tr

ic
 e

m
pt

yi
n

g
99

m
T

c 
S

C
 e

gg
s

14
.8

0.
02

4
0.

4

78
27

8
B

lo
od

 lo
ss

99
m

T
c 

R
B

C
1,

11
0

0.
00

7
7.

8

78
29

0
In

te
st

in
e

99
m

T
c 

O
4

37
0

0.
01

3
4.

8

78
29

1
L

aV
ee

n
 s

h
u

n
t

99
m

T
c 

M
A

A
74

0.
01

1
0.

8

78
29

9
U

n
li

st
ed

0

B
ra

in

78
60

0
S

ta
ti

c 
li

m
it

ed
99

m
T

c 
H

M
P

A
O

74
0

0.
00

93
6.

9

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



D.  SUPPORTING DATA FOR SECTION 4   /   290

78
60

1
S

ta
ti

c 
+ 

fl
ow

 li
m

it
ed

99
m

T
c 

H
M

P
A

O
74

0
0.

00
93

6.
9

78
60

5
S

ta
ti

c 
co

m
pl

et
e

99
m

T
c 

H
M

P
A

O
74

0
0.

00
93

6.
9

78
60

6
S

ta
ti

c 
+ 

fl
ow

 c
om

pl
et

e
99

m
T

c 
H

M
P

A
O

74
0

0.
00

93
6.

9

78
60

7
S

P
E

C
T

99
m

T
c 

H
M

P
A

O
74

0
0.

00
93

6.
9

78
61

0
F

lo
w

 o
n

ly
99

m
T

c 
D

T
P

A
74

0
0.

00
49

3.
6

78
61

5
F

lo
w

 o
n

ly
99

m
T

c 
D

T
P

A
74

0
0.

00
49

3.
6

78
60

8
P

E
T

 F
D

G
18

F
 F

D
G

74
0

0.
01

9
14

.1

78
63

0
C

S
F

11
1 I

n
 D

T
P

A
18

.5
0.

02
1

0.
4

74
63

5
C

S
F

11
1 I

n
 D

T
P

A
18

.5
0.

02
1

0.
4

78
64

5
C

S
F

11
1 I

n
 D

T
P

A
18

.5
0.

02
1

0.
4

78
65

0
C

S
F

 le
ak

11
1 I

n
 D

T
P

A
18

.5
0.

02
1

0.
4

In
fe

ct
io

n

78
80

5
In

fl
am

m
at

io
n

 li
m

it
ed

99
m

T
c 

W
B

C
/11

1 I
n

 W
B

C
/67

G
a

33
/3

3/
33

74
0/

18
.5

/2
20

0.
01

7/
0.

36
/0

.1
8.

5

78
80

6
In

fl
am

m
at

io
n

 w
h

ol
e 

bo
dy

99
m

T
c 

W
B

C
/11

1 I
n

 W
B

C
/67

G
a

33
/3

3/
33

74
0/

18
.5

/2
20

0.
01

7/
0.

36
/0

.1
8.

5

78
80

7
S

P
E

C
T

99
m

T
c 

W
B

C
/11

1 I
n

 W
B

C
/67

G
a

33
/3

3/
33

74
0/

18
.5

/2
20

0.
01

7/
0.

36
/0

.1
8.

5

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



291   /   APPENDIX D

T
A

B
L

E
 D

.5
—

(c
on

ti
n

u
ed

).

N
u

cl
ea

r-
M

ed
ic

in
e 

P
ro

ce
du

re

R
ad

io
ph

ar
m

ac
eu

ti
ca

ld
A

dm
in

is
te

re
d

A
ct

iv
it

y
(M

B
q)

D
os

e
C

on
ve

rs
io

n
C

oe
ff

ic
ie

n
t

(m
S

v 
M

B
q–1

)

E
ff

ec
ti

ve
 D

os
e

pe
r 

P
ro

ce
du

re
(m

S
v)

C
P

T
 C

od
e

D
es

cr
ip

ti
on

c

N
on

-F
D

G
 t

u
m

or

78
07

5
A

dr
en

al
13

1 I
 M

IB
G

60
0.

14
8.

4

12
3 I

 M
IB

G
40

0
0.

01
3

5.
2

78
07

0
P

ar
at

h
yr

oi
d

99
m

T
c 

se
st

am
ib

i
74

0
0.

00
85

6.
3

78
80

0
T

u
m

or
 li

m
it

ed
67

G
a 

ci
tr

at
e/

11
1 I

n
 o

ct
re

ot
id

e
50

/5
0

22
0/

22
2

0.
1/

0.
12

25

78
80

1
T

u
m

or
 m

ul
ti

pl
e

67
G

a 
ci

tr
at

e/
11

1 I
n

 o
ct

re
ot

id
e

50
/5

0
22

0/
22

2
0.

1/
0.

12
25

78
80

2
T

u
m

or
 w

h
ol

e 
bo

dy
67

G
a 

ci
tr

at
e/

11
1 I

n
 o

ct
re

ot
id

e
50

/5
0

22
0/

22
2

0.
1/

0.
12

25

78
80

3
T

u
m

or
 S

P
E

C
T

67
G

a 
ci

tr
at

e/
11

1 I
n

 o
ct

re
ot

id
e

50
/5

0
22

0/
22

2
0.

1/
0.

12
25

78
80

4
T

u
m

or
 m

ul
ti

pl
e 

da
ys

67
G

a 
ci

tr
at

e/
11

1 I
n

 o
ct

re
ot

id
e

50
/5

0
22

0/
22

2
0.

1/
0.

12
25

78
19

5
L

ym
ph

at
ic

s
99

m
T

c 
S

C
37

0
0.

00
94

3.
5

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



D.  SUPPORTING DATA FOR SECTION 4   /   292

P
E

T 78
81

0
F

D
G

18
F

 F
D

G
74

0
0.

01
9

14
.1

a C
ol

le
ct

ed
 d

at
a 

fo
r 

th
is

 R
ep

or
t 

is
 p

re
se

n
te

d 
as

 s
pe

ci
fi

c 
ty

pe
s 

of
 p

ro
ce

du
re

s 
(C

P
T

 c
od

e)
. 

U
n

fo
rt

u
n

at
el

y 
fo

r 
a 

n
u

m
be

r 
of

 p
ro

ce
du

re
s 

th
er

e
ar

e 
se

ve
ra

l 
di

ff
er

en
t 

ra
di

on
u

cl
id

es
 t

h
at

 c
ou

ld
 h

av
e 

be
en

 u
se

d.
 I

n 
th

es
e 

ci
rc

u
m

st
an

ce
s,

 s
in

ce
 n

at
io

n
al

 d
at

a 
ar

e 
n

ot
 a

va
il

ab
le

, i
t 

w
as

 n
ec

es
-

sa
ry

 t
o 

ap
pl

y 
ju

dg
m

en
t 

de
ri

ve
d 

fr
om

 n
u

cl
ea

r-
m

ed
ic

in
e 

pr
ac

ti
ce

s 
in

 a
 f

ew
 la

rg
e 

h
os

pi
ta

ls
 r

eg
ar

di
n

g 
th

e 
ra

ti
o 

fo
r 

th
e 

di
ff

er
en

t 
ra

di
on

u
cl

id
es

.
T

h
e 

pe
rc

en
ta

ge
 r

at
io

 a
ss

u
m

ed
 i

s 
sh

ow
n

 a
ft

er
 t

h
e 

ra
di

op
h

ar
m

ac
eu

ti
ca

ls
. 

T
h

e 
do

se
 c

on
ve

rs
io

n 
co

ef
fi

ci
en

ts
 c

an
 t

h
en

 b
e 

u
se

d 
an

d 
th

en
w

ei
gh

te
d 

to
 a

rr
iv

e 
at

 a
n

 e
st

im
at

e 
of

 a
bs

or
be

d 
an

d 
ef

fe
ct

iv
e 

do
se

 fo
r 

th
e 

sp
ec

if
ic

 p
ro

ce
du

re
. F

or
 t

h
e 

ca
rd

ia
c 

st
u

di
es

 u
si

n
g 

99
m

T
c 

th
e 

do
se

 c
on

-
ve

rs
io

n
 c

oe
ff

ic
ie

n
t 

fo
r 

se
st

am
ib

i w
er

e 
as

su
m

ed
 r

at
h

er
 t

ha
n

 t
et

ro
fo

sm
in

. 
b I

n
 a

dd
it

io
n

 t
o 

th
e 

do
se

 c
on

ve
rs

io
n

 c
oe

ff
ic

ie
n

ts
 i

t 
is

 a
ls

o 
n

ec
es

sa
ry

 t
o 

kn
ow

 t
h

e 
am

ou
n

t 
of

 a
dm

in
is

te
re

d 
ac

ti
vi

ty
. 

S
u

gg
es

te
d 

ra
n

ge
s 

of
ad

m
in

is
te

re
d 

ac
ti

vi
ty

 a
re

 a
va

il
ab

le
 b

ot
h

 in
 t

ex
tb

oo
ks

 a
n

d 
th

e 
S

N
M

 (2
00

8)
 w

eb
si

te
. M

os
t 

n
u

cl
ea

r-
m

ed
ic

in
e 

de
pa

rt
m

en
ts

 h
av

e 
st

an
di

n
g 

ph
y-

si
ci

an
 d

ir
ec

te
d 

or
de

rs
 fo

r 
th

e 
am

ou
n

t 
to

 b
e 

ad
m

in
is

te
re

d 
fo

r 
di

ff
er

en
t 

st
u

di
es

. T
h

er
e 

ar
e 

n
o 

su
rv

ey
s 

av
ai

la
bl

e 
re

ga
rd

in
g 

th
e 

ac
tu

al
 a

dm
in

is
-

te
re

d 
ac

ti
vi

ty
 in

 t
h

e 
U

n
it

ed
 S

ta
te

s.
 T

yp
ic

al
ly

, h
ow

ev
er

, m
an

y 
de

pa
rt

m
en

ts
 u

se
 a

ct
iv

it
ie

s 
n

ea
r 

or
 a

t 
th

e 
h

ig
h

 e
n

d 
of

 s
u

gg
es

te
d 

ac
ti

vi
ty

 r
an

ge
s

in
 o

rd
er

 t
o 

op
ti

m
iz

e 
pa

ti
en

t 
th

ro
u

gh
pu

t 
an

d 
im

ag
e 

qu
al

it
y.

c C
S

F
=

ce
re

br
os

pi
n

al
 f

lu
id

d D
IS

ID
A

=
di

is
op

ro
py

l i
m

in
od

ia
ce

ti
c 

ac
id

D
E

X
A

=
du

al
-e

n
er

gy
 x

-r
ay

 a
bs

or
pt

io
m

et
ry

D
M

S
A

=
di

m
er

ca
pt

os
u

cc
in

ic
 a

ci
d

F
D

G
=

fl
u

or
od

eo
xy

gl
u

co
se

D
T

P
A

=
di

et
hy

le
n

et
ri

am
in

e 
pe

n
ta

ac
et

ic
 a

ci
d

G
E

=
ga

st
ro

es
op

h
ag

ea
l

F
D

G
=

fl
u

or
od

eo
xy

gl
u

co
se

G
I

=
ga

st
ro

in
te

st
in

al
H

M
P

A
O

=
ex

am
et

az
in

e 
(h

ex
am

et
h

yl
en

ep
ro

py
le

n
e-

am
in

eo
xi

m
e)

M
A

A
=

m
ac

ro
 a

gg
re

ga
te

d 
al

bu
m

in
M

A
G

3
=

m
er

ti
at

id
e 

(m
er

ca
pt

oa
ce

ty
lg

ly
cy

l-
gl

yc
yl

-g
ly

ci
n

e)
P

E
T

=
po

si
tr

on
 e

m
is

si
on

 t
om

og
ra

ph
y

M
D

P
=

m
et

h
yl

en
e 

di
ph

os
ph

on
at

e
S

P
E

C
T

=
si

n
gl

e-
ph

ot
on

 e
m

is
si

on
 c

om
pu

te
d 

to
m

og
ra

ph
y

M
IB

G
=

m
et

ai
od

ob
en

zy
lg

u
an

id
in

e
V

Q
=

ve
n

ti
la

ti
on

-p
er

fu
si

on
 s

ca
n

M
IB

I
=

m
et

h
ox

yi
so

bu
ty

l i
so

n
it

ri
le

R
B

C
=

re
d 

bl
oo

d 
ce

ll
s

S
C

=
su

lp
h

u
r 

co
ll

oi
d

W
B

C
=

w
h

it
e 

bl
oo

d 
ce

ll
s

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



293   /   APPENDIX D

T
A

B
L

E
 D

.6
—

C
h

an
ge

 i
n

 n
u

m
be

rs
 o

f 
pr

oc
ed

u
re

s 
(i

n
 t

h
ou

sa
n

d
s)

 a
n

d
 p

er
ce

n
ta

ge
 s

in
ce

 1
97

2 
fo

r 
in

 v
iv

o 
d

ia
gn

os
ti

c 
n

u
cl

ea
r-

m
ed

ic
in

e 
ex

am
in

at
io

n
s.

P
ro

ce
du

re

19
73

a
19

82
a

20
05

b

N
u

m
be

r
P

er
ce

n
t 

of
 

T
ot

al
E

xa
m

s
N

u
m

be
r

P
er

ce
n

t 
of

 
T

ot
al

E
xa

m
s

N
u

m
be

r
P

er
ce

n
t 

of
 

T
ot

al
E

xa
m

s

B
on

e
12

5
3.

6
1,

81
1

24
.5

3,
45

0
20

C
ar

di
ac

33
1.

0
95

0
12

.8
9,

80
0

57

L
u

n
g

41
7

11
.9

1,
19

1
16

.1
74

0
4

T
h

yr
oi

d
46

0
13

.1
67

7
9.

1
—

<2

R
en

al
 

12
2

3.
5

23
6

3.
2

47
0

3

G
I 

53
5

15
.2

1,
60

3
21

.7
1,

21
0

7

B
ra

in
1,

51
0

43
.0

81
2

11
.0

—
<2

In
fe

ct
io

n
38

0
2

T
u

m
or

14
0.

4
12

1
1.

6
34

0
2

O
th

er
29

4
8.

4
—

<2

T
ot

al
3,

51
0

10
0

7,
40

0
10

0
17

,2
00

10
0

a N
C

R
P

 (
19

89
a)

. 
b IM

V
 (

20
06

c)
.

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



294

Appendix E

Descriptions of 
Diagnostic and 
Therapeutic Nuclear- 
Medicine Procedures

E.1 Diagnostic Procedures

E.1.1 Cerebrovascular 

The most common nuclear-medicine imaging procedures of the
brain can be divided into three different categories:

• Planar brain imaging employs radiopharmaceuticals that
are perfusion agents and usually is only done for brain
death studies. There are several radiopharmaceuticals that
can be used for this purpose.

• SPECT brain perfusion imaging uses lipophilic radiophar-
maceuticals that cross the blood-brain barrier to localize in
normal brain tissue and pathologic processes in proportion
to cerebral blood flow. The two most common radiopharma-
ceuticals used are 99mTc exametazine (HMPAO) and 99mTc
bicisate (ECD). 

• PET metabolic brain imaging uses functional positron-
emitting radiopharmaceuticals, such as 18F fluorodeoxyglu-
cose (FDG; a glucose analogue) and neuroreceptor agents. 

E.1.2 Thyroid and Parathyroid 

Thyroid imaging and iodine uptake studies are primarily
designed to assess the ability of the thyroid or a thyroid nodule to
trap or organify compounds. Currently either 123I or 99mTc pertech-
netate is used for diagnostic purposes.
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Parathyroid imaging is done almost exclusively for localization
of parathyroid adenomas that are causing hypercalcemia. The most
commonly used radiopharmaceutical is 99mTc sestamibi.

E.1.3 Cardiac 

The most common use of nuclear medicine in cardiac imaging is
to assess blood perfusion of the myocardium. The most common
radiopharmaceuticals used are 99mTc sestamibi, 99mTc tetrofosmin,
and less commonly 201Tl chloride. The different analyses can be
done with a single administration of radiopharmaceutical and
billed as a single examination, but often appears in billing data
with add-on codes, which can lead to confusion in determining the
actual number of procedures and radiopharmaceutical injections.
Less commonly, dual-injection stress-rest studies are performed.

The positron-emitting radiopharmaceuticals including 13N
ammonia and 82Rb chloride can be used to assess myocardial perfu-
sion. Fluorine-18 FDG can be used for evaluation of myocardial
metabolism. Most of these techniques also are used to simultane-
ously evaluate left ventricular wall motion. 

Another common cardiac nuclear-medicine examination is done
by tagging red blood cells (RBC) with 99mTc to assess left ventricu-
lar function and ejection fraction. 

E.1.4 Pulmonary 

Evaluation of pulmonary function is performed by inhalation of
a radiopharmaceutical for ventilation [usually 99mTc diethylenetri-
amine pentaacetic acid (DTPA) aerosol or 133Xe gas] and intrave-
nous injection of a different radiopharmaceutical for evaluation of
lung perfusion [99mTc macro aggregated albumin (MAA)]. In the
last 5 y CT has replaced the vast majority of nuclear-medicine lung
scans.

E.1.5 Gastrointestinal 

Several very different types of diagnostic nuclear-medicine
examinations may be performed, depending upon the suspected GI
problem. Liver/spleen scans employ 99mTc sulfur colloid to image
and evaluate the reticuloendothelial system. With the advent and
growth of CT scanning this examination has also experienced a
rapid decrease in frequency. 

Hepatobiliary scans using 99mTc diisopropyl iminodiacetic acid
(DISIDA) are commonly used to diagnose cholecystitis, biliary

NCRP 2015 -- All rights reserved. 
AAPM Member Copy 
Single use only, copying and networking prohibited



E.1 DIAGNOSTIC PROCEDURES   /   296

obstruction, and biliary leaks. GI studies performed with techne-
tium tagged red cells can localize intestinal bleeding sites and eval-
uate hepatic hemagiomas. There are also studies that employ
various radiopharmaceuticals to evaluate gastroesophageal reflux
and esophageal and stomach motility. 

E.1.6 Musculoskeletal 

Essentially all bone scans use 99mTc diphosphonates [usually
methylene diphosphonate (MDP)]. The most common indication is
to evaluate for the presence and or progression of metastases from
tumors, and occasionally to evaluate for primary bone tumors, bone
infections, or suspected fractures that cannot be found by x-ray
procedures. 

E.1.7 Genitourinary System and Adrenal Glands

Genitourinary applications of nuclear medicine are most com-
monly for evaluation of the function of the kidneys, to distinguish
obstruction of the ureter from a dilated but nonobstructed collect-
ing system, and to evaluate renal artery stenosis in hypertensive
patients. Less common applications include evaluation of renal
transplants and ureteral reflux. The radiopharmaceuticals in com-
mon use include 99mTc DTPA and 99mTc MAG3 (mertiatide). Imag-
ing of the kidneys is usually performed by CT but there are
occasional circumstances when nuclear medicine can be helpful.
Occasionally, adrenal cortical or adrenal medullary imaging is used
for evaluation of adrenal hyperplasia or functional neoplasms.

E.1.8 Inflammation and Infection Imaging

Evaluation of suspected abscesses is usually begun with CT
scanning. When this is unsuccessful there are nuclear-medicine
techniques that can be helpful. Historically, 67Ga citrate was used
but it has been largely replaced by the use of 99mTc or 111In-labeled
white blood cells (WBC). A small quantity of the cells are harvested
from the patient, labeled and reinjected.

E.1.9 Tumor Imaging

Often nuclear-medicine examination data simply refer to the
number of examinations done for tumor imaging. While there are
a number of positron-emitting radionuclides available today,
the short half-life (11C, 20.3 min; 13N, 10 min; 15O, 124 s) or need for
expensive generator systems (82Rb) has resulted in 18F FDG (half-
life of 110 min) being used for the overwhelming majority of PET
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scans. This indicator of glucose metabolism is used primarily for
staging and therapy evaluation in a wide variety of tumors, includ-
ing breast cancer, lung cancer, colorectal cancer, lymphoma, and
melanoma. 

Fluorine-18 FDG has largely supplanted the use of 67Ga citrate
for evaluation of lymphoma, hepatoma, and some other cancers.
However, 111In pentetreotide is used for some specific types of
tumors such as carcinoid. Iodine-123 or iodine-131 metaiodobenzyl-
guanidine (MIBG) is useful for rare tumors including pheochromo-
cytoma and neuroblastoma. Technetium-99m sestamibi is used for
localization of parathyroid adenomas and occasionally is still used
for breast tumors. Thallium-201 chloride is usually used for
Kaposi’s sarcoma and brain tumors. Iodine-123 and iodine-131
sodium iodide remain the standard for imaging thyroid cancer
metastases. Use of monoclonal antibodies for various tumors has
been in and out of vogue with their current use being primarily for
lymphoma evaluation and therapy.

Estimation of the radiation dose from this category of proce-
dures is the most difficult because there are many different radio-
pharmaceuticals that can be used based upon the suspected tumor
type. Fortunately, the overall contribution of this category is small
compared with the total frequency and radiation dose for all
nuclear-medicine examinations.

E.2 Therapeutic Procedures

E.2.1 Thyroid 

Hyperfunction of the thyroid gland (hyperthyroidism) can be
treated with antithyroid drugs, surgery, or with radioiodine. In
the United States radioiodine treatment of hyperthyroidism is the
most common form of nuclear-medicine therapy. 

Thyroid cancer often spreads to local lymph nodes, lungs, and
bone. Many thyroid cancers will accumulate iodine (although to a
lesser extent than normal thyroid tissue). Following complete sur-
gical excision of the cancer and the thyroid gland, radioiodine may
be given to destroy any residual iodine-accumulating thyroid and
cancer cells. This is the second most common form of therapy with
unsealed radionuclides.

The 2004 Medicare data indicate that 2 % of nuclear-medicine
procedures were 131I therapy but this is likely an underestimate of
the true situation as the majority of patients receiving iodine ther-
apy for hyperthyroidism are young or middle age females and,
thus, not included in the Medicare data.
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E.2.2 Bone Metastases Therapy

Several cancers (such as prostate and breast) have a predilec-
tion for diffuse spread throughout the skeleton. There are a number
of radiopharmaceuticals that will localize in the metastatic lesions
to provide palliation (but not cure). The usual radiopharmaceuti-
cals used are 153Sm ethylene diamine tetramethylene phosphonate
(EDTMP), 89Sr chloride, 186Re hydroxyethylene-diphosphonate
(HEDP), and 117mSn DTPA.

E.2.3 Intracavitary Therapy

Intracavitary therapy is usually used to treat diffusely spread
tumors in confined anatomical spaces or to treat arthritis and syno-
vitis. For tumor therapy there may be direct injection of 198Au col-
loids or even 131I- or 90Y-labeled antibodies into confined anatomical
spaces (such as the pleural space or the peritoneal cavity). For
treatment of arthritis or synovitis there is direct instillation of 90Y
ferric hydroxide macroaggregate (FHMA), 165Dy FHMA, or 169Er
colloid into the joint space.

E.2.4 Polycythemia Vera

This is a relatively rare disease that is characterized by overpro-
duction of red and white blood cells by the bone marrow. Phos-
phate-32 is given intravenously and localizes in the bone and the
beta emissions result in mild bone marrow suppression and reduc-
tion in production of many blood elements. 

E.2.5 Intra-arterial Therapy

Some tumors (such as hepatomas) are highly vascularized and
may not be amenable to surgery or chemotherapy. In these circum-
stances it is possible to place a catheter in the arterial supply
and inject insoluble radiolabeled particles that lodge in the arteri-
oles and capillaries of the tumor and provide a local radiation dose.
The radionuclides most commonly used are 131I-labeled oil contrast
and 90Y glass or resin microspheres. 

E.2.6 Radioimmunotherapy

This type of therapy uses radiolabeled antibodies directed
against tumor specific antigens. These agents are gaining in popu-
larity and are currently being used for treatment of chemotherapy
resistant lymphomas. The antibodies are labeled with 131I or 90Y
and injected intravenously in relatively large activities, but can
also be labeled with other beta-particle, Auger-electron, or alpha-
particle emitting radionuclides.
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Glossary

absorbed dose: The energy imparted to matter by ionizing radiation per
unit mass of irradiated material at the point of interest. In the SI sys-
tem the unit is J kg –1 with the special name gray (Gy). The special
unit previously used was rad. 1 Gy = 100 rad. 

absorbed fraction: The fraction of the photon energy emitted within a
specified volume of material that is absorbed by the volume. The
absorbed fraction depends on the source distribution, the photon
energy, and the size, shape, and composition of the volume.

accelerator: A device that accelerates charged particles (e.g., protons,
electrons) to high speed in order to produce ionization or nuclear reac-
tions in a target; often used for the production of certain radionuclides
or directly for radiation therapy. The cyclotron and the linear accelera-
tor are types of accelerators. 

activation: Production of radionuclides by absorption of radiations (e.g.,
photons, neutrons or alpha particles) by atomic nuclei. 

activity: The number of spontaneous nuclear transformations occurring
in an amount of radionuclide in a particular energy state in a given
time interval. The unit for activity in the SI system is reciprocal
second (s–1) (i.e., one nuclear transformation per second), with the
special name becquerel (Bq). The special unit previously used was
curie (Ci); 1 Ci = 3.7 × 1010 Bq. 

administered activity: The amount, in terms of activity, of a radionu-
clide given to a patient during a diagnostic or therapeutic procedure. 

Agreement State: Any state with which the U.S. Nuclear Regulatory
Commission (NRC) has entered into an effective licensing agreement
under Section 274(b) of the Atomic Energy Act of 1954, as amended, to
enable the state to regulate source, special nuclear, and byproduct
materials. 

air kerma: (see kerma).
alpha particle: A positively charged particle ejected spontaneously from

the nuclei of some radioactive elements. It is identical to a helium
nucleus with a mass number of 4 and an electric charge of +2. Alpha
particles from radioactive decay (<10 MeV) have low penetrating
power and a short range (e.g., a few centimeters in air). 

angiography: The radiographic visualization of blood vessels following
introduction of contrast material. 

as low as reasonably achievable: A principle of radiation protection
philosophy that requires that exposures to ionizing radiation be kept
as low as reasonably achievable, economic and societal factors being
taken into account. The protection from radiation exposure is as low
as reasonably achievable when the expenditure of further resources
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would be unwarranted by the reduction in exposure that would be
achieved. 

atomic number: The number of positively charged protons in the
nucleus of an atom. 

attenuation: The reduction of radiation intensity upon passage of radia-
tion through matter.

background radiation: (see ubiquitous background radiation). 
becquerel (Bq): The special name for the unit of activity in the SI system

[i.e., one nuclear transformation per second (s–1)]. The special unit
previously used was curie (Ci); 3.7 × 1010 Bq = 1 Ci; 37 MBq
(megabecquerels) = 1 mCi (millicurie) 

beta particle: An energetic electron emitted spontaneously from nuclei
in the decay of many radionuclides. 

bioassay: A technique used to identify, quantify and/or specify the loca-
tion of radionuclides in the body by direct (in vivo) or indirect (in vitro)
analysis of tissues or excretions from the body. 

brachytherapy: Method of radiation therapy in which an encapsulated
source is utilized to deliver gamma or beta radiation at a distance up
to a few centimeters either by surface, intracavitary or interstitial
application. 

bronchial epithelium: The surface layer of cells lining the conducting
airways of the lung. The thickness decreases with bronchial
generation from 80 µm in the trachea to 15 µm in the finest airways.

cancer: A general term for over 100 diseases characterized by abnormal
cells and altered control of proliferation of malignant cells. 

carcinogenesis: Induction of cancer (e.g., by radiation or other agent). 
cardiac catheterization: Passage of a small catheter through a vessel in

an arm, leg or neck and into the heart, permitting the securing of blood
samples, determination of intracardiac pressure, detection of cardiac
anomalies, and injection of contrast media for imaging of vessels. 

cephalometric: Referring to images of the head, primarily the dentofa-
cial structures, usually obtained in lateral and posteroanterior orien-
tation. The images are used to measure and study maxillofacial
growth and maxilla-mandible relationships.

charged particle: An atomic or subatomic quantity of matter (e.g., elec-
tron, proton, alpha particle, ionized atom) having a net positive or neg-
ative electrical charge of one or more elementary units of charge. 

cinefluorography: The production of motion picture photographic
records of the image formed on the output phosphor of an image inten-
sifier by the action of x rays transmitted through the patient. 

cleanup: Decontamination and removal of radioactive or other hazardous
materials from a contaminated site. Sometimes used to refer to the
more general concept of remediation (see decommissioning). 

coefficient of variation: The ratio of the standard deviation to the mean.
collective effective dose (S) (person-Sv): Most frequently the product

of the mean effective dose for a population and the number of persons
in the population, but, more precisely, and preferably, the sum of all
individual effective doses in the population of concern. 
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colloid: Small, insoluble and nondiffusible particle (as a single large
molecule or mass of smaller molecules) in solid, liquid or gaseous form
that remains in suspension in a surrounding solid, liquid or gaseous
medium of different matter. 

commercial waste (radioactive): Radioactive waste generated in any
activity by a nongovernmental entity. Often refers to waste containing
source, special nuclear, or byproduct material regulated by the U.S.
Nuclear Regulatory Commission or an Agreement State, but also
may refer to waste containing naturally-occurring and accelerator-
produced radioactive material that is currently regulated only by the
states. 

committed effective dose: Effective dose due to absorbed doses in the
specified organs or tissues over a specified period of time following an
intake of a radionuclide by ingestion, inhalation, or dermal absorption.
The time period over which the committed effective dose is calculated
normally is 50 y for intakes by adults or from age-at-intake to age 70 y
for intakes by other age groups. 

computed radiography: An imaging technique in which photo-stimula-
ble phosphor plates are used as the image receptor for an x-ray image.
The plate is then placed in a separate device and interrogated with a
laser focused to a small area. The resultant stimulated light emission,
proportional to the x-ray dose at that point, is detected and the signal
digitized to form an array of pixels representing the x-ray image.

computed tomography (CT): An imaging procedure that uses multiple
x-ray transmission measurements and a computer program to gener-
ate tomographic images of the patient.

computed tomography dose index (CTDI): A dose index quantity
obtained by integrating over the dose profile resulting from a single
computed tomography axial rotation. When obtained using a 10 cm
(100 mm) long ionization chamber, it is designated CTDI100. When
normalized per milliampere-second (mAs), it is designated nCTDI100.

confidence interval (CI): A measure of the extent to which an estimate
of dose or other parameter is expected to lie within a specified interval
(e.g., a 90 % confidence interval of a dose estimate means that, based
on available information, the probability is 0.9 that the true but
unknown dose lies within the specified interval). 

contamination (radioactive): Radioactive material that is present in
undesired locations such as on the surface of or inside structures,
areas, objects or individuals. 

conventional fluoroscopy: An imaging technique using x rays to visu-
alize the dynamics of bodily functioning. For example, a material with
high x-ray absorption is injected or ingested and fluoroscopy is used to
monitor the progress of the material through the blood vessels or gas-
trointestinal tract. The image receptor can be either an image intensi-
fier and video camera tube, or a large-area solid-state detector.

conventional radiography: An imaging technique where the image
receptor consists of a combination of (usually two) intensifying(s)
screens in intimate contact with a photographic film (usually a
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dual-emulsion film). After exposure to the x-ray image, the photo-
graphic film is then processed in chemical solutions. Photographic film
is relatively insensitive to x rays; the light from the intensifying
screens produces most of the film optical density (also referred to as
screen-film radiography).

conversion coefficient: The quotient of a dose quantity under specied
conditions and an associated field quantity (e.g., air kerma or fluence). 

critical group: Subgroup of an exposed or potentially exposed population
that receives or is expected to receive the highest dose due to exposure.

curie (Ci): The special unit previously used for activity (see activity and
becquerel). 

decommissioning: The process of closing down a facility followed by
reducing the residual quantities of radioactive material to a level that
permits the release of the property for either limited (restricted) or
unrestricted use. 

deep dose equivalent: Dose equivalent at a tissue depth of 1 cm. Also
called personal dose equivalent at a depth of 1 cm. The unit for deep
dose equivalent in the SI system is J kg –1, with the special name
sievert (Sv). 

dental bitewing: An intraoral radiograph that demonstrates the crowns,
necks and coronal thirds of the roots of both upper and lower teeth, so
named because the patient bites upon a tab or “wing” projecting from
the center of the image-receptor packet.

depleted uranium: Uranium with an isotopic content of <0.7 % 235U;
typically depleted uranium contains ~0.2 % 235U. 

deterministic effects: Effects that occur in all individuals who receive
greater than a threshold dose; the severity of the effect varies with the
dose above the threshold. Examples are radiation-induced cataracts
(lens of the eye) and radiation-induced erythema (skin). 

detriment: (see radiation detriment). 
digital radiography: An imaging technique using an x-ray sensitive

plate integrated into the x-ray imaging system. The plate converts the
absorbed x-ray image into an electrical charge map which is then digi-
tized to form an array of pixels representing the x-ray image. The
image information is presented in a digital array rather than on film.

direct exposure x-ray (film) images: A dual-emulsion photographic
film is exposed directly to x rays, without the use of intensifying
screens. The radiation dose required for direct exposure imaging is 10
to 20 times higher than is required with screen-film imaging since the
photographic film is relatively insensitive to x-ray exposure.

disposal: Placement of waste in a facility designed to isolate waste from
the accessible environment without an intention to retrieve the waste,
irrespective of whether such isolation permits recovery of waste. 

dose (radiation dose): A general term used when the context is not
specific to a particular dose quantity. When the context is specific, the
name or symbol for the quantity is used (e.g., mean absorbed dose,
effective dose). 
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dose equivalent (H): The product of the absorbed dose (D) at a point and
the quality factor (Q) at that point for the radiation type (i.e., H = DQ).
The unit of dose equivalent is J kg–1 with the special name sievert
(Sv). 

dose-length product (DLP): A dose index quantity obtained using the
following formula: 

, (G.1)

where L is the length of patient scanned, p is the pitch, and CTDI100,c
and CTDI100,p are CTDI100 values determined at the center and
periphery of a standardized phantom (see pitch and computed tomog-
raphy dose index). 

dose limit: A limit on dose that is applied for exposure to individuals in
order to prevent the occurrence of radiation-induced deterministic
effects or to limit the probability of radiation-related stochastic effects. 

dose rate (radiation dose rate): Dose delivered per unit time. Can
refer to any dose quantity (e.g., absorbed dose, dose equivalent). 

dosimeter: Dose measuring device (see personal monitoring). 
dosimetric model: (1) For intakes of radionuclides into the body, model

that estimates the dose in various organs and tissues per
disintegration of a radionuclide in a specified source organ (site of
deposition or transit in the body). (2) For external exposure, model
that estimates the dose rate in organs and tissues per unit activity
concentration of a radionuclide in an environmental medium. 

dosimetry: The science or technique of determining radiation dose. 
effective dose (E): The sum over specified organs and tissues of the

products of the equivalent dose in a tissue (HT) and the tissue
weighting factor for that tissue or organ (wT):

. (G.2)

The tissue weighting factors have been developed from a reference
population of equal numbers of both males and females and a wide
range of ages (ICRP, 1991). Effective dose (E) applies only to sto-
chastic effects. The unit is the joule per kilogram (J kg –1) with the
special name sievert (Sv). ICRP (2007a) revised the wT values and
the wR values (see equivalent dose) used in effective dose; when the
ICRP (2007a) formulation is cited in this Report, it is denoted as E*.

effective dose equivalent (HE): The sum over specified organs and
tissues of the products of the mean dose equivalent in a tissue (HT)
and the weighting factor for that tissue or organ (wT): 

. (G.3)

DLP  L 
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T
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The formulation differs from ICRP (1991) and is defined in ICRP
(1977). Now superseded in ICRP and NCRP recommendations by effec-
tive dose, but the formulation is still in use by most federal and state
agencies. 

electron: Subatomic charged particle. Negatively charged electrons are
parts of stable atoms. Both negatively and positively charged electrons
(positrons) may be expelled from the radioactive atom when it disinte-
grates (see beta particle). 

element: Any substance that cannot be separated into different
substances by ordinary chemical methods. Elements are distinguished
by the number of protons in the nucleus of atoms.

entrance air kerma (or entrance skin exposure): Air kerma (or
exposure) measured free-in-air at the location of the entry surface of an
irradiated person or phantom in the absence of the person or phantom. 

equilibrium factor: The ratio of the actual potential alpha-energy con-
centration to the potential alpha-energy concentration that would pre-
vail if all the decay products in each of the radon progeny decay series
were in equilibrium with the parent radon.

equivalent dose (HT): Mean absorbed dose in a tissue or organ (DT,R)
weighted by the radiation weighting factor (wR) for the type and
energy of radiation incident on the body: 

, (G.4)

The SI unit of equivalent dose is the joule per kilogram (J kg –1) with
the special name sievert (Sv). 1 Sv = 1 J kg –1. 

exempt: Excluded from regulation as hazardous or radioactive material. 
exposure: A general term used to express the act of being exposed to

ionizing radiation. In this Report, exposure also refers to inhalation
intake (e.g., for radon) expressed in working level months (see working
level month). Exposure is also a defined ionizing radiation quantity. It
is a measure of the ionization produced in air by x or gamma rays. The
unit of exposure is coulomb per kilogram (C kg –1). The special name
for exposure is roentgen (R), where 1 R = 2.58 × 10–4 C kg –1.

exposure assessment: A specification of the population potentially
exposed to ionizing radiation and the pathways and routes by which
exposure can occur, and quantification of the magnitude, duration and
timing of the exposures and resulting doses. 

external dose: Dose to organs or tissues of an organism due to radiation
sources outside the body. 

fallout: In the context of this Report, the radioactive material falling
from the atmosphere to Earth’s surface after a nuclear event, such as
a weapons test or accident. 

field size: The geometrical projection of the x-ray beam on a plane
perpendicular to the central ray of the distal end of the limiting
diaphragm, as seen from the center of the front surface of the source. 

HT wRDT,R
R
∑=
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film: A thin, transparent sheet of polyester or similar material coated on
one or both sides with an emulsion sensitive to radiation and light. 

fission (nuclear): A nuclear transformation characterized by the split-
ting of a nucleus into at least two other nuclei and the release of a rel-
atively large amount of energy. 

fluence: The number of particles or photons per unit of a cross-sectional
area (units of m–2). 

fluoroscopy: A medical x-ray procedure used for observation of the inter-
nal features of the body by means of the fluorescence produced on a
screen by a continuous field of x rays transmitted through the body. 

food chain: The hierarchical order of groups of organisms based on what
each group eats. 

galactic cosmic radiation: The charged-particle radiation outside the
magnetosphere comprised of 2 % electrons and positrons, and 98 %
nuclei, the latter component consisting (by fluence) of 87 % protons,
12 % helium ions, and 1 % high atomic number, high-energy particles. 

gamma rays: Electromagnetic radiation emitted by the atomic nucleus.
Gamma rays have high penetrating ability compared with alpha and
beta particles. 

genetic effects: Changes in reproductive cells that may result in
detriment to offspring. 

geometric mean (GM): The geometric mean of a set of n values is the
nth root of the product of the n values [e.g., the geometric mean of (a,b)
is the square root (second root) of a times b, which is written (a × b)1/2 ]. 

geometric standard deviation (GSD): In a lognormal distribution, the
exponential of the standard deviation of the associated normal distri-
bution (always ≥1).

gray (Gy): The special name for the SI unit J kg –1 (i.e., energy imparted
per unit mass of a material). 1 Gy = 1 J kg –1. 

groundwater: Water below the land surface in a zone of saturation that
is under a pressure equal to or greater than atmospheric pressure. 

half-life: The time in which one-half of the atoms (on average) of a partic-
ular radioactive substance disintegrate into another nuclear form
(also called physical or radiological half-life). 

hereditary effects: Effects expressed in offspring due to alteration of
reproductive cells in the parent(s). 

image intensifier: An x-ray image receptor which increases the bright-
ness of a fluoroscopic image by electronic amplification and image
minification. 

image quality: The overall clarity of a radiographic image. Image sharp-
ness, image contrast, and image noise are three common measures of
image quality. 

image receptor: A system for deriving a diagnostically usable image
from the x rays transmitted through the patient. Examples: screen-
film system, photostimulable storage phosphor, solid-state detector. 

internal dose: Dose to organs or tissues of an organism due to intakes of
radionuclides (e.g., by ingestion, inhalation, or dermal absorption). 
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internal exposure: Exposure to radiation originating from a source
within the body (e.g., as a result of intakes of radionuclides into the
body by inhalation or ingestion). 

International System of Quantities and Units [Systeme Interna-
tionale (SI)]: The International System of Quantities and Units as
defined by the General Conference of Weights and Measures in 1960
and periodically revised since. These units are generally based on the
meter/kilogram/second units, with special quantities for radiation
including the becquerel, gray and sievert. 

intraoral radiography: Radiography with an image receptor placed
intraorally and lingually or palatally to the teeth. 

in vivo: From Latin “in life”; refers to a procedure carried out in the living
body, as opposed to a procedure done outside the body (in vitro) (e.g., in
a test tube). 

ionization chamber: A device for detection of ionizing radiation or for
measurement of exposure, air kerma, or absorbed dose (or their
corresponding rates). 

ionizing radiation: Particulate or electromagnetic radiation that is
capable of removing electrons from a neutral atom or molecule either
directly or indirectly, resulting in an excess charge. 

irradiation: The process of exposure to radiation. 
isotope: One of several nuclides having the same number of protons in

their nuclei, but different nuclear mass numbers due to different num-
bers of neutrons in the nucleus. 

kerma (kinetic energy released per unit mass) (K): The sum of the
initial kinetic energies of all the charged particles liberated by
uncharged particles in a mass of material. The unit for kerma is
J kg –1, with the special name gray (Gy). Kerma can be quoted for any
specified material at a point in free space or in an absorbing medium
(e.g., air kerma). 

kerma-area product (KAP): The incident air kerma (in gray or milli-
gray) times the cross-sectional area of the x-ray beam (in cm2).

landfill: A disposal facility or part of a facility where waste is placed in or
on land and which is not a pile, a land treatment facility, a surface
impoundment, an underground injection well, a salt dome formation,
a salt bed formation, an underground mine, a cave, or a corrective
action management unit. 

leachate: The water that has been in contact with sediment or soil and
whose chemical characteristics have been affected by properties of the
sediment or soil, as well as the duration of contact. 

license: Permission issued by the U.S. Nuclear Regulatory Commission
(NRC) or an Agreement State in accordance with applicable laws or
regulations. 

linear accelerator (electron): A device that accelerates electrons along
a linear path into an electron target or converter where the energy is
converted into bremsstrahlung or x-ray photons. 

lognormal distribution: A set of values whose logarithms are nor-
mally distributed is said to be lognormally distributed. The lognormal
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distribution is asymmetric. It is bounded at the lower end by zero
because the logarithm is defined only for positive numbers. 

low-level radioactive waste: A general term for a wide range of radio-
active waste that contain low concentrations of radionuclides, where
the low concentrations are defined by U.S. regulations. 

magnification (in medical x-ray imaging): An imaging procedure
carried out with magnification usually produced by purposeful
introduction of distance between the subject and the image receptor.

mammography: An x-ray examination of the breast. 
maximally-exposed individual (MEI): Individual assumed to receive

the highest dose from exposure to radiation. 
mean: Sum of the measured values divided by the number of measure-

ments. The mean value is also often called the (arithmetic) average
value. The mean of a distribution is the weighted average of the possi-
ble values of the random variable. 

mean absorbed dose: The mean absorbed dose in an organ or tissue,
obtained by integrating or averaging absorbed doses at points in the
organ or tissue. 

mean glandular dose: The energy deposited per unit mass of glandular
tissue (the radiosensitive tissue in the breast) averaged over all the
glandular tissue in the breast (i.e., the mean absorbed dose to glandu-
lar tissue). 

median: Of a set of n values, the median is the value that is as frequently
exceeded (by other values in the set) as not. The median value of a dis-
tribution is the 50th percentile. 

medical facility: A hospital, clinic or other facility that provides medical
services. 

member of the public: An individual who is not already considered
occupationally exposed by a radiation source or practice under consid-
eration. When being irradiated as a result of medical care, patients
are a separate category. 

migration: The movement of substances in the environment, usually by
means of air, surface water, or groundwater. 

mill tailings: Residues from chemical processing of uranium or thorium
ores for their source material content. Mill tailings are a form of
byproduct material, as defined in the Atomic Energy Act. 

minimum detectable level: A general term for the lowest value of a
quantity that a measurement device is capable of detecting. 

model: Mathematical or physical representation of an environmental or
biological system, sometimes including specific numerical values for
parameters of the system. 

monitor: To determine the level of ionizing radiation or radioactive
contamination. Also, a device used for this purpose. 

monitoring: Periodic or continuous determination of exposure rate or
dose rate in an area (area monitoring), or of the exposure received by a
person (personal monitoring), or the measurement of contamination
levels. 
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Monte-Carlo simulation: Computation of a probability distribution of
an output of a model on the basis of repeated calculations using
random sampling of input variables from specified probability
distributions. 

naturally-occurring radioactive material (NORM): Materials found
in the natural environment containing inherent concentrations of
radionuclides. Examples include materials containing long-lived
radioactive isotopes of the elements uranium, thorium and potassium,
and of their decay products (e.g., the elements radium and radon) that
have always been present in Earth’s crust. 

negligible individual dose: A level of effective dose to an individual per
source or practice that may be ignored. This term was defined in
NCRP Report No. 116 (NCRP, 1993a) and its recommended value is
0.01 mSv. 

neutron: An uncharged elementary particle having a mass slightly
greater than a proton that is usually stable when within the nucleus
but is unstable otherwise. 

normal distribution: The normal distribution is an unbounded symmet-
ric distribution, characterized by its mean and standard deviation. In
a normal distribution, the median is equal to the mean. 

nuclear fuel cycle: Activities associated with production, utilization and
disposition of fuel for nuclear reactors, including power reactors,
research reactors, and defense and isotope production reactors, and
byproducts related to such activities. 

nuclide: A species of atom having specied numbers of neutrons and pro-
tons in its nucleus. 

occupational exposures: Radiation exposures to individuals that are
incurred in the workplace as a result of situations that can reasonably
be regarded as being the responsibility of management (radiation
exposures associated with medical diagnosis of or treatment for the
individual are excluded). 

optically-stimulated luminescent dosimeter: A dosimeter containing
a crystalline solid for measuring radiation dose. When used for per-
sonal dosimetry, filters (absorbers) are included to help characterize
the types of radiation encountered. When irradiated with intense
light, optically-stimulated luminescent crystals that have been
exposed to ionizing radiation give off light proportional to the energy
they received from the radiation. 

panoramic examination: A method of radiography by which continuous
curved tomograms of the maxillary and mandibular dental arches and
their associated structures may be obtained. 

pathway: Route or mechanism of transport of contaminants in the envi-
ronment, the means of release of contaminants from a facility, or the
means of exposure of humans or other organisms. 

personal dose equivalent: (see deep dose equivalent).
personal monitoring: The use of a small radiation detector that is

worn by an individual. Common personal dosimeters contain film,
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thermoluminescent, or optically-stimulated luminescent materials as
the radiation detection device. 

person-sievert (person-Sv): The unit of collective effective dose. 
phantom: A volume of tissue- or water-equivalent material used to simu-

late the absorption and scattering characteristics of the patient’s body
or portion thereof. 

photon: Quantum of electromagnetic radiation, having no charge or
mass, that exhibits both particle and wave behavior, such as a gamma
or x ray. 

pitch (p): In computed tomography (CT), the ratio of the patient transla-
tion per gantry rotation to the nominal beam width for the CT scan. 

positron: An antiparticle equal in mass to an electron and having an
equal but positive charge. 

positron emission tomography (PET): An imaging technique using
radionuclides that emit positrons (positively charged electrons), whose
annihilation photons are imaged in coincidence to form tomographic
views of the body. 

precision: Acceptable degree of uncertainty of an estimate with respect
to an actual event or outcome (result). 

probability distribution: Estimate of the likelihood of occurrence of dif-
ferent possible values of a measured value, a model parameter, or
model output. 

projection: The direction of the central ray (e.g., mediolateral,
craniocaudal) in an x-ray exam. 

protective devices (medical exposure): Devices such as gloves, aprons
and gowns made of radiation absorbing materials, used to reduce occu-
pational radiation exposure in medical procedures. 

proton: An elementary nuclear particle with a positive charge equal to
the charge of an electron and a mass equal to the nucleus of the 1H
atom. 

quality assurance: Process of ensuring proper documentation of data,
interpretations of data, which are embodied in assumptions, and
computer codes. 

quality control: The routine performance of tests and tasks and the
interpretation of data from the tests of equipment function and the
corrective actions taken. 

rad: The special unit previously used for absorbed dose; 100 rad = 1 Gy
(see gray). 

radiation (ionizing): Electromagnetic radiation (x or gamma rays) or
particulate radiation (alpha particles, beta particles, electrons,
positrons, protons, neutrons, and heavy charged particles) capable of
producing ions by direct or secondary processes in passage through
matter. 

radiation detriment: Measure of stochastic effects from exposure to
ionizing radiation that takes into account the probability of fatal can-
cers, probability of severe hereditary effects in future generations,
probability of nonfatal cancers weighted by the lethality fraction, and
relative years of life lost per fatal health effect. 
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radiation weighting factor (wR): A factor used to allow for differences
in the biological effectiveness between different radiations when
calculating equivalent dose (HT) (see equivalent dose). These factors
are independent of the tissue or organ irradiated. 

radioactive decay: The spontaneous transformation of one nuclide into
a different nuclide or into a different energy state of the same nuclide.
The process results in a decrease, with time, of the number of original
radioactive atoms in a sample. Decay generally involves the emission
from the nucleus of alpha particles, beta particles, or gamma rays. 

radioactive series: A succession of nuclides, each of which transforms
by radioactive decay into the next until a stable nuclide results. The
first member is called the parent and the subsequent members of
the series are called progeny, daughters or decay products. 

radioactive waste: Solid, liquid or gaseous materials of no value that
contain radionuclides, either anthropogenic or naturally-occurring,
and are regulated as hazardous material due to the presence of
radionuclides. 

radiograph: A film or other record produced by the action of x rays on a
sensitized surface. 

radiography: The production of images on film or other media by the
action of x rays transmitted through a patient. 

radiology: That branch of healing arts and sciences that deals with
the use of images in the diagnosis and treatment of disease. 

radionuclide: An unstable (radioactive) nuclide. A nuclide is a species of
atom characterized by the constitution of its nucleus (i.e., the number
of protons and neutrons, and the energy content). 

radiopharmaceutical: A radioactive substance administered to a patient
for diagnostic or therapeutic nuclear-medicine procedures. A radio-
pharmaceutical contains two parts, the radionuclide and the pharma-
ceutical (e.g., 99mTc DTPA). In some cases the two are one (e.g., 133Xe
gas). 

radon (and radon progeny): Radon is a colorless, odorless, naturally-
occurring, and gaseous element resulting from radioactive decay of
isotopes of radium. Radon is also the common name for the specific
radionuclide 222Rn and is used throughout this Report in that context.
Radon progeny are short-lived decay products of 222Rn (i.e., 218Po,
214Pb, 214Bi, and 214Po). 

relative biological effectiveness: A factor used to compare the biologi-
cal effectiveness of absorbed doses from different types of ionizing
radiation, determined experimentally. Relative biological effectiveness
is the ratio of the absorbed dose of a reference radiation (usually taken
as 250 kVp x rays) to the absorbed dose of the radiation in question
required to produce the same level of an identical biological effect in a
particular experimental organism or tissue. 

rem: The special unit previously used for the quantities equivalent dose
and effective dose (or effective dose equivalent); 100 rem = 1 Sv (see
sievert). 
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remediation: Actions taken to reduce risks to human health or the
environment posed by the presence of radioactive or hazardous
chemical contaminants at a site including, but not restricted to,
excavation of contaminated soil, removal of contaminants from
building surfaces or equipment, stabilization of buried waste, and
installation of engineered barriers (e.g., caps on waste trenches) to
reduce the potential for migration of contaminants. 

residual (contamination or dose): Radioactive material in structures,
materials, soils, groundwater, and other media at a site resulting from
activities under the site operator’s control, especially radioactive
material remaining at a site after decommissioning and remediation.
Residual radioactive material does not include naturally-occurring
radioactive material in its undisturbed state. 

roentgen (R): The special name for the unit of exposure. Exposure is a
specific quantity of ionization (charge) produced by the absorption of
x- or gamma-radiation energy in a specified mass of air under stan-
dard conditions. 1 R = 2.58 × 10–4 coulomb per kilogram (C kg –1). 

screen-film radiography: (see conventional radiography).
sealed source: Radioactive material encased in a capsule designed to

prevent leakage or escape of the material. 
sestamibi: Sestamibi [Cardiolite® (E.I. du Pont de Nemours and Com-

pany, Wilmington, Delaware)] labeled with 99mTc. Used to visualize
some types of breast cancer utilizing a gamma camera. 

sievert (Sv): The special name (in the SI system) for the unit of
equivalent dose and effective dose (or effective dose equivalent); 1 Sv =
1 J kg –1. 1 Sv = 100 rem (see rem). 

single-photon emission computed tomography (SPECT): An imag-
ing technique in which one or more gamma cameras sample a region of
the body from several angles, producing tomographic images (“slices”)
of the region. 

solar cycle: The solar-activity cyclic behavior, usually represented by the
number of sunspots visible on the solar photosphere. The average
length of solar cycles since 1900 is 11.4 y. 

solar particles: Penetrating particulate ionizing radiation that origi-
nates from the sun. 

source (or radiation source): Radiation-producing equipment or an
aggregate of radioactive nuclei. 

source term: Rate of release of radionuclides from a waste-disposal
facility, usually over time. 

space radiation: Penetrating ionizing radiation, both particulate and
electromagnetic, that originates in outer space. 

specific activity: Activity of a radionuclide per unit mass of the
radionuclide; also may refer to activity of a radionuclide per unit mass
of material in which the radionuclide is dispersed. 

standard deviation (SD): Square root of the variance. In a set of n mea-
surements, the variance (s2) is the sum of the squared deviations from
the mean divided by (n – 1) (see mean). 
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standard deviation (error) of the mean: The square root of the
variance divided by the number of observations: (s2 / n)1/2. An
equivalent definition is that the standard deviation of the mean is the
standard deviation divided by the square root of the number of
observations (s / n1/2). 

standard error: The standard deviation of an estimate considered as a
random variable. The standard deviation of the mean is often known
as the standard error. 

stochastic: Of, pertaining to, or arising from chance; involving
probability; random. 

stochastic effects: Effects, the probability of which, rather than their
severity, is assumed to be a function of dose without a threshold. For
example, cancer and hereditary effects of radiation are regarded as
being stochastic. 

surface water: Water on or above the land surface (e.g., rivers, streams,
lakes, ponds, oceans). 

tailings: Waste or refuse left in various processes of milling or mining.
Tailings often contain a significant portion of the radioactive material
present in the undisturbed ore. 

technologically-enhanced naturally-occurring radioactive material
(TENORM): Naturally-occurring radioactive material whose concen-
trations of radionuclides are increased by or as a result of past or pres-
ent human practices. TENORM does not include background radiation
or the naturally-occurring radionuclides in rocks or soils. TENORM
also does not include uranium or thorium in source material as
defined in the Atomic Energy Act of 1954 and NRC regulations.

terrestrial: Of or relating to Earth or its inhabitants; of or relating to
land as distinct from air or water; living on or in or growing from land.

thermoluminescent dosimeter (TLD): A dosimeter containing a
phosphor for measuring dose. When used for personal dosimetry,
filters (absorbers) are included to help characterize the types of
radiation. When heated, TLDs that have been exposed to ionizing
radiation give off light proportional to the energy absorbed. 

thorium: A naturally radioactive element. Thorium-232 is the parent of
one radioactive series, and specific thorium nuclides are members of
the three naturally-occurring radionuclide series. 

thoron (and thoron progeny): Thoron is the common name for the spe-
cific radionuclide 220Rn and is used throughout this Report. Thoron
progeny are short-lived decay products of 220Rn (i.e., 216Po, 212Pb, 212Bi,
and 212Po). 

threshold dose: (see deterministic effects).
tissue weighting factor (wT): A factor that indicates the ratio of the

risk of stochastic effects attributable to irradiation of a given organ or
tissue (T) to the total risk when the whole body is uniformly irradi-
ated. When calculating effective dose equivalent, tissue weighting
factor represents the risk of fatal cancers or severe hereditary effects.
When calculating effective dose, tissue weighting factor represents
total detriment. 
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tomography: A special technique to show in detail images of structures
lying in a predetermined plane of tissue, while blurring or eliminating
detail in images of structures in other planes. 

total effective dose equivalent (TEDE): The sum of the deep dose
equivalent (for external exposures) and the committed effective
dose equivalent (from intakes of radionuclides) (NRC, 2007a). TEDE
accumulates over a period of time that includes external irradiation as
well as committed doses due to radionuclide intakes during that
period of time. 

ubiquitous background radiation: As used in this Report, includes
external exposure from space radiation (solar particles and cosmic
rays), external exposure from terrestrial radiation (primarily 40K and
the 238U and 232Th decay series), internal exposure from inhalation of
radon and thoron and their progeny, and internal exposure from radio-
nuclides in the body.

uncertainty: Lack of sureness or confidence in predictions of models or
results of measurements. Uncertainties may be categorized as Type A,
which are those due to stochastic variation, or Type B, which are those
due to lack of knowledge founded on an incomplete characterization,
understanding or measurement of a system. 

uranium: A naturally radioactive element. In natural ores, it consists of
0.7 % 235U, 99.3 % 238U, and a small amount of 234U.

variability: A heterogeneity, diversity or range that characterizes a
measured value or parameter (e.g., differences in body weight in
a population). Further study cannot reduce variability but may
provide greater confidence in quantitative characterizations of
variability (see uncertainty). 

veterinary medicine: The branch of medicine that deals with the
diagnosis and treatment of diseases and injuries of animals by a
licensed veterinarian. 

view (radiographic): The image on film resulting from projection of the
x-ray beam through a patient, usually named according to the direc-
tion of the x-ray beam relative to the body (e.g., antero-posterior). 

working level (WL): Any combination of short-lived radon ( 222Rn) daugh-
ter products in 1 L of air that will result in the emission of exactly
1.30 × 105 MeV (million electron volts) of potential alpha energy (ICRP,
1993). 1 WL will result in the emission of 2.08 × 10–5 J m–3. 

working level month (WLM): A cumulative exposure, equivalent to
exposure to 1 WL for a working month (170 h) (i.e., 2.08 × 10–5 J h m–3

× 170 h = 3.54 × 10–3 J h m–3). 
x rays: Penetrating electromagnetic radiation having a range of wave-

lengths (energies) that are similar to those of gamma photons. X rays
are usually produced by interaction of the electron field around certain
nuclei or by the slowing down of energetic electrons. Once formed,
there is no physical difference between x- and gamma-ray photons;
however, there is a difference in their origin.
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Abbreviations, Acronyms and 
Symbols

εp potential alpha-energy exposure (time integral)
AEA Atomic Energy Act of 1954
AP antero-posterior view
bb bronchiolar region of the respiratory tract
BB bronchial region of the respiratory tract
BMI body mass index 
BWR boiling water reactor
C observed concentration of radon gas
CAARS Cargo Advanced Automated Radiography System 
CCP coal combustion product 
ceq equilibrium equivalent concentration of radon gas
Ci radon-gas concentration in each location i
CK potassium concentration (grams of potassium per 

kilogram of body mass)
cp potential alpha-energy concentration
CPT Common Procedural Terminology
CS cervical spine
CSF cerebrospinal fluid
CT computed tomography 
CTDI computed tomography dose index 
CTDI100 computed tomography dose index using a 10 cm 

(100 mm) long ionization chamber 
CTDIvol computed tomography dose index based on volume 

(i.e., volume CTDIw)
CTDIw weighted CTDI100

DCCE dose conversion coefficient from kerma-air product to 
effective dose

DEXA dual-energy x-ray absorptiometry
DISIDA diisopropyl iminodiacetic acid
DLP dose-length product
DMSA dimercaptosuccinic acid
DTPA diethylenetriamine pentaacetic acid 
E effective dose [ICRP (1991) formulation] 
E* effective dose [ICRP (2007a) formulation)]
ECD bicisate (L,L-ethyl cysteinate dimer)
EDTMP ethylene diamine tetramethylene phosphonate
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EExp average effective dose to an individual in a group 
exposed to a specific source

Ep unit potential alpha-energy exposure
EUS effective dose per individual in the U.S. population 
FDG fluorodeoxyglucose
FHMA ferric hydroxide macroaggregate
GE gastroesophageal
GI gastrointestinal
GM geometric mean
GSD geometric standard deviation
HE effective dose equivalent
HMPAO exametazine (hexamethylenepropylene-amineoxime)
HNF head and neck films
HT equivalent dose
IMRT intensity modulated radiotherapy 
IMV IMV Medical Information Division
ISCORS Interagency Steering Committee on Radiation 

Standards
i.v. intravenous
IVP intravenous pyelogram
KAP kerma-area product 
KUB kidney, ureter and bladder
L length of patient scanned (scan length)
LAT lateral view
LH building attenuation factor
LINAC linear electron accelerator
LNEP large national employer plan
LS lumbosacral spine
MAA macro aggregated albumin
MAG3 mertiatide (mercaptoacetylglycyl-glycyl-glycine)
MDCT multidetector computed tomography
MDP methylene diphosphonate
MEI maximally-exposed individual 
MIBG metaiodobenzylguanidine
MIBI methoxyisobutyl isonitrile
MSW municipal solid waste
NEXT Nationwide Evaluation of X-Ray Trends
NII nonintrusive inspection 
NIRS National Inorganic and Radionuclide Survey
NJDEP New Jersey Department of Environmental Protection
NORM naturally-occurring radioactive material 
NRRS National Residential Radon Survey 
NURE National Uranium Resource Evaluation
p pitch
PA postero-anterior view
PET positron emission tomography 
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PFNA pulsed fast-neutron analysis 
POTW publicly-owned treatment works
PTA percutaneous transluminal angioplasty
PWR pressurized water reactor 
RBC red blood cells
S collective effective dose 
SC sulphur colloid
SD standard deviation
SI Systeme Internationale (International System of 

Quantities and Units)
SNM Society of Nuclear Medicine
SPECT single-photon emission computed tomography 
TEDE total effective dose equivalent 
TENORM technologically-enhanced naturally-occurring 

radioactive material 
TLD thermoluminescent dosimeter 
TS thoracic spine
VACIS® Vehicle and Cargo Inspection System
VQ ventilation-perfusion scan
UGI upper gastrointestinal
WBC white blood cells
WL working level 
WLM working level month
wR radiation weighting factor
wT tissue weighting factor
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1. Collect, analyze, develop and disseminate in the public interest infor-
mation and recommendations about (a) protection against radiation 
and (b) radiation measurements, quantities and units, particularly 
those concerned with radiation protection.

2. Provide a means by which organizations concerned with the scientific 
and related aspects of radiation protection and of radiation quantities, 
units and measurements may cooperate for effective utilization of their 
combined resources, and to stimulate the work of such organizations.

3. Develop basic concepts about radiation quantities, units and mea- 
surements, about the application of these concepts, and about radiation 
protection.

4. Cooperate with the International Commission on Radiological Protec-
tion, the International Commission on Radiation Units and Measure-
ments, and other national and international organizations, 
governmental and private, concerned with radiation quantities, units 
and measurements and with radiation protection.

The Council is the successor to the unincorporated association of scientists
known as the National Committee on Radiation Protection and Measurements
and was formed to carry on the work begun by the Committee in 1929.

The participants in the Council’s work are the Council members and mem-
bers of scientific and administrative committees. Council members are selected
solely on the basis of their scientific expertise and serve as individuals, not as
representatives of any particular organization. The scientific committees, com-
posed of experts having detailed knowledge and competence in the particular
area of the committee's interest, draft proposed recommendations. These are
then submitted to the full membership of the Council for careful review and
approval before being published.

The following comprise the current officers and membership of the Council:

Officers

President
Senior Vice President
Secretary and Treasurer

Thomas S. Tenforde
Kenneth R. Kase
David A. Schauer
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Members
John F. Ahearne
Edward S. Amis, Jr.
Sally A. Amundson
Kimberly E. Applegate
Benjamin R. Archer
Stephen Balter
Steven M. Becker
Joel S. Bedford
Mythreyi Bhargavan
Eleanor A. Blakely
William F. Blakely
Wesley E. Bolch
Thomas B. Borak
Andre Bouville
Leslie A. Braby
David J. Brenner
James A. Brink
Brooke R. Buddemeier
Jerrold T. Bushberg
John F. Cardella
Charles E. Chambers
Polly Y. Chang
S.Y. Chen
Mary E. Clark
Michael L. Corradini
Allen G. Croff
Paul M. DeLuca
Christine A. Donahue
David A. Eastmond
Stephen A. Feig
Alan J. Fischman
Patricia A. Fleming
John R. Frazier

Donald P. Frush
Ronald E. Goans
Robert L. Goldberg
Raymond A. Guilmette
Roger W. Harms
Kathryn Held
F. Owen Hoffman
Roger W. Howell
Timothy J. Jorgensen
Kenneth R. Kase
Ann R. Kennedy
William E. Kennedy, Jr.
David C. Kocher
Ritsuko Komaki
Amy Kronenberg
Susan M. Langhorst
Edwin M. Leidholdt
Howard L. Liber
James C. Lin
Jill A. Lipoti
Paul A. Locke
Jay H. Lubin
C. Douglas Maynard
Debra McBaugh
Ruth E. McBurney
Fred A. Mettler, Jr.
Charles W. Miller
Donald L. Miller
William H. Miller
William F. Morgan
Stephen V. Musolino
David S. Myers
Bruce A. Napier
Gregory A. Nelson

Andrea K. Ng
Carl J. Paperiello
Terry C. Pellmar
R. Julian Preston
Jerome C. Puskin
Abram Recht
Michael T. Ryan
Adela Salame-Alfie
Beth A. Schueler
Thomas M. Seed
J. Anthony Seibert
Stephen M. Seltzer
Edward A. Sickles
Steven L. Simon
Paul Slovic
Christopher G. Soares
Daniel J. Strom
Thomas S. Tenforde
Julie E.K. Timins
Richard E. Toohey
Lawrence W. Townsend
Elizabeth L. Travis
Fong Y. Tsai
Richard J. Vetter
Chris G. Whipple
Robert C. Whitcomb, Jr.
Stuart C. White
Gayle E. Woloschak
Shiao Y. Woo
Andrew J. Wyrobek
X. George Xu
R. Craig Yoder
Marco A. Zaider

Distinguished Emeritus Members
 Warren K. Sinclair, President Emeritus; Charles B. Meinhold, President Emeritus

S. James Adelstein, Honorary Vice President
W. Roger Ney, Executive Director Emeritus

William M. Beckner, Executive Director Emeritus
Seymour Abrahamson
Lynn R. Anspaugh
John A. Auxier
William J. Bair
Harold L. Beck
Bruce B. Boecker
John D. Boice, Jr.
Robert L. Brent
Antone L. Brooks
Randall S. Caswell
J. Donald Cossairt
James F. Crow
Gerald D. Dodd
Sarah S. Donaldson
William P. Dornsife
Keith F. Eckerman
Thomas S. Ely

R.J. Michael Fry
Thomas F. Gesell
Ethel S. Gilbert
Robert O. Gorson
Joel E. Gray
Arthur W. Guy
Eric J. Hall
Naomi H. Harley
William R. Hendee
Donald G. Jacobs
Bernd Kahn
Charles E. Land
John B. Little
Roger O. McClellan
Barbara J. McNeil
Kenneth L. Miller

Dade W. Moeller
A. Alan Moghissi
Wesley L. Nyborg
John W. Poston, Sr.
Andrew K. Poznanski
Genevieve S. Roessler
Marvin Rosenstein
Lawrence N. Rothenberg
Henry D. Royal
William J. Schull
Roy E. Shore
John E. Till
Robert L. Ullrich
Arthur C. Upton
F. Ward Whicker
Susan D. Wiltshire
Marvin C. Ziskin
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Lauriston S. Taylor Lecturers

John D. Boice, Jr. (2009) Radiation Epidemiology: The Golden Age and Remain-
ing Challenges

Dade W. Moeller (2008) Radiation Standards, Dose/Risk Assessments, Public 
Interactions, and Yucca Mountain: Thinking Outside the Box

Patricia W. Durbin (2007) The Quest for Therapeutic Actinide Chelators
Robert L. Brent (2006) Fifty Years of Scientific Research: The Importance of 

Scholarship and the Influence of Politics and Controversy
John B. Little (2005) Nontargeted Effects of Radiation: Implications for 

Low-Dose Exposures
Abel J. Gonzalez (2004) Radiation Protection in the Aftermath of a Terrorist 

Attack Involving Exposure to Ionizing Radiation
Charles B. Meinhold (2003) The Evolution of Radiation Protection: From Ery-

thema to Genetic Risks to Risks of Cancer to ?
R. Julian Preston (2002) Developing Mechanistic Data for Incorporation into 

Cancer Risk Assessment: Old Problems and New Approaches
Wesley L. Nyborg (2001) Assuring the Safety of Medical Diagnostic Ultrasound
S. James Adelstein (2000) Administered Radioactivity: Unde Venimus Quoque 

Imus
Naomi H. Harley (1999) Back to Background
Eric J. Hall (1998) From Chimney Sweeps to Astronauts: Cancer Risks in the 

Workplace
William J. Bair (1997) Radionuclides in the Body: Meeting the Challenge!
Seymour Abrahamson (1996) 70 Years of Radiation Genetics: Fruit Flies, Mice 

and Humans
Albrecht Kellerer (1995) Certainty and Uncertainty in Radiation Protection
R.J. Michael Fry (1994) Mice, Myths and Men
Warren K. Sinclair (1993) Science, Radiation Protection and the NCRP 
Edward W. Webster (1992) Dose and Risk in Diagnostic Radiology: How Big? 

How Little? 
Victor P. Bond (1991) When is a Dose Not a Dose? 
J. Newell Stannard (1990) Radiation Protection and the Internal Emitter Saga 
Arthur C. Upton (1989) Radiobiology and Radiation Protection: The Past Cen-

tury and Prospects for the Future
Bo Lindell (1988) How Safe is Safe Enough? 
Seymour Jablon (1987) How to be Quantitative about Radiation Risk Estimates 
Herman P. Schwan (1986) Biological Effects of Non-ionizing Radiations: Cellu-

lar Properties and Interactions 
John H. Harley (1985) Truth (and Beauty) in Radiation Measurement 
Harald H. Rossi (1984) Limitation and Assessment in Radiation Protection
Merril Eisenbud (1983) The Human Environment—Past, Present and Future
Eugene L. Saenger (1982) Ethics, Trade-Offs and Medical Radiation 
James F. Crow (1981) How Well Can We Assess Genetic Risk? Not Very 
Harold O. Wyckoff (1980) From “Quantity of Radiation” and “Dose” to “Expo-

sure” and “Absorbed Dose”—An Historical Review 
Hymer L. Friedell (1979) Radiation Protection—Concepts and Trade Offs 
Sir Edward Pochin (1978) Why be Quantitative about Radiation Risk 

Estimates? 
Herbert M. Parker (1977) The Squares of the Natural Numbers in Radiation 

Protection
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Currently, the following committees are actively engaged in formulating
recommendations:

Program Area Committee 1: Basic Criteria, Epidemiology,
Radiobiology, and Risk

SC 1-13 Impact of Individual Susceptibility and Previous Radiation
Exposure on Radiation Risk for Astronauts

SC 1-15 Radiation Safety in NASA Lunar Missions’
SC 1-16 Uncertainties in the Estimation of Radiation Risks and Probability

of Disease Causation
SC 1-17 Second Cancers and Cardiopulmonary Effects After Radiotherapy
SC 85 Risk of Lung Cancer from Radon

Program Area Committee 2: Operational Radiation Safety
SC 2-2 Key Decision Points and Information Needed by Decision Makers in

the Aftermath of a Nuclear or Radiological Terrorism Incident
SC 2-3 Radiation Safety Issues for Image-Guided Interventional Medical

Procedures
SC 2-4 Self Assessment of Radiation Safety Programs

Program Area Committee 3: Nuclear and Radiological Security
and Safety

Program Area Committee 4: Radiation Protection in Medicine
SC 4-1 Management of Persons Contaminated with Radionuclides
SC 4-2 Population Monitoring and Decontamination Following a Nuclear/

Radiological Incident
SC 4-3 Diagnostic Reference Levels in Medical Imaging: Recommendations

for Application in the United States
SC 4-4 Risks of Ionizing Radiation to the Developing Embryo, Fetus and

Nursing Infant
Program Area Committee 5: Environmental Radiation and
Radioactive Waste Issues

SC 64-22 Design of Effective Effluent and Environmental Monitoring
Programs

Program Area Committee 6: Radiation Measurements and
Dosimetry

SC 6-3 Uncertainties in Internal Radiation Dosimetry
SC 6-4 Fundamental Principles of Dose Reconstruction

In recognition of its responsibility to facilitate and stimulate cooperation
among organizations concerned with the scientific and related aspects of radi-
ation protection and measurement, the Council has created a category of
NCRP Collaborating Organizations. Organizations or groups of organizations
that are national or international in scope and are concerned with scientific
problems involving radiation quantities, units, measurements and effects, or
radiation protection may be admitted to collaborating status by the Council.
Collaborating Organizations provide a means by which NCRP can gain input
into its activities from a wider segment of society. At the same time, the rela-
tionships with the Collaborating Organizations facilitate wider dissemination
of information about the Council's activities, interests and concerns. Collabo-
rating Organizations have the opportunity to comment on draft reports (at the
time that these are submitted to the members of the Council). This is intended
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to capitalize on the fact that Collaborating Organizations are in an excellent
position to both contribute to the identification of what needs to be treated in
NCRP reports and to identify problems that might result from proposed recom-
mendations. The present Collaborating Organizations with which NCRP main-
tains liaison are as follows:

American Academy of Dermatology
American Academy of Environmental Engineers
American Academy of Health Physics
American Academy of Orthopaedic Surgeons
American Association of Physicists in Medicine
American Bracytherapy Society
American College of Cardiology
American College of Medical Physics
American College of Nuclear Physicians
American College of Occupational and Environmental Medicine
American College of Radiology
American Conference of Governmental Industrial Hygienists
American Dental Association
American Industrial Hygiene Association
American Institute of Ultrasound in Medicine
American Medical Association
American Nuclear Society
American Pharmaceutical Association
American Podiatric Medical Association
American Public Health Association
American Radium Society
American Roentgen Ray Society
American Society for Radiation Oncology
American Society of Emergency Radiology
American Society of Health-System Pharmacists
American Society of Nuclear Cardiology
American Society of Radiologic Technologists
Association of Educators in Imaging and Radiological Sciences
Association of University Radiologists
Bioelectromagnetics Society
Campus Radiation Safety Officers
College of American Pathologists
Conference of Radiation Control Program Directors, Inc.
Council on Radionuclides and Radiopharmaceuticals
Defense Threat Reduction Agency
Electric Power Research Institute
Federal Aviation Administration
Federal Communications Commission
Federal Emergency Management Agency
Genetics Society of America
Health Physics Society
Institute of Electrical and Electronics Engineers, Inc.
Institute of Nuclear Power Operations
International Brotherhood of Electrical Workers
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National Aeronautics and Space Administration
National Association of Environmental Professionals
National Center for Environmental Health/Agency for Toxic Substances
National Electrical Manufacturers Association
National Institute for Occupational Safety and Health
National Institute of Standards and Technology
Nuclear Energy Institute
Office of Science and Technology Policy
Paper, Allied-Industrial, Chemical and Energy Workers International 

Union
Product Stewardship Institute
Radiation Research Society
Radiological Society of North America
Society for Cardiovascular Angiography and Interventions
Society for Pediatric Radiology
Society for Risk Analysis
Society of Cardiovascular Computed Tomography
Society of Chairmen of Academic Radiology Departments
Society of Interventional Radiology
Society of Nuclear Medicine
Society of Radiologists in Ultrasound
Society of Skeletal Radiology
U.S. Air Force
U.S. Army
U.S. Coast Guard
U.S. Department of Energy
U.S. Department of Housing and Urban Development
U.S. Department of Labor
U.S. Department of Transportation
U.S. Environmental Protection Agency
U.S. Navy
U.S. Nuclear Regulatory Commission
U.S. Public Health Service
Utility Workers Union of America

NCRP has found its relationships with these organizations to be extremely
valuable to continued progress in its program.

Another aspect of the cooperative efforts of NCRP relates to the Special
Liaison relationships established with various governmental organizations
that have an interest in radiation protection and measurements. This liaison
relationship provides: (1) an opportunity for participating organizations to des-
ignate an individual to provide liaison between the organization and NCRP;
(2) that the individual designated will receive copies of draft NCRP reports (at
the time that these are submitted to the members of the Council) with an invi-
tation to comment, but not vote; and (3) that new NCRP efforts might be dis-
cussed with liaison individuals as appropriate, so that they might have an
opportunity to make suggestions on new studies and related matters. The fol-
lowing organizations participate in the Special Liaison Program:

Australian Radiation Laboratory
Bundesamt fur Strahlenschutz (Germany)
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Canadian Nuclear Safety Commission
Central Laboratory for Radiological Protection (Poland)
China Institute for Radiation Protection
Commissariat a l’Energie Atomique (France)
Commonwealth Scientific Instrumentation Research Organization 

(Australia)
European Commission
Health Council of the Netherlands
Health Protection Agency
International Commission on Non-ionizing Radiation Protection
International Commission on Radiation Units and Measurements
International Radiation Protection Association
Japanese Nuclear Safety Commission
Japan Radiation Council
Korea Institute of Nuclear Safety
Russian Scientific Commission on Radiation Protection
South African Forum for Radiation Protection
World Association of Nuclear Operators
World Health Organization, Radiation and Environmental Health

NCRP values highly the participation of these organizations in the Special
Liaison Program.

The Council also benefits significantly from the relationships established
pursuant to the Corporate Sponsor's Program. The program facilitates the
interchange of information and ideas and corporate sponsors provide valuable
fiscal support for the Council's program. This developing program currently
includes the following Corporate Sponsors:

Duke Energy Corporation
GE Healthcare
Global Dosimetry Solutions, Inc.
Landauer, Inc.
Nuclear Energy Institute

The Council's activities have been made possible by the voluntary contribu-
tion of time and effort by its members and participants and the generous
support of the following organizations:

3M
3M Health Physics Services
Agfa Corporation
Alfred P. Sloan Foundation
Alliance of American Insurers
American Academy of Dermatology
American Academy of Health Physics
American Academy of Oral and Maxillofacial Radiology
American Association of Physicists in Medicine
American Cancer Society
American College of Medical Physics
American College of Nuclear Physicians
American College of Occupational and Environmental Medicine
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American College of Radiology
American College of Radiology Foundation
American Dental Association
American Healthcare Radiology Administrators
American Industrial Hygiene Association
American Insurance Services Group
American Medical Association
American Nuclear Society
American Osteopathic College of Radiology
American Podiatric Medical Association
American Public Health Association
American Radium Society
American Roentgen Ray Society
American Society for Radiation Oncology
American Society for Therapeutic Radiology and Oncology
American Society of Radiologic Technologists
American Veterinary Medical Association
American Veterinary Radiology Society
Association of Educators in Radiological Sciences, Inc.
Association of University Radiologists
Battelle Memorial Institute
Canberra Industries, Inc.
Chem Nuclear Systems
Center for Devices and Radiological Health
College of American Pathologists
Committee on Interagency Radiation Research and Policy Coordination
Commonwealth Edison
Commonwealth of Pennsylvania
Consolidated Edison
Consumers Power Company
Council on Radionuclides and Radiopharmaceuticals
Defense Nuclear Agency
Defense Threat Reduction Agency
Eastman Kodak Company
Edison Electric Institute
Edward Mallinckrodt, Jr. Foundation
EG&G Idaho, Inc.
Electric Power Research Institute
Electromagnetic Energy Association
Federal Emergency Management Agency
Florida Institute of Phosphate Research
Florida Power Corporation
Fuji Medical Systems, U.S.A., Inc.
Genetics Society of America
Global Dosimetry Solutions
Health Effects Research Foundation (Japan)
Health Physics Society
ICN Biomedicals, Inc.
Institute of Nuclear Power Operations
James Picker Foundation
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Martin Marietta Corporation
Motorola Foundation
National Aeronautics and Space Administration
National Association of Photographic Manufacturers
National Cancer Institute
National Electrical Manufacturers Association
National Institute of Standards and Technology
New York Power Authority
Philips Medical Systems
Picker International
Public Service Electric and Gas Company
Radiation Research Society
Radiological Society of North America
Richard Lounsbery Foundation
Sandia National Laboratory
Siemens Medical Systems, Inc.
Society of Nuclear Medicine
Society of Pediatric Radiology
Southern California Edison Company
U.S. Department of Energy
U.S. Department of Labor
U.S. Environmental Protection Agency
U.S. Navy
U.S. Nuclear Regulatory Commission
Victoreen, Inc.
Westinghouse Electric Corporation

Initial funds for publication of NCRP reports were provided by a grant from
the James Picker Foundation.

NCRP seeks to promulgate information and recommendations based on
leading scientific judgment on matters of radiation protection and measure-
ment and to foster cooperation among organizations concerned with these mat-
ters. These efforts are intended to serve the public interest and the Council
welcomes comments and suggestions on its reports or activities.
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NCRP Publications

NCRP publications can be obtained online in both hard- and soft-copy
(downloadable PDF) formats at http://NCRPpublications.org. Professional soci-
eties can arrange for discounts for their members by contacting NCRP. Addi-
tional information on NCRP publications may be obtained from the NCRP
website (http://NCRPonline.org) or by telephone (800-229-2652, ext. 25) and
fax (301-907-8768). The mailing address is:

NCRP Publications
7910 Woodmont Avenue
Suite 400
Bethesda, MD 20814-3095

Abstracts of NCRP reports published since 1980, abstracts of all NCRP com-
mentaries, and the text of all NCRP statements are available at the NCRP
website. Currently available publications are listed below.

NCRP Reports

No. Title

8 Control and Removal of Radioactive Contamination in Laboratories 
(1951)

 22 Maximum Permissible Body Burdens and Maximum Permissible 
Concentrations of Radionuclides in Air and in Water for Occupational 
Exposure (1959) [includes Addendum 1 issued in August 1963]

 25 Measurement of Absorbed Dose of Neutrons, and of Mixtures of 
Neutrons and Gamma Rays (1961)

 27 Stopping Powers for Use with Cavity Chambers (1961)
 30 Safe Handling of Radioactive Materials (1964)
 32 Radiation Protection in Educational Institutions (1966)
 35 Dental X-Ray Protection (1970)
 36 Radiation Protection in Veterinary Medicine (1970)
 37 Precautions in the Management of Patients Who Have Received 

Therapeutic Amounts of Radionuclides (1970)
 38 Protection Against Neutron Radiation (1971)
 40 Protection Against Radiation from Brachytherapy Sources (1972)
 41 Specification of Gamma-Ray Brachytherapy Sources (1974)
 42 Radiological Factors Affecting Decision-Making in a Nuclear Attack 

(1974)
 44 Krypton-85 in the Atmosphere—Accumulation, Biological 

Significance, and Control Technology (1975)
 46 Alpha-Emitting Particles in Lungs (1975)
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 47 Tritium Measurement Techniques (1976)
 49 Structural Shielding Design and Evaluation for Medical Use of 

X Rays and Gamma Rays of Energies Up to 10 MeV (1976)
 50 Environmental Radiation Measurements (1976)
 52 Cesium-137 from the Environment to Man: Metabolism and Dose 

(1977)
 54 Medical Radiation Exposure of Pregnant and Potentially Pregnant 

Women (1977)
 55 Protection of the Thyroid Gland in the Event of Releases of 

Radioiodine (1977)
 57 Instrumentation and Monitoring Methods for Radiation Protection 

(1978)
 58 A Handbook of Radioactivity Measurements Procedures, 2nd ed. 

(1985)
 60 Physical, Chemical, and Biological Properties of Radiocerium 

Relevant to Radiation Protection Guidelines (1978)
 61 Radiation Safety Training Criteria for Industrial Radiography (1978)
 62 Tritium in the Environment (1979)
 63 Tritium and Other Radionuclide Labeled Organic Compounds 

Incorporated in Genetic Material (1979)
 64 Influence of Dose and Its Distribution in Time on Dose-Response 

Relationships for Low-LET Radiations (1980)
 65 Management of Persons Accidentally Contaminated with 

Radionuclides (1980)
 67 Radiofrequency Electromagnetic Fields—Properties, Quantities and 

Units, Biophysical Interaction, and Measurements (1981)
 68 Radiation Protection in Pediatric Radiology (1981)
 69 Dosimetry of X-Ray and Gamma-Ray Beams for Radiation Therapy in 

the Energy Range 10 keV to 50 MeV (1981)
 70 Nuclear Medicine—Factors Influencing the Choice and Use of 

Radionuclides in Diagnosis and Therapy (1982)
 72 Radiation Protection and Measurement for Low-Voltage Neutron 

Generators (1983)
 73 Protection in Nuclear Medicine and Ultrasound Diagnostic 

Procedures in Children (1983)
 74 Biological Effects of Ultrasound: Mechanisms and Clinical 

Implications (1983)
 75 Iodine-129: Evaluation of Releases from Nuclear Power Generation 

(1983)
 76 Radiological Assessment: Predicting the Transport, Bioaccumulation, 

and Uptake by Man of Radionuclides Released to the Environment 
(1984)

77 Exposures from the Uranium Series with Emphasis on Radon and Its 
Daughters (1984)

78 Evaluation of Occupational and Environmental Exposures to Radon 
and Radon Daughters in the United States (1984)

79 Neutron Contamination from Medical Electron Accelerators (1984)
80 Induction of Thyroid Cancer by Ionizing Radiation (1985)
81 Carbon-14 in the Environment (1985)
82 SI Units in Radiation Protection and Measurements (1985)
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83 The Experimental Basis for Absorbed-Dose Calculations in Medical 
Uses of Radionuclides (1985)

84 General Concepts for the Dosimetry of Internally Deposited 
Radionuclides (1985)

86 Biological Effects and Exposure Criteria for Radiofrequency 
Electromagnetic Fields (1986)

87 Use of Bioassay Procedures for Assessment of Internal Radionuclide 
Deposition (1987)

88 Radiation Alarms and Access Control Systems (1986)
89 Genetic Effects from Internally Deposited Radionuclides (1987)
90 Neptunium: Radiation Protection Guidelines (1988)
92 Public Radiation Exposure from Nuclear Power Generation in the 

United States (1987)
93 Ionizing Radiation Exposure of the Population of the United States 

(1987)
94 Exposure of the Population in the United States and Canada from 

Natural Background Radiation (1987)
95 Radiation Exposure of the U.S. Population from Consumer Products 

and Miscellaneous Sources (1987)
96 Comparative Carcinogenicity of Ionizing Radiation and Chemicals 

(1989)
97 Measurement of Radon and Radon Daughters in Air (1988)
99 Quality Assurance for Diagnostic Imaging (1988)

100 Exposure of the U.S. Population from Diagnostic Medical Radiation 
(1989)

101 Exposure of the U.S. Population from Occupational Radiation (1989)
102 Medical X-Ray, Electron Beam and Gamma-Ray Protection for 

Energies Up to 50 MeV (Equipment Design, Performance and Use) 
(1989)

103 Control of Radon in Houses (1989)
104 The Relative Biological Effectiveness of Radiations of Different 

Quality (1990)
105 Radiation Protection for Medical and Allied Health Personnel (1989)
106 Limit for Exposure to “Hot Particles” on the Skin (1989)
107 Implementation of the Principle of As Low As Reasonably Achievable 

(ALARA) for Medical and Dental Personnel (1990)
108 Conceptual Basis for Calculations of Absorbed-Dose Distributions 

(1991)
109 Effects of Ionizing Radiation on Aquatic Organisms (1991)
110 Some Aspects of Strontium Radiobiology (1991)
111 Developing Radiation Emergency Plans for Academic, Medical or 

Industrial Facilities (1991)
112 Calibration of Survey Instruments Used in Radiation Protection for 

the Assessment of Ionizing Radiation Fields and Radioactive Surface 
Contamination (1991)

113 Exposure Criteria for Medical Diagnostic Ultrasound: I. Criteria 
Based on Thermal Mechanisms (1992)

114 Maintaining Radiation Protection Records (1992)
115 Risk Estimates for Radiation Protection (1993)
116 Limitation of Exposure to Ionizing Radiation (1993)
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117 Research Needs for Radiation Protection (1993)
118 Radiation Protection in the Mineral Extraction Industry (1993)
119 A Practical Guide to the Determination of Human Exposure to 

Radiofrequency Fields (1993)
120 Dose Control at Nuclear Power Plants (1994)
121 Principles and Application of Collective Dose in Radiation Protection 

(1995)
122 Use of Personal Monitors to Estimate Effective Dose Equivalent and 

Effective Dose to Workers for External Exposure to Low-LET 
Radiation (1995)

123 Screening Models for Releases of Radionuclides to Atmosphere, 
Surface Water, and Ground (1996)

124 Sources and Magnitude of Occupational and Public Exposures from 
Nuclear Medicine Procedures (1996)

125 Deposition, Retention and Dosimetry of Inhaled Radioactive 
Substances (1997)

126 Uncertainties in Fatal Cancer Risk Estimates Used in Radiation 
Protection (1997)

127 Operational Radiation Safety Program (1998)
128 Radionuclide Exposure of the Embryo/Fetus (1998)
129 Recommended Screening Limits for Contaminated Surface Soil and 

Review of Factors Relevant to Site-Specific Studies (1999)
130 Biological Effects and Exposure Limits for “Hot Particles” (1999)
131 Scientific Basis for Evaluating the Risks to Populations from Space 

Applications of Plutonium (2001)
132 Radiation Protection Guidance for Activities in Low-Earth Orbit 

(2000)
133 Radiation Protection for Procedures Performed Outside the Radiology 

Department (2000)
134 Operational Radiation Safety Training (2000)
135 Liver Cancer Risk from Internally-Deposited Radionuclides (2001)
136 Evaluation of the Linear-Nonthreshold Dose-Response Model for 

Ionizing Radiation (2001)
137 Fluence-Based and Microdosimetric Event-Based Methods for 

Radiation Protection in Space (2001)
138 Management of Terrorist Events Involving Radioactive Material 

(2001)
139 Risk-Based Classification of Radioactive and Hazardous Chemical 

Wastes (2002)
140 Exposure Criteria for Medical Diagnostic Ultrasound: II. Criteria 

Based on all Known Mechanisms (2002)
141 Managing Potentially Radioactive Scrap Metal (2002)
142 Operational Radiation Safety Program for Astronauts in Low-Earth 

Orbit: A Basic Framework (2002)
143 Management Techniques for Laboratories and Other Small 

Institutional Generators to Minimize Off-Site Disposal of Low-Level 
Radioactive Waste (2003)

144 Radiation Protection for Particle Accelerator Facilities (2003)
145 Radiation Protection in Dentistry (2003)
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146 Approaches to Risk Management in Remediation of Radioactively 
Contaminated Sites (2004)

147 Structural Shielding Design for Medical X-Ray Imaging Facilities 
(2004)

148 Radiation Protection in Veterinary Medicine (2004)
149 A Guide to Mammography and Other Breast Imaging Procedures 

(2004)
150 Extrapolation of Radiation-Induced Cancer Risks from Nonhuman 

Experimental Systems to Humans (2005)
151 Structural Shielding Design and Evaluation for Megavoltage X- and 

Gamma-Ray Radiotherapy Facilities (2005)
152 Performance Assessment of Near-Surface Facilities for Disposal of 

Low-Level Radioactive Waste (2005)
153 Information Needed to Make Radiation Protection Recommendations 

for Space Missions Beyond Low-Earth Orbit (2006)
154 Cesium-137 in the Environment: Radioecology and Approaches to 

Assessment and Management (2006)
155 Management of Radionuclide Therapy Patients (2006)
156 Development of a Biokinetic Model for Radionuclide-Contaminated 

Wounds and Procedures for Their Assessment, Dosimetry and 
Treatment (2006)

157 Radiation Protection in Educational Institutions (2007)
158 Uncertainties in the Measurement and Dosimetry of External 

Radiation (2007)
159 Risk to the Thyroid from Ionizing Radiation (2008)
160 Ionizing Radiation Exposure of the Population of the United States 

(2009)

Binders for NCRP reports are available. Two sizes make it possible to col-
lect into small binders the “old series” of reports (NCRP Reports Nos. 8–30) and
into large binders the more recent publications (NCRP Reports Nos. 32–160).
Each binder will accommodate from five to seven reports. The binders carry the
identification “NCRP Reports” and come with label holders which permit the
user to attach labels showing the reports contained in each binder.

The following bound sets of NCRP reports are also available:

Volume I. NCRP Reports Nos. 8, 22
Volume II. NCRP Reports Nos. 23, 25, 27, 30
Volume III. NCRP Reports Nos. 32, 35, 36, 37
Volume IV. NCRP Reports Nos. 38, 40, 41
Volume V. NCRP Reports Nos. 42, 44, 46
Volume VI. NCRP Reports Nos. 47, 49, 50, 51
Volume VII. NCRP Reports Nos. 52, 53, 54, 55, 57
Volume VIII. NCRP Report No. 58
Volume IX. NCRP Reports Nos. 59, 60, 61, 62, 63
Volume X. NCRP Reports Nos. 64, 65, 66, 67
Volume XI. NCRP Reports Nos. 68, 69, 70, 71, 72
Volume XII. NCRP Reports Nos. 73, 74, 75, 76
Volume XIII. NCRP Reports Nos. 77, 78, 79, 80
Volume XIV. NCRP Reports Nos. 81, 82, 83, 84, 85
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Volume XV. NCRP Reports Nos. 86, 87, 88, 89
Volume XVI. NCRP Reports Nos. 90, 91, 92, 93
Volume XVII. NCRP Reports Nos. 94, 95, 96, 97
Volume XVIII. NCRP Reports Nos. 98, 99, 100
Volume XIX. NCRP Reports Nos. 101, 102, 103, 104
Volume XX. NCRP Reports Nos. 105, 106, 107, 108
Volume XXI. NCRP Reports Nos. 109, 110, 111
Volume XXII. NCRP Reports Nos. 112, 113, 114
Volume XXIII. NCRP Reports Nos. 115, 116, 117, 118
Volume XXIV. NCRP Reports Nos. 119, 120, 121, 122
Volume XXV. NCRP Report No. 123I and 123II
Volume XXVI. NCRP Reports Nos. 124, 125, 126, 127
Volume XXVII. NCRP Reports Nos. 128, 129, 130
Volume XXVIII. NCRP Reports Nos. 131, 132, 133
Volume XXIX. NCRP Reports Nos. 134, 135, 136, 137
Volume XXX. NCRP Reports Nos. 138, 139
Volume XXXI. NCRP Report No. 140
Volume XXXII. NCRP Reports Nos. 141, 142, 143
Volume XXXIII. NCRP Report No. 144
Volume XXXIV. NCRP Reports Nos. 145, 146, 147
Volume XXXV. NCRP Reports Nos. 148, 149
Volume XXXVI. NCRP Reports Nos. 150, 151, 152
Volume XXXVII, NCRP Reports Nos. 153, 154, 155
Volume XXXVIII, NCRP Reports Nos. 156, 157, 158

(Titles of the individual reports contained in each volume are given
previously.)

NCRP Commentaries

No. Title

1 Krypton-85 in the Atmosphere—With Specific Reference to the Public 
Health Significance of the Proposed Controlled Release at Three Mile 
Island (1980)

4 Guidelines for the Release of Waste Water from Nuclear Facilities with 
Special Reference to the Public Health Significance of the Proposed 
Release of Treated Waste Waters at Three Mile Island (1987)

5 Review of the Publication, Living Without Landfills (1989)
6 Radon Exposure of the U.S. Population—Status of the Problem (1991)
7 Misadministration of Radioactive Material in Medicine—Scientific 

Background (1991)
8 Uncertainty in NCRP Screening Models Relating to Atmospheric 

Transport, Deposition and Uptake by Humans (1993)
9 Considerations Regarding the Unintended Radiation Exposure of the 

Embryo, Fetus or Nursing Child (1994)
10 Advising the Public about Radiation Emergencies: A Document for 

Public Comment (1994)
11 Dose Limits for Individuals Who Receive Exposure from Radionuclide 

Therapy Patients (1995)
12 Radiation Exposure and High-Altitude Flight (1995)
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13 An Introduction to Efficacy in Diagnostic Radiology and Nuclear 
Medicine (Justification of Medical Radiation Exposure) (1995)

14 A Guide for Uncertainty Analysis in Dose and Risk Assessments 
Related to Environmental Contamination (1996)

15 Evaluating the Reliability of Biokinetic and Dosimetric Models and 
Parameters Used to Assess Individual Doses for Risk Assessment 
Purposes (1998)

16 Screening of Humans for Security Purposes Using Ionizing Radiation 
Scanning Systems (2003)

17 Pulsed Fast Neutron Analysis System Used in Security Surveillance 
(2003)

18 Biological Effects of Modulated Radiofrequency Fields (2003)
19 Key Elements of Preparing Emergency Responders for Nuclear and 

Radiological Terrorism (2005)
20 Radiation Protection and Measurement Issues Related to Cargo 

Scanning with Accelerator-Produced High-Energy X Rays (2007)

Proceedings of the Annual Meeting

No. Title

1 Perceptions of Risk, Proceedings of the Fifteenth Annual Meeting held 
on March 14-15, 1979 (including Taylor Lecture No. 3) (1980)

3 Critical Issues in Setting Radiation Dose Limits, Proceedings of the 
Seventeenth Annual Meeting held on April 8-9, 1981 (including 
Taylor Lecture No. 5) (1982)

4 Radiation Protection and New Medical Diagnostic Approaches, 
Proceedings of the Eighteenth Annual Meeting held on April 6-7, 
1982 (including Taylor Lecture No. 6) (1983)

5 Environmental Radioactivity, Proceedings of the Nineteenth Annual 
Meeting held on April 6-7, 1983 (including Taylor Lecture No. 7) 
(1983)

6 Some Issues Important in Developing Basic Radiation Protection 
Recommendations, Proceedings of the Twentieth Annual Meeting 
held on April 4-5, 1984 (including Taylor Lecture No. 8) (1985)

7 Radioactive Waste, Proceedings of the Twenty-first Annual Meeting 
held on April 3-4, 1985 (including Taylor Lecture No. 9)(1986)

8 Nonionizing Electromagnetic Radiations and Ultrasound, 
Proceedings of the Twenty-second Annual Meeting held on April 2-3, 
1986 (including Taylor Lecture No. 10) (1988)

9 New Dosimetry at Hiroshima and Nagasaki and Its Implications for 
Risk Estimates, Proceedings of the Twenty-third Annual Meeting 
held on April 8-9, 1987 (including Taylor Lecture No. 11) (1988)

10 Radon, Proceedings of the Twenty-fourth Annual Meeting held on 
March 30-31, 1988 (including Taylor Lecture No. 12) (1989)

11 Radiation Protection Today—The NCRP at Sixty Years, Proceedings 
of the Twenty-fifth Annual Meeting held on April 5-6, 1989 (including 
Taylor Lecture No. 13) (1990)

12 Health and Ecological Implications of Radioactively Contaminated 
Environments, Proceedings of the Twenty-sixth Annual Meeting held 
on April 4-5, 1990 (including Taylor Lecture No. 14) (1991)
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13 Genes, Cancer and Radiation Protection, Proceedings of the 
Twenty-seventh Annual Meeting held on April 3-4, 1991 (including 
Taylor Lecture No. 15) (1992)

14 Radiation Protection in Medicine, Proceedings of the Twenty-eighth 
Annual Meeting held on April 1-2, 1992 (including Taylor Lecture 
No. 16) (1993)

15 Radiation Science and Societal Decision Making, Proceedings of the 
Twenty-ninth Annual Meeting held on April 7-8, 1993 (including 
Taylor Lecture No. 17) (1994)

16 Extremely-Low-Frequency Electromagnetic Fields: Issues in 
Biological Effects and Public Health, Proceedings of the Thirtieth 
Annual Meeting held on April 6-7, 1994 (not published).

17 Environmental Dose Reconstruction and Risk Implications, 
Proceedings of the Thirty-first Annual Meeting held on April 12-13, 
1995 (including Taylor Lecture No. 19) (1996)

18 Implications of New Data on Radiation Cancer Risk, Proceedings of 
the Thirty-second Annual Meeting held on April 3-4, 1996 (including 
Taylor Lecture No. 20) (1997)

19 The Effects of Pre- and Postconception Exposure to Radiation, 
Proceedings of the Thirty-third Annual Meeting held on April 2-3, 
1997, Teratology 59, 181–317 (1999)

20 Cosmic Radiation Exposure of Airline Crews, Passengers and 
Astronauts, Proceedings of the Thirty-fourth Annual Meeting held on 
April 1-2, 1998, Health Phys. 79, 466–613 (2000)

21 Radiation Protection in Medicine: Contemporary Issues, Proceedings 
of the Thirty-fifth Annual Meeting held on April 7-8, 1999 (including 
Taylor Lecture No. 23) (1999)

22 Ionizing Radiation Science and Protection in the 21st Century, 
Proceedings of the Thirty-sixth Annual Meeting held on April 5-6, 
2000, Health Phys. 80, 317–402 (2001)

23 Fallout from Atmospheric Nuclear Tests—Impact on Science and 
Society, Proceedings of the Thirty-seventh Annual Meeting held on 
April 4-5, 2001, Health Phys. 82, 573–748 (2002)

24 Where the New Biology Meets Epidemiology: Impact on Radiation 
Risk Estimates, Proceedings of the Thirty-eighth Annual Meeting 
held on April 10-11, 2002, Health Phys. 85, 1–108 (2003)

25 Radiation Protection at the Beginning of the 21st Century–A Look 
Forward, Proceedings of the Thirty-ninth Annual Meeting held on 
April 9–10, 2003, Health Phys. 87, 237–319 (2004)

26 Advances in Consequence Management for Radiological Terrorism 
Events, Proceedings of the Fortieth Annual Meeting held on 
April 14–15, 2004, Health Phys. 89, 415–588 (2005)

27 Managing the Disposition of Low-Activity Radioactive Materials, 
Proceedings of the Forty-first Annual Meeting held on March 30–31, 
2005, Health Phys. 91, 413–536 (2006)

28 Chernobyl at Twenty, Proceedings of the Forty-second Annual 
Meeting held on April 3–4, 2006, Health Phys. 93, 345–595 (2007)

29 Advances in Radiation Protection in Medicine, Proceedings of the 
Forty-third Annual Meeting held on April 16-17, 2007, Health Phys. 
95, 461–686 (2008)
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Lauriston S. Taylor Lectures

No. Title

1 The Squares of the Natural Numbers in Radiation Protection by 
Herbert M. Parker (1977)

2 Why be Quantitative about Radiation Risk Estimates? by Sir Edward 
Pochin (1978)

3 Radiation Protection—Concepts and Trade Offs by Hymer L. Friedell 
(1979) [available also in Perceptions of Risk, see above]

4 From “Quantity of Radiation” and “Dose” to “Exposure” and “Absorbed 
Dose”—An Historical Review by Harold O. Wyckoff (1980)

5 How Well Can We Assess Genetic Risk? Not Very by James F. Crow 
(1981) [available also in Critical Issues in Setting Radiation Dose 
Limits, see above]

6 Ethics, Trade-offs and Medical Radiation by Eugene L. Saenger 
(1982) [available also in Radiation Protection and New Medical 
Diagnostic Approaches, see above]

7 The Human Environment—Past, Present and Future by Merril 
Eisenbud (1983) [available also in Environmental Radioactivity, see 
above]

8 Limitation and Assessment in Radiation Protection by Harald H. 
Rossi (1984) [available also in Some Issues Important in Developing 
Basic Radiation Protection Recommendations, see above]

9 Truth (and Beauty) in Radiation Measurement by John H. Harley 
(1985) [available also in Radioactive Waste, see above]

10 Biological Effects of Non-ionizing Radiations: Cellular Properties and 
Interactions by Herman P. Schwan (1987) [available also in 
Nonionizing Electromagnetic Radiations and Ultrasound, see above]

11 How to be Quantitative about Radiation Risk Estimates by Seymour 
Jablon (1988) [available also in New Dosimetry at Hiroshima and 
Nagasaki and its Implications for Risk Estimates, see above]

12 How Safe is Safe Enough? by Bo Lindell (1988) [available also in 
Radon, see above]

13 Radiobiology and Radiation Protection: The Past Century and 
Prospects for the Future by Arthur C. Upton (1989) [available also in 
Radiation Protection Today, see above]

14 Radiation Protection and the Internal Emitter Saga by J. Newell 
Stannard (1990) [available also in Health and Ecological Implications 
of Radioactively Contaminated Environments, see above]

15 When is a Dose Not a Dose? by Victor P. Bond (1992) [available also in 
Genes, Cancer and Radiation Protection, see above]

16 Dose and Risk in Diagnostic Radiology: How Big? How Little? by 
Edward W. Webster (1992) [available also in Radiation Protection in 
Medicine, see above]

17 Science, Radiation Protection and the NCRP by Warren K. Sinclair 
(1993) [available also in Radiation Science and Societal Decision 
Making, see above]

18 Mice, Myths and Men by R.J. Michael Fry (1995)
19 Certainty and Uncertainty in Radiation Research by Albrecht M. 

Kellerer. Health Phys. 69, 446–453 (1995)
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20 70 Years of Radiation Genetics: Fruit Flies, Mice and Humans by 
Seymour Abrahamson. Health Phys. 71, 624–633 (1996)

21 Radionuclides in the Body: Meeting the Challenge by William J. Bair. 
Health Phys. 73, 423–432 (1997)

22 From Chimney Sweeps to Astronauts: Cancer Risks in the Work Place 
by Eric J. Hall. Health Phys. 75, 357–366 (1998)

23 Back to Background: Natural Radiation and Radioactivity Exposed 
by Naomi H. Harley. Health Phys. 79, 121–128 (2000)

24 Administered Radioactivity: Unde Venimus Quoque Imus by S. James 
Adelstein. Health Phys. 80, 317–324 (2001)

25 Assuring the Safety of Medical Diagnostic Ultrasound by Wesley L. 
Nyborg. Health Phys. 82, 578–587 (2002)

26 Developing Mechanistic Data for Incorporation into Cancer and 
Genetic Risk Assessments: Old Problems and New Approaches by R. 
Julian Preston. Health Phys. 85, 4–12 (2003)

27 The Evolution of Radiation Protection–From Erythema to Genetic 
Risks to Risks of Cancer to ? by Charles B. Meinhold, Health Phys. 87, 
240–248 (2004)

28 Radiation Protection in the Aftermath of a Terrorist Attack Involving 
Exposure to Ionizing Radiation by Abel J. Gonzalez, Health Phys. 89, 
418–446 (2005)

29 Nontargeted Effects of Radiation: Implications for Low Dose 
Exposures by John B. Little, Health Phys. 91, 416–426 (2006)

30 Fifty Years of Scientific Research: The Importance of Scholarship and 
the Influence of Politics and Controversy by Robert L. Brent, Health 
Phys. 93, 348–379 (2007)

31 The Quest for Therapeutic Actinide Chelators by Patricia W. Durbin, 
Health Phys. 95, 465–492 (2008)

Symposium Proceedings

No. Title

1 The Control of Exposure of the Public to Ionizing Radiation in the 
Event of Accident or Attack, Proceedings of a Symposium held 
April 27-29, 1981 (1982)

2 Radioactive and Mixed Waste—Risk as a Basis for Waste 
Classification, Proceedings of a Symposium held November 9, 1994 
(1995)

3 Acceptability of Risk from Radiation—Application to Human Space 
Flight, Proceedings of a Symposium held May 29, 1996 (1997)

4 21st Century Biodosimetry: Quantifying the Past and Predicting the 
Future, Proceedings of a Symposium held February 22, 2001, Radiat. 
Prot. Dosim. 97(1), (2001)

5 National Conference on Dose Reduction in CT, with an Emphasis on 
Pediatric Patients, Summary of a Symposium held November 6-7, 
2002, Am. J. Roentgenol. 181(2), 321–339 (2003)
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NCRP Statements

No. Title

 1 “Blood Counts, Statement of the National Committee on Radiation 
Protection,” Radiology 63, 428 (1954)

2 “Statements on Maximum Permissible Dose from Television 
Receivers and Maximum Permissible Dose to the Skin of the Whole 
Body,” Am. J. Roentgenol., Radium Ther. and Nucl. Med. 84, 152 
(1960) and Radiology 75, 122 (1960)

3 X-Ray Protection Standards for Home Television Receivers, Interim 
Statement of the National Council on Radiation Protection and 
Measurements (1968)

4 Specification of Units of Natural Uranium and Natural Thorium, 
Statement of the National Council on Radiation Protection and 
Measurements (1973)

5 NCRP Statement on Dose Limit for Neutrons (1980)
6 Control of Air Emissions of Radionuclides (1984)
7 The Probability That a Particular Malignancy May Have Been Caused 

by a Specified Irradiation (1992)
8 The Application of ALARA for Occupational Exposures (1999)
9 Extension of the Skin Dose Limit for Hot Particles to Other External 

Sources of Skin Irradiation (2001)
10 Recent Applications of the NCRP Public Dose Limit Recommendation 

for Ionizing Radiation (2004)

Other Documents

The following documents were published outside of the NCRP report, com-
mentary and statement series:

Somatic Radiation Dose for the General Population, Report of the Ad Hoc 
Committee of the National Council on Radiation Protection and 
Measurements, 6 May 1959, Science 131 (3399), February 19, 
482–486 (1960)

Dose Effect Modifying Factors in Radiation Protection, Report of 
Subcommittee M-4 (Relative Biological Effectiveness) of the National 
Council on Radiation Protection and Measurements, Report BNL 
50073 (T-471) (1967) Brookhaven National Laboratory (National 
Technical Information Service, Springfield, Virginia)

Residential Radon Exposure and Lung Cancer Risk: Commentary on 
Cohen's County-Based Study, Health Phys. 87(6), 656–658 (2004)
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242
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dose estimates 79
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cardiac procedures 112, 115, 
272–274

carotid and aortic arch 111, 270
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conversion coefficient 268–274
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federal regulations 107
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