SCIENCES

waid | eveneene THE NATIONAL ACADEMIES PRESS
This PDF is available at http://nap.edu/11340 SHARE m

Health Risks from Exposure to Low Levels of lonizing
Radiation: BEIR VIl Phase 2 (2006)

10 G
RADIATION

BEIR VIl PHASE 2

DETAILS

422 pages | 8.5 x 11 | PAPERBACK
ISBN 978-0-309-09156-5 | DOI 10.17226/11340

CONTRIBUTORS

Committee to Assess Health Risks from Exposure to Low Levels of lonizing
Radiation; Board on Radiation Effects Research; Division on Earth and Life
Studies; National Research Council

FIND RELATED TITLES

SUGGESTED CITATION

National Research Council 2006. Health Risks from Exposure to Low Levels of
lonizing Radiation: BEIR VIl Phase 2. Washington, DC: The National Academies
Press. https://doi.org/10.17226/11340.

Visit the National Academies Press at NAP.edu and login or register to get:

Access to free PDF downloads of thousands of scientific reports

10% off the price of print titles .

Email or social media notifications of new titles related to your interests

Special offers and discounts

Distribution, posting, or copying of this PDF is strictly prohibited without written permission of the National Academies Press.
(Request Permission) Unless otherwise indicated, all materials in this PDF are copyrighted by the National Academy of Sciences.

Copyright © National Academy of Sciences. All rights reserved.


http://cart.nap.edu/cart/cart.cgi?list=fs&action=buy%20it&record_id=11340&isbn=978-0-309-09156-5&quantity=1
http://nap.edu/11340
http://www.nap.edu/related.php?record_id=11340
http://www.nap.edu/reprint_permission.html
http://nap.edu
http://api.addthis.com/oexchange/0.8/forward/facebook/offer?pco=tbxnj-1.0&url=http://www.nap.edu/11340&pubid=napdigops
http://www.nap.edu/share.php?type=twitter&record_id=11340&title=Health+Risks+from+Exposure+to+Low+Levels+of+Ionizing+Radiation%3A+BEIR+VII+Phase+2
http://api.addthis.com/oexchange/0.8/forward/linkedin/offer?pco=tbxnj-1.0&url=http://www.nap.edu/11340&pubid=napdigops
mailto:?subject=null&body=http://nap.edu/11340

Health Risks from Exposure to Low Levels of lonizing Radiation: BEIR VIl Phase 2

HEALTH RISKS
FROM EXPOSURE TO
LOW LEVELS OF

[ONIZING
RADIATION

BEIR VII PHASE 2
]

Committee to Assess Health Risks from Exposure to Low Levels of lonizing Radiation

Board on Radiation Effects Research
Division on Earth and Life Studies

NATIONAL RESEARCH COUNCIL

OF THE NATIONAL ACADEMIES

THE NATIONAL ACADEMIES PRESS
Washington, D.C.
www.nap.edu

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11340

Health Risks from Exposure to Low Levels of lonizing Radiation: BEIR VIl Phase 2

THE NATIONAL ACADEMIES PRESS 500 Fifth Street, N.W. Washington, DC 20001

NOTICE: The project that is the subject of this report was approved by the Governing Board of the National
Research Council, whose members are drawn from the councils of the National Academy of Sciences, the
National Academy of Engineering, and the Institute of Medicine. The members of the committee responsible
for the report were chosen for their special competences and with regard for appropriate balance.

This study was supported by funds from the U.S. Department of Defense, U.S. Department of Energy, and
U.S. Environmental Protection Agency through EPA Grant #X-82684201, the Nuclear Regulatory Commis-
sion through NRC Grant #NRC-04-98-061, and the U.S Department of Homeland Security through U.S. De-
partment of Commerce, National Institute of Standards and Technology Grant #60NANB5D1003. Any opin-
ions, findings, conclusions, or recommendations expressed in this publication are those of the author(s) and do
not necessarily reflect the views of the organizations or agencies that provided support for the project.

Library of Congress Cataloging-in-Publication Data

Health risks from exposure to low levels of ionizing radiation : BEIR VII, Phase 2 / Committee to Assess
Health Risks from Exposure to Low Levels of lonizing Radiation, Board on Radiation Effects, Research
Division on Earth and Life Studies, National Research Council of the National Academies.
p. cm.

This is the seventh in a series of reports from the National Research Council prepared to advise the U.S.
government on the relationship between exposure to ionizing radiation and human health.

Includes bibliographical references and index.

ISBN 0-309-09156-X (pbk.) — ISBN 0-309-53040-7 (pdf) 1. Ionizing radiation—Toxicology.
2. Jonizing radiation—Physiological effect. 3. Ionizing radiation—Dose-response relationship.
I. National Research Council (U.S.). Committee to Assess Health Risks from Exposure to Low Levels of
Ionizing Radiation.

RA1231.R2H395 2006

363.17'99—dc22

2006000279

Additional copies of this report are available from the National Academies Press, 500 Fifth Street, N.-W.,
Lockbox 285, Washington, DC 20055; (800) 624-6242 or (202) 334-3313 (in the Washington metropolitan
area); Internet, http://www.nap.edu.

Copyright 2006 by the National Academy of Sciences. All rights reserved.

Printed in the United States of America.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11340

Health Risks from Exposure to Low Levels of lonizing Radiation: BEIR VIl Phase 2

THE NATIONAL ACADEMIES

Advisers to the Nation on Science, Engineering, and Medicine

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distinguished scholars
engaged in scientific and engineering research, dedicated to the furtherance of science and technology and to
their use for the general welfare. Upon the authority of the charter granted to it by the Congress in 1863, the
Academy has a mandate that requires it to advise the federal government on scientific and technical matters.
Dr. Ralph J. Cicerone is president of the National Academy of Sciences.

The National Academy of Engineering was established in 1964, under the charter of the National Academy
of Sciences, as a parallel organization of outstanding engineers. It is autonomous in its administration and in
the selection of its members, sharing with the National Academy of Sciences the responsibility for advising the
federal government. The National Academy of Engineering also sponsors engineering programs aimed at
meeting national needs, encourages education and research, and recognizes the superior achievements of engi-
neers. Dr. Wm. A. Wulf is president of the National Academy of Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences to secure the services
of eminent members of appropriate professions in the examination of policy matters pertaining to the health of
the public. The Institute acts under the responsibility given to the National Academy of Sciences by its congres-
sional charter to be an adviser to the federal government and, upon its own initiative, to identify issues of
medical care, research, and education. Dr. Harvey V. Fineberg is president of the Institute of Medicine.

The National Research Council was organized by the National Academy of Sciences in 1916 to associate the
broad community of science and technology with the Academy’s purposes of furthering knowledge and advis-
ing the federal government. Functioning in accordance with general policies determined by the Academy, the
Council has become the principal operating agency of both the National Academy of Sciences and the National
Academy of Engineering in providing services to the government, the public, and the scientific and engineer-
ing communities. The Council is administered jointly by both Academies and the Institute of Medicine. Dr.
Ralph J. Cicerone and Dr. Wm. A. Wulf are chair and vice chair, respectively, of the National Research
Council.

www.national-academies.org

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11340

Health Risks from Exposure to Low Levels of lonizing Radiation: BEIR VIl Phase 2

COMMITTEE TO ASSESS HEALTH RISKS FROM EXPOSURE TO LOW LEVELS
OF IONIZING RADIATION

RICHARD R. MONSON (chairman), Harvard School of Public Health, Boston, MA

JAMES E. CLEAVER (vice chairman), University of California, San Francisco, CA

HERBERT L. ABRAMS, Stanford University, Stanford, CA

EULA BINGHAM, University of Cincinnati, Cincinnati, OH

PATRICIA A. BUFFLER, University of California, Berkeley, CA

ELISABETH CARDIS, International Agency for Research on Cancer, Lyon, France

ROGER COX, National Radiological Protection Board, Chilton, Didcot, Oxon, United Kingdom

SCOTT DAVIS, University of Washington and Fred Hutchinson Cancer Research Center, Seattle,
WA

WILLIAM C. DEWEY, University of California, San Francisco, CA

ETHEL S. GILBERT, National Cancer Institute, Rockville, MD

ALBRECHT M. KELLERER, Ludwig-Maximilians-Universitit, Miinchen, Germany

DANIEL KREWSKI, University of Ottawa, Ottawa, Ontario, Canada

TOMAS R. LINDAHL, Cancer Research UK London Research Institute, United Kingdom

KATHERINE E. ROWAN, George Mason University, Fairfax, VA

K. SANKARANARAYANAN, Leiden University Medical Centre, Leiden, The Netherlands

DANIEL W. SCHAFER, Oregon State University, Corvallis, OR (from May 2002)

LEONARD A. STEFANSKI, North Carolina State University, Raleigh, NC (through May 2002)

ROBERT L. ULLRICH, Colorado State University, Fort Collins, CO

CONSULTANTS

JOHN D. BOICE, JR., International Epidemiology Institute, Rockville, MD
KIYOHIKO MABUCHI, National Cancer Institute, Rockville, MD

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11340

Health Risks from Exposure to Low Levels of lonizing Radiation: BEIR VIl Phase 2

NATIONAL RESEARCH COUNCIL STAFF

RICK JOSTES, Study Director

EVAN B. DOUPLE, BRER Director

DONALD A. PIERCE, Research Adviser Radiation Effects Research Foundation
COURTNEY GIBBS, Program Assistant

DORIS E. TAYLOR, Staff Assistant

CATHIE BERKLEY, Financial Officer

BOARD ON RADIATION EFFECTS RESEARCH

S. JAMES ADELSTEIN (chairman), Harvard Medical School, Boston, MA

HAROLD L. BECK, Department of Energy Environmental Laboratory (retired), New York, NY
JOEL S. BEDFORD, Colorado State University, Fort Collins, CO

JAMES E. CLEAVER, University of California San Francisco Cancer Center, San Francisco, CA
SARAH C. DARBY, University of Oxford, Oxford, United Kingdom

SHARON L. DUNWOODY, University of Wisconsin, Madison, WI

C. CLIFTON LING, Memorial Sloan-Kettering Cancer Center, New York, NY

DANIEL KREWSKI, University of Ottawa, Ottawa, Ontario, Canada

THEODORE L. PHILLIPS, University of California, San Francisco, CA

ANDREW M. SESSLER, E.O. Lawrence Berkeley National Laboratory, Berkeley, CA

JOHN C. VILLFORTH, Food and Drug Law Institute (retired), Derwood, MD

PAUL L. ZIEMER, Purdue University, West Lafayette, IN

NATIONAL RESEARCH COUNCIL STAFF

EVAN B. DOUPLE, Director, Board on Radiation Effects Research
ISAF AL-NABULSI, Senior Program Officer

RICK JOSTES, Senior Program Officer

CATHERINE S. BERKLEY, Administrative Associate
COURTNEY GIBBS, Program Assistant

DORIS TAYLOR, Staff Assistant

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11340

Health Risks from Exposure to Low Levels of lonizing Radiation: BEIR VIl Phase 2

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11340

Health Risks from Exposure to Low Levels of lonizing Radiation: BEIR VIl Phase 2

Preface

BACKGROUND

This is the seventh in a series of reports from the National
Research Council (NRC) prepared to advise the U.S. gov-
ernment on the relationship between exposure to ionizing
radiation and human health. In 1996 the National Academy
of Sciences (NAS) was requested by the U.S. Environmental
Protection Agency to initiate a scoping study preparatory to
a new review of the health risks from exposure to low levels
of ionizing radiations. The main purpose of the new review
would be to update the Biological Effects of Ionizing Radia-
tion V (BEIR V) report (NRC 1990), using new information
from epidemiologic and experimental research that has accu-
mulated during the 14 years since the 1990 review. Analysis
of those data would help to determine how regulatory bodies
should best characterize risks at the doses and dose rates
experienced by radiation workers and members of the gen-
eral public. BEIR VII—Phase 1 was the preliminary survey
to evaluate whether it was appropriate and feasible to con-
duct a BEIR VII—Phase 2 study. The Phase 1 study deter-
mined that it was appropriate and feasible to proceed to Phase
2. The Phase 1 study, Health Effects of Exposure to Low
Levels of Ionizing Radiations: Time for Reassessment?,
published in 1998, also provided the basis for the Phase 2
Statement of Task that follows.

BEIR VII—PHASE 2 STATEMENT OF TASK

The primary objective of the study is to develop the best
possible risk estimate for exposure to low-dose, low linear
energy transfer (LET) radiation in human subjects. In order
to do this, the committee will (1) conduct a comprehensive
review of all relevant epidemiologic data related to the risk
from exposure to low-dose, low-LET radiation; (2) define
and establish principles on which quantitative analyses of
low-dose and low-dose-rate effects can be based, including
requirements for epidemiologic data and cohort characteris-
tics; (3) consider relevant biologic factors (such as the dose

Vil

and dose-rate effectiveness factor, relative biologic effec-
tiveness, genomic instability, and adaptive responses) and
appropriate methods to develop etiologic models (favoring
simple as opposed to complex models) and estimate popula-
tion detriment; (4) assess the current status and relevance to
risk models of biologic data and models of carcinogenesis,
including critical assessment of all data that might affect the
shape of the response curve at low doses, in particular, evi-
dence for or against thresholds in dose-response relation-
ships and evidence for or against adaptive responses and ra-
diation hormesis; (5) consider, when appropriate, potential
target cells and problems that might exist in determining dose
to the target cell; and (6) consider any recent evidence re-
garding genetic effects not related to cancer. In performing
the above tasks, the committee should consider all relevant
data, even if obtained from high radiation exposures or at
high dose rates.

With respect to modeling, the committee will (1) develop
appropriate risk models for all cancer sites and other out-
comes for which there are adequate data to support a quanti-
tative estimate of risk, including benign disease and genetic
effects; (2) provide examples of specific risk calculations
based on the models and explain the appropriate use of the
risk models; (3) describe and define the limitations and un-
certainties of the risk models and their results; (4) discuss
the role and effect of modifying factors, including host (such
as individual susceptibility and variability, age, and sex),
environment (such as altitude and ultraviolet radiation), and
life-style (such as smoking history and alcohol consump-
tion) factors; and (5) identify critical gaps in knowledge that
should be filled by future research.

WHAT HAS CHANGED SINCE THE LAST BEIR REPORT
ON THE HEALTH EFFECTS OF LOW LEVELS OF
LOW-LET IONIZING RADIATION

In the 15 years since the publication of the previous BEIR
report on low-LET radiation (BEIR V), much new informa-
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tion has become available on the health effects of ionizing
radiation. Since the 1990 BEIR V report, substantial new
information on radiation-induced cancer has become avail-
able from the Hiroshima and Nagasaki survivors, slightly
less than half of whom were alive in 2000. Of special impor-
tance are cancer incidence data from the Hiroshima and
Nagasaki tumor registries. The committee evaluated nearly
13,000 incidences of cancer and approximately 10,000 can-
cer deaths in contrast to fewer than 6000 cancer deaths avail-
able to the BEIR V committee. Also, since completion of the
1990 report, additional evidence has emerged from studies
of the Hiroshima and Nagasaki atomic bomb survivors sug-
gesting that other health effects, such as cardiovascular dis-
ease and stroke, can result from radiation exposure.

A major reevaluation of the dosimetry at Hiroshima and
Nagasaki has recently been completed that lends more cer-
tainty to dose estimates and provides increased confidence
in the relationship between radiation exposure and the health
effects observed in Japanese A-bomb survivors. Additional
new information is also available from radiation worker stud-
ies, medical radiation exposures, and populations with envi-
ronmental exposures.

Although the cancer risk estimates have not changed
greatly since the 1990 report, confidence in the estimates has
risen because of the increase in epidemiologic and biologi-
cal data available to the committee.

Progress has also been made since the 1990 report in ar-
eas of science that relate to the estimation of genetic (heredi-
tary) effects of radiation. In particular, (1) advances in hu-
man molecular biology have been incorporated into the
conceptual framework of genetic risk estimation, and (2) it
has become possible to project risks for all classes of genetic
diseases (i.e., those with more complex as well as simple
patterns of inheritance).

Advances in cell and molecular biology have also con-
tributed new information on the mechanisms through which
cells respond to radiation-induced damage and to the close
associations between DNA damage response and cancer de-
velopment.

ORGANIZATION OF THE STUDY

The NRC appointed a committee comprised of scientists
and educators. Some had particular expertise in conducting
research on ionizing radiation, while others were experi-
enced in fields relevant to the committee’s charge. The NRC
vetted all potential members to ensure that each was free

PREFACE

from any apparent or potential conflict of interest. The work
of the committee was conducted with the assistance of the
Board of Radiation Effects Research of the Division on Earth
and Life Sciences.

The committee held 11 meetings over a period of
4.5 years. The long duration of the committee was due
largely to a period of reduced activity while awaiting
completion of the update of the dosimetry and exposure esti-
mates to atomic bomb survivors of Hiroshima and Nagasaki,
Japan (the so-called DS02: Dosimetry System 2002).

Six of the meetings included participation of the public
for a portion of the meeting, and five of the meetings were
conducted exclusively in executive session. Each meeting
included extensive deliberations involving the committee as
a whole; in addition, two major subcommittees were formed
that were termed “biology” and “epidemiology.” Dr. Monson
convened the epidemiology sessions and Dr. Cleaver con-
vened the biology sessions. Also, a number of loosely orga-
nized and nonpermanent working groups were formed to
discuss the many issues before the committee. This enabled
biologists and nonbiologists to work together and evaluate
each other’s work.

ORGANIZATION OF THE REPORT

As noted under its STATEMENT OF TASK, the com-
mittee’s focus was to develop the best possible risk estimate
for exposure to low-dose, low-LET radiation in human sub-
jects. Accordingly, Chapters 1-4 discuss basic aspects of
radiation physics and radiation biology, including the known
interaction between radiation exposure and genetic material,
cellular structures, and whole organisms. Chapters 5-9 dis-
cuss basic principles of epidemiology as well as substantive
data relating to exposure from the atomic bombs, medical
radiation, occupational radiation, and environmental radia-
tion. Chapters 10-12, to the extent possible, integrate the
information from biology and epidemiology and develop risk
estimates based on this information. Three summary sec-
tions provide different levels of description of the report.
Chapter 13 is an overall scientific summary and lays out the
research needs identified by the committee. The Executive
Summary is an abbreviated and reorganized version of Chap-
ter 13 that provides an overview of the report. The Public
Summary addresses the findings of the committee and the
relevance of the report to public concerns about exposure to
ionizing radiation.
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Reviewers

This report has been reviewed in draft form by persons
chosen for their diverse perspectives and technical expertise
in accordance with procedures approved by the National
Research Council’s Report Review Committee. The pur-
poses of this review are to provide candid and critical com-
ments that will assist the institution in making the published
report as sound as possible and to ensure that the report meets
institutional standards of objectivity, evidence, and respon-
siveness to the study charge. The review comments and draft
manuscript remain confidential to protect the integrity of the
deliberative process. We wish to thank the following for their
participation in the review of this report:

Seymour Abrahamson, University of Wisconsin, Madison,
WI

John F. Ahearne, Sigma Xi, The Scientific Research
Society, Research Triangle Park, NC

Allan Balmain, University of California, San Francisco,
CA

Michael Cornforth, University of Texas, Galveston, TX

James F. Crow, University of Wisconsin, Madison, W1

John Easton, University of Chicago Hospitals, Chicago, IL

Eric J. Hall, Columbia University College of Physicians
and Surgeons, New York, NY

Richard D. Hichwa, University of Iowa, lowa City, IA

Hedvig Hricak, Memorial Sloan-Kettering Cancer Center,
New York, NY

Glenn F. Knoll, University of Michigan, Ann Arbor, MI

Jack S. Mandel, Emory University Rollins School of
Public Health, Atlanta, GA

John P. Murnane, University of California, San Francisco,
CA

Hooshang Nikjoo, National Aeronautics and Space
Administration, Houston, TX

Jonathan M. Samet, Johns Hopkins University, Baltimore,
MD

Susan S. Wallace, University of Vermont, Burlington, VT

ix

Chris G. Whipple, ENVIRON International Corporation,
Emeryville, CA

Although the reviewers listed above have provided many
constructive comments and suggestions, they were not asked
to endorse the conclusions or recommendations, nor did they
see the final draft of the report before its release. The review
of this report was overseen by George M. Hornberger, Ernest
H. Ern Professor of Environmental Sciences and Associate
Dean for the Sciences, University of Virginia, and John C.
Bailar III, Professor Emeritus, University of Chicago. Ap-
pointed by the National Research Council, they were respon-
sible for making certain that an independent examination of
this report was carried out in accordance with institutional
procedures and that all review comments were carefully con-
sidered. Responsibility for the final content of this report
rests entirely with the authoring committee and the National
Research Council.
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Units Used to Express Radiation Dose

Radiation exposures are measured in terms of the quan-
tity absorbed dose, which equals the ratio of energy imparted
to the mass of the exposed body or organ. The unit of ab-
sorbed dose is joules per kilogram (J/kg). For convenience
this unit has been given the special name gray (Gy).

Ionizing radiation can consist of electromagnetic radia-
tion, such as X-rays or gamma rays (y-rays), or of subatomic
particles, such as protons, neutrons, and o-particles. X- and
v-rays are said to be sparsely ionizing, because they produce
fast electrons, which cause only a few dozen ionizations
when they traverse a cell. Because the rate of energy transfer
is called linear energy transfer (LET), they are also termed
low-LET radiation; low-LET radiations are the subject of this
report. In contrast, the heavier particles are termed high-LET
radiations because they transfer more energy per unit length
as they traverse the cell.

Since the high-LET radiations are capable of causing
more damage per unit absorbed dose, a weighted quantity,
equivalent dose, or its average over all organs, effective dose,
is used for radiation protection purposes. For low-LET ra-
diation, equivalent dose equals absorbed dose. For high-LET
radiation—such as neutrons, o-particles, or heavier ion par-
ticles—equivalent dose or effective dose equals the absorbed
dose multiplied by a factor, the quality factor or the radia-
tion weighting factor (see Glossary), to account for their in-
creased effectiveness. Since the weighting factor for radia-
tion quality is dimensionless, the unit of equivalent dose is
also joules per kilogram. However, to avoid confusion be-
tween the two dose quantities, the special name sievert (Sv)
has been introduced for use with equivalent dose and effec-
tive dose.

Although the BEIR VII report is about low-LET radia-
tion, the committee has had to consider information derived
from complex exposures—especially from atomic bomb ra-
diation—that include a high-LET contribution in addition to
low-LET radiation. A weighted dose, with a weight factor

Xi

that differs from the quality factor and the radiation weight-
ing factor, is employed in these computations. The unit
sievert is likewise used with this quantity.

Whenever the nature of the quantity is apparent from the
context, the term dose is used equally in this report for ab-
sorbed dose, equivalent dose, effective dose, and weighted
dose. With regard to risk assessment, reference is usually to
the equivalent dose to specified organs or to the effective
dose. The unit sievert is then used, although absorbed dose
and equivalent dose are equal for low-LET radiation. In ex-
perimental radiation biology and radiotherapy, exact speci-
fication of absorbed dose is required and the dose values are
frequently larger than in radiation protection considerations.
With reference to those fields, therefore, use is made of ab-
sorbed dose and the unit is gray.

The Public Summary refers to radiation protection, and
the dose therefore is given as sieverts throughout that chap-
ter (for a more complete description of the various dose quan-
tities and units used in this report, see the Glossary and the
table below).

TABLE 1 Units of Dose

Unit? Symbol  Conversion Factors

Becquerel (SI)  Bq 1 disintegration/s = 2.7 x 10-11 Ci

Curie Ci 3.7 x 1010 disintegrations/s = 3.7 x 1019 Bq
Gray (SI) Gy 1 J/kg = 100 rads

Rad rad 0.01 Gy =100 erg/g

Sievert (SI) Sv 1 J/kg = 100 rem

Rem rem 0.01 Sv

NOTE: Equivalent dose equals absorbed dose times Q (quality factor). Gray
is the special name of the unit (J/kg) to be used with absorbed dose; sievert
is the special name of the unit (J/kg) to be used with equivalent dose.

9International Units are designated SI.
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Public Summary

INTRODUCTION

The health effects of low levels of ionizing radiation are
important to understand. Ionizing radiation—the sort found
in X-rays or gamma rays'—is defined as radiation that has
sufficient energy to displace electrons from molecules. Free
electrons, in turn, can damage human cells. One challenge to
understanding the health effects of radiation is that there is
no general property that makes the effects of man-made ra-
diation different from those of naturally occurring radiation.
Still another difficulty is that of distinguishing cancers that
occur because of radiation exposure from cancers that occur
due to other causes. These facts are just some of the many
that make it difficult to characterize the effects of ionizing
radiation at low levels.

Despite these challenges, a great deal about this topic is
well understood. Specifically, substantial evidence exists
that exposure to high levels of ionizing radiation can cause
illness or death. Further, scientists have long known that in
addition to cancer, ionizing radiation at high doses causes
mental retardation in the children of mothers exposed to ra-
diation during pregnancy. Recently, data from atomic bomb
survivors suggest that high doses are also connected to other
health effects such as heart disease and stroke.

Because ionizing radiation is a threat to health, it has been
studied extensively. This report is the seventh in a series of
publications from the National Academies concerning radia-
tion health effects, referred to as the Biological Effects of
Ionizing Radiation (BEIR) reports. This report, BEIR VII,
focuses on the health effects of low levels of low linear en-
ergy transfer (LET) ionizing radiation. Low-LET radiation
deposits less energy in the cell along the radiation path and is
considered less destructive per radiation track than high-LET
radiation. Examples of low-LET radiation, the subject of this

X-rays are man-made and generated by machines, whereas gamma rays
occur from unstable atomic nuclei. People are continuously exposed to
gamma rays from naturally occurring elements in the earth and outer space.

report, include X-rays and y-rays (gamma rays). Health ef-
fects of concern include cancer, hereditary diseases, and
other effects, such as heart disease.

This summary describes:

* how ionizing radiation was discovered,

* how ionizing radiation is detected,

e units used to describe radiation dose,

* what is meant by low doses of ionizing radiation,

* exposure from natural “background” radiation,

* the contribution of man-made radiation to public
exposure,

* scenarios illustrating how people might be exposed to
ionizing radiation above background levels,

* evidence for adverse health effects such as cancer and
hereditary disease,

¢ the BEIR VII risk models,

¢ what bodies of research the committee reviewed,

* why the committee has not accepted the view that low
levels of radiation might be substantially more or less harm-
ful than expected from the model used in this BEIR report,
and

* the committee’s conclusions.

HOW IONIZING RADIATION WAS DISCOVERED

Low levels of ionizing radiation cannot be seen or felt, so
the fact that people are constantly exposed to radiation is not
usually apparent. Scientists began to detect the presence of
ionizing radiation in the 1890s.2 In 1895, Wilhelm Conrad
Roentgen was investigating an electrical discharge gener-
ated in a paper-wrapped glass tube from which most of the
air had been evacuated. The free electrons generated in the
“vacuum tube,” which were then called cathode rays, were

2Health Physics Society. Figures in Radiation History, http://www.hps.org.

September 2004.
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in themselves a form of radiation. Roentgen noted that when
the electrons were being generated, a fluorescent screen on a
nearby table began to glow. Roentgen theorized that invis-
ible emissions from the cathode-ray tube were causing the
fluorescent screen to glow, and he termed these invisible
emissions X-rays. The electrons produced by the electrical
discharge had themselves produced another form of radia-
tion, X-rays. The next major discovery occurred when Henri
Becquerel noted that unexposed photographic plates stored
in a drawer with uranium ore were fogged. He concluded
that the fogging was due to an invisible emission emanating
from the uranium atoms and their decay products. This
turned out to be naturally occurring radiation emanating from
the uranium. Marie and Pierre Curie went on to purify ra-
dium from uranium ore in Becquerel’s laboratory, and in
subsequent years, many other forms of radiation including
neutrons, protons, and other particles were discovered. Thus,
within a period of several years in the 1890s, man-made and
naturally occurring radiation were discovered.

Roentgen’s discovery of X-rays resulted in the eventual
invention of X-ray machines used to image structures in the
human body and to treat health conditions. Adverse health
effects of high levels of ionizing radiation exposure became
apparent shortly after these initial discoveries. High doses to
radiation workers would redden the skin (erythema), and this
rough measure of radiation exposure was called the “skin
erythema dose.” The use of very large doses, primitive do-
simetry (dose measurement) such as the skin erythema dose,
and the fact that many of these early machines were not well
shielded led to high radiation exposures both to the patients
and to the persons administering the treatments. The devel-
opment of chronic, slow-healing skin lesions on the hands of
early radiologists and their assistants resulted in the loss of
extremities in some cases. These incidents were some of the
first indications that radiation delivered at high doses could
have serious health consequences. Subsequent studies in re-
cent years have shown that early radiologists had a higher
mortality rate than other health workers. This increased mor-
tality rate is not seen in radiologists working in later years,
presumably due to vastly improved safety conditions result-
ing in much lower doses to radiologists.

The early indications of health effects after high radiation
exposures are too many to chronicle in this Public Summary,
but the committee notes one frequently cited example. In
1896, Thomas Edison developed a fluoroscope that consisted
of a tapered box with a calcium tungstate screen and a view-
ing port by which physicians could view X-ray images. Dur-
ing the course of these investigations with X-rays, Clarence
Dally, one of Edison’s assistants, developed a degenerative
skin disease, that progressed into a carcinoma. In 1904, Dally
succumbed to his injuries in what may have been the first
death associated with man-made ionizing radiation in the
United States. Edison halted all of his X-ray research noting
that “the x rays had affected poisonously my assistant, Mr.

BEIR VII

Dally . . .”3 Today, radiation is one of the most thoroughly
studied potential hazards to humans, and regulatory stan-
dards have become increasingly strict over the years in an
effort to protect human health.

HOW IONIZING RADIATION IS DETECTED

The detection of ionizing radiation has greatly improved
since the days of Roentgen, Becquerel, and the Curies. Ion-
izations can be detected accurately by Geiger counters and
other devices. Because the efficiency of the detector is
known, one can determine not only the location of the radia-
tion, but also the amount of radiation present. Other, more
sophisticated detectors can evaluate the “signature” energy
spectrum of some radiations and thus identify the type of
radiation.

UNITS USED TO DESCRIBE RADIATION DOSE

Ionizing radiation can be in the form of electromagnetic
radiation, such as X-rays or y-rays, or in the form of sub-
atomic particles, such as protons, neutrons, alpha particles,
and beta particles. Radiation units can be confusing. Radia-
tion is usually measured in dose units called grays (Gy) or
sieverts (Sv), which are measures of energy deposited in liv-
ing tissue. X- and y-rays are said to have low LET. Low-LET
radiation produces ionizations sparsely throughout a cell; in
contrast, high-LET radiation transfers more energy per unit
length as it traverses the cell and is more destructive per unit
length.

Although this BEIR VII report is about low-LET radia-
tion, the committee has considered some information derived
from complex exposures that include radiation from high-
LET and low-LET sources. High-LET or mixed radiations
(radiation from high-LET and low-LET sources) are often
described in units known as sievert. The units for low-LET
radiation can be sievert or gray. For simplicity, all dose units
in the Public Summary are reported in sieverts (Sv). For a
more complete description of the various units of dose used
in this report, see “Units Used to Express Radiation Dose”
which precedes the Public Summary, as well as the terms
Gray, Sievert, and Units in the glossary.

WHAT IS MEANT BY LOW DOSES OF IONIZING
RADIATION

For this report, the committee has defined low dose as
doses in the range of near zero up to about 100 mSv (0.1 Sv)
of low-LET radiation. The committee has placed emphasis
on the lowest doses where relevant data are available. The
annual worldwide background exposure from natural sources
of low-LET radiation is about 1 mSv.

3Health Physics Society. Figures in Radiation History, http://www.hps.org.
September 2004.
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PUBLIC SUMMARY

EXPOSURE FROM NATURAL BACKGROUND
RADIATION

Human beings are exposed to natural background radia-
tion every day from the ground, building materials, air, food,
the universe, and even elements in their own bodies. In the
United States, the majority of exposure to background ioniz-
ing radiation comes from exposure to radon gas and its de-
cay products. Radon is a colorless, odorless gas that ema-
nates from the earth and, along with its decay products, emits
a mixture of high- and low-LET radiation. Radon can be
hazardous when accumulated in underground areas such as
poorly ventilated basements. The National Research Coun-
cil 1999 report, Health Effects of Exposure to Radon
(BEIR VI), reported on the health effects of radon, and there-
fore those health effects are not discussed in this report.
Average annual exposures worldwide to natural radiation
sources (both high and low LET) would generally be ex-
pected to be in the range of 1-10 mSv, with 2.4 mSv being
the present estimate of the central value.* Of this amount,
about one-half (1.2 mSv per year) comes from radon and its
decay products. Average annual background exposures in
the United States are slightly higher (3.0 mSv) due in part to
higher average radon levels. After radon, the next highest
percentage of natural ionizing radiation exposure comes
from cosmic rays, followed by terrestrial sources, and “in-
ternal” emissions. Cosmic rays are particles that travel
through the universe. The Sun is a source of some of these
particles. Other particles come from exploding stars called
supernovas.

The amount of terrestrial radiation from rocks and soils
varies geographically. Much of this variation is due to dif-
ferences in radon levels. “Internal” emissions come from
radioactive isotopes in food and water and from the human
body itself. Exposures from eating and drinking are due in
part to the uranium and thorium series of radioisotopes
present in food and drinking water.> An example of a radio-
isotope moving through the food chain would be carbon-14
(1#C), a substance found in all living things. '“C is created
when cosmic rays collide with nitrogen atoms. '“C combines
with oxygen to create carbon dioxide gas. Plants absorb
carbon dioxide during photosynthesis, and animals feed on
those plants. In these ways, '“C accumulates in the food chain
and contributes to the internal background dose from ioniz-
ing radiation.

As mentioned previously, possible health effects of low-
dose, low-LET radiation are the focus of this BEIR VII re-
port. Because of the “mixed” nature of many radiation
sources, it is difficult to estimate precisely the percentage of

4United Nations Scientific Committee on the Effects of Atomic Radia-
tion (UNSCEAR). 2000. Sources and Effects of Ionizing Radiation, Vol-
ume 1: Sources. New York: United Nations. Table 31, p. 40.

SUNSCEAR. 2000. Sources and Effects of Ionizing Radiation. Report to
the General Assembly, with scientific annexes. New York: United Nations.

natural background radiation that is low LET. Figure PS-1
illustrates the approximate sources and relative amounts of
high-LET and low-LET radiations that comprise the natural
background exposure worldwide. This figure illustrates the
relative contributions of three natural sources of high-LET
radiation and three natural sources of low-LET radiation to
the global population exposure. The smaller, detached seg-
ment of the chart represents the relative contribution of low-
LET radiation sources to the annual background exposure.
The total average annual population exposure worldwide due
to low-LET radiation would generally be expected to be in
the range of 0.2-1.0 mSv, with 0.9 mSv being the present
estimate of the central value.

CONTRIBUTION OF MAN-MADE RADIATION TO
PUBLIC EXPOSURE

In addition to natural background radiation, people are
also exposed to low- and high-LET radiation from man-made
sources such as X-ray equipment and radioactive materials
used in medicine, research, and industry. A 1987 study® of
ionizing radiation exposure of the population of the United
States estimated that natural background radiation comprised
82% of the annual U.S. population exposure, while man-
made sources contributed 18% (see Figure PS-2, pie chart in
the lower left portion of the figure).

In Figure PS-2, the man-made radiation component (up-
per right portion of the figure) shows the relative contribu-
tions of the various types of man-made radiation to the U.S.
population.” Medical X-rays and nuclear medicine account
for about 79% of the man-made radiation exposure in the
United States. Elements in consumer products, such as to-
bacco, the domestic water supply, building materials, and to
a lesser extent, smoke detectors, televisions, and computer
screens, account for another 16%. Occupational exposures,
fallout, and the nuclear fuel cycle comprise less than 5% of
the man-made component and less than 1% of the combined
background and man-made component. Additional small
amounts of exposure from background and man-made radia-
tion come from activities such as traveling by jet aircraft
(cosmic radiation—add 0.01 mSv for each 1000 miles trav-
eled), living near a coal-fired power plant (plant emissions—
add 0.0003 mSv), being near X-ray luggage inspection scan-
ners (add 0.00002 mSv), or living within 50 miles of a
nuclear power plant (add 0.00009 mSv).8

6National Council on Radiation Protection and Measurements (NCRP).
1987. Ionizing Radiation Exposure of the Population of the United States.
Washington, DC: NCRP, No. 93.

"National Council on Radiation Protection and Measurements. 1987. Ton-
izing Radiation Exposure of the Population of the United States. Washing-
ton, DC: NCRP, No. 93.

8National Council on Radiation Protection and Measurements Reports
#92-95 and #100. Washington, DC: NCRP.
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FIGURE PS-1 Sources of global background radiation. The pie chart above shows the relative worldwide percentage of all sources of natural
background radiation (low and high LET). Because this report evaluates the health effects of low-LET radiation, the low-LET portion of the
pie chart is separated to illustrate the relative contributions of the three major sources of low-LET radiation exposure. SOURCE: Data from

UNSCEAR 2000a.

There are many ways in which an individual’s exposure
to ionizing radiation could vary from the averages. Factors
that might increase exposure to ionizing radiation include
(1) increased uses of radiation for medical purposes, (2) oc-
cupational exposure to radiation, and (3) smoking tobacco
products.” Factors that might decrease radiation exposure
include living at lower altitudes (less cosmic radiation) and
living and working in the higher floors of a building (less
radon).

SCENARIOS ILLUSTRATING HOW PEOPLE MIGHT BE
EXPOSED TO IONIZING RADIATION ABOVE
BACKGROUND LEVELS

This section provides three scenarios illustrating how
some people might be exposed to ionizing radiation above
background levels. These examples are for illustration pur-
poses only and are not meant to be inclusive.

Whole-Body Scans

There is growing use of whole-body scanning by com-
puted tomography (CT) as a way of screening for early signs

9National Council on Radiation Protection and Measurements. 1987.
Radiation exposure of the U.S. population from Consumer Products and
Miscellaneous Sources. Bethesda, MD: NCRP, Report No. 95.

of disease among asymptomatic adults.'® CT examinations
result in higher organ doses of radiation than conventional
single-film X-rays. This is because CT scanners rotate
around the body, taking a series of cross-sectional X-rays. A
computer compiles these X-ray slices to produce a three-
dimensional portrait. According to Brenner and Elliston, who
estimated both radiation dose and risks from such proce-
dures, a single full-body scan results in a mean effective ra-
diation dose of 12 mSv.!! These authors write, “To put this
(dose) in perspective, a typical mammogram . . . has an ef-
fective dose of 0.13 mSv—a factor of almost 100 times less.”
According to Brenner and Elliston’s calculations, “a 45-year-
old adult who plans to undergo 30 annual full-body CT ex-
aminations would potentially accrue an estimated lifetime
cancer mortality risk of 1.9% (almost 1 in 50). ... Corre-
spondingly, a 60-year-old who plans to undergo 15 annual
full-body CT examinations would potentially accrue an esti-
mated lifetime cancer mortality risk of one in 220.” Citing a
National Vital Statistics Report, Brenner and Elliston note,
for comparison that, “the lifetime odds that an individual
born in the United States in 1999 will die in a traffic accident

10Full-Body CT Scans: What You Need to Know (brochure). U.S. De-
partment of Health and Human Services. 2003. Accessed at www.fda.gov/
cdrh/ct.

Brenner, D.J., and C.D. Elliston. 2004. Estimated radiation risks po-
tentially associated with full-body CT screening. Radiology 232:735-738.
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FIGURE PS-2 The pie chart in the lower left portion of the figure shows the contribution of man-made radiation sources (18%) relative to
natural background radiation (82%) exposure of the population of the United States. Sources of man-made radiation are detailed in the upper

right portion of the pie chart. SOURCE: Data from NCRP 1987.

are estimated to be one in 77.”12 Further information on
whole-body scans is available from the U.S. Food and Drug
Administration web site.!3

CT Scans Used in Diagnostic Procedures

The use of CT scans in adults experiencing symptoms of
illness or injury is widely accepted, and CT scan use has
increased substantially in the last several decades. The
BEIR VII committee recommends that in the interest of ra-
diological protection, there be follow-up studies of cohorts
of persons receiving CT scans, especially children. In addi-

2Hoyert, D. L., E. Arias, B.L. Smith, S.L. Murphy, and K.D. Kochanek.
2001. Deaths: Final data for 1999. National Vital Statistics Report USA
49:1-113.

I3Full-Body CT Scans: What You Need to Know (brochure), U.S. De-
partment of Health and Human Services. 2003. Accessed at www.fda.gov/
cdrh/ct.

tion, the committee recommends studies of infants who ex-
perience diagnostic radiation exposure related to cardiac
catheterization and of premature infants who are monitored
with repeated X-rays for pulmonary development.

Working near lonizing Radiation

People who work at medical facilities, in mining or mill-
ing, or with nuclear weapons are required to take steps to
protect themselves from occupational exposures to radiation.
The maximum amount of radiation that workers are allowed
to receive in connection with their occupations is regulated.
In general these limits are 50 mSv per year to the whole
body, with larger amounts allowed to the extremities. The
exposure limits for a pregnant worker, once pregnancy is
declared, are more stringent. In practice the guidelines call
for limiting exposures to as low as is reasonably achievable.

Combined analyses of data from nuclear workers offer an
opportunity to increase the sensitivity of such studies and to

Copyright National Academy of Sciences. All rights reserved.
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provide direct estimates of the effects of long-term, low-
dose, low-LET radiation. It should be noted however that
even with the increased sensitivity, the combined analyses
are compatible with a range of possibilities, from a reduction
of risk at low doses to risks twice those on which current
radiation protection recommendations are based.

Veterans Exposed to Radiation Through Weapons Testing

An example of man-made radiation exposures experi-
enced by large numbers of people in the past is the experi-
ence of the U.S. atomic veterans during and after World War
II. From 1945 to 1962, about 210,000 military and civilian
personnel were exposed directly at a distance to aboveground
atomic bomb tests (about 200 atmospheric weapons tests
were conducted in this period).!# In general, these exercises,
conducted in Nevada, New Mexico, and the Pacific, were
intended to familiarize combat teams with conditions that
would be present during a potential war in which atomic
weapons might be used. As an example, in the series of five
atmospheric tests conducted during Operation UPSHOT-
KNOTHOLE, individual battalion combat teams experi-
enced low-LET y-ray doses as low as 0.4 mSv and as high as
31 mSv. This range of exposures would correspond to the
equivalent of about five chest X-rays for the lowest-exposed
combat team to approximately 390 chest X-rays for the high-
est-exposed combat team (by assuming a dose from one chest
X-ray to be about 0.08 mSv).

EVIDENCE FOR ADVERSE HEALTH EFFECTS SUCH AS
CANCER AND HEREDITARY DISEASE

The mechanisms that lead to adverse health effects after
exposure to ionizing radiation are not fully understood. Ion-
izing radiation has sufficient energy to change the structure
of molecules, including DNA, within the cells of the human
body. Some of these molecular changes are so complex that
it may be difficult for the body’s repair mechanisms to mend
them correctly. However, the evidence is that only a very
small fraction of such changes would be expected to result in
cancer or other health effects. Radiation-induced mutations
would be expected to occur in the reproductive cells of the
human body (sperm and eggs), resulting in heritable disease.
The latter risk is sufficiently small that it has not been de-
tected in humans, even in thoroughly studied irradiated popu-
lations such as those of Hiroshima and Nagasaki.

As noted above, the most thoroughly studied individuals
for determination of the health effects of ionizing radiation
are the survivors of the Hiroshima and Nagasaki atomic
bombs. Sixty-five percent of these survivors received a low

14National Research Council. 2003. A Review of the Dose Reconstruc-
tion Program of the Defense Threat Reduction Agency. Washington, DC:
National Academies Press, http://www.nap.edu/catalog/10697.html.
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dose of radiation (less than 100 mSv; the definition of low
dose used by this BEIR VII report). A dosage of 100 mSv is
equivalent to approximately 40 times the average yearly
background radiation exposure worldwide from all sources
(2.4 mSv) or roughly 100 times the worldwide background
exposure from low-LET radiation, the subject of this report.
At dose levels of about 100 to 4000 mSv (about 40 to 1600
times the average yearly background exposure), excess can-
cers have been observed in Japanese atomic bomb survivors.
Excess cancers represent the number of cancers above the
levels expected in the population. In the case of in utero
exposure (exposure of the fetus during pregnancy), excess
cancers can be detected at doses as low as 10 mSv.! For the
radiation doses at which excess cancers occur in the
Hiroshima and Nagasaki studies, solid cancers'® show an
increasing rate with increasing dose that is consistent with a
linear association. In other words, as the level of exposure to
radiation increased, so did the occurrence of solid cancers.

Major advances have occurred during the last decade in
several key areas that are relevant to the assessment of risks
at low radiation doses. These advances have contributed to
greater insights into the molecular and cellular responses to
ionizing radiation and into the nature of the relationship be-
tween radiation exposure and the types of damage that un-
derlie adverse health outcomes. Also, more data on radia-
tion-induced cancers in humans have become available since
the previous BEIR report on the health effects of low-dose,
low-LET radiation, and those data are evaluated in this
report.

THE BEIR VIl RISK MODELS

Estimating Cancer Risk

An important task of the BEIR VII committee was to de-
velop “risk models” for estimating the relationship between
exposure to low levels of low-LET ionizing radiation and
harmful health effects. The committee judged that the linear
no-threshold model (LNT) provided the most reasonable
description of the relation between low-dose exposure to ion-
izing radiation and the incidence of solid cancers that are
induced by ionizing radiation. This section describes the
LNT; the linear-quadratic model, which the committee
adopted for leukemia; and a hypothetical linear model with a
threshold. It then gives an example derived from the
BEIR VII risk models using a figure with closed circles rep-
resenting the frequency of cancers in the general population
and a star representing estimated cancer incidence from ra-

I5Doll, R., and R. Wakeford. 1997. Risk of childhood cancer from foetal

irradiation. Brit J Radiol 70:130-139.

16Solid cancers are cellular growths in organs such as the breast or pros-
tate as contrasted with leukemia, a cancer of the blood and blood-forming
organs.
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Radiation-related cancer risk

Linear No-Threshold (high dose rate)
————— Linear No-Threshold (low dose rate)
Linear Quadratic Model

"""" Linear Model with a Threshold

FIGURE PS-3 The committee finds the linear no-threshold (LNT) model to be a computationally convenient starting point. Actual risk
estimates improve upon this simplified model by using a dose and dose-rate effectiveness factor (DDREF), which is a multiplicative adjust-
ment that results in downward estimation of risk and is roughly equivalent to using the line labeled “Linear No-Threshold” (low dose rate).
The latter is the zero-dose tangent of the linear-quadratic model. While it would be possible to use the linear-quadratic model directly, the
DDREF adjustment to the linear model is used to conform with historical precedent dictated in part by simplicity of calculations. In the low-
dose range of interest, there is essentially no difference between the two. Source: Modified from Brenner and colleagues.!”

diation exposure using the BEIR VII risk models. Next, the
section explains how the absence of evidence for induced
adverse heritable effects in the children of survivors of
atomic bombs is consistent with the genetic risk estimated
through the use of the doubling dose method in this report.
Atdoses less than 40 times the average yearly background
exposure (100 mSv), statistical limitations make it difficult
to evaluate cancer risk in humans. A comprehensive review
of the biology data led the committee to conclude that the
risk would continue in a linear fashion at lower doses with-
out a threshold and that the smallest dose has the potential to
cause a small increase in risk to humans. This assumption is
termed the “linear no-threshold model” (see Figure PS-3).
The BEIR VII committee has developed and presented in
Chapter 12 the committee’s best risk estimates for exposure
to low-dose, low-LET radiation in human subjects. An ex-
ample of how the data-based risk models developed in this
report can be used to evaluate the risk of radiation exposure
is illustrated in Figure PS-4. This example calculates the
expected cancer risk from a single exposure of 0.1 Sv. The
risk depends on both sex and age at exposure, with higher
risks for females and for those exposed at younger ages. On

"Brenner, D.J., R. Doll, D.T. Goodhead, E.J. Hall, C.E. Land, J.B. Little,
J.H. Lubin, D.L. Preston, R.J. Preston, J.S. Puskin, E. Ron, R.K. Sachs,
J.M. Samet, R.B. Setlow, and M. Zaider. 2003. Cancer risks attributable to
low doses of ionizing radiation: Assessing what we really know. P Natl
Acad Sci USA 100:13761-13766.
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FIGURE PS-4 In a lifetime, approximately 42 (solid circles) of
100 people will be diagnosed with cancer (calculated from
Table 12-4 of this report). Calculations in this report suggest that
approximately one cancer (star) per 100 people could result from a
single exposure to 0.1 Sv of low-LET radiation above background.
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average, assuming a sex and age distribution similar to that
of the entire U.S. population, the BEIR VII lifetime risk
model predicts that approximately 1 person in 100 would be
expected to develop cancer (solid cancer or leukemia) from
adose of 0.1 Sv above background, while approximately 42
of the 100 individuals would be expected to develop solid
cancer or leukemia from other causes. Lower doses would
produce proportionally lower risks. For example, the com-
mittee predicts that approximately one individual per thou-
sand would develop cancer from an exposure to 0.01 Sv. As
another example, approximately one individual per hundred
would be expected to develop cancer from a lifetime (70-
year) exposure to low-LET, natural background radiation
(excluding radon and other high-LET radiation). Because of
limitations in the data used to develop risk models, risk esti-
mates are uncertain, and estimates that are a factor of two or
three larger or smaller cannot be excluded.

Health Effects Other Than Cancer

In addition to cancer, radiation exposure has been dem-
onstrated to increase the risk of other diseases, particularly
cardiovascular disease, in persons exposed to high therapeu-
tic doses and also in A-bomb survivors exposed to more
modest doses. However, there is no direct evidence of in-
creased risk of noncancer diseases at low doses, and data are
inadequate to quantify this risk if it exists. Radiation expo-
sure has also been shown to increase risks of some benign
tumors, but data are inadequate to quantify this risk.

Estimating Risks to Children of Parents Exposed to
lonizing Radiation

Naturally occurring genetic (i.e., hereditary) diseases con-
tribute substantially to illness and death in human popula-
tions. These diseases arise as a result of alterations (muta-
tions) occurring in the genetic material (DNA) contained in
the germ cells (sperm and ova) and are heritable (i.e., can be
transmitted to offspring and subsequent generations). Among
the diseases are those that show simple predictable patterns
of inheritance (which are rare), such as cystic fibrosis, and
those with complex patterns (which are common), such as
diabetes mellitus. Diseases in the latter group originate from
interactions among multiple genetic and environmental
factors.

Early in the twentieth century, it was demonstrated that
ionizing radiation could induce mutations in the germ cells
of fruit flies. These findings were subsequently extended to
a number of other organisms including mice, establishing
the fact that radiation is a mutagen (an agent that can cause
mutations in body cells); human beings are unlikely to be
exceptions. Thus began the concern that exposure of human
populations to ionizing radiation would cause an increase in
the frequency of genetic diseases. This concern moved to
center stage in the aftermath of the detonation of atomic
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weapons over Hiroshima and Nagasaki in World War II.
Extensive research programs to examine the adverse genetic
effects of radiation in the children of A-bomb survivors were
soon launched. Other studies focusing on mammals that
could be bred in the laboratory—primarily the mouse—were
also initiated in different research centers around the world.

The aim of the early human genetic studies carried out in
Japan was to obtain a direct measure of adverse effects in the
children of A-bomb survivors. The indicators that were used
included adverse pregnancy outcomes (i.e., stillbirths, early
neonatal deaths, congenital abnormalities); deaths among
live-born infants over a follow-up period of about 26 years;
growth and development of the children; chromosomal ab-
normalities; and specific types of mutations. Specific genetic
diseases were not used as indicators of risk, because not
enough was known about them when the studies began.

The initial goal of the mouse experiments was to examine
the effects of different doses, types, and modes of delivery
of radiation on mutation frequencies and the extent to which
the germ cell stages in the two sexes might differ in their
responses to radiation-induced mutations. As it turned out,
however, the continuing scarcity of data on radiation-in-
duced mutations in humans and the compelling need for
quantitative estimates of genetic risk to formulate adequate
measures for radiological protection necessitated the use of
mouse data for indirect prediction of genetic risks in hu-
mans.

As in previous BEIR reports, a method termed the “dou-
bling dose method,” is used to predict the risk of inducible
genetic diseases in the children of people exposed to radia-
tion using naturally occurring genetic diseases as a frame-
work. The doubling dose (DD) is defined as the amount of
radiation that is required to produce as many mutations as
those occurring spontaneously in one generation. The dou-
bling dose is expressed as a ratio of mutation rates. It is
calculated as a ratio of the average spontaneous and induced
mutation rates in a set of genes. A large DD indicates small
relative mutation risk, and a small doubling dose indicates a
large relative mutation risk. The DD used in the present re-
portis 1 Sv (1 Gy)'8 and derives from human data on spon-
taneous mutation rates of disease-causing genes and mouse
data on induced mutation rates.!® Therefore, if three muta-
tions occur spontaneously in 1 million people in one genera-
tion, six mutations will occur per generation if 1 million
people are each exposed to 1 Sv of ionizing radiation, and
three of these six mutations would be attributed to the radia-
tion exposure.

More than four decades have elapsed since the genetic
studies in Japan were initiated. In 1990, the final results of

I8For the purposes of this report, when low-LET radiation is considered,
1 Gy is equivalent to 1 Sv.

I9UNSCEAR. 2001. Hereditary Effects of Radiation. Report to the Gen-
eral Assembly. New York: United Nations.
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those studies were published. They show (as earlier reports
published from time to time over the intervening years
showed) that there are no statistically significant adverse ef-
fects detectable in the children of exposed survivors, indi-
cating that at the relatively low doses sustained by survivors
(of the order of about 400 mSv or less), the genetic risks, as
measured by the indicators mentioned earlier, are very low.
Other, mostly small-scale studies of the children of those
exposed to high doses of radiation for radiotherapy of can-
cers have also shown no detectable increases in the frequen-
cies of genetic diseases.

During the past 10 years, major advances have occurred
in our understanding of the molecular nature and mecha-
nisms underlying naturally occurring genetic diseases and
radiation-induced mutations in experimental organisms in-
cluding the mouse. These advances have shed light on the
relationships between spontaneous mutations and naturally
occurring genetic diseases and have provided a firmer scien-
tific basis for inferences on the relationships between in-
duced mutations and diseases. The risk estimates presented
in this report have incorporated all of these advances. They
show that at low or chronic doses of low-LET irradiation,
the genetic risks are very small compared to the baseline
frequencies of genetic diseases in the population. Addition-
ally, they are consistent with the lack of significant adverse
effects in the Japanese studies based on about 30,000 chil-
dren of exposed survivors. In other words, given the
BEIR VII estimates, one would not expect to see an excess
of adverse hereditary effects in a sample of about 30,000
children (the number of children evaluated in Hiroshima and
Nagasaki). One reason that genetic risks are low is that only
those genetic changes compatible with embryonic develop-
ment and viability will be recovered in live births.

RESEARCH REVIEWED BY THE COMMITTEE

The committee and staff ensured that the conclusions of
this report were informed by a thorough review of published,
peer-reviewed materials relevant to the committee’s formal
Statement of Task. Specifically, the sponsors of this study
asked for a comprehensive review of all relevant epidemio-
logic data (i.e., data from studies of disease in populations)
related to health effects of low doses of ionizing radiation. In
addition, the committee was asked to review all relevant bio-
logical information important to the understanding or mod-
eling of those health effects. Along with the review of these
bodies of literature and drawing on the accumulated knowl-
edge of its members, the committee and staff also consid-
ered mailings, publications, and e-mails sent to them. Data
on cancer mortality and incidence from the Life Span Study
cohort of atomic bomb survivors in Hiroshima and Nagasaki,
based on improved dose estimates, were used by the com-
mittee. The committee also considered radiation risk infor-
mation from studies of persons exposed for medical, occu-
pational, and environmental reasons. Models for breast and

thyroid cancer drew directly on medical studies. Further in-
formation was gathered in open sessions of the committee
held at meetings in Washington, D.C., and Irvine, Califor-
nia. Questions and concerns raised in open sessions were
considered by committee members in writing this report.

Why Has the Committee Not Accepted the View That Low
Doses Are Substantially More Harmful Than Estimated by
the Linear No-Threshold Model?

Some of the materials the committee reviewed included
arguments that low doses of radiation are more harmful than
a LNT model of effects would suggest. The BEIR VII com-
mittee has concluded that radiation health effects research,
taken as a whole, does not support this view. In essence, the
committee concludes that the higher the dose, the greater is
the risk; the lower the dose, the lower is the likelihood of
harm to human health. There are several intuitive ways to
think about the reasons for this conclusion. First, any single
track of ionizing radiation has the potential to cause cellular
damage. However, if only one ionizing particle passes
through a cell’s DNA, the chances of damage to the cell’s
DNA are proportionately lower than if there are 10, 100, or
1000 such ionizing particles passing through it. There is no
reason to expect a greater effect at lower doses from the
physical interaction of the radiation with the cell’s DNA.

New evidence from biology suggests that cells do not
necessarily have to be hit directly by a radiation track for the
cell to be affected. Some speculate that hit cells communi-
cate with nonhit cells by chemical signals or other means. To
some, this suggests that at very low radiation doses, where
all of the cells in the body are not hit, “bystander” cells may
be adversely affected, resulting in a greater health effect at
low doses than would be predicted by extrapolating the ob-
served response at high doses. Others believe that increased
cell death caused by so-called bystander effects might lower
the risk of cancer by eliminating cells at risk for cancer from
the irradiated cell population. Although additional research
on this subject is needed, it is unclear at this time whether the
bystander effect would have a net positive or net negative
effect on the health of an irradiated person.

In sum, the total body of relevant research for the assess-
ment of radiation health effects provides compelling reasons
to believe that the risks associated with low doses of low-
LET radiation are no greater than expected on the basis of
the LNT model.

Why Has the Committee Not Accepted the View That Low
Doses Are Substantially Less Harmful Than Estimated by
the Linear No-Threshold Model?

In contrast to the previous section’s subject, some materi-
als provided to the committee suggest that the LNT model
exaggerates the health effects of low levels of ionizing radia-
tion. They say that the risks are lower than predicted by the
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LNT, that they are nonexistent, or that low doses of radiation
may even be beneficial. The committee also does not accept
this hypothesis. Instead, the committee concludes that the
preponderance of information indicates that there will be
some risk, even at low doses. As the simple risk calculations
in this Public Summary show, the risk at low doses will be
small. Nevertheless, the committee’s principal risk model
for solid tumors predicts a linear decrease in cancer inci-
dence with decreasing dose.

Before coming to this conclusion, the committee reviewed
articles arguing that a threshold or decrease in effect does
exist at low doses. Those reports claimed that at very low
doses, ionizing radiation does not harm human health or may
even be beneficial. The reports were found either to be based
on ecologic studies or to cite findings not representative of
the overall body of data.

Ecologic studies assess broad regional associations, and
in some cases, such studies have suggested that the incidence
of cancer is much higher or lower than the numbers observed
with more precise epidemiologic studies. When the com-
plete body of research on this question is considered, a con-
sensus view emerges. This view says that the health risks of
ionizing radiation, although small at low doses, are a func-
tion of dose.

Both the epidemiologic data and the biological data are
consistent with a linear model at doses where associations
can be measured. The main studies establishing the health
effects of ionizing radiation are those analyzing survivors of
the Hiroshima and Nagasaki atomic bombings in 1945.
Sixty-five percent of these survivors received a low dose of
radiation, that is, low according to the definition used in this
report (equal to or less than 100 mSv). The arguments for
thresholds or beneficial health effects are not supported by
these data. Other work in epidemiology also supports the
view that the harmfulness of ionizing radiation is a function
of dose. Further, studies of cancer in children following ex-
posure in utero or in early life indicate that radiation-induced
cancers can occur at low doses. For example, the Oxford
Survey of Childhood Cancer found a “40 percent increase in
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the cancer rate among children up to [age] 15.”20 This in-
crease was detected at radiation doses in the range of 10 to
20 mSv.

There is also compelling support for the linearity view of
how cancers form. Studies in radiation biology show that “a
single radiation track (resulting in the lowest exposure pos-
sible) traversing the nucleus of an appropriate target cell has
a low but finite probability of damaging the cell’s DNA.”?!
Subsets of this damage, such as ionization “spurs” that can
cause multiple damage in a short length of DNA, may be
difficult for the cell to repair or may be repaired incorrectly.
The committee has concluded that there is no compelling
evidence to indicate a dose threshold below which the risk of
tumor induction is zero.

CONCLUSIONS

Despite the challenges associated with understanding the
health effects of low doses of low-LET radiation, current
knowledge allows several conclusions. The BEIR VII com-
mittee concludes that current scientific evidence is consis-
tent with the hypothesis that there is a linear dose-response
relationship between exposure to ionizing radiation and the
development of radiation-induced solid cancers in humans.
The committee further judges it unlikely that a threshold
exists for the induction of cancers but notes that the occur-
rence of radiation-induced cancers at low doses will be small.
The committee maintains that other health effects (such as
heart disease and stroke) occur at high radiation doses, but
additional data must be gathered before an assessment can
be made of any possible connection between low doses of
radiation and noncancer health effects. Additionally, the
committee concludes that although adverse health effects in
children of exposed parents (attributable to radiation-induced
mutations) have not been found, there are extensive data on
radiation-induced transmissible mutations in mice and other
organisms. Thus, there is no reason to believe that humans
would be immune to this sort of harm.

20As noted in Cox, R., C.R. Muirhead, J.W. Stather, A.A. Edwards, and

M.P. Little. 1995. Risk of radiation-induced cancer at low doses and low
dose rates for radiation protection purposes. Documents of the [British]
National Radiological Protection Board, Vol. 6, No. 1, p. 71.

21As noted in Cox, R., C.R. Muirhead, J.W. Stather, A.A. Edwards, and
M.P. Little. 1995. Risk of radiation-induced cancer at low doses and low
dose rates for radiation protection purposes. Documents of the National
Radiological Protection Board, Vol. 6, No. 1, p. 74.
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INTRODUCTION

This report, prepared by the National Research Council’s
Committee on the Biological Effects of Ionizing Radiation
(BEIR), is the seventh in a series that addresses the health
effects of exposure of human populations to low-dose, low-
LET (linear energy transfer) ionizing radiation. The current
report focuses on new information available since the 1990
BEIR V report on low-dose, low-LET health effects.

Ionizing radiation arises from both natural and man-made
sources and at very high doses can produce damaging effects
in tissues that can be evident within days after exposure. At
the low-dose exposures that are the focus of this report, so-
called late effects, such as cancer, are produced many years
after the initial exposure. In this report, the committee has
defined low doses as those in the range of near O up to about
100 milligray (mGy) of low-LET radiation, with emphasis
on the lowest doses for which meaningful effects have been
found. Additionally, effects that may occur as a result of
chronic exposures over months to a lifetime at dose rates
below 0.1 mGy/min, irrespective of total dose, are thought
to be most relevant. Medium doses are defined as doses in
excess of 100 mGy up to 1 Gy, and high doses encompass
doses of 1 Gy or more, including the very high total doses
used in radiotherapy (of the order of 20 to 60 Gy).

Well-demonstrated late effects of radiation exposure in-
clude the induction of cancer and some degenerative dis-
eases (e.g., cataracts). Also, the induction of mutations in the
DNA of germ cells that, when transmitted, have the potential
to cause adverse health effects in offspring has been demon-
strated in animal studies.

EVIDENCE FROM BIOLOGY

There is an intimate relationship between responses to
DNA damage, the appearance of gene or chromosomal mu-
tations, and multistage cancer development. Molecular and
cytogenetic studies of radiation-associated animal cancers
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and more limited human data are consistent with the induc-
tion of a multistage process of cancer development. This pro-
cess does not appear to differ from that which applies to
spontaneous cancer or to cancers associated with exposure
to other carcinogens.

Animal data support the view that low-dose radiation acts
principally on the early stages of tumorigenesis (initiation).
High-dose effects on later stages (promotion or progression)
are also likely. Although data are limited, the loss of specific
genes whose absence might result in animal tumor initiation
has been demonstrated in irradiated animals and cells.

Adaptation, low-dose hypersensitivity, bystander effect,
hormesis, and genomic instability are based mainly on phe-
nomenological data with little mechanistic information. The
data suggest enhancement or reduction in radiation effects
and in some cases appear to be restricted to special experi-
mental circumstances.

Radiation-Induced Cancer: Mechanisms, Quantitative
Experimental Studies, and the Role of Molecular Genetics

A critical conclusion about mechanisms of radiation tum-
origenesis is that the data reviewed greatly strengthen the
view that there are intimate links between the dose-dependent
induction of DNA damage in cells, the appearance of gene
or chromosomal mutations through DNA damage misrepair,
and the development of cancer. Although less well estab-
lished, the available data point toward a single-cell (mono-
clonal) origin of induced tumors. These data also provide
some evidence on candidate radiation-associated mutations
in tumors. These mutations include loss-of-function DNA
deletions, some of which have been shown to be multigene
deletions. Certain point mutations and gene amplifications
have also been characterized in radiation-associated tumors,
but their origins and status are uncertain.

One mechanistic caveat explored was that novel forms of
cellular damage response, collectively termed induced ge-
nomic instability, might contribute significantly to radiation
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cancer risk. The cellular data reviewed in this report identi-
fied uncertainties and some inconsistencies in the expres-
sion of this multifaceted phenomenon. However, telomere-
associated mechanisms! did provide a coherent explanation
for some in vitro manifestations of induced genomic insta-
bility. The data did not reveal consistent evidence for the
involvement of induced genomic instability in radiation tu-
morigenesis, although telomere-associated processes may
account for some tumorigenic phenotypes.

Quantitative animal data on dose-response relationships
provide a complex picture of low-LET radiation, with some
tumor types showing linear or linear-quadratic relationships,
while studies of other tumor types are suggestive of a low-
dose threshold, particularly for thymic lymphoma and ova-
rian cancer. However, the induction or development of these
two cancer types is believed to proceed via atypical mecha-
nisms involving cell killing; therefore it was judged that the
threshold-like responses observed should not be generalized.
Adaptive responses for radiation tumorigenesis have been
investigated in quantitative animal studies, and recent infor-
mation is suggestive of adaptive processes that increase tu-
mor latency but do not affect lifetime risk.

The review of cellular, animal, and epidemiologic or clini-
cal studies of the role of genetic factors in radiation tumori-
genesis suggest that many of the known, strongly express-
ing, cancer-prone human genetic disorders are likely to show
an elevated risk of radiation-induced cancer, probably with a
high degree of organ specificity. Cellular and animal studies
suggest that the molecular mechanisms that underlie these
genetically determined radiation effects largely mirror those
that apply to spontaneous tumorigenesis and are consistent
with the knowledge of somatic mechanisms of tumorigen-
esis. In particular, evidence has been obtained that major
deficiencies in DNA damage response and tumor-suppres-
sor-type genes can serve to elevate radiation cancer risk.

A major theme developing in the study of cancer genetics
is the interaction and potential impact of more weakly ex-
pressing variant cancer genes that may be relatively com-
mon in human populations. Knowledge of such gene-gene
and gene-environment interactions, although at an early
stage, is developing rapidly. The animal genetic data provide
proof-of-principle evidence of how such variant genes with
functional polymorphisms can influence cancer risk, includ-
ing limited data on radiation tumorigenesis.

Given that the functional gene polymorphisms associated
with cancer risk may be relatively common, the potential for
significant distortion of population-based risk was explored
with emphasis on the organ specificity of genes of interest.
A preliminary conclusion is that common polymorphisms of
DNA damage response genes associated with organ-wide

IMechanisms associated with the structure and function of telomeres,
which are the terminal regions of a chromosome that include characteristic
DNA repeats and associated proteins.
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radiation cancer risk would be the most likely source of ma-
jor interindividual differences in radiation response.

ESTIMATION OF HERITABLE GENETIC EFFECTS OF
RADIATION IN HUMAN POPULATIONS

In addition to the induction of cancers in humans by ra-
diation, there is evidence for the heritable genetic effects of
radiation from animal experiments. It is now possible to es-
timate risks for all classes of genetic diseases. The advances
that deserve particular attention are the following: (1) intro-
duction of a conceptual change for calculating the doubling
dose (from the use of mouse data for both spontaneous and
induced mutation rates in 1990 to the use of human data on
spontaneous mutation rates and mouse data on induced mu-
tation rates now; the latter was the procedure used in the
1972 BEIR report); (2) elaboration of methods to estimate
mutation component (i.e., the relative increase in disease fre-
quency per unit relative increase in mutation rate) and use of
estimates obtained through these methods to assess the im-
pact of induced mutations on the incidence of Mendelian
and chronic multifactorial diseases; (3) introduction of an
additional factor, the “potential recoverability correction fac-
tor,” in the risk equation to bridge the gap between the rates
of radiation-induced mutations estimated from mouse data
and the predicted risk of radiation-inducible heritable dis-
eases in humans, and (4) introduction of the concept that
multisystem developmental abnormalities are likely to be
among the principal phenotypes of radiation-induced genetic
damage in humans.

The risk estimates presented in this report incorporate all
of the above advances. They show that at low or chronic
doses of low-LET irradiation, the genetic risks are very small
compared to the baseline frequencies of genetic diseases in
the population.

The total risk for all classes of genetic diseases estimated
in this report is about 3000 to 4700 cases per million first-
generation progeny per gray. These figures are about 0.4 to
0.6% of the baseline risk of 738,000 cases per million (of
which chronic diseases constitute the predominant compo-
nent—namely, 650,000 cases per million). The BEIR V risk
estimates (which did not include chronic diseases) were
<2400 to 5300 cases per million first-generation progeny per
gray. Those figures were about 5 to 14% of the baseline risk
of 37,300 to 47,300 cases per million.

EVIDENCE FROM EPIDEMIOLOGY

Studies of Atomic Bomb Survivors

The Life Span Study (LSS) cohort of survivors of the
atomic bombings in Hiroshima and Nagasaki continues to
serve as a major source of information for evaluating health
risks from exposure to ionizing radiation and particularly for
developing quantitative estimates of risk. The advantages of
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this population include its large size (slightly less than half
of the survivors were alive in 2000); the inclusion of both
sexes and all ages; a wide range of doses that have been
estimated for individual subjects; and high-quality mortality
and cancer incidence data. In addition, the whole-body ex-
posure received by this cohort offers the opportunity to as-
sess risks for cancers of a large number of specific sites and
to evaluate the comparability of site-specific risks. Special
studies of subgroups of the LSS have provided clinical data,
biological measurements, and information on potential con-
founders or modifiers.

Mortality data for the period 1950-1997 have been evalu-
ated in detail. Importantly, cancer incidence data from both
the Hiroshima and the Nagasaki tumor registries became
available for the first time in the 1990s. These data not only
include nonfatal cancers, but also offer diagnostic informa-
tion that is of higher quality than that based on death certifi-
cates, which is especially important when evaluating site-
specific cancers. The more extensive data on solid cancer
that are now available have allowed more detailed evalua-
tion of several issues pertinent to radiation risk assessment.
Analyses evaluating the shape of the dose-response and fo-
cusing on the large number of survivors with relatively low
doses (less than 0.5 Sv) generally confirm the appropriate-
ness of linear functions to describe solid cancer risks. Both
excess relative risk and excess absolute risk models have
been used to evaluate the modifying effects of sex, age at
exposure, and attained age.

Health end points other than cancer have been linked with
radiation exposure in the LSS cohort. Of particular note, a
dose-response relationship to mortality from nonneoplastic
disease has been demonstrated with statistically significant
associations for the categories of heart disease; stroke; and
diseases of the digestive, respiratory, and hematopoietic sys-
tems. However, noncancer risks at the low doses of interest
for this report are especially uncertain, and the committee
has not modeled the dose-response for nonneoplastic dis-
eases, or developed risk estimates for these diseases.

Medical Radiation Studies

Published studies on the health effects of medical expo-
sures were reviewed to identify those that provide informa-
tion for quantitative risk estimation. Particular attention was
focused on estimating risks of leukemia and of lung, breast,
thyroid, and stomach cancer in relation to radiation dose for
comparison with the estimates derived from other exposed
populations, in particular atomic bomb survivors.

For lung cancer, the excess relative risk (ERR)? per gray
from the studies of acute or fractionated high dose-rate ex-

2The ERR is (the rate of disease in an exposed population divided by the
rate of disease in an unexposed population) minus 1.0. The EAR is the rate
of disease in an exposed population minus the rate of disease in an unex-
posed population.
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posures are statistically compatible and in the range 0.1-0.4
per Gy. For breast cancer, both the ERR and the excess abso-
lute risk (EAR) appear to be quite variable across studies. A
pooled analysis of A-bomb survivors and selected medically
exposed cohorts indicated that the EAR for breast cancer
was similar (about 10 per 10* person-years ([PY]) per gray
at age 50) following acute and fractionated moderate to high-
dose-rate exposure despite differences in baseline risks and
dose rate. Women treated for benign breast conditions ap-
peared to be at higher risk, whereas the risk was lower fol-
lowing protracted low-dose-rate exposures in hemangioma
cohorts.

For thyroid cancer, all of the studies providing quantita-
tive information about risks are studies of children who re-
ceived radiotherapy for benign conditions. For subjects ex-
posed below the age of 15, a linear dose-response was seen,
with a leveling or decrease in risk at the higher doses used
for cancer therapy (10+ Gy). An ERR of 7.7 per gray and an
EAR of 4.4 per 10* PY per gray were derived from pooled
analyses of data from medical exposures and atomic bomb
survivors. Both estimates were significantly affected by age
at exposure, with a strong decrease in risk with increasing
age at exposure and little apparent risk for exposures after
age 20. The ERR appeared to decline over time about
30 years after exposure but was still elevated at 40 years.
Little information on thyroid cancer risk in relation to medi-
cal iodine-131 ('3'T) exposure in childhood was available.
Studies of the effects of 13! exposure later in life provide
little evidence of an increased risk of thyroid cancer.

For leukemia, ERR estimates from studies with average
doses ranging from 0.1 to 2 Gy are relatively close, in the
range 1.9 to 5 per gray, and are statistically compatible. Es-
timates of EAR are also similar across studies, ranging from
1 to 2.6 per 10* PY per gray. Little information is available
on the effects of age at exposure or of exposure protraction.

For stomach cancer, the estimates of ERR per gray range
from negative to 1.3. The confidence intervals are wide how-
ever, and they all overlap, indicating that these estimates are
statistically compatible. Finally, studies of patients having
undergone radiotherapy for Hodgkin’s disease or breast
cancer suggest that there may be some risk of cardiovascular
morbidity and mortality for very high doses and high-dose-
rate exposures. The magnitude of the radiation risk and the
shape of the dose-response curve for these outcomes are
uncertain.

Occupational Radiation Studies

Numerous studies have considered the mortality and inci-
dence of cancer among various occupationally exposed
groups in the medical, manufacturing, nuclear, research, and
aviation industries.

The most informative studies are those of nuclear indus-
try workers (including the workers of Mayak in the former
Soviet Union), for whom individual real-time estimates of
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doses have been collected over time with the use of personal
dosimeters. More than 1 million workers have been em-
ployed in this industry since its beginning in the early 1940s.
Studies of individual worker cohorts are limited, however,
in their ability to estimate precisely the potentially small risks
associated with low levels of exposure.

Combined analyses of data from multiple cohorts offer an
opportunity to increase the sensitivity of such studies and
provide direct estimates of the effects of long-term, low-
dose, low-LET radiation. The most comprehensive and pre-
cise estimates to date are those derived from the UK Na-
tional Registry of Radiation Workers and the Three-Country
Study (Canada-United Kingdom-United States), which have
provided estimates of leukemia and all cancer risks. In these
studies, the leukemia risk estimates are intermediate between
those derived using linear and linear-quadratic extrapolations
from the A-bomb survivors’ study. The estimate for all
cancers is smaller, but the confidence intervals are wide and
consistent both with no risk and with risks up to twice the
linear extrapolation from atomic bomb survivors.

Because of the remaining uncertainty in occupational risk
estimates and the fact that errors in doses have not formally
been taken into account in these studies, the committee con-
cluded that the risk estimates from occupational studies, al-
though directly relevant to the estimation of effects of low-
dose protracted exposures, are not sufficiently precise to
form the sole basis for radiation risk estimates.

Environmental Studies

Ecological studies of populations living around nuclear
facilities and of other environmentally exposed populations
do not contain individual estimates of radiation dose or
provide a direct quantitative estimate of risk in relation to
dose. This limits the interpretation of such data. Several co-
hort studies have reported health outcomes among persons
exposed to environmental radiation. No consistent or gener-
alizable information is contained in these studies.

Results from environmental exposures to 31 have been
inconsistent. The most informative findings are from studies
of individuals exposed to radiation after the Chernobyl acci-
dent. Recent evidence indicates that exposure to radiation
from Chernobyl is associated with an increased risk of thy-
roid cancer and that the relationship is dose dependent. The
quantitative estimate of excess thyroid cancer risk is gener-
ally consistent with estimates from other radiation-exposed
populations and is observed in both males and females. lo-
dine deficiency appears to be an important modifier of risk,
enhancing the risk of thyroid cancer following radiation
exposure.

INTEGRATION OF BIOLOGY AND EPIDEMIOLOGY

The principal conclusions from this work are the
following:

BEIR VII

e Current knowledge of cellular or molecular mecha-
nisms of radiation tumorigenesis tends to support the appli-
cation of models that incorporate the excess relative risk pro-
jection over time.

* The choice of models for the transport of cancer risk
from Japanese A-bomb survivors to the U.S. population is
influenced by mechanistic knowledge and information on
the etiology of different cancer types.

* A combined Bayesian analysis of A-bomb epidemio-
logic information and experimental data has been developed
to provide an estimation of the dose and dose-rate effective-
ness factor (DDREF) for cancer risk estimates reported in
this study.

» Knowledge of adaptive responses, genomic instability,
and bystander signaling among cells that may act to alter
radiation cancer risk was judged to be insufficient to be in-
corporated in a meaningful way into the modeling of epide-
miologic data.

* Genetic variation in the population is a potentially im-
portant factor in the estimation of radiation cancer risk. Mod-
eling studies suggest that strongly expressing mutations that
predispose humans to cancer are too rare to distort apprecia-
bly population-based estimates of risk, but are a significant
issue in some medical radiation settings.

* Estimation of the heritable effects of radiation takes
advantage of new information on human genetic disease and
on mechanisms of radiation-induced germline mutation. The
application of a new approach to genetic risk estimation leads
the committee to conclude that low-dose induced genetic
risks are very small when compared to baseline risks in the
population.

* The committee judges that the balance of evidence from
epidemiologic, animal, and mechanistic studies tends to fa-
vor a simple proportionate relationship at low doses between
radiation dose and cancer risk. Uncertainties in this judg-
ment are recognized and noted.

Each of the above points contributes to refining earlier
risk estimates, but none leads to a major change in the over-
all evaluation of the relation between exposure to ionizing
radiation and human health effects.

ESTIMATING CANCER RISKS

As in past risk assessments, the LSS cohort of survivors
of the atomic bombings in Hiroshima and Nagasaki plays a
principal role in the committee’s development of cancer risk
estimates. Risk models were developed primarily from can-
cer incidence data for the period 1958-1998 and based on
DS02 (Dosimetry System 2002) dosimetry, the result of a
major international effort to reassess and improve survivor
dose estimates. Data from studies involving medical and
occupational exposure were also evaluated. Models for esti-
mating risks of breast and thyroid cancer were based on
pooled analyses that included data on both the LSS cohort
and medically exposed persons.
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To use models developed primarily from the LSS cohort
for the estimation of lifetime risks for the U.S. population, it
was necessary to make several assumptions that involve un-
certainty. Two important sources of uncertainty are (1) the
possible reduction in risk for exposure at low doses and dose
rates (i.e., the DDREF) and (2) the use of risk estimates based
on Japanese atomic bomb survivors for estimating risks for
the U.S. population.

The committee has developed and presented its best pos-
sible risk estimates for exposure to low-dose, low-LET ra-
diation in human subjects. As an example, Table ES-1 shows
the estimated number of incident cancer cases and deaths
that would be expected to result if each individual in a popu-
lation of 100,000 persons with an age distribution similar to
that of the entire U.S. population was exposed to a single
dose of 0.1 Gy, and also shows the numbers that would be
expected in the absence of exposure. Results for solid cancers
are based on linear models and reduced by a DDREF of 1.5.
Results for leukemia are based on a linear-quadratic model.

The estimates are accompanied by 95% subjective confi-
dence intervals (i.e., random as well as judgmental) that re-
flect the most important sources of uncertainty—namely, sta-
tistical variation, uncertainty in the factor used to adjust risk
estimates for exposure at low doses and dose rates, and un-
certainty in the method of transport. In this report the com-
mittee also presents example estimates for each of several
specific cancer sites and other exposure scenarios, although
they are not shown here.

In general the magnitude of estimated risks for total can-
cer mortality or leukemia has not changed greatly from esti-
mates in past reports such as BEIR V and recent reports of
the United Nations Scientific Committee on the Effects of
Atomic Radiation and the International Commission on
Radiological Protection. New data and analyses have
reduced sampling uncertainty, but uncertainties related to
estimating risk for exposure at low doses and dose rates and
to transporting risks from Japanese A-bomb survivors to the
U.S. population remain large. Uncertainties in estimating
risks of site-specific cancers are especially large.
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As an illustration, Figure ES-1 shows estimated excess
relative risks of solid cancer versus dose (averaged over sex
and standardized to represent individuals exposed at age 30
who have attained age 60) for atomic bomb survivors, with
doses in each of 10 dose intervals less than 2.0 Sv. The fig-
ure in the insert represents the ERR versus dose for leuke-
mia. This plot conveys the overall dose-response relation-
ship for the LSS cohort and its role in low-dose risk
estimation. It is important to note that the difference between
the linear and linear-quadratic models in the low-dose ranges
is small relative to the error bars; therefore, the difference
between these models is small relative to the uncertainty in
the risk estimates produced from them. For solid cancer
incidence the linear-quadratic model did not offer a statisti-
cally significant improvement in fit, so the linear model was
used. For leukemia, a linear-quadratic model (insert in
Figure ES-1) was used since it fitted the data significantly
better than the linear model.

CONCLUSION

The committee concludes that current scientific evidence
is consistent with the hypothesis that there is a linear, no-
threshold dose-response relationship between exposure to
ionizing radiation and the development of cancer in humans.

RECOMMENDED RESEARCH NEEDS

A more detailed listing of the BEIR VII recommended
research needs can be found at the end of Chapter 13.

Research Need 1: Determination of the level of various
molecular markers of DNA damage as a function of low-
dose ionizing radiation

Currently identified molecular markers of DNA damage
and other biomarkers that can be identified in the future
should be used to quantify low levels of DNA damage and to
identify the chemical nature and repair characteristics of the
damage to the DNA molecule.

TABLE ES-1 The Committee’s Preferred Estimates of the Lifetime Attributable Risk of Incidence and Mortality for

All Solid Cancers and for Leukemia

All Solid Cancers Leukemia

Males Females Males Females
Excess cases (including nonfatal cases) from exposure to 0.1 Gy 800 (400, 1600) 1300 (690, 2500) 100 (30, 300) 70 (20, 250)
Number of cases in the absence of exposure 45,500 36,900 830 590
Excess deaths from exposure to 0.1 Gy 410 (200, 830) 610 (300, 1200) 70 (20, 220) 50 (10, 190)
Number of deaths in the absence of exposure 22,100 17,500 710 530

NOTE: Number of cases or deaths per 100,000 exposed persons.

495% subjective confidence intervals.
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FIGURE ES-1 Excess relative risks of solid cancer for Japanese atomic bomb survivors. Plotted points are estimated excess relative risks of
solid cancer incidence (averaged over sex and standardized to represent individuals exposed at age 30 who have attained age 60) for atomic
bomb survivors, with doses in each of 10 dose intervals, plotted above the midpoints of the dose intervals. If R(d) is the age-specific
instantaneous risk at some dose d, then the excess relative risk at dose d is [R(d) — R(0)]/R(0) (which is necessarily zero when the dose is
zero). Vertical lines represent approximate 95% confidence intervals. Solid and dotted lines are estimated linear and linear-quadratic models
for excess relative risk, estimated from all subjects with doses in the range 0 to 1.5 Sv (not estimated from the points, but from the lifetimes
and doses of individual survivors, using statistical methods discussed in Chapter 6). A linear-quadratic model will always fit the data better
than a linear model, since the linear model is a restricted special case with the quadratic coefficient equal to zero. For solid cancer incidence
however, there is no statistically significant improvement in fit due to the quadratic term. It should also be noted that in the low-dose range
of interest, the difference between the estimated linear and linear-quadratic models is small relative to the 95% confidence intervals. The
insert shows the fit of a linear-quadratic model for leukemia to illustrate the greater degree of curvature observed for that cancer.

Research Need 3: Evaluation of the relevance of adap-
tation, low-dose hypersensitivity, bystander effect,

Research Need 2: Determination of DNA repair fidelity,
especially with regard to double and multiple strand

breaks at low doses, and whether repair capacity is inde-
pendent of dose

Repair capacity at low levels of damage should be inves-
tigated, especially in light of conflicting evidence for stimu-
lation of repair at low doses. In these studies the accuracy of
DNA sequences rejoined by these pathways must be deter-
mined, and the mechanisms of error-prone repair of radia-
tion lesions have to be elucidated.

hormesis, and genomic instability for radiation car-
cinogenesis

Mechanistic data are needed to establish the relevance of
these processes to low-dose radiation exposure (i.e.,
<100 mGy). Relevant end points should include not only
chromosomal aberrations and mutations but also genomic
instability and induction of cancer. In vitro and in vivo data
are needed for delivery of low doses over several weeks or
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months at very low dose rates or with fractionated expo-
sures. The cumulative effect of multiple low doses of less
than 10 mGy delivered over extended periods has to be ex-
plored further. The development of in vitro transformation
assays utilizing nontransformed human diploid cells is
judged to be of special importance.

Research Need 4: Identification of molecular mecha-
nisms for postulated hormetic effects at low doses

Definitive experiments that identify molecular mecha-
nisms are necessary to establish whether hormetic effects
exist for radiation-induced carcinogenesis.

Research Need 5: Tumorigenic mechanisms

Further cytogenetic and molecular genetic studies are nec-
essary to reduce current uncertainties about the specific role
of radiation in multistage radiation tumorigenesis.

Research Need 6: Genetic factors in radiation cancer risk

Further work is needed in humans and mice on gene mu-
tations and functional polymorphisms that influence radia-
tion response and cancer risk.

Research Need 7: Heritable genetic effects of radiation

Further work should be done to establish (1) the potential
roles of DNA double-strand break repair processes in the
origin of deletions in irradiated stem cell spermatogonia and
oocytes (the germ cell stages of importance in risk estima-
tion) in mice and humans and (2) the extent to which large
radiation-induced deletions in mice are associated with
multisystem development defects. In humans, the problem
can be explored using genomic databases and knowledge of
mechanisms of origin of radiation-induced deletions to pre-
dict regions that may be particularly prone to radiation-
inducible deletions.

With respect to epidemiology, studies on the genetic ef-
fects of radiotherapy for childhood cancer should be encour-
aged, especially when they can be coupled with modern
molecular techniques (such as array-based comparative ge-
nomic hybridization).

Research Need 8: Future medical radiation studies

Most studies of medical radiation should rely on expo-
sure information collected prospectively, including cohort
studies as well as nested case-control studies. Future studies
should continue to include individual dose estimation for the
site of interest, as well as an evaluation of the uncertainty in
dose estimation.

Studies of populations with high- and moderate-dose
medical exposures are particularly important for the study of
modifiers of radiation risks. Because of the high level of
radiation exposure in these populations, they are also ideally
suited to study the effects of gene-radiation interactions,
which may render particular subsets of the population more
sensitive to radiation-induced cancer. Genes of particular
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interest include BRCA1, BRCA2, ATM, CHEK2, NBS1,
XRCC1, and XRCC3.

Of concern for radiological protection is the increasing
use of computed tomography (CT) scans and diagnostic X-
rays. Epidemiologic studies of the following exposed popu-
lations, if feasible, would be particularly useful: (1) follow-
up studies of persons receiving CT scans, especially children;
and (2) studies of infants who experience diagnostic expo-
sures related to cardiac catheterization, those who have re-
current exposures to follow their clinical status, and prema-
ture babies monitored for pulmonary development with
repeated X-rays.

There is a need to organize worldwide consortia that
would use similar methods in data collection and follow-up.
These consortia should record delivered doses and technical
data from all X-ray or isotope-based imaging approaches
including CT, positron emission tomography, and single
photon emission computed tomography.

Research Need 9: Future occupational radiation studies

Studies of occupational radiation exposures, in particular
among nuclear industry workers, including nuclear power
plant workers, are well suited for direct assessment of the
carcinogenic effects of long-term, low-level radiation expo-
sure in humans. Ideally, studies of occupational radiation
should be prospective in nature and rely on individual real-
time estimates of radiation doses. Where possible, national
registries of radiation exposure of workers should be estab-
lished and updated as additional radiation exposure is accu-
mulated and as workers change employers. These registries
should include at least annual estimates of whole-body ra-
diation dose from external photon exposure. These exposure
registries should be linked with mortality registries and,
where they exist, national tumor (and other disease) regis-
tries. It is also important to continue follow-up of workers
exposed to relatively high doses, that is, workers at the
Mayak nuclear facility and workers involved in the Cher-
nobyl cleanup.

Research Need 10: Future environmental radiation studies

In general, additional ecological studies of persons ex-
posed to low levels of radiation from environmental sources
are not recommended. However, if there are disasters in
which a local population is exposed to unusually high levels
of radiation, it is important that there be a rapid response not
only for the prevention of further exposure but also for sci-
entific evaluation of possible effects of the exposure. The
data collected should include basic demographic informa-
tion on individuals, estimates of acute and possible continu-
ing exposure, the nature of the ionizing radiation, and the
means of following these individuals for many years. The
possibility of enrolling a comparable nonexposed popula-
tion should be considered. Studies of persons exposed envi-
ronmentally as a result of the Chernobyl disaster or as a re-
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sult of releases from the Mayak nuclear facility should
continue.

Research Need 11: Japanese atomic bomb survivor
studies

The LSS cohort of Japanese A-bomb survivors has played
a central role in BEIR VII and in past risk assessments. It is
important that follow-up for mortality and cancer incidence
continue for the 45% of the cohort who remained alive at the
end of 2000.

In the near future, an uncertainty evaluation of the DS02
dosimetry system is expected to become available. Dose-
response analyses that make use of this evaluation should
thus be conducted to account for dosimetry uncertainties.

BEIR VII

Development and application of analytic methods that
allow more reliable estimation of site-specific estimates is
also needed. Specifically, methods that draw on both data
for the specific site and data for broader cancer categories
could be useful.

Research Need 12: Epidemiologic studies in general

Data from the LSS cohort of A-bomb survivors should be
supplemented with data on populations exposed to low doses
and/or dose rates, especially those with large enough doses
to allow risks to be estimated with reasonable precision.
Studies of nuclear industry workers and careful studies of
persons exposed in countries of the former Soviet Union are
particularly important in this regard.
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Background Information

This report focuses on the health effects of low-dose, low-
LET (low linear energy transfer) radiation. In this chapter
the committee provides background information relating to
the physical and chemical aspects of radiation and the inter-
action of radiation with the target molecule DNA. The com-
mittee discusses contributions of normal oxidative DNA
damage relative to radiation-induced DNA damage and de-
scribes the DNA repair mechanisms that mammalian cells
have developed to cope with such damage. Finally, this chap-
ter introduces a special subject, the physical characteristics
that determine the relative biological effectiveness (RBE) of
neutrons, estimates of which are required in the derivation of
low-LET radiation risk estimates from atomic bomb
survivors.

PHYSICAL ASPECTS OF RADIATION

The central question that must be resolved when consid-
ering the physical and biological effects of low-dose ioniz-
ing radiation is whether the effects of ionizing radiation and
the effects of the free radicals and oxidative reaction prod-
ucts generated in normal cellular metabolism are the same or
different. Is ionizing radiation a unique insult to cells, or are
its effects lost in the ocean of naturally occurring metabolic
reaction products? Can cells detect and respond to low doses
of ionizing radiation because of detectable qualitative and
quantitative differences from endogenous reaction products?

Different Types of lonizing Radiation

Ionizing radiation, by definition, contains enough energy
to displace electrons and break chemical bonds. Charged
particles, such as high-energy electrons, protons, a-particles,
or fast heavy ions, are termed directly ionizing because,
while they traverse the cell, they ionize numerous molecules
by direct collisions with their electrons. Electromagnetic ra-
diations, such as X- and y-rays, consist of photons that can
travel relatively large distances in tissue without interaction.
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Once an interaction with one of the electrons in the material
occurs, part or all of the photon energy is transferred to the
electron. The energetic electrons released in this way pro-
duce the bulk of ionizations. X- and y-rays are accordingly
termed “indirectly ionizing” radiation. This term is also ap-
plied to fast neutrons, because they too traverse large dis-
tances in tissue without interaction but can, in occasional
collisions, transfer much of their energy to atomic nuclei
that in turn produce the main part of the ionizations.

In addition to the distinction between indirectly ionizing
and directly ionizing (i.e., uncharged and charged radiation)
a distinction is made between sparsely ionizing, or low-LET,
and densely ionizing, or high-LET, radiation. The (unre-
stricted) LET of an ionizing charged particle is defined as
the average energy lost by the particle due to electronic in-
teractions per unit length of its trajectory; it is expressed in
kiloelectronvolts per micrometer (keV/um).! High-energy
electromagnetic radiations, such as X-rays or y-rays, are
sparsely ionizing since, in tissue, they release fast electrons
that have low LET. Neutrons are densely ionizing because in
tissue they release fast protons and heavier atomic nuclei
that have high LET.

Figure 1-1 gives the LET of electrons as a function of
their kinetic energy and compares it to the considerably
higher LET of protons. It is seen that electrons are generally
sparsely ionizing while protons are, at moderate energies,
densely ionizing. However it is also noted that very ener-
getic protons, as they occur in altitudes relevant to aviation
and in space, are sufficiently fast to be sparsely ionizing.

IRestricted linear energy transfer, L,, results when, within the charged
particle tracks, secondary electrons (3-rays) with energies in excess of A are
followed separately. It is important to distinguish between track average
LET and dose average LET. Dose average LET represents more realisti-
cally the high local energy densities that can occur in a track even for low-
LET radiation, and it therefore can assume larger values. For example, the
track average of L,y for cobalt-60 y-rays is 0.23 keV/um, and the dose
average is 5.5 keV/um (ICRU 1970).
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FIGURE 1-1 Linear energy transfer of protons and electrons in water. SOURCE: Data from ICRU (1970).

The effects of high-LET particles (i.e., protons and
heavier ions) are outside the scope of this report. However,
neutrons and their high relative biological effectiveness must
be considered in the context of low-LET risk estimates de-
rived from the observations on delayed health effects among
A-bomb survivors. The reason is that a small fraction of the
absorbed dose to A-bomb survivors was due not to the pre-
dominant high-energy y-rays, but to fast neutrons. Because
of the greater effectiveness of these fast neutrons, this small
dose component must be taken into consideration.

Photon Spectral Distributions

The absorption and scattering of photons depends on their
energy. The y-rays from radioactive decay consist of
monoenergetic photons that do not exceed several million
electronvolts (MeV) in energy; y-rays that result from the
fission of uranium or plutonium have a spectrum of energies
with a maximum of 2 MeV. Higher-energy 7y-rays, up to
7 MeV, can be generated by inelastic scattering, as occurred
in the neutron-nitrogen interaction from the atomic bomb
explosions in Hiroshima and Nagasaki.

Artificially produced X-rays have a wide spectrum of
energies resulting from the deceleration of electrons as they
traverse high-atomic-number materials. A continuous distri-
bution of photon energies is generated, with a mean energy
of about one-third the maximal energy of the accelerated
electrons. Added filtration selectively removes the “soft”
(i.e., less energetic) photon component and, thus, hardens
the X-rays. Discrete energy “spikes” also occur in the X-ray
spectrum; these spikes originate in the ejection of electrons
from atoms of the affected element, which is followed by the
transition of electrons from outer shells to inner shells of the

atom releasing photons of discrete energy. Conventional X-
rays, used for diagnostic radiology, are commonly produced
with accelerating voltages of about 200 kV. For mammogra-
phy, where high contrast is sought and only a moderate thick-
ness of tissue must be traversed by the X-rays, the low accel-
eration voltage of 29 kV is usually employed.

There are three different types of energy-transfer pro-
cesses whereby photons of sufficient energy eject electrons
from an atom, which can then interact with other atoms and
molecules to produce a cascade of alterations that ultimately
lead to observable biological effects. These are the photo-
electric process, Compton scattering, and pair production.

At low energies (<0.1 MeV), the photoelectric process
dominates in tissue. A photon interacts with and ejects an
electron from one of the inner shells of an atom. The photon
is extinguished, and most of its energy is imparted to the
ejected electron as kinetic energy.

At medium photon energies (about 0.5-3.5 MeV),
Compton scattering is the most probable event. Compton
scattering occurs when an incoming photon’s energy greatly
exceeds the electron-binding energy of the affected atom. In
this case the energy of the incoming photon is converted into
the kinetic energy of an ejected electron and a secondary
“scattered” photon. The scattered photon has less energy than
the primary photon and can undergo further Compton scat-
tering until its energy is sufficiently degraded for the photo-
electric process to occur.

At energies greater than 1.02 MeV, pair production can
occur. A photon interacts with an atomic nucleus, and the
photon energy is converted into a positron and an electron.
The photon energy above 1.02 MeV is converted into the
kinetic energy of the newly created particles. The electron
and the positron interact with and can ionize other molecules.
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FIGURE 1-2 Mean free path of photons and neutrons in water and range of electrons and protons. SOURCE: Data from ICRU (1970).

The positron ultimately interacts with another electron, and
this results in an “annihilation” event in which the mass is
extinguished and two 0.51 MeV photons are emitted in op-
posite directions. The annihilation photons can themselves
produce further ionizations.

Figure 1-2 shows the mean free path for monoenergetic
photons (i.e., the average distance in water until the photon
undergoes an interaction). To compare the penetration depth
of photon radiation with that of electron radiation, the mean
range of electrons of specified energy is given in the same
diagram. It is seen that the electrons released by photons are
always considerably less penetrating than the photons them-
selves.

Figure 1-3 compares in terms of the distributions of pho-
ton energy fluence the y-rays from the A-bomb explosions
with the distributions of photon energy for orthovoltage X-
rays and low-energy mammography X-rays. These different
electromagnetic radiations are all classified as low-LET (i.e.,

sparsely ionizing) radiation. There are, nevertheless, differ-
ences in effectiveness and possibly also differences in the
risk for late effects due to these radiations.

Track Structure

The passage of fast electrons through tissue creates a track
of excited and ionized molecules that are relatively far apart.
X- and 7y-rays produce electrons with relatively low linear
energy transfer, (i.e., energy loss per unit track length) and
are considered low-LET radiation. For example, the track
average of unrestricted LET of the electrons liberated by
cobalt-60 (®°Co) gamma rays is about 0.25 keV/um, which
can be contrasted with an average LET of about 180 keV/
um for a 2 MeV a-particle, a high-LET radiation. LET is an
important measure in the evaluation of relative biological
effectiveness (ICRU 1970; Engels and Wambersie 1998) of
a given kind of radiation.
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FIGURE 1-3 Distributions of photon energy fluence for mammography X-rays, orthovoltage X-rays, and y-rays from the atomic bomb
explosion in Hiroshima. The distributions of the energy fluence relative to the logarithmic scale of energy are plotted, because they represent
roughly the fractional contribution of incident photons of specified energy to the dose absorbed by a person. SOURCE: Data from Seelentag

and others (1979) and Roesch (1987).

Different Effectiveness of y-Rays and X-Rays

LET and Related Parameters of Radiation Quality

While y-rays and X-rays of various energies are all
sparsely ionizing, in the body they generate electrons with
somewhat different spectra of LET values (ICRU 1970). To
quantify the differences, reference is usually made to the
dose average LET or to the mean values of the related
microdosimetric parameter dose-averaged linear energy, y.

Figure 1-4 gives the dose average LET values for the elec-
trons released by monoenergetic photons (solid curves) and
compares these values to the averages for 29 kV mammog-
raphy X-rays and 200 kV X-rays (solid circles and squares,
respectively; ICRP 2003). In addition to the dose average,
Ly, of the unrestricted LET, the diagram contains the dose
averages, Ly, ,, of the restricted LET, L,. The restricted LET
treats the A-rays beyond the specified cutoff energy A as
separate tracks. This accounts in an approximate way for the
increased local energies due to A-rays and therefore provides
larger values that are more meaningful than those of unre-
stricted LET.

High-energy photons (e.g., 9°Co y-rays) release Compton
electrons of comparatively high energy and correspondingly
low LET. Photons of less energy (e.g., conventional 200 kV

X-rays) produce less energetic Compton electrons with
higher LET. This explains the substantial difference between
the mean LET of high-energy y-rays and conventional X-
rays. For lower-energy X-rays the photon energy is further
reduced, and the photo effect (i.e., the total transfer of pho-
ton energy to electrons) begins to dominate. Accordingly,
the average energy of the electrons begins to increase again,
which explains the relatively small difference in average
LET between 200 kV X-rays and soft X-rays. At very low
photon energies (i.e., less than about 20 keV) the LET val-
ues increase strongly, but these ultrasoft X-rays are of little
concern in radiation protection because of their very limited
penetration depth.

The dose average, LD’ » Of the restricted LET is a param-
eter that correlates with the low dose effectiveness of photon
or electron radiation. With a cutoff value A = 1 keV, the nu-
merical values of Ly, , are consistent with a low-dose RBE of
about 2 for conventional X-rays versus y-rays. A similar de-
pendence on photon energy is seen in the related micro-
dosimetric parameter dose lineal energy, y, which has been
used as reference parameter by the liaison committee of the
International Commission on Radiological Protection
(ICRP) and the International Commission on Radiation Units
and Measurements (ICRU) in The Quality Factor in Radia-
tion Protection (ICRU 1986). Figure 1-5 gives values of its
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FIGURE 1-4 The dose mean restricted and unrestricted linear energy transfer for electrons liberated by monoenergetic photons of energy
Eg The dots and squares give the values for the 29 kVp and the 200 kVp X-rays. They are plotted at the weighted photon energies of the X-
ray spectra. SOURCE: Data from Kellerer (2002).
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FIGURE 1-5 Measured dose average lineal energy, y|,, for monoenergetic photons and for different simulated site diameters, d. SOURCE:
Data from Kliauga and Dvorak (1978).
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dose average, yp,, as measured by Kliauga and Dvorak (1978)
for various photon radiations and for different simulated site
diameters, d.

The y-rays from the atomic bomb explosions had average
energies between 2 and 5 MeV at the relevant distances
(Straume 1996). Figures 1-4 and 1-5 do not extend to these
energies; however, it is apparent from Figures 1-4 and 1-5
that the mean values of the restricted LET or the lineal en-
ergy do not decrease substantially beyond a photon energy
of 1 MeV. There is, thus, little indication that the hard y-rays
from the atomic bombs should have an RBE substantially
less than unity compared to conventional %°Co y-rays.

Information from In Vitro Studies

It has long been recognized in experimental radiobiology
that low-LET radiations do not all have the same effective-
ness at low doses. With regard to mutations in Tradescantia,
aberrations in human lymphocytes, and killing of mouse
oocytes (Bond and others 1978), conventional 200 kV X-
rays have been found to be about twice as effective at low
doses as high-energy y-rays. Fast electrons may be even less
effective than y-rays. These differences are most clearly
documented in cell studies and, especially, in studies on
chromosome aberrations (Sinclair 1985; ICRU 1986). The
most reliable and detailed data on photon RBE exist for chro-
mosome aberrations in human lymphocytes. Edwards and
others (1982) have obtained the data for dicentrics in human
lymphocytes listed in Table 1-1 for 15 MeV electrons, ®°Co
v-rays, and 250 kV X-rays. New data have since confirmed
these substantial differences of effectiveness for different
types of penetrating low-LET radiations.

Sasaki and colleagues (1989; Sasaki 1991) have deter-
mined the yields of dicentrics in human lymphocytes over a
broad range of photon energies. The upper panel of Figure 1-
6 gives the linear coefficients (and standard errors) from lin-
ear-quadratic fits to the dose dependencies. The closed
circles relate to y-rays and to broad X-ray spectra; the
squares, to characteristic X-rays and monoenergetic photons

TABLE 1-1 Low-Dose Coefficients (and standard errors)
for Induction of Chromosome Aberrations in Human
Lymphocytes by Low-LET Penetrating Radiation

Radiation Type Dicentrics per Cell per Gray

15 MeV electrons
60Co y-rays
250 kV X-rays

0.0055 (< 0.011)
0.0157 ( 0.003)
0.0476 (+ 0.005)

NOTE: The low-dose coefficients represent the linear component of a lin-
ear-quadratic fit to the data. SOURCE: Data from Edwards and others
(1982).
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from synchrotron radiation. The lower panel gives analo-
gous data obtained by Schmid and others (2002).

The diagram demonstrates that there is a substantial de-
crease of the yield of dicentrics from conventional X-rays to
v-rays. The photon energies below 20 keV are of special in-
terest with regard to biophysical consideration, but are less
relevant to exposure situations in radiation protection. They
are included here to show the full trend of the energy depen-
dence.

It is seen that the low-dose RBE for dicentrics for moder-
ately filtered 200 kV X-rays is about 2-3 relative to y-rays,
while the RBE of mammographic X-rays (29 kV) relative to
the moderately filtered 200 kV X-rays is somewhat in excess
of 1.5.

The data for dicentrics in Figures 1-6 are reasonably con-
sistent with the LET values in Figure 1-4 for a cutoff value
in excess of 1 keV. The difference by a factor of 2-3 in the
low-dose effectiveness of conventional X-rays and y-rays has
been known and, even if it should apply equally to radiation-
induced late effects, would not necessarily require a depar-
ture from the current convention for radiation protection,
which assigns the radiation weighting factor unity to all pho-
ton radiations. However, the difference has to be noted when-
ever risk estimates are derived from exposures to y-rays and
then applied to X-rays.

Apart from these considerations it is uncertain whether
the marked dependence of the low-dose RBE on photon en-
ergy for chromosome aberrations also is representative for
late radiation effects in man. The dependence of RBE on
photon energy for dicentric chromosomes reflects the fact
that the dose dependencies have large curvature for ®°Co -
rays (0/f = 0.2 Gy in the data reported by Schmid and oth-
ers 2002), but little curvature for 29 kV X-rays (o/p =
1.9 Gy). If there were no curvature below 1 Gy in the dose
relations for chromosome aberrations, the low-dose RBE of
29 kV X-rays would be only 1.65 compared to ®°Co y-rays.
Since the dose dependence for solid tumors among A-bomb
survivors indicates little curvature, the dependence of risk
on photon energy may be similarly weak for tumor induction
in man. It is of interest to compare the biophysical informa-
tion and the experimental results to the radioepidemiologic
evidence for health effects.

Information from Radioepidemiology

Numerous epidemiologic studies on medical cohorts have
provided risk estimates that exhibit considerable variation.
Many of these studies on patients relate to X-ray exposures,
but there is no consistent epidemiologic evidence for higher
risk factors from X-rays than from y-rays. In fact, while the
risk estimates from medical studies are not inconsistent with
those for atomic bomb survivors, they tend to be, as a whole,
somewhat lower (UNSCEAR 2000b). The radiation-related
increase in breast cancer incidence can serve as an example
because it has been most thoroughly studied.
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FIGURE 1-6 Data points are linear coefficients (and standard errors) of the dose dependence for dicentric chromosomes in human peripheral
blood lymphocytes. Squares are for monoenergetic photons; circles are X-ray spectra or y-rays. The two data points in the lower panel labeled
220 kV both had 220 kV generating voltage, but the filtration was different. SOURCE: Upper panel: Data from Sasaki and others (1989;

Sasaki 1991). Lower panel: Data from Schmid and others (2002).

Figure 1-7 gives risk estimates from major studies on ra-
diation-induced breast cancer. The estimated risk coeffi-
cients (and 90% confidence intervals) are expressed in terms
of the excess relative risk (ERR) per gray and the excess
absolute risk (EAR) per gray per 10,000 person-years (PY).

The uncertainties are large, and the risk estimates vary
widely because the patient treatment regimes differed not
only in the type of radiation but also in the various exposure
modalities, such as acute, fractionated, or protracted expo-
sure; whole- or partial-body exposure; exposure rate; and
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FIGURE 1-7 Excess relative risk (and 90% confidence interval) from various epidemiologic studies of breast cancer. The upper panel shows
the excess relative risk per gray, the lower panel, the absolute risk per 10,000 person-years per gray. (For the description of individual studies,
see UNSCEAR 2000b and Preston and others 2002a.) The confidence limit for the study of cervical carcinoma patients is recalculated.
Cohorts: LSS: Life Span Study of atomic bomb survivors; MasTb: Massachusetts tuberculosis patients; PPMast: New York postpartum
mastits patients; SWBBD: Swedish benign breast disease patients; CervCa: cervical cancer patients (case-control study); RochThym:
Rochester infants with thymic enlargement; SwWHem: Swedish infants with skin hemangioma.

magnitude of the exposure. Furthermore, there are ethnic
differences, including those related to life-style, that are as-
sociated with greatly different background rates of breast
cancer. Populations with low spontaneous rates tend to ex-
hibit comparatively high ERR, while their EAR tends to be
low. This complicates the comparison of risk estimates, since
it remains uncertain whether relative or absolute excess inci-
dence is the more relevant measure of risk.

The various exposed cohorts also differ considerably in
the duration of follow-up and, especially, the age at expo-
sure. The last two studies (RochThym, SwHem) relate to
exposures in childhood, while the remainder refer to expo-
sures at intermediate or higher ages. The last factor is espe-
cially critical, because both ERR and lifetime integrated
EAR decrease substantially with increasing age at exposure.

The dominant influence of the various modifying factors
makes it impossible on the basis of epidemiologic data to
confirm the difference in effectiveness between y-rays and
X-rays or the difference between X-rays of different ener-
gies. Studies related to other types of cancer are even further
removed from providing an answer. Thus, although cell stud-

ies and biophysical considerations suggest a low-dose RBE
for conventional X-rays versus hard y-rays of about 2-3, this
difference cannot be confirmed at present through epidemio-
logic investigations.

Effects of Radiation on DNA, Genes, and Chromosomes

The probability that a low-LET primary electron will in-
teract with a DNA molecule along its track is low, but a
direct interaction of this sort is possible (Nikjoo and others
2002). Along the primary electron track, secondary electrons
with lower energies are also formed, producing clusters of
ionizations (see Figure 1-8, panel A). If such an ionization
cluster occurs near a DNA molecule, multiple damages can
occur in a very localized segment of the DNA (Figure 1-8,
panel B). These clusters have been referred to as as clus-
tered-damage or locally multiply damaged sites (LMDS)
(Ward and others 1985; Goodhead 1994).

Figure 1-8 illustrates two typical structures of electron
tracks produced by low-LET photons (e.g., y-rays). The
wavy lines outside the sphere represent primary and second-
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FIGURE 1-8 Panel A: Illustration of primary and secondary elec-
tron tracks producing clusters of ionization events. The calculated
number of tracks is based on a nucleus with a diameter of 8 wm.
The track size is enlarged relative to the nucleus to illustrate the
theoretical track structure. Panel B: Illustration of clustered
damage. The arrow identifies an ionization cluster near a DNA mol-
ecule to represent the possibility of locally multiply damaged sites.
Only a segment of the electron track is illustrated in Panel B.

ary photons; the straight lines represent the paths of ejected
electrons. For clarity of presentation, the size of the tracks is
increased relative to the cell and is not drawn to scale. As the
energetic electron interacts with atoms of the material, sec-
ondary electrons are produced and kinetic energy is lost.
Such collisions can result in deflection of the primary elec-
tron from its original path (Figure 1-8, panel A). Important
components of the track structure are the clusters of second-
ary ionizations that occur in a very small volume (see Fig-
ure 1-8, panel B). These clusters, acting directly or indirectly
on the DNA molecule, may produce clustered damage,
LMDS, that may in turn be refractory to repair. The likely
site of health effects of low-dose radiation is the genetic
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material, which directs the structure and function of the or-
ganism. This genetic material is made up of DNA organized
into genes and chromosomes (for a brief description, see
Appendix A). Radiation can damage DNA as described in
this chapter, and the damage can result in cell lethality, im-
paired cell function, or may produce damage involved in the
carcinogenic process. Radiation has also been shown to pro-
duce heritable gene mutations in animals. For a basic de-
scription of gene mutations, see Appendix A.

Relative Biological Effectiveness of Neutrons

This report assesses the biological effects of low-LET
radiation, that is, photons and electrons. It does not deal with
densely ionizing radiation, such as heavy ions (including o
particles) and fast neutrons. Although neutrons need not be
considered here on their own account, they must be ac-
counted for in the analysis of the most important source of
information on radiation risks, observations on the atomic
bomb survivors of Hiroshima and Nagasaki. Such analysis
requires consideration of the relative biological effective-
ness of neutrons. The following remarks deal with the RBE
of neutrons in general terms.

According to the 1986 dosimetry system, DS86, only a
small fraction of the absorbed dose to atomic bomb survi-
vors was due to neutrons—about 2% in Hiroshima in the
most relevant dose range and 0.7% in Nagasaki (Roesch
1987). The current reevaluation of the Hiroshima and
Nagasaki dosimetry, DS02, is in general agreement with
these observations. However, although the absorbed dose
fraction of neutrons was small in both cities, it is known
from a multitude of radiobiological investigations that the
RBE of small neutron doses can be large enough for even the
small absorbed dose fraction to add appreciably to the late
health effects among atomic bomb survivors.

Fast neutrons interact with exposed tissue predominantly
by releasing recoil nuclei. At neutron energies up to a few
million electronvolts, the energy transfer is predominantly
to protons. On the average, a neutron transfers half its en-
ergy to a recoil proton in a collision. Neutrons of 1 MeV
therefore produce recoil protons with an average initial en-
ergy of 500 keV. At a neutron energy of 0.4 MeV, the typi-
cal recoil proton energy is 200 keV, enough to allow the
proton to go through its maximal LET of about 100 keV/um,
which is reached at its Bragg peak energy of 0.1 MeV. The
ionization density in such proton tracks is far greater than
that in an electron track, as depicted in Figure 1-1. It is evi-
dent that the resulting high local energy concentration will
produce far more clusters of closely spaced ionizations than
do low-LET photons and thus more LMDS (clustered dam-
age) that may remain unrepaired or misrepaired. In addition,
recoil protons have track lengths of a few micrometers, so
critical damage can, with fairly high probability, be caused
in neighboring chromosomal structures. The interaction of
closely spaced chromosomal damage has long been noted to
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be a critical factor in the production of chromosomal aberra-
tions (Lea 1946).

Recoil protons with energy of a few hundred kiloelectron-
volts appear, in line with the above biophysical consider-
ations, to be the particles that produce maximal cellular dam-
age per unit energy imparted. This is confirmed by various
experimental studies that consistently demonstrate the maxi-
mal effectiveness of neutrons at a neutron energy of about
0.4 MeV (Kellerer and Rossi 1972b).

The dose-effect relationship, E(D), for photons can in
many radiobiological investigations be described as a linear
quadratic function of absorbed dose:

E(D)=aD, + bDYZ. (1-1)

In experiments with fast neutrons, the effect is typically
proportional to the absorbed dose, D,, of neutrons over a
variable dose range depending on the tissue and effect:

ED)=aD,. (1-2)

The linear dose coefficient, a,, for neutrons is always sub-
stantially larger than the linear dose coefficient, a, for pho-
ton radiation. The RBE of neutrons is defined as the ratio of
a y-ray dose to the neutron dose that produces the same
effect:

RBE =D, /D, with: E(D,) = E(D,)). (1-3)

In terms of Equations (1-1) and (1-2), RBE can be ex-
pressed as a function of the neutron dose or the photon dose.
The latter expression is somewhat simpler:

RBE(D,) = a, l(a +bD,). (1-4)

This implies that RBE assumes its maximal value,
RBE_ . =a,/a, at low doses, whereas it decreases with in-
creasing dose and then tends to be inversely proportional to
the photon dose.

Experimental Observations

Indeed, numerous experimental investigations of chromo-
somal aberrations, cellular transformations, and cell killing
have confirmed that maximal RBE values of neutrons occur
at low doses and that, at somewhat higher doses, RBE varies
inversely with increasing reference dose (i.e., the photon
dose). The same has been observed for more complex ef-
fects such as opacification of the lens and, more important in
the context of risk assessment, induction of tumors in ani-
mals. A synopsis of such findings was provided in the con-
text of the microdosimetric interpretation of the neutron RBE
(Kellerer and Rossi 1972b).

Although the general features of the dependence of neu-
tron RBE on dose are brought out consistently in experimen-
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tal studies, the numerical values of RBE vary, and the varia-
tion appears to be largely a matter of the different magnitude
of the linear dose component for photon radiation.

Cell survival curves usually exhibit pronounced initial
slopes, and the observed maximal neutron RBE rarely ex-
ceeds a factor of about 10. For dicentric chromosomal aber-
rations in human lymphocytes, values of about 70 are ob-
tained for the maximal RBE of 0.5 MeV neutrons against
v-rays (Dobson and others 1991; Schmid and others 2000).
This large maximal value might be seen as an indication of
an exceptionally high effectiveness of neutrons at low doses.
In fact the dose-effect relationship for neutrons is simply
linear, and the high maximal RBE of neutrons is merely a
reflection of the very shallow and imprecisely known (stan-
dard error, 30—40%) initial slope in the dose-effect relation-
ship for y-rays. The RBE of neutrons versus a y-ray dose of
1 Gy is only about 12 (Bauchinger and others 1983; Schmid
and others 2000).

In the context of risk estimation, the major interest is in
neutron RBEs that have been evaluated in animal experi-
ments with regard to tumor induction. A multitude of results
have been reported in the literature for many tumor systems
(NCRP 1990). Experiments with rodents show considerable
variation, especially in female mice and rats, and this varia-
tion reflects the decisive influence of hormonal status. In
experiments with female Sprague-Dawley rats, Shellabarger
and others (1980) found that 4 mGy of fast neutrons pro-
duced as many mammary neoplasms as 0.4 Gy of X-rays,
which implied an RBE of 100. Broerse and Gerber (1982)
used female Sprague-Dawley rats, which have a much lower
spontaneous incidence, and found substantially lower values
of neutron RBE. However, considerable differences in neu-
tron RBE at higher doses were observed for different tumor
types. As an extreme example, one may refer to lung ad-
enomas in female RFM mice, in which there is a clear reduc-
tion in age-adjusted incidence after y-ray exposures up to
about 2 Gy, but neutron doses of 0.2 Gy cause a substantial
increase (Ullrich and others 1976). The simple assumptions
made in the calculation of RBE do not seem to be applicable
in such a case.

In view of this complexity, it appears best to refer to ex-
periments with male mice or rats that determine the overall
incidence of solid tumors. In an extensive series of studies of
the French Commissariat a I’Energie Atomique using male
Sprague-Dawley rats, a fission neutron dose of 20 mGy was
consistently found to be equivalent to an acute y-ray dose of
1 Gy with regard to both nonlethal tumors (Lafuma and
others 1989) and lethal tumors (Wolf and others 2000). This
comparison corresponds to a neutron RBE of 50 against a
reference y-ray dose of 1 Gy. When the experiments were
evaluated in terms of life shortening as a proxy for tumor
mortality, the inferred RBE was closer to 30 (Wolf and others
2000). Smaller values of the RBE—around 20 compared to
a y-ray dose of 1 Gy and about 15 compared to X-rays—are
suggested by major studies with mice that were evaluated in
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terms of life shortening, again as a reflection of increased
mortality from tumors (Storer and others 1988; Carnes and
others 1989; Covelli and others 1989).

In all experimental studies with rodents, it was difficult or
impossible to determine excess tumor rates at y-ray doses
substantially less than 1 Gy. For the purpose of risk estima-
tion, it is therefore assumed in this report that the relevant
animal experiments with rodents indicate a neutron RBE for
solid tumors of 20-50 compared to a reference y-ray dose of
1 Gy. Experimental evidence suggests lower neutron RBEs
for leukemia; in experiments with RFM mice (Ullrich and
Preston 1987), an RBE of about 3 was seen versus a y-ray
dose of 0.5 Gy; at lower y-ray doses, statistical uncertainty
did not permit the specification of a neutron RBE.

CHEMICAL ASPECTS OF RADIATION

Electron lonization of Water Molecules and Indirect
Effects on DNA

As previously described, free electrons can be produced
by X- and y-ray interactions with atoms in tissue. These elec-
trons can then interact with the DNA molecule and create
damage in the form of strand breaks or damaged bases; these
are known as direct effects. Indirect effects can occur after a
photon interacts with a water molecule. Water molecules
make up 70% of human tissue. Ejection of an electron from
a water molecule by an incoming photon produces an ion-
ized water molecule, H,O*. Trapping of the electron by po-
larizing water molecules produces a so-called hydrated elec-
tron, e-,.. When the ionized water molecule collides with
another water molecule, it reacts to produce a highly reac-
tive hydroxyl radical, OH", according to the reaction

H,0* + H,0 — OH" + H,0*,

Other reactions produce a hydrogen radical (H"), hydro-
gen peroxide, and water. Thus, these reactions produce three
important reactive species—e—aq, H°, and OH*, which have
initial relative yields of about 45%, 10%, and 45%, respec-
tively, in the case of y-radiation. The reactive species can
damage DNA, and such damage is termed an indirect effect.

The relatively long-lived (about 10~ s) OH" radical is
believed to be the most effective of the reactive species; as
an oxidizing agent, it can extract a hydrogen atom from the
deoxyribose component of DNA, creating a DNA radical.
Early experiments demonstrated that about 70% of the DNA
damage can be prevented by the addition of OH® scavengers
(Roots and Okada 1972). Because OH" is so highly reactive,
it has been estimated that only the radicals formed within
about 3 nm of DNA can react with it (Ward 1994). Although
DNA is deemed the most important target for biological
damage that leads to health effects, other sites—such as the
nuclear membrane, the DNA-membrane complex, and the
outer cell membrane—may also be important for some bio-
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logical effects. Signal transduction from cell membrane
phospholipids damaged by free radicals and oxidizing reac-
tions is an important natural process. This is one set of bio-
chemical pathways by which the effects of ionizing radia-
tion may overlap with the effects of endogenous processes,
such as macrophage oxidative bursts. These processes may
underlie those seen in irradiated cells that have been charac-
terized as “bystander effects” and “adaptation” (see Chap-
ter 2).

Nikjoo and colleagues (1997, 2002) have modeled the
probability of electron and OH" radical interaction with
DNA. In a 1997 publication, they modeled the spectrum of
DNA damage (direct energy deposition and reactions with
diffusing OH" radicals) induced by low-energy secondary
electrons (0.1-4.5 ke V). They note that to extrapolate avail-
able epidemiologic and experimental data from high-dose
and high-dose-rate studies to the relevant low levels of single
isolated tracks, it is essential to develop a more molecular
and mechanistic approach based on the amounts, types, and
repairability of the early molecular damage that results from
the initial physical and chemical processes. Their calcula-
tions for secondary electrons show that most (about 66—74%)
low-energy electron interactions in DNA “do not lead to
damage in the form of strand breaks and when they do occur,
they are most frequently single strand breaks” (SSBs). Al-
though the data are complex, SSB percentages in their study
range from about 22 to 27% in the electron energy range of
0.1-4.5 keV and double-strand break (DSB) percentages
range from about 1.4-2.4% in the same energy range. How-
ever, more than 30% of DSBs are of a more complex form;
these complex breaks are somewhat analogous to LMDS,
but Nikjoo and colleagues do not include base damage in
their model. Their calculations also indicate that the DNA
damage tends to be along short lengths of DNA: 1-34 base
pairs (bp) for 0.3 and 1.5 keV electrons. The authors con-
clude that the large deletions seen in radiation-induced mu-
tations may have other mechanisms, such as nonhomologous
recombination (Nikjoo and others 1997).

In the case of energetic electron interactions with DNA
(0.1 eV to 100 keV electrons), Nikjoo and others (2002) es-
timate that more than 80% of the interactions do not cause
damage in the form of DNA SSBs. Of the interactions that
do cause strand breaks, the authors calculate that a small
percentage (about 0.5-1.4%) produce DSBs. They note,
however, that there is still a considerable contribution
(>20%) to the DSB yield from complex DSBs in which a
simple DSB is accompanied by at least one additional strand
break within 10 bp. As in the low-energy study just de-
scribed, this model does not include any contribution to the
yield of strand breaks from damaged bases.

Another recent study suggests that single low-energy
electrons can produce DNA SSBs and DSBs at energies be-
low ionization thresholds (Boudaiffa and others 2000). The
authors speculate that these breaks are initiated as direct
damage by resonant electron attachment to DNA compo-
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nents followed by bond dissociation. The breaks were pro-
duced in DNA in a vacuum, so the relevance of the reso-
nance phenomenon to DNA breaks in the intracellular aque-
ous environment is open to question. Hanel and colleagues
(2003) have shown that electrons at energies below the
threshold for electronic excitation (<3 eV) can decompose
gas-phase uracil to generate a mobile hydrogen radical. The
relevance of this observation to DNA damage in vivo awaits
further experimentation.

Spontaneous DNA Damage Relative to Radiation-Induced
DNA Damage

DNA is an unstable chemical entity under in vitro condi-
tions because it is the target of a variety of reactive small
molecules. DNA undergoes degradative reactions caused by
active hydrolysis that result in depurination and deamina-
tion, and it undergoes base adduct formation by reactions
with metabolites and coenzymes, damage by reactive oxy-
gen species generated by “leakage” from mitochondria, lipid
peroxidation, and many other sources of spontaneous dam-
age (Lindahl 1993; Marnett and Burcham 1993; Beckman
and Ames 1997; Lindahl and Wood 1999; see Table 1-2).

More than 90% of naturally occurring oxidation in a cell
originates in the mitochondria, and oxidative nuclear dam-
age occurs only for reactive products that can migrate far
enough to enter the nucleus and react with DNA. The cell
nucleus consequently is almost anoxic (Joenje 1989), and
oxidative damage is quenched about fiftyfold by histones
and by suppression of Fenton oxidants. However, the nucleus
is not radiobiologically hypoxic (<8 wmol/L). The superox-
ide radical (O,") formed by one-electron reduction of mo-
lecular oxygen is generated in all aerobic cells. Chemical or
enzymatic dismutation of O, produces hydrogen peroxide,
H,0,. Although proteins and small molecules, such as glu-
tathione, serve as scavengers for reactive oxygen and thus
protect the nucleic acids, there is a considerable amount of
oxidative DNA base damage per cell per day (Saul and Ames

TABLE 1-2 Rates of Production and Steady-State Levels
of Spontaneous DNA Damage in Mammalian Cells?

Result of Damage Production Rates Steady-State Levels?

Depurination 9000-10,000 per day <100
Deamination 100-500 per day <100
3-Methyladenine 600 per day <50

8-Hydroxyguanine® 500-1000 per day 100 (15,000)

4For comparison, background radiation of 5 mGy produces an average
of about 1 electron track per cell resulting in 5—-10 damaged bases, 2.5-5.0
SSBs, and 0.25 DSBs.

bValues are for repair-proficient normal cells. Value in parentheses is for
repair-deficient liver cells.

“Best estimate of 8-hydroxyguanine values, disregarding reports of high
values where chemical oxidation occurred during sample preparation.
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1986). However, the steady-state level of DNA damage is
low, so most of the spontaneous and metabolically generated
damage is apparently repaired efficiently and correctly. Al-
though DNA in cells is basically unstable, the instability is
counteracted by DNA repair processes.

Strong evidence pointing to differences between X-ray
damage and oxidative damage has come from studies in the
yeast Saccharomyces cerevisiae. A genome-wide collection
of nearly 5000 deletion mutants in all nonessential genes is
now available for this species. Using this collection, all genes
that were required for resistance to the lethal effects of X-
rays and hydrogen peroxide were determined (Birrell and
others 2001, 2002). Of those that were resistant to either
agent, few genes were in common and their rankings were
different. Of the top 100 genes conferring resistance to X-
rays, only 35 were in the top 100 that were sensitive to hy-
drogen peroxide (see Annex A-1). These rankings indicate
that the types of damage caused by X-rays and hydrogen
peroxide were significantly different and required different
mechanisms for repair. In another study using these deletion
mutants, the oxidative damage caused by five different oxi-
dants was found to differ significantly, indicating an unex-
pected complexity for oxidative damage (Thorpe and others
2004). Despite these differences, all of the oxidants caused
predominantly protein damage, and few of the genes in-
volved in DNA repair were involved in resistance to damage
caused by any of these oxidants. These studies indicate that
DNA damage is a more significant factor in resistance to X-
ray damage than to oxidative damage. These studies also
showed that the genes whose expression was induced by X-
rays or hydrogen peroxide were not the genes required for
resistance to these agents; few of the X-ray DNA repair genes
in particular were inducible by damage (Birrell and others
2002).

Background Radiation

Added to the sources of spontaneous damage and meta-
bolically produced oxidative DNA damage is background
radiation, which includes radon, cosmic rays, terrestrial y-
radiation, and natural radioisotopes in the human body. Col-
lectively, background radiation is responsible for delivering
an average effective dose per person worldwide of about 2.4
mSv per year (typical range, 1-10 mSv; UNSCEAR 2000b).
This background value includes radon exposure, the health
effects of which are not evaluated in this report. Medical
sources of radiation (diagnostic X-rays, nuclear medicine,
and so on) can substantially increase a person’s yearly radia-
tion exposure.

Ionizing radiation produces several kinds of damage in
DNA, including SSBs and DSBs in DNA chains, DNA-DNA
covalent cross-links, and DNA-protein covalent cross-links
and a large variety of oxidative changes in the nucleotide
bases (Hutchinson 1985; Ward 1988). The identified oxida-
tive base products of ionizing radiation are chemically iden-
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tical with those produced by other oxidizing agents, such as
H,0, in the presence of iron or copper ions or those resulting
from the normal metabolic production of free radicals that
are by-products of the transport of electrons to oxygen in
mitochondria (Dizdaroglu and others 1987, 1991; Gajewski
and others 1990; Nackerdien and others 1991; Dizdaroglu
1992; Beckman and Ames 1997). It has been argued in the
scientific press and the lay press that the quantity of sponta-
neous and metabolically generated DNA damage is many
orders of magnitude greater than that resulting from low,
protracted doses of radiation from environmental sources.
This argument implies that the contribution from low doses
of ionizing radiation is trivial and can be ignored (Billen
1990; Beckman and Ames 1997)—in other words, that the
DNA damage produced by background radiation and the low
doses of radiation to which some workers are exposed does
not add appreciably to the extensive spontaneous and meta-
bolic damage. However, measurement of naturally produced
DNA damage generated by reactive oxygen species is diffi-
cult, and some early estimates of DNA products of sponta-
neous damage, such as 8-hydroxyguanine, are not likely to
be accurate estimates, but rather to be overestimates due to
chemical oxidation after extraction. An additional consider-
ation is that the distribution of oxidative events produced by
radiation may, in some cases, have a unique impact on DNA.

Locally Multiply Damaged Sites

Accumulated evidence shows that the products of ioniz-
ing radiation may differ from chemically generated oxida-
tion products in their microdistribution rather than in the
chemistry of individual lesions (Ward 1981, 1988, 1994). A
portion of the energy of ionizing radiation, primarily that
from secondary electrons, is deposited in large enough pack-
ets to produce clusters of OH® radicals. Because OH" has a
very short range, owing to its high reactivity, it can produce
a cluster of damage within a few base pairs of DNA if the
cluster is generated within 3 nm of the DNA. Ward and col-
leagues (1985) have referred to such lesions as LMDS. The
probability of clustered damage or LMDS increases with
dose and LET but is independent of dose rate because it
results from the passage of a single particle track (Prise and
others 1994; Holley and Chatterjee 1996; Rydberg 1996;
Nikjoo and others 2001). A DSB resulting from a single
energy deposition is the most obvious example of an LMDS,
but other combinations of strand breaks, cross-links, and base
or sugar products can also occur (Ward 1994). Furthermore,
both direct interactions of radiation with DNA and reactions
of OH" contribute to the complexity of LMDS (clustered
damage; Nikjoo and others 1997).

A second property of ionizing radiation that might distin-
guish it from chemically generated oxidation products is the
extensive production of peroxyl radicals due to initial radi-
cal damage to molecules other than DNA (Floyd 1995;
Milligan and others 1996). Peroxyl radicals produce oxidized
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bases, but not DNA strand breaks, and might account for the
greater-than-expected yield of base damage, as opposed to
strand breaks, observed in irradiated cells (Nackerdien and
others 1992). Peroxyl radicals might also account for the
production of double base lesions by single radicals that have
been observed in irradiated oligonucleotides (Box and oth-
ers 1995).

Ward and colleagues (1985) have calculated that 5 uM
H,0, can produce 15 Gy-equivalents of SSBs in mamma-
lian cell DNA in 30 min through OH" generation catalyzed
by iron ions bound to DNA; on the basis of these SSB yields,
it takes 1000 Gy-equivalents to kill cells. At the D5, dose of
cell killing, it has been calculated that each cell will have
sustained 2.5 million SSBs from H,0,. In contrast, the D5,
dose for low-LET ionizing radiation produces only 1000
SSBs and 40 DSBs—damage that is not characteristic of le-
thal doses of H,O,. Such data suggest that DSBs and other
LMDS (clustered damage) produced by ionizing radiation
and a few radiomimetic chemicals are the primary lethal le-
sions. A recent study that used the phosphorylation of the
histone protein H2AX as a marker for DSBs suggests that
the yield of DSBs as a function of dose is linear down to as
low a dose as 3 mGy (Rothkamm and Lobrich 2003). The
fraction of the energy deposited that can yield LMDS in-
creases with LET, and LMDS are generally thought to ex-
plain the increased biological effectiveness of high-LET ra-
diation in inducing DNA damage. Whether such LMDS are
poorly repaired is still a matter of conjecture, especially in
view of the multiple homologous and nonhomologous
mechanisms of repair of DNA breaks. At the least, cluster-
ing will create complex DSBs within up to 10 bp or so (Ward
and others 1985; Holley and Chatterjee 1996; Nikjoo and
others 2001). Because of the wrapping of DNA around nu-
cleosomes and the organization of the chromatin fiber, some
clusters might include DSBs at two or more sites that are
several thousand base pairs apart or even removed from each
other by the distance of a chromosomal loop (about 100 kbp;
Lobrich and others 1996; Rydberg 1996). For cells to sur-
vive without mutations, DNA damage must be faithfully re-
paired. Yet because large regions of the genome in somatic
cells do not contain active genes or contain genes that are not
expressed, inaccurate repair that simply restores the integ-
rity of the DNA may be sufficient to produce viable cells
that have minimal alterations in function. Conversely, it has
been argued that whereas spontaneous damage is readily
repaired in repair-competent cells, the DSBs and clustered
lesions produced by even low-LET radiation are likely to be
repaired with difficulty or incorrectly, if at all (Ward 1994).
However, detailed experimental comparisons between the
biological effects associated with the repair of spontaneous
damage versus damage due to ionizing radiation have yet to
be made.

In summary, LMDS (clustered damage) may be viewed
as complex lesions associated with ionizing radiation and
not with normal endogenous oxidative processes. If they are
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refractory to repair, the risk to humans posed by ionizing
radiation may be viewed as greater than that posed by en-
dogenous oxidative stress.

MOLECULAR MECHANISMS OF DNA REPAIR

Ionizing radiation can cause a wide array of damage to
individual DNA bases and SSBs and DSBs resulting from
deoxyribose destruction (for basic biological and genetic
concepts, see Appendix A). Damaged bases are repaired by
mechanisms that involve excision and replacement of indi-
vidual damaged bases (base-excision repair) or of larger oli-
gonucleotide fragments (nucleotide-excision repair). SSBs
are repaired in a process similar to base-excision repair with
some of the same enzymatic components. DSBs potentially
involve a number of repair processes, especially because or-
ganisms require the ability to distinguish between breaks
caused by damage and those associated with normal pro-
cesses, such as recombination, telomere maintenance, DNA
replication, and processing of genes encoding antibodies.
Some DSBs are simply rejoined end to end in a process
called nonhomologous end joining (NHEJ). Others are re-
paired by a process of homologous recombination (HR) in
which the broken strand is repaired by crossing over with an
adjacent identical DNA sequence; this generally occurs only
during or after chromosome duplication and before chromo-
some segregation. Damage, especially DSBs, also elicits a
signal transduction process that uses a cascade of kinase and
other protein modifications and changes in gene transcrip-
tion, all of which contribute to a cellwide response to DNA
damage.

Base-Excision Repair

Release of altered bases by base-excision repair (BER) is
initiated by DNA glycosylases that hydrolytically cleave the
base-deoxyribose glycosyl bond of a damaged nucleotide
residue (Figure 1-9). A present estimate would be that hu-
man cell nuclei have ten to twelve different DNA glyco-
sylases, which have varied but overlapping specificities for
different base damage. BER has two main pathways that re-
sult in replacement of the damaged base with either a short
or a long patch.

A common strategy for DNA glycosylases, deduced
largely from structural studies, appears to be facilitated dif-
fusion along the minor groove of DNA until a specific type
of damaged nucleotide is recognized. The enzyme then kinks
the DNA by compression of the flanking backbone in the
same strand as the lesion, flips out the abnormal nucleoside
residue to accommodate the altered base in a specific recog-
nition pocket, and mediates cleavage (Parikh and others
1998). The DNA glycosylase then may remain clamped to
the damaged site until displaced by the next enzyme in the
BER pathway, APEI (also called HAP1), which has greater
affinity for the abasic site. This strategy (Parikh and others
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1998; Waters and others 1999) protects the cytotoxic abasic
residue and may delay the rearrangement of the base-free
deoxyribose into a reactive free-aldehyde conformation that
could cause cross-linking and other unwanted side effects.

The main human apurinic-apyrimidinic (AP) endonu-
clease, APE1, occupies a pivotal position in BER of anoma-
lous residues, recognizing and cleaving at the 5" side of
abasic sites generated by spontaneous hydrolysis, reactive
oxygen species, and DNA glycosylases. Abasic sites gener-
ated by nonenzymatic depurination probably outnumber
those generated by all of the DNA glycosylases; conse-
quently, APE1 and subsequent key proteins in the BER path-
way (XRCC1 and polymerase 3) are essential, whereas mice
with knockouts of various DNA glycosylases so far investi-
gated have been viable (Wilson and Thompson 1997). In a
substrate recognition process similar to DNA glycosylases,
APE] flips out the base-free deoxyribose residue from the
double helix before chain cleavage (Gorman and others
1997; Parikh and others 1998). When bound to DNA, the
APEL1 protein interacts with the next enzyme in the BER
pathway, POL f, and recruits the polymerase to the site of
repair (Bennett and others 1997). POL B has two distinct
domains that are well suited for DNA gap filling during BER.
The larger domain is the polymerase domain itself; a small
basic NH,-terminal domain contains an AP lyase activity
that excises the abasic sugar-phosphate residue at the strand
break (Matsumoto and Kim 1995; Sobol and others 1996).
POL B also interacts with the noncatalytic XRCC1 subunit
of the XRCC1-DNA ligase III heterodimer. Consequently,
XRCCl acts as a scaffold protein by bringing the polymerase
and ligase together at the site of repair and interacts with
poly(ADP-ribose) polymerase and polynucleotide kinase
(Whitehouse and others 2001); further stabilization of the
complex may be achieved by direct binding of the NH,-
terminal region of XRCC1 to the DNA SSB (Kubota and
others 1996; Marintchev and others 1999). XRCC1 contrib-
utes to the normal X-ray resistance of mammalian cells, and
mutant cells with a defective XRCCI1 protein are hyper-
sensitive to ionizing radiation.

When the terminal sugar-phosphate residue has a more
complex structure that is relatively resistant to cleavage by
the AP lyase function of POL 3, DNA strand displacement
may occur instead—involving either POL [ or a larger poly-
merase such as POL 6—for filling in gaps a few nucleotides
long (Fortini and others 1998; Dianov and others 1999). The
FEN1 structure-specific nuclease removes the displaced flap,
and the PCNA protein stimulates these reactions (Wu and
others 1996; Klungland and Lindahl 1997), acting as a scaf-
fold protein in this alternative pathway in a way similar to
that of XRCCI in the main pathway. Another replication
factor, DNA ligase I (LIG1), then completes this longer-
patch form of repair. An important property of FENI here,
in addition to processing the 5" ends of Okazaki fragments
during lagging-strand DNA replication, is to minimize the
possibility of hairpin-loop formation and slippage during
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FIGURE 1-9 Base-excision repair. This pathway repairs single-base damage (from X-rays, reactive oxygen species, methylation, or deami-
nation), apurinic sites, and SSBs (from X-rays). A damaged base is removed by glycosylases, leaving an apurinic site that is a substrate for
apurinic endonuclease (APE1), which converts it into a SSB. X-ray breaks are modified by XRCC1, polynucleotide kinase (PNK), and
poly(ADP-ribose) polymerase (PARP) to produce a cleaved substrate with 3" and 5 termini similar to those produced by APEI. The break
is then patched by short- or long-patch BER. The short-patch pathway predominates in mammalian cells, and involves polymerase 3, which
can remove a 5’-deoxyribose moiety by its lyase activity and then insert a single base patch that is sealed by DNA ligase III. The long-patch
pathway involves polymerase & or €, which is anchored to DNA by a PCNA collar and carries out strand displacement synthesis. The
displaced flap is cleaved by the structure-specific endonuclease FEN1, and the patch is sealed by ligase I. XRCC1 is a nonenzymatic scaffold
protein that interacts with many of the participants of BER and anchors them to the substrate and hands on repair intermediates through
successive stages of BER. SOURCE: Reproduced with permission from J.H. Hoeijmakers (2001).
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strand displacement and subsequent DNA synthesis, which
might otherwise result in local expansion of sequence re-
peats (Tishkoff and others 1997; Freudenreich and others
1998). The temporary inefficiency of this process during
early mammalian development could explain the origin of
several human syndromes that are associated with expansion
of triplet repeats in relevant genes.

A series of pairwise interactions between the relevant pro-
teins in BER seem to occur in most cases without any direct
strong protein-protein interactions in the absence of DNA.
The XRCC1-LIG3 heterodimer is the only preformed com-
plex, and no large preassembled multiprotein BER complex
is likely to exist. Nevertheless, the consecutive ordered in-
teractions may protect reaction intermediates and ensure ef-
ficient completion of the correction process after initial DNA
damage recognition.

Nucleotide-Excision Repair of Cyclodeoxynucleosides

The great majority of endogenous DNA lesions produced
by reactive oxygen species are corrected by the BER path-
way, and the contributions of the different pathways of nucle-
otide-excision repair (NER) and mismatch repair are very
minor. However, exposure of DNA or cells to ionizing ra-
diation under hypoxic conditions causes the formation of 5/,
8-purine cyclodeoxynucleosides. This chemically stable and
distorting form of DNA damage, in which the purine is at-
tached by two covalent bonds to the sugar-phosphate back-
bone, can be removed only by NER (Heyer and others 2000;
Kuraoka and others 2000). Similarly, a major lipid peroxi-
dation product, malondialdehyde, reacts with G to produce
an exocyclic pyrimidopurinone (M, G) that requires NER for
repair. These are not the major mutagenic or cytotoxic le-
sions that occur as a consequence of exposure to ionizing
radiation, but they could be critical in individuals with im-
paired ability to perform NER.

Repair of Single-Strand Breaks

Reactive oxygen species cause DNA strand breaks by
destroying deoxyribose residues. Such SSBs are processed
and repaired by the same enzymes responsible for the later
stages of BER, sometimes with the additional steps of
exonucleolytic removal of base pairs and phosphorylation of
5" termini by DNA kinase. In contrast to the continuous pro-
tection of DNA reaction intermediates when an altered base
residue is replaced however, the initial strand break is fragile
and attracts unwelcome recombination events. An abundant
nuclear protein, poly(ADP-ribose) polymerase-1 (PARP1),
appears to have as its main role the temporary protection of
DNA single-strand interruptions (Le Rhun and others 1998;
Lindahl and Wood 1999). PARP1 rapidly shuttles strand
breaks in DNA on and off, with NAD-dependent synthesis
of poly(ADP-ribose) as its release mechanism. PARP1
knockout mice are viable but show increased numbers of
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spontaneous sister-chromatid exchanges and sensitivity to
ionizing radiation. Extracts of cells from such mice contain
low concentrations of other PARP enzymes, which may have
distinct unknown roles but could also have backup functions.
Crossing PARP1 knockout mice with severe combined im-
munodeficient disease knockout mice that lack DNA-
dependent protein kinase, which is required for VDJ recom-
bination during lymphocyte development, alleviates the
DNA-processing defect in the latter and allows some low-
fidelity recombination (Morrison and others 1997). PARP1
plays no clear role in the BER process itself, as POL 3 and
LIG3 do, but it interacts with the scaffold protein XRCCl1
and may in this way accelerate the recruitment of these re-
pair enzymes for strand interruptions (Mackey and others
1999).

Repair of Double-Strand Breaks

Exposure of DNA to ionizing radiation produces about
5-7% as many DSBs as SSBs (e.g., see earlier discussion of
Nikjoo and others 1997, 2000). DSBs are sites at which a
surprisingly large number of proteins can bind, carry out
strand-break repair, and initiate a complex series of cellular
signals that regulate cell cycle progression and the induction
and activation of many downstream genes. Cells often en-
counter DNA DSBs under natural circumstances. These in-
clude termini (e.g., telomeres at chromosome ends); recom-
bination intermediates; and immunoglobulin rearrangement
during the processing of antibody genes (which leads to in-
creased versatility in the repertoire of immature immuno-
cytes), during the processing of stalled or collapsed replica-
tion forks arrested by damage on the template strand and
during topoisomerase action on DNA. DSB repair enzymes
have been suggested as playing an essential role in telomere
maintenance in normal undamaged cells (Blackburn 2000).

One critical difference between metabolically generated
DSBs and those generated by ionizing radiation is that some
fraction of the latter contain complex radiochemical damage
that results in LMDS. LMDS (clustered damage) involve
frank breaks, radiolytic fragments as termini, and base
damage that is processed into breaks by cellular glycosylases
(Blaisdell and Wallace 2001). DSBs thus are not inherently
novel, although substantial differences between natural and
radiation-induced breaks are likely. Cells contain many
genes that code for DNA-binding proteins and signal trans-
duction pathways that respond specifically to DNA double-
strand breakage. Consequently, cells can distinguish between
a naturally occurring end of DNA at a telomere or recombi-
nation structure, for example, and a DSB at an unusual loca-
tion with atypical chemistry. This suggests that metabolic
responses to DSBs and LMDS are highly evolved in most
cell types and that cells are not completely unprepared and
unequipped for these kinds of lesions, but are in fact able to
exercise considerable discrimination in their detection and
repair. Cells can also repair damage by novel chemicals, such
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as cisplatinum, which was newly synthesized in the twenti-
eth century, an indication that novelty or uniqueness is no
barrier to the repair of DNA damage.

Repair of DSBs involves a number of biochemically dis-
tinct processes. Direct rejoining of the broken ends occurs
by several mechanisms, generally described as NHEJ. A fast
NHEIJ process involves end-binding proteins (Ku70, Ku80,
and DNA-PK; Baumann and West 1998; Critchlow and
Jackson 1998; Zhao and others 2000), and a slower process
involves the hMrel 1/hRad50/Nbs1 DNA-binding and exo-
nuclease complex that appears to act on refractory, complex
breaks (Haber 1998; Petrini 1999). A more complicated re-
joining process—homologous recombination—depends on
matching damaged DNA with its identical sequence in a sis-
ter chromatid after DNA replication or in the homologous
chromosome in diploid cells. This process depends on the
hRad51 protein, which facilitates homologous pairing, and
accessory proteins, such as hRad52, hRad54, XRCC2, and
XRCC3 (Thompson 1996). How cells coordinate these pro-
cesses and determine which should be used under various
circumstances is unknown. Coordination may be under the
control of the Brcal and Brca2 proteins. Brcal binds to
unusual DNA structures (Parvin 2001) and is found in a large
complex that contains many repair and replication proteins
(Wang and others 2000).

The proteins directly involved in DNA strand-break re-
pair do not appear to be inducible (Tusher and others 2001)
or to be strongly influenced by p53 functions, except where
recombination is involved. Radiation-induced genes repre-
sent predominantly cellular signaling molecules, particularly
those induced by transactivation by p53. Radiation does,
however, activate a series of protein kinases, of which ATM
(ataxia-telangiectasia-mutated) is the most prominent, that
modify the activity of many other proteins in the repair path-
ways (Bakkenist and Kastan 2003).

Nonhomologous End Joining—Fast Reaction

DSBs begin to rejoin rapidly after irradiation, with half-
times of about 10 min or less (Ward and others 1991). This
rapid rejoining involves accumulation of the end-binding
proteins Ku70 and Ku80, DNA-PK kinase, the DNA ligase
IV-XRCC4 heterodimer, PARP, and others (Figure 1-10).
The same factors are also an integral part of the normal pro-
cess of immunologic rearrangement (Labhart 1999). Con-
ceivably, if the LMDS contains damaged bases, the ends will
also require repair steps involving glycosylases, apurinic
endonuclease, and DNA polymerase 8. Attempted repair by
these BER enzymes can enhance DSB formation and loss of
base pairs, which then must be repaired by NHEJ (Blaisdell
and Wallace 2001). Attempted BER of LMDS in human
lymphoblastoid cells produces lethal and mutagenic DSBs
(Yang and others, 2004). Small deletions associated with
NHEJ have been mapped by sequencing techniques and
range up to about 10 nucleotides (Daza and others 1996).
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FIGURE 1-10 Nonhomologous end joining: this repair pathway
re-ligates DNA DSBs by using the end-binding proteins Ku70 and
Ku80 to maintain alignment, and p450 kinase acts as a binding
factor. The region across the break is then sealed by ligase IV and
its cofactor XRCC4. The sealed break often gains or loses a few
nucleotides, especially if the break is an LMDS. In some cases,
nonhomologous end joining appears to be responsible for large
DNA deletions and chromosome aberrations. In these cases, con-
siderably more than a few nucleotides can be lost. SOURCE: Re-
produced with modifications and with permission from Hoeij-
makers (2001).
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The histone protein H2AX is phosphorylated rapidly over
large regions of DNA around sites of DSBs by ATM kinase
(Burma and others 2001). Loss of H2AX phosphorylation
occurs rapidly with the repair of DSBs, but the biochemical
details of dephosphorylation remain to be ascertained. A re-
cent study showed that in human cells, a background level of
H2AX phosphorylation occurred in about 5% of the cells.
After low doses of X-rays that initially increased the level to
10%, most cells eliminated this phosphorylation, except for
a small fraction in which it persisted unless the cell entered
DNA synthesis (Rothkamm and Lobrich 2003). Whether this
means that a small fraction of cells cannot repair some
classes of LMDS or that dephosphorylation of H2AX can be
slower than repair itself in a subset of cells remains to be
determined.

The DNA-PK kinase is a member of a class of phosphati-
dyl-3-inosityl enzymes that includes ataxia-telangiectasia-
mutated (ATM) and ataxia-telangiectasia-related (ATR) ki-
nases, all of which are involved in signaling the presence of
DNA damage (Shiloh 2001, 2004; Figure 1-11). Although
DNA-PK kinase can phosphorylate many proteins in vitro,
it is unclear which proteins it usually phosphorylates in vivo.
Early cytologic evidence of X-ray damage is phosphoryla-
tion of a histone protein to create y-H2AX foci that are vis-
ible microscopically within minutes of irradiation.

Nonhomologous End Joining—Slow Reaction

After the rapid phase of rejoining is complete, the repair
of DSBs slows to a second phase with a half-time of several
hours. Foci containing the hMrel 1/hRad50/Nbs complex
form or persist and reach a maximum at about 4-6 h. Be-
cause this complex has endonuclease and DNA-binding ac-
tivity, it may be involved in the slower repair of refractory
DSBs that cannot be repaired by the earlier, fast mechanism.
The complex is not active unless the Nbs1 protein is phos-
phorylated on several sites by ATM kinase (Figure 1-11),
which is itself activated by DNA breaks (Shiloh 2001;
Bakkenist and Kastan 2003). The precise DNA structures
involved in these refractory breaks are unknown. However,
one model suggests that nuclease action by the Mrell com-
plex resects single DNA strands and that short regions of
sequence identity (microhomologies) can be used for align-
ment and rejoining of DNA strands (Figure 1-12).

Homologous Recombination

Repair of a DSB by HR involves matching the two broken
ends of a DNA strand with identical sequences of intact DNA
(Figure 1-12). The broken and intact molecules are aligned
according to their sequences and encompassed by a toroid of
hRad51 molecules that facilitate repair by having DNA
single strands invade their homologues, producing an
X-shaped four-armed structure called a Holliday junction.
Resolution of this structure by specific junction nucleases
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produces two intact double-strand DNA molecules with or
without exchanges according to the orientation of the resolu-
tion nuclease actions. The activity of hRad51 is enhanced by
other factors, such as hRad52, XRCC2, and XRCC3, and
suppressed by p53, which binds to both Holliday junctions
and hRad51 (Buchhop and others 1997). HR is much more
efficient and important for repair in yeast and somatic chick
cells than in normal (nonmalignant) mammalian (human)
somatic cells, where NHEJ is the dominant mechanism for
DSB repair (Sonoda and others 1998). However, there are
exceptions, and there may be times in the cell cycle, such as
late S, when HR assumes greater importance because of the
proximity of sister chromatids (Thompson 1996). The low
level of sister-chromatid exchange, a form of HR, induced
by X-rays and high-LET radiation indicates that, in absolute
terms, HR remains a minor pathway for the repair of damage
caused by ionizing radiation in somatic cells.

There is some question about the source of an identical
matching sequence for repair by HR in somatic human cells.
A homologous sequence may be the other allele on a chro-
mosome of a recently replicated sister-chromatid sequence
on a daughter chromatid or a similar sequence in a repetitive
region along the same chromosome. In the latter case the
sequences may not be identical over long regions, and the
mechanism is known as “homeologous” recombination.
Recombination between alleles on separate chromosomes
occurs at much lower frequency than between identical
sequences on sister chromatids or arranged in tandem on the
same chromosome. In general, HR between sister chroma-
tids may occur at higher frequencies late in the cell cycle
(e.g., late S; Thompson and Schild 1999), and homeologous
recombination is likely to result in the loss of intervening
sequences with the production of deletion mutations.

The HR involving hRad51 can be visualized immuno-
histochemically: foci containing hRad51, Brcal, and other
proteins can be seen microscopically soon after irradiation
(Scully and others 1997). Cells generally exhibit either
hRad51 foci or hMrel1/hRad50/Nbs foci, but not both, and
the choice of which of the mutually exclusive pathways an
irradiated cell follows may be determined by Brcal (Parvin
2001).

DSB Signal Transduction and Inducible Repair

Bacteria live in a highly variable environment and have
evolved efficient inducible DNA repair processes to deal
with sudden challenges of DNA damage from oxygen free
radicals, ionizing radiation, chemicals, and ultraviolet radia-
tion. These inducible repair pathways are now mechanisti-
cally well understood. In Escherichia coli, the regulatory
genes soxR, ada, and lex control transcription of DNA repair
functions, and increased amounts of relevant DNA repair
enzymes can be produced in response to environmental chal-
lenges. In mammalian cells, the same types of DNA damage
are recognized by similar DNA repair enzymes. However, a
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FIGURE 1-11 Network of protein kinases activated by DNA DSBs. ATM is the primary kinase that phosphorylates downstream kinases.
The specific activity of ATM is increased after introduction of DSBs in DNA through ionizing radiation or other means; this then activates
other proteins by phosphorylation (denoted by amino acid symbol and number) and in a cell cycle-specific manner. G, phase: Activated
ATM (ATM¥) directly phosphorylates three proteins involved in controlling p53 functions or levels—p53 (serine 15), CHK2 (threonine 68),
and MDM2 (serine 395). CHK2 kinase may also be activated by ATM and in turn phosphorylate p53 on serine 20. This phosphorylation
event and the phosphorylation of MDM?2 seem to inhibit binding of MDM2 to p53 and should result in an increase in p53 protein. The
increased p53 protein transcriptionally induces p21, which inhibits CDK2-cyclin E and causes arrest in the G, phase of the cycle. S phase:
Activated ATM also phosphorylates NBS1 (serine 343), and this phosphorylation event is required for the ionizing radiation-induced S-phase
arrest. NBS1 exists in a complex with MRE11, RAD50, and BRCA1. The potential role of these proteins in S-phase arrest remains to be
clarified; CHK2 may also be involved in this pathway, after activation by ATM, through phosphorylation of BRCA1 or NBS1. G, phase:
Details of the downstream targets of ATM at the G, checkpoint have not been determined. CHK2 and CHK1 may be targets for ATM and
ATR in the G,-M checkpoint pathway, respectively. CDC25C and 14-3-3 have been implicated in regulation of CDC2 kinase and progression
through G,. Dashed arrows and question marks represent possible signaling steps; solid arrows represent reported phosphorylation events.
SOURCE: Reproduced with permission from Kastan and Lim (2000).
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major difference from microorganisms is that mammalian
enzymes are constitutively expressed. Thus, there are no
transcription control or mammalian counterparts of soxR,
ada, and lex. This situation presumably reflects the much
greater constancy of cellular environment in complex multi-
cellular organisms. Therefore, the work on inducible DNA
repair in bacteria offers no direct guidelines for the relative
resistance of human cells repeatedly exposed to DNA-dam-
aging agents.

Many reports have appeared about adaptive responses
involving increased resistance or hypersensitivity in mam-
malian cells in response to single or multiple doses of ionizing
radiation (adaptive effects). There are also reports that the
effects of radiation on single cells can influence the response
of adjacent nonirradiated cells (bystander effect). These reports
are discussed specifically in Chapter 2, but this chapter de-
scribes the general stress response and signal transduction
pathways that are known to occur after exposure to radiation.
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FIGURE 1-12 HR- and microhomology-mediated DSB repair. These two pathways for repair of DSBs are driven by stretches of homolo-
gous DNA. HR requires an identical sequence spanning the part of the DNA molecule containing the break and extensive remodeling of the
broken DNA termini. Mrel1/Rad50/Nbsl resects individual strands by its 5’- to 3’-exonuclease activity and binds homologous double-
stranded DNA by the Rad50 moiety. Exposure of single-stranded regions with only small regions of homology flanking the original break can
allow microhomology-mediated strand-break rejoining coupled by cleavage of overhanging strands by FEN1 and resynthesis of any resulting
gaps. The repair will, at the least, result in loss of one of the regions of microhomology. Exposure of single-stranded regions homologous to
adjacent double-stranded DNA can lead to strand invasion and HR. Single-stranded regions are coated with single-strand binding protein
(RPA); homology search and strand invasion are mediated by Rad52, 54, Brca 1 and 2, and Rad51. The complex structure produced forms
a Holliday junction that is cleaved by junction-specific nucleases (resolvases), and associated polymerase and ligases complete an error-free
exchange of DNA strands. SOURCE: Modified reproduction and reproduced with permission of J. Hoeijmakers (2001).
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Damage to cells elicits increases and decreases in the ex-
pression of many genes. Recent microarray analysis has
shown that these changes can involve hundreds of genes and
that different stresses can invoke both a common set of genes
and genes that are peculiar to particular kinds of stress
(Amundson and others 1999a, 1999b). Despite the large
number of affected genes, none appears to be directly in-
volved in repair of DSBs (Tusher and others 2001). Central
to most damage responses is stabilization of the tumor-sup-
pressor gene pS53, which occurs as a result of posttransla-
tional phosphorylation or acetylation of the protein (Blattner
and others 1999; Figure 1-11). Multiple potential serine and
threonine residues in p53 are capable of being phosphorylated
by different kinases in response to cellular stress, and several
thousand combinations of modifications are possible in an
irradiated cell. Resolving the functional role of any particu-
lar site can be difficult (Blattner and others 1999). The
kinases include ATM, ATR, Chkl, Chk2, DNA-dependent
protein kinase, and casein kinase I and II (Blattner and others
1999; Chehab and others 2000). (For the role that p53, pRb,
cdc25C, chkl, chk2, 14-3-3 proteins, bubl, and the various
cyclins and cyclin-dependent kinases play in radiation-
induced checkpoints in G, G,, and mitosis, see Little 1994;
Jacks and Weinberg 1998; Lengauer and others 1998;
Schmidt-Kastner and others 1998; Chan and others 1999;
Ford and Pardee 1999; White and Prives 1999).

ATM is a centrally important kinase for X-ray damage
that is activated by DNA DSBs (Bakkenist and Kastan 2003;
Figure 1-11). In X-irradiated cells, phosphorylation of serine
15 and 37 interferes with the association of p53 with another
protein mdm?2 that also becomes phosphorylated and nor-
mally causes degradation of p53, extending its lifetime. The
increased stability of p53 in irradiated cells permits it to form
a tetramer and then act as a transactivating factor, increasing
the expression of many other genes. Clearly, this will result
in large-scale alterations of the gene expression pattern of
irradiated cells that can influence their behavior. One down-
stream target for p53 is the cell cycle regulator protein p21;
increased transcription of p21 due to p53 results in delays in
the onset of DNA synthesis (the G, checkpoint) and reduced
DNA synthesis due to p21 binding the replication factor
PCNA. The major response of cells to ionizing radiation is a
reduction in initiation of the S phase and of replication
origins during S. Another important radiation-responsive
gene is GADDA45; both this and p21 showed a linear dose-
response relation for induction from 20 to 500 mGy with no
indication of a threshold (Amundson and others 1999b).

Most of the members of the signal transduction pathways
including ATM, p53, Chkl, Chk2, Brcal, and hMrel1l/
hRad50/Nbs1 are protein products of tumor-suppressor
genes. Loss of function of these members can result in ge-
nomic instability and in some instances may contribute to a
series of events resulting in malignancy. They influence cell
cycle checkpoints, DNA replication, DNA repair, and re-
combination. Thus, it is possible for a single DNA DSB to
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activate ATM and p53 and create a cell-wide response
through this cascade of protein modifications and alterations
in gene expression.

These signal transduction pathways are also activated by
extracellular signals working through specific receptors on
the cell membrane that then activates kinases, such as
MAPKSs, which phosphorylate p53. Irradiated cells also gen-
erate extracellular signals that resemble cytokines released
during normal in vivo cell-cell communication processes
(Herrlich and others 1992). These can, through receptors on
adjacent cells or gap junctions, result in activation of the
signal transduction pathways in nearby cells. These multiple
intracellular and extracellular pathways of protein modifica-
tion and signal transduction may constitute the mechanisms
by which many of the transient alterations in cellular me-
tabolism occur after exposure to ionizing radiation (Blattner
and others 1994).

Some responses observed in particular regimes of expo-
sure to ionizing radiation and given unique names (e.g., adap-
tive response, bystander effect, genomic instability) may
constitute particular manifestations of these general stress
responses and signal transduction pathways. These appar-
ently distinct radiation responses have been described mainly
in cell biology experiments, and in no case do they have
solid biochemical support or mechanistic understanding. In
addition to controversy among laboratories, some of the re-
sponses described appear to be valid only within a limited
dose range and under particular experimental conditions. It
is also unclear whether different types of cells, such as epi-
thelial cells, fibroblasts, and lymphoid cells, respond simi-
larly or differently in this regard. Some of the inducible re-
sponses appear to be complex in that they depend on
participation of intercellular gap junctions in communicat-
ing radiation responses to neighboring cells. Work on this
subject is in the preliminary, descriptive stage, and there is
no understanding of what compounds or factors would be
transferred between cells in the gap junction. Therefore, it is
difficult to evaluate whether the phenomena are of any gen-
eral physiologic significance.

SUMMARY

In this chapter the committee has provided background
information relating to the physical and chemical aspects of
radiation and the interaction of radiation with the target mol-
ecule DNA. The chapter describes the physics of electrons
and beta particles, which are important contributors to direct
DNA damage after ionizing radiation exposure, and intro-
duces a special subject—the effect that neutron RBEs have
on low-LET radiation risk estimates. Radical formation by
ionizing radiation and its contribution to DNA damage are
also described. The committee has discussed the contribu-
tions of normal oxidative DNA damage relative to radiation-
induced DNA damage and described the DNA repair mecha-
nisms that mammalian cells have developed to cope with
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such damage. Modeling of electron interactions with DNA
suggests that when more than one strand break occurs due to
an electron interaction, approximately 30% of the breaks will
be multiple events (three or more) that occur over a very
small distance. These multiple events, sometimes referred to
as LMDS, would be expected to occur at the same average
rate per electron traversal of the DNA, whether the overall
dose is high or low. It is reasonable to expect that multiple
lesions of this sort would be more difficult to repair or might
be prone to misrepair. This may explain the apparent incon-
sistency between the lethality and mutagenicity of agents
that principally cause DNA single-strand breaks and ioniz-
ing radiation, which also produces double-strand breaks and
LMDS. Furthermore, modeling of multiple damages in a
small length of DNA suggests that the normal cellular oxida-
tive damage of DNA may differ qualitatively from that due
to ionizing radiation. Recent information is presented as an
annex to this chapter, about a significant disparity in the
genes that repair oxidative damage in yeast DNA and genes
that repair radiation damage.

ANNEX 1A: IONIZING RADIATION AND OXIDATIVE
DAMAGE—A VIEWPOINT FROM SACCHAROMYCES
CEREVISIAE

Approximately 4800 deletion mutations have been made
in all the nonessential genes in the yeast Saccharomyces
cerevisiae. These have been used by two groups of investi-
gators to identify the genes responsible for resistance against
ionizing radiation, ultraviolet light, cisplatin, and a number
of different oxidizing agents (hydrogen peroxide, diamide,
linoleic acid 13-hydroperoxide, menadione, and cumene hy-
droperoxide; Birrell and others 2001, 2002; Game and oth-
ers 2003; Thorpe and others 2004; Wu and others 2004). The
set of genes required for resistance against a particular agent
is an indication of the nature of the cellular biochemical path-
ways required to restore viability and, indirectly, of the kind
of damage generated by the agent. If a common set of genes
is required for several different agents, these will point to a
common or overlapping chemical nature of the damage. The
striking observation about the results in S. cerevisiae is that
the sets of genes required for resistance against each agent
differed significantly from each other. When pairwise com-
parisons were made between ionizing radiation and each
oxidant, the overlap was low: less than half of the genes
required for resistance against ionizing radiation were also
required for resistance to oxidative damage (Figures 1A-1,
and 1A-2).

Large numbers of genes not obviously involved in DNA
repair fall within the list of sensitive mutants to ionizing ra-
diation and oxidants. Several genes whose deletion produced
sensitivity to radiation and oxidants were involved in DNA
replication and recombination, suggesting that this process
was vulnerable to all kinds of cellular damage in yeast. In
contrast, the most important genes in human cells for repair
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by NHEJ were not represented among the sensitive mutants
because this is a minor pathway in yeast. An additional
observation is that the set of genes whose expression was
induced by damage differed from the genes required for
resistance against each agent, implying that repair genes
were not among those induced by damage (Birrell and others
2002).

The committee carried out a detailed comparison of the
genes reported by each group, using publicly available data
sets. One group (Birrell and others 2001, 2002; Game and
others 2003) reported the response of the complete set of
4800 genes and ranked them in sequence, from most sensi-
tive to least sensitive. About 10% of all genes (470) showed
some degree of sensitivity to ionizing radiation. The other
group (Thorpe and others 2004) reported only those genes
that showed sensitivity to at least one oxidant (approximately
675 genes) and ranked them in categories 1-7, with the most
sensitive in category 1.

Comparison between these data sets is complicated by
different methods of reporting and different technical ap-
proaches to determining sensitivity. Comparisons were
therefore made in general terms rather than gene by gene,
and only those genes were considered that were reported by
both groups. The committee first compared the genes re-
quired for resistance against hydrogen peroxide as reported
by two independent research groups, to establish the consis-
tency of the data (Figure 1A-1). A set containing about 200
genes was common to both groups as necessary for resis-
tance to hydrogen peroxide. Of these, 150 were also sensi-
tive to ionizing radiation. Since different methods were used
to detect sensitivity and rank the strains, some differences
are not surprising. The common set of 150 genes required
for resistance to both ionizing radiation and hydrogen perox-
ide included those involved in postreplication repair and re-
combination, but the genes that ranked among the most sen-
sitive toward ionizing radiation were ranked lower on the list
for hydrogen peroxide (Birrell and others 2002).

The committee then compared the genes required for re-
sistance to different oxidizing agents with those required for
resistance to X-rays (Figure 1A-2). The overlap was small in
comparison to the number of genes required for resistance to
ionizing radiation; conversely, more than half of the genes
required for resistance to each oxidant were also required for
resistance to ionizing radiation. However, the same genes
were not involved for each oxidant.

The implication of these results is that each agent that is
toxic to S. cerevisiae produces a unique spectrum of cellular
damage, with some overlap. The relevance of these com-
parisons to this report lies in the attempts that have been
made to explain low-dose ionizing radiation as no more than
a special case of oxidative damage (Pollycove and Feinen-
degen 2003). If this were true, low doses of ionizing radia-
tion would be insignificant compared to the levels of natu-
rally occurring reactive oxygen species and could therefore
be ignored as having no detrimental health effects. How-
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FIGURE 1A-1 Venn diagram representing the overlap among genes involved in resistance against ionizing radiation and hydrogen peroxide
as indicated in the reports cited. Numbers in regions of overlap represent the number of genes responsible for resistance against two agents

as reported by one or another group.
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FIGURE 1A-2 Venn diagram representing the overlap among genes involved in resistance against ionizing radiation and various oxidizing
agents as indicated in the reports cited. Numbers in regions of overlap represent the number of genes responsible for resistance against two

agents as reported by one or another group.
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ever, each oxidizing agent involved a significantly different
set of genes, which also differed from those required for pro-
tection against X-rays, indicating that oxidative damage can-
not be considered a single entity, but is dependent on the
chemical source of the oxidation. Mutants sensitive to hy-
drogen peroxide included an overrepresentation of mito-
chondrial respiratory functions, but those sensitive to dia-
mide encompassed genes involved in vacuolar protein
sorting. This makes it especially difficult to predict what
kinds of damage would result from endogenous reactive oxi-
dative species. Endogenous damage could present its own
unique spectrum of genes required for resistance, different
from each of the exogenous sources as well as from ionizing
radiation.

These results must be confirmed and extended to human
cells, because the genes known to be involved in repair of
DNA DSBs by NHEJ (Ku70, Ku80, and DNA-PK) were
rarely found among those involved in resistance to ionizing
radiation or oxidative damage in yeast, where they play a
very minor role. The majority of genes required for resis-
tance to oxidative damage were, however, considered by one
set of authors (Thorpe and others 2004) as more representa-
tive of damage to the protein components of the cell than to
DNA. These included genes required for transcription,
protein trafficking, and vacuolar function.
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These damage responses in S. cerevisiae are, however,
dominated by the efficient homologous recombination that
plays a major role in response to DNA damage (Kelley and
others 2003). Homologous recombination may therefore
mask some of the effects caused by loss of genes on path-
ways that may be minor in yeast but more important in mam-
malian cells (Swanson and others 1999; Gellon and others
2001; Morey and others 2003). For example, mice that are
defective in apurinic endonuclease are embryonic lethals,
and blastocysts derived from these nulls are radiosensitive
(Xanthoudakis and others 1996; Ludwig and others 1998).
RNAI ablation of a pyrimidine-specific DNA glycosylase in
mice confers radiosensitivity (Rosenquist and others 2003).
Although the results described in yeast do indicate differ-
ences between ionizing radiations and oxidizing agents, the
extent of differences or of overlap may not be the same in
mammalian cells.

These results in S. cerevisiae, however, provide no sup-
port for the attempts to equate low-dose ionizing radiation
with endogenous oxidative reactions. The committee would
expect even greater divergence between ionizing radiation
and oxidative damage in human cells because of the higher
ratio of cytoplasmic and nuclear proteins to DNA than in S.
cerevisiae and the greater role of NHEJ.
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Molecular and Cellular Responses to lonizing Radiation

Since the early years of radiobiology the cellular effects
of ionizing radiation have been studied in the context of in-
duced chromosomal aberrations, and early models of radia-
tion action were largely based upon such studies (Savage
1996). In the 1970s, somatic cell genetic techniques were
developed to allow the quantification and characterization
of specific gene mutations arising in irradiated cultures of
somatic cells. In more recent years, findings of persistent
postirradiation genomic instability, bystander effects, and
other types of cellular response have posed additional ques-
tions regarding the mechanisms underlying the cytogenetic
and mutagenic effects of radiation and their potential to con-
tribute to radiation tumorigenesis.

This chapter considers the general aspects of dose-re-
sponse relationships for radiobiological effects and subse-
quently reviews the largely cellular data on a range of radio-
biological end points. The main focus of the review is the
issue of cellular effects at low doses of low-LET (linear en-
ergy transfer) radiation. Many of the conclusions reached
from this review, when aggregated with those of Chapters 1
and 3, contribute to the judgments made in this report about
human cancer risk at low doses and low dose rates.

GENERAL ASPECTS OF DOSE-RESPONSE
RELATIONSHIPS

Any effect of radiation exposure must be quantified in
relation to the effect observed in a control population. In this
way the dose to an irradiated population is considered in the
context of, among other factors, the natural background ra-
diation received. For low-LET radiation an absorbed dose of
1 Gy'! (1000 mGy) corresponds to an equivalent dose of 1 Sv
(1000 mSv). Because this report focuses on low-LET radia-
tion, reference is mostly to grays and not to sieverts. Low-

IBecause the older dose term “rad” is used in some figures, the commit-
tee notes here that 1 Gy = 100 rads.
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LET background radiation worldwide is responsible for an
average annual effective dose per person of about 0.9 mGy
per year (UNSCEAR 2000b). This includes an estimated
0.48 mGy from external terrestrial radiation to the body,
0.28 mGy from cosmic radiation (excluding the neutron
component), and 0.17 mGy from radioisotopes in the body.
For the purposes of this report, it does not include back-
ground radiation of about 1.2 mSv delivered to the lungs
from radon and radon progeny or other high-LET radiation.
Radon is the subject of the BEIR VI report (NRC 1999).

The maximal permissible levels that are recommended in
the United States by the National Council on Radiation Pro-
tection and Measurements (NCRP) for people exposed to
radiation other than background radiation and from medical
applications are 1 mSv per year for the general population
and 50 mSv per year for radiation workers employed by
nuclear-related industries (Federal Register 1987). Consid-
ering the levels of background radiation, the maximal per-
missible levels of exposure of radiation workers now in
effect, and the fact that much of the epidemiology of low-
dose exposures includes people who in the past have received
up to 500 mSv, the BEIR VII committee has focused on
evaluating radiation effects in the low-dose range <100 mGy,
with emphasis on the lowest doses where relevant data are
available. Effects that may occur as the radiation is delivered
chronically over several months to a lifetime are thought to
be most relevant.

An effect (E) (for example chromosomal aberrations,
mutations, or animal carcinogenesis) induced by an acute
dose of low-LET radiation delivered over a few minutes has
been described by the relationship E = oD + BD?, where
D = dose; this is a linear-quadratic dose-response relation-
ship curving upward (Lea 1946; Cox and others 1977). Theo-
retically, the o term represents the single-hit intratrack com-
ponent, and B represents the two-hit intertrack component.
An alternative interpretation is that the D? term may arise
from multiple tracks that would increase the overall burden
of damage in a cell and thereby partially saturate a repair
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system and reduce the probability of repair of particular dam-
age from a track (UNSCEAR 1993). However, there is no
experimental evidence to support this model. As the dose is
reduced, the B term becomes less important, and the dose-
response relationship approaches linearity with a slope of o.
For doses delivered in multiple fractions or at low dose rates,
in which case the effects during the exposure period are in-
dependent and without additive or synergistic interactions,
the dose-response relationship should also be linear with a
slope of o.. Theoretically, the value of o should be the same
for high and low dose rates and for single or multiple doses,
and there should be a limiting value, o, so that reducing the
dose rate further would not reduce the o term (see Figure 2-1
for an illustration of these concepts).

For extrapolating data from acute high-dose-rate experi-
ments to results expected for low doses and low-dose-rate
experiments, the dose and dose-rate effectiveness factor,
DDREEF, is estimated (see Figure 2-1). The DDREEF is esti-
mated by comparing the linear extrapolation (curve B) of the
induced incidence for a set of acute dose points (curve A)
with the linear curve (D) for low dose rate. The DDREF is
equal to the slope oy for curve B divided by the slope o, for
curve D. If only acute high-dose data are available, the slope
(ar,) for the linear extrapolation of the data for acute doses
that approach zero (tangent to curve A) is used. This is the
dose effectiveness factor (DEF), which is assumed and
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shown (Cornforth and others 2002) to be equal to the dose-
rate effectiveness factor (DREF). Therefore, the term
DDREF is used to estimate effects for either low doses or
low dose rates. This value for DDREF can be estimated from
a fit of the acute data using the relationship described above
(i.e., E= oD + BD?). Thus, the DDREF = [(a.D + BD?)/D] /
(aD/D) = (oD + BD?)/oD, which equals 1 + DB/ocor 1 + D/
(a/B). D is the dose at which the response for acute irradia-
tion is divided by the response for low-dose-rate irradiation
to obtain the DDREF, and the relationship shows that
DDREF will increase with the dose at which the curves A
and D are compared. Note, the contribution from the 3 term
(BD?) equals the contribution from the o term (aD) (i.e.,
BD? = aD, when D = o/B). For this dose equal to o/p, the
incidence for curve D is equal to the difference between the
incidence for curve A and the incidence for curve D; thus,
curve A intersects the linear curve B at the dose equal to o/
B. For example, if o/p equals 1 Gy, the DDREF for a dose of
1 Gy would theoretically equal (1 + 1/1) or 2; for a dose of
0.5 Gy, the DDREF would equal 1.5, and for a dose of 2 Gy,
it would equal 3. If o/f equals 2 Gy, curves A and B would
intersect at 2 Gy where the DDREF equals 2; at doses less
than or greater than 2 Gy, the DDREF would be less than or
greater than 2, respectively. This concept is illustrated with
experimental data in Figure 2-8; for the induction of HPRT
(hypoxanthine-guanine phosphoribosyl transferase) muta-
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tions in mouse splenic T lymphocytes, the DDREF was ~1.5
at 1 Gy and ~4 at 5 Gy. Also, in Figure 10-2, dose-response
curves for the incidence of solid cancers in Japanese A-bomb
studies were constructed over the dose range of 0-1.5 Sv,
assuming o/f = 1.45 Sv and o/f = 3.33 Sv, and DDREF val-
ues were calculated by dividing the slope of curve B by the
slope of curve D. These slope ratios give DDREF values of
1.8 for o/ = 1.45 Sv and 1.3 for o/ = 3.33 Sv.

Several factors may affect the theoretical dose-response
relationships described above, namely: variations in radi-
osensitivity during the cell cycle; induction of an adaptive
response to an initial exposure, which can reduce the effect
of later exposures; a bystander effect that causes an irradi-
ated cell to have an effect on a nearby unirradiated cell; the
induction of persistent genomic instability; and hyper-radia-
tion sensitivity in the low-dose region. Except for the cell
cycle, these factors have been identified and studied since
the BEIR V report (NRC 1990). These factors, together with
data on the induction of gene/chromosomal mutations in so-
matic cells are discussed in subsequent sections of this
chapter.

INDUCTION OF CHROMOSOME ABERRATIONS

Early studies on the mechanisms of chromosome aberra-
tion induction summarized by Savage (1996) lead to the fol-
lowing conclusions: Primary radiation-induced break-type
lesions can (1) reconstitute without morphological change
to chromosomes; (2) rejoin illegitimately with another break
close in time and space to produce an intra- or interchromo-
somal aberration visible at the subsequent mitosis; or (3) re-
main “open,” leading to a simple break at mitosis. These
early conclusions, based primarily on work with plant cells,
are supported by subsequent studies with mammalian cells.
The quantitative cytogenetic systems developed over the
years, particularly in G, human lymphocytes, have been uti-
lized in studies on the effects of dose, dose rate, and radia-
tion quality. From a mechanistic viewpoint there is compel-
ling evidence that the induction and interaction of DNA
double-strand breaks (DNA DSBs or, more correctly,
double-stranded lesions) is the principal mechanism for the
production of chromosome aberrations. The fundamental
arguments supporting this widely accepted conclusion have
been discussed in depth (Bender and others 1974; Scott 1980;
Cornforth and Bedford 1993; Natarajan and Obe 1996). Of
particular note are the data showing excess aberrations fol-
lowing the introduction of DNA DSB-inducing restriction
endonucleases into cells (Bryant 1984; Obe and others 1985;
Morgan and Winegar 1990). The increased chromosomal
radiosensitivity in cells genetically deficient in processes
associated with DNA DSB repair, reviewed by ICRP (1998),
also supports this conclusion.

The biophysical modeling of the dose-response and LET
dependence for chromosome aberration induction has been a
major focus in radiobiological research for many years. In

the following paragraphs, a brief outline is provided of the
current state of knowledge of the mechanisms that are be-
lieved to play a role in the induction of chromosomal aberra-
tions (see Bedford and Dewey 2002 for a detailed discus-
sion). Aberrations formed following irradiation of cells in
the G,/G, phase of the cell cycle are dicentric exchanges,
centric rings, and monocentric exchanges (translocations).
The vast majority of studies show that the dose-response for
low-LET radiation is curvilinear and fits well to the equation
oD + BD?2. At high doses, saturation effects occur, and the
dose-response tends to turn down; for human lymphocytes,
saturation occurs at doses greater than 4-5 Gy. The linear
coefficient o, representing the initial slope of the dose-re-
sponse, increases with the LET of the radiation, reaches a
maximum at ~70 keV um~!, and then falls. The quadratic
coefficient 3 is approximately constant up to around 20 keV
um~! but reduces at higher LET (>100 keV um). A reduc-
tion in low-LET dose rate reduces aberration yields in a dose-
dependent manner; the value of o is unaffected, but the value
of B decreases (Edwards and others 1989).

A current explanation of the above dose-response charac-
teristics is that DNA DSBs are the principal causal events
for aberration induction and that these are induced with lin-
ear kinetics at around 30 DNA DSBs Gy~!. Correct repair
and misrepair processes operate in competition for these
DNA DSBs, with the majority of breaks restituting correctly
and a small fraction taking part in misrepair-mediated chro-
mosomal exchanges (Hlatky and others 1991). The fraction
of misrepair events is suggested to be dose dependent, with
the close proximity of DNA DSBs promoting exchanges and
thereby imposing curvature on the low-LET dose response.
The two-track component of DNA lesion production and
interaction increases as a quadratic function of dose and pro-
duces biophysical curvature on the dose-response. However,
the concept of proximity-promoted interaction of lesions
gives more weight to lesions arising along the path of single
tracks. Such proximity effects have been reviewed (Sachs
and others 1997). Modeling procedures of this type, while
providing a coherent explanation of low-LET dose-response,
are insufficient to account fully for high-LET effects
(Moiseenko and others 1997). An additional factor consid-
ered in some modeling of dose- and LET-dependent re-
sponses is the possibility that some exchanges might involve
interaction of a DNA DSB with an undamaged DNA site
(i.e., recombinational-like DNA misrepair). It seems likely
that a variety of repair and misrepair options are available to
the cell and that their relative importance is LET dependent;
this feature may relate to the complexity of a significant frac-
tion of initial DNA DSBs (see Chapter 1).

Dose and LET dependence also apply to the morphologi-
cal complexity of the induced chromosomal aberrations
themselves. The development of fluorescence in situ hybrid-
ization (FISH) methods of chromosome painting has allowed
aberration complexity to be studied in detail. In brief, aber-
ration complexity reflects the number of DNA DSBs in-
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volved in a given chromosomal exchange event; not surpris-
ingly, aberration complexity becomes most apparent at high
doses of low-LET radiation and at all doses of high-LET
radiation (Finnon and others 1995, 1999; Griffin and others
1995; Anderson and others 2000). The precise mechanism
of formation of these complexes remains uncertain, but mul-
tiple pairwise exchanges involving the same chromosomes
play some part (Edwards and Savage 1999). However, cy-
clic exchanges involving three and four breaks are not un-
common, implying that the interaction of multiple DNA
DSBs can occur. Recent studies using multicolor mFISH
analyses further emphasize the complexity of many radia-
tion-induced chromosomal exchanges produced after high
acute doses of radiation (Loucas and Cornforth 2001). These
mFISH analyses also show that even after exposure at very
low dose rates, the formation of complex chromosomal ex-
changes is not completely eliminated (Loucas and others
2004).

Combining FISH painting and premature chromosome
condensation techniques (Darroudi and others 1998) has also
facilitated studies on the rate of formation of aberrations. In
these studies (Darroudi and others 1998; Greinert and others
2000) a substantial portion of exchanges have been shown to
form rapidly, although some require several hours. There is
some evidence that those aberrations forming rapidly tend to
be incomplete exchanges, which suggests a time dependence
for pairwise exchange (Alper and others 1988) of DNA
DSBs. The general picture that emerges from these biophysi-
cal studies is that the misrepair events of radiation-induced
DNA DSBs that lead to chromosome aberrations are prob-
ably associated with the dominant postirradiation function
of the nonhomologous end joining (NHEJ) repair processes
described in Chapter 1.

Overall, biophysical approaches to the modeling of dose-
response for chromosomal aberrations, although not without
some uncertainties on mechanisms, imply that the single-
track component of radiation action will dominate responses
at low doses and low dose rates (i.e., the dose-response for
all forms of aberrations will be linear at low doses and low
dose rates). Considerable effort has been expended to test
this proposition, and in a very large multicenter study using
assays of dicentric aberrations in human lymphocytes, the
linearity of the response was evident down to at least 20 mGy
of low-LET radiation (Lloyd and others 1992), which is il-
lustrated in Figure 2-5. Below that dose, the statistical power
of the data was not sufficient to exclude the theoretical pos-
sibility of a dose threshold for radiation effects.

Another important feature of the chromosomal response
to radiation is the postirradiation period during which initial
DNA damage is fixed and then expressed in the form of
aberrations such as dicentric chromosomes. On the basis of
direct observation and theory, the conventional cytogenetic
view is that all such chromosomal damage sustained within
a given cell cycle will be fixed and then expressed at the first
postirradiation mitosis. Accordingly, Carrano and Heddle

BEIR VII

(1973) predicted that the dicentric aberration frequency will
fall by a factor of around 2 per cell division on the basis that
at each mitotic anaphase, a given dicentric has an equal
chance of falling free or producing a lethal anaphase bridge.
This prediction has been tested as part of a recent study (Pala
and others 2001) that showed dicentric yields falling by up
to a factor of 4 between the first and second postirradiation
cell division. It seems therefore that the vast majority of ini-
tial unrepaired and misrepaired lesions are expressed as chro-
mosomal damage at the first division. Cells carrying unbal-
anced chromosomal exchanges (dicentrics) or substantial
chromosomal losses are not expected to contribute to the
viable postirradiation population. By contrast, cells carrying
small deletions or balanced exchanges such as reciprocal
translocations are likely to remain viable, and some may have
the potential to contribute to tumor development.

Later in the chapter this conventional view is contrasted
with data implying that in some circumstances, a certain frac-
tion of irradiated cells can express chromosomal damage
over many cell cycles (i.e., persistent genomic instability).
The proposition that this induced instability phenotype can
contribute to tumorigenesis is explored in Chapter 3.

INDUCTION OF GENE MUTATIONS IN
SOMATIC CELLS

Ionizing radiation is known to induce a broad range of
potentially mutagenic lesions in DNA ranging from dam-
aged DNA bases to frank DNA breaks and chemically com-
plex lesion clusters (see Chapter 1). Not unexpectedly, mo-
lecular analyses of radiation-induced somatic mutations at a
number of loci provide evidence of induction of point muta-
tions in single genes and of small and large deletions that
may encompass a number of physically linked genes
(Sankaranarayanan 1991; Thacker 1992). An important fac-
tor in the induction and recovery of deletion-type, multilocus
mutations is the degree to which multiple gene loss may be
tolerated by the cell. There is good evidence that such toler-
ance is highly dependent on the genetic context of the muta-
tion (i.e., its position in respect to essential genes and, for
autosomal loci, the genetic status of the second gene copy on
the homologous chromosome). These issues are discussed in
depth elsewhere (Thacker 1992); here it is sufficient to note
that genetic context can result in up to a twentyfold change
in induced mutation frequencies in autosomal genes (Brad-
ley and others 1988; Amundson and Liber 1991). There is
strong molecular evidence that in most circumstances, a
DNA deletion mechanism dominates mutagenic response
after ionizing radiation (Sankaranarayanan 1991; Thacker
1992), and it is for this reason that the genetic context of the
mutation is of great importance. In illustration of this, radia-
tion mutagenesis in cells hemizygous (one gene copy de-
leted) for autosomal APRT (adenine phosphoribosyltrans-
ferase) is constrained by the proximity of an essential
sequence; induced mutation frequencies are relatively low,
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and only ~20% of induced mutations are of the deletion or
rearrangement type (Miles and others 1990)—many de-
letions will have led to cell death. By contrast, radiation
mutagenesis at the X-linked HPRT gene is much less con-
strained by neighboring sequence; induced mutation fre-
quencies are substantially higher, and ~70% of induced mu-
tations show HPRT deletion or rearrangement (Thacker
1986)—many more will have been tolerated (Bedford and
Dewey 2002). Stated simply, gene loss mutations are char-
acteristic of radiation, but their recovery in viable cells can
be a major limiting factor. Also, gene amplification can re-
sult from the process of DSB repair (Difilippantonio and oth-
ers 2002). As shown later, these features are important for
consideration of carcinogenic mechanisms and are also dis-
cussed in respect of germline mutagenesis.

Deletion and rearrangement of APRT, HPRT, and other
target genes do occur spontaneously but are generally less
frequent than point mutation; in the case of most chemical
mutagens, there is a strong bias toward the induction of point
mutations (Thacker 1986; Miles and others 1990; Sankaran-
arayanan 1991).

Studies of the effect of radiation quality on the induction
of gene mutations show a relationship similar between rela-
tive biological effectiveness (RBE) and LET to that noted
for chromosome aberration induction. Mutagenic effective-
ness peaks at a LET of 100-200 keV um~!, with maximum
RBE values usually in the range of 7-10 based largely on
initial slopes of the dose-response (Cox and Masson 1979;
Thacker and others 1979; Thacker 1992). Molecular analy-
ses broadly suggest that a DNA deletion mechanism pre-
dominates for all radiation qualities (Thacker 1986; Gibbs
and others 1987; Aghamohammadi and others 1992; Jostes
and others 1994), but there are some conflicting data on this
issue.

DNA sequence data for radiation-induced intragenic de-
letions in APRT and larger deletions encompassing HPRT
indicate the frequent involvement of short direct or inverted
DNA repeats at deletion breakpoints (Miles and others 1990;
Morris and Thacker 1993). The presence of these short re-
peats is highly suggestive of an important role for illegiti-
mate recombination processes in mutagenesis and, as for
chromosome aberration induction, the involvement of DNA
DSBs and error-prone NHEJ repair. Evidence for a close
relationship between gene mutations and chromosome aber-
rations is that several induced gene mutations are associated
with macroscopic region-specific chromosomal deletions or
rearrangements (Cox and Masson 1978; Thacker and Cox
1983; Morris and Thacker 1993).

If, as molecular data suggest, error-prone NHEJ repair of
DNA DSBs is the principal source of radiation-induced gene
mutations, then a linear dose-response would be anticipated
at low doses. For technical reasons, dose-response relation-
ships for gene mutations are far less precise than those for
chromosome aberrations. In general, however, a linear or
linear-quadratic relationship provides a satisfactory descrip-

tion of the dose-response down to ~200 mGy (Thacker 1992)
and, from limited data, at lower doses. The exceptions to this
are the data from a particularly sensitive in vivo system that
scores reversion mutations (as hair color changes) at the
pink-eyed unstable (Bonassi and others 1995) locus in the
mouse. Using this system, a linear nonthreshold low-LET
dose response has been obtained at doses down to 10 mGy
(Schiestl and others 1994), but as discussed later in this
chapter, that system is probably reflecting a mutagenic com-
ponent from the induction of genomic instability.

Studies of radiation-induced gene mutation in radiosensi-
tive mutant cell lines indicate that increased mutability can
be associated not only with defective repair of DNA DSB
but also with processes that affect the regulation of DNA
repair (Thacker and others 1994). Finally, in studies on the
effects of low-dose-rate, low-LET radiation and other cellu-
lar repair-related factors (Thacker 1992), there is consistent
evidence for potentially increased efficiency of repair of pre-
mutagenic lesions at low dose rates, but none of these stud-
ies specifically suggest the presence of a low-dose thresh-
old. The following sections consider specific aspects of
cellular response relating to cell cycle effects, adaptive re-
sponses to radiation, the transfer of damage signals between
cells (bystander effects), induced and persistent genomic in-
stability, low-dose hyper-radiation sensitivity, and other as-
pects of dose-response.

RADIATION-INDUCED GENOMIC INSTABILITY

Radiation-induced genomic instability has been defined
as the manifestation of genetic damage in a certain fraction
of irradiated cells over many cell cycles after they were irra-
diated (Little 2003). This persistent instability is expressed
as chromosomal rearrangements, chromosomal bridge for-
mation, chromatid breaks and gaps, and micronuclei (Gro-
sovsky and others 1996; Murnane 1996; Poupon and others
1996; Limoli and others 1997a; Suzuki and others 1998) in
the progeny of cells that survive irradiation. Reduction in
cell cloning efficiency several generations after irradiation
is called delayed lethality; it is supposedly a manifestation
of genomic instability associated with an increase in lethal
mutations (Seymour and Mothersill 1997). Also, gene muta-
tions, such as HPRT mutations, that arise de novo several
generations after irradiation are thought to be another mani-
festation of genomic instability. The spectrum of these de
novo mutations resembles that of spontaneous mutations
(i.e., primarily point mutations instead of deletions that are
induced directly by irradiation; Little and others 1997).
There is controversy, however, as to whether all of these
different end points represent the same fundamental chro-
mosomal alterations that result in genomic instability (Chang
and Little 1992; Morgan and others 1996; Limoli and others
1997a; Little 1998; Mothersill and others 2000a). However,
the similarity in the frequencies of genomic instability
induced in X-irradiated cells, (3 to 19) x 107 per cell/mGy,
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and the frequencies of chromosomal aberrations induced di-
rectly by irradiation may suggest that the induction of chro-
mosomal aberrations is a primary event that plays a major
role in radiation-induced genomic instability (data presented
in section “Observed Dose-Response Relationships at Low
Doses”).

There is controversy concerning the fundamental radia-
tion target and lesions that result in genomic instability. Evi-
dence that the nucleus is the target (Limoli and others 1997b;
Kaplan and Morgan 1998) is that '2°IdU (iododeoxyuridine)
disintegrations in the DNA resulted in chromosomal insta-
bility, whereas 21 disintegrations in the cytoplasm and
cellular membrane did not. Furthermore, incorporation of
BrdU (bromodeoxyuridine) into DNA increased the amount
of radiation-induced chromosomal instability (Limoli and
others 1999), which argues for DNA as the target. However,
since restriction enzymes that produced DSBs in DNA
(Kinashi and others 1995), mutations (Phillips and Morgan
1994), and chromosomal aberrations (Bryant 1984) did not
induce chromosomal instability (Limoli and others 1997b),
the hypothesis was presented that DSBs themselves are
insufficient and that complex clustered damage in the DNA,
such as that from 21 disintegrations, is required. There is
also some evidence that genomic instability results from
complex chromosomal abnormalities created de novo by
rearrangements that generate unstable combinations of DNA
sequences (Murnane 1990), such as inverted repeats or asso-
ciations of euchromatin with heterochromatin (Grosovsky
and others 1996). Nevertheless, since the amount of insta-
bility induced by %I disintegrations in the DNA was rela-
tively low (maximum of 4-9% unstable clones; Kaplan and
Morgan 1998; Griffin and others 2000), the possibility was
suggested that targets in addition to DNA might be involved
(Limoli and others 2001). At the least, damage and/or error-
prone repair in DNA is probably involved in radiation-
induced genomic instability because mutant cells deficient
in the repair enzymes needed for NHEJ are most sensitive to
the induction of radiation-induced instability (Little 2003)
and especially genomic instability induced by DNA DSBs
(Difilippantonio and others 2002).

There are also data indicating that reactive oxygen spe-
cies (Limoli and others 2001; Little 2003), potentially per-
sistent over several generations, may play an important role
in ongoing genomic instability. In addition, alterations in sig-
nal transduction pathways may be involved (Morgan and
others 1996), and alterations in nucleotide pools have been
shown to lead to genomic instability (Poupon and others
1996). Another possibility is that damage to centrosomes
might be an important target because centrosome defects are
thought to result in genomic instability through missegre-
gation of chromosomes (Pihan and others 1998; Duensing
and others 2001) that would result in aneuploidy (Duensing
and Munger 2001). However, as reported recently (Hut and
others 2003), centrosomal damage can result from incom-
pletely replicated or damaged DNA.
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Because chromosomal instability has been associated
with breakage-fusion-bridge (B/F/B) cycles (Fouladi and
others, 2000; Gisselsson and others 2000; Lo and others,
2002a, 2002b; Little 2003), the roles of telomeres may be
particularly relevant. See Mathieu and colleagues (2004) and
Murnane and Sabatier (2004) for reviews. Chromosome
instability can also be initiated by DSBs that result in the
loss of a telomere that protects the chromosome end and
prevents chromosome fusion. A single DSB introduced at a
telomere with the I-Scel endonuclease in mouse embryonic
stem (ES) cells (Lo and others, 2002a) and spontaneous
telomere loss in a human tumor cell line (Fouladi and others,
2000; Lo and others, 2002b) were found to result in sister-
chromatid fusion and chromosome instability. Chromosome
instability can be associated with prolonged B/F/B cycles;
these cycles arise as a consequence of breakage of fused
sister chromatids when their centromeres are pulled in oppo-
site directions during anaphase, with subsequent re-fusion in
the next cell cycle. These B/F/B cycles result in extensive
DNA amplification and cease only when the chromosome
acquires a new telomere, often by nonreciprocal transloca-
tions from another chromosome. However, because the
nonreciprocal translocations provide telomeres that stabilize
the marker chromosome, those chromosomes that donate the
nonreciprocal translocations can become unstable due to the
loss of their telomeres. Then, a subsequent nonreciprocal
translocation can serve to transfer instability to another chro-
mosome (Murnane and Sabatier 2004; Sabatier and others
2005). Thus, the loss of a single telomere can result in trans-
fer of instability from one chromosome to another, leading
to extensive genomic instability.

The importance of telomere loss as a mechanism for chro-
mosome instability through B/F/B cycles in cancer has been
emphasized by the demonstration that telomerase-deficient
mice that are also deficient in p53 have a high cancer inci-
dence (Artandi and others 2000; Chang and others 2001;
Rudolph and others 2001). The analysis of the tumor cells
from these mice demonstrated the presence of chromosome
rearrangements typical of B/F/B cycles, including gene am-
plification and nonreciprocal translocations commonly seen
in human cancer. It is possible that the genomic instability
observed for chromosomal aberrations, HPRT mutations,
and longer telomere terminal restriction fragment lengths in
X-irradiated CHO cells (Romney and others 2001) is also a
manifestation of nonreciprocal translocations that lead to te-
lomere loss.

A question that has to be addressed is the relevance of
radiation-induced genomic instability for radiation-induced
cancer, and a corollary of this question is the relationship
among expression of p53, radiation-induced apoptosis, and
radiation-induced genomic instability. The “guardian-of-the-
genome” hypothesis postulates that either cell cycle arrest
allows additional time for repair of DNA damage or, alterna-
tively, apoptosis eliminates damaged cells, thereby prevent-
ing progeny from manifesting genomic instability and ulti-
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mately carcinogenesis (Lane 1992; Kemp and others 1994;
White and others 1994; Levine 1997; Lengauer and others
1998). Evidence has been presented that radiation-induced
apoptosis can occur via pS3-dependent and pS3-independent
mechanisms (Strasser and others 1994) initiated by damage
in the nucleus (Guo and others 1997) or cytoplasm-mem-
brane (Haimovitz-Friedman 1998). This damage results in
cells undergoing apoptosis either during interphase without
attempting division (Endlich and others 2000), several hours
after they have divided a few times (Forrester and others
1999), or during an aberrant mitosis (Endlich and others
2000). The signal transduction pathways (White and Prives
1999) resulting in radiation-induced apoptosis involve the
nucleus and cytoplasm with alterations in mitochondrial
electron transport (Voehringer and others 2000) and release
of cytochrome ¢ from the mitochondria, which initiates
caspase cleavage (Finucane and others 1999) and terminates
in activation of a nuclease responsible for internucleosomal
digestion of DNA (Wyllie 1998).

In accord with the guardian-of-the-genome hypothesis,
mouse tumors undergoing apoptosis in a pS3-independent
manner contained abnormally amplified centrosomes, aneu-
ploidy, and gene amplification (Fukasawa and others 1997).
Also, a decrease in radiation-induced apoptosis associated
with nonfunctional p53 or expression of Bcl2 correlated with
an increase in mutagenesis (Xia and others 1995;
Cherbonnel-Lasserre and others 1996; Yu and others 1997).
However, the latter correlation might be due not to p53-
mediated’s enhancement of radiation-induced apoptosis (Xia
and others 1995) but instead to pS3-mediated’s suppression
of homologous recombination (Sturzbecher and others
1996), which in turn might suppress genomic instability and
a hypermutable phenotype. However, there is evidence that
radiation-induced genomic instability is independent of p53
expression (Kadhim and others 1996). Furthermore, when
the guardian-of-the-genome hypothesis was tested in lym-
phocyte cultures that were irradiated under different dose-
rate and mitogen-treatment conditions, postradiation incu-
bation allowing apoptotic processes to remove damaged cells
did not prevent the development of chromosomal instability
during long-term cell proliferation over 51-57 days
(Holmberg and others 1998). Thus, the relationship between
radiation-induced genomic instability, radiation-induced
apoptosis, and radiation-induced cancer is uncertain (dis-
cussed at length in Chapter 3). Furthermore, radiation-in-
duced genomic instability could not be induced in normal
diploid human fibroblasts (Dugan and Bedford 2003) and
may be related to confounding in vitro stress factors
(Bouffler and others 2001) or to the cells being partially
transformed. Finally, as discussed in Chapter 3, it may be
that genomic instability plays a more important role in tumor
progression than in tumor initiation.

Data are critically needed for the definition of molecular
targets and processes responsible for genomic instability in
order to define and understand the dose-response relation-

ship for genomic instability and especially why, in some cel-
lular systems, the induction frequency saturates with only
about 10-30% of the surviving cells manifesting genomic
instability (Little 1998; Limoli and others 1999) (data pre-
sented in Table 2-1). It may be that only a certain fraction of
the cells, or those in a certain part of the cell cycle, are sus-
ceptible to radiation-induced genomic instability. Until the
molecular mechanisms responsible for genomic instability
and its relationship to carcinogenesis are understood, the
extrapolation of dose-response data for genomic instability
to radiation-induced cancers in the low-dose range
<100 mGy is not warranted.

CELL CYCLE EFFECTS

In a number of mammalian cell lines, cells irradiated in
mitosis or late G, are most susceptible, cells in G, are inter-
mediate in susceptibility, and cells in middle to late S phase
and early G, are most resistant to the induction of cell lethal-
ity, chromosomal aberrations, and mutations (Sinclair and
Morton 1963; Terasima and Tolmach 1963; Dewey and
others 1970; Burki 1980; Jostes and others 1980; Watanabe
and Horikawa 1980; Chuang and Liber 1996; Leonhardt and
others 1997). Also, cells irradiated at the G,/S transition are
often observed to be more radiosensitive than cells in G, or
S. However, exceptions have been observed, such as little
variation in radiosensitivity during the cell cycle (Henderson
and others 1982) and greater sensitivity of cells in late S than
of cells in G, (Thompson and Humphrey 1968; Guo and
others 1997; Furre and others 1999). Since radioresistance
during late S phase has been attributed to error-free repair of
DNA DSBs by homologous recombination when sister chro-
matids have been replicated (Rothkamm and Lobrich 2003;
Rothkamm and others 2003), the lack of radioresistance dur-
ing late S phase in some cell lines may be attributed to their
inability to carry out repair by homologous recombination.
Those effects have been observed in connection with rela-
tively high acute doses of 1.5-10 Gy (1500-10,000 mGy),
but how such variations in radiosensitivity during the cell
cycle may affect responses to low doses up to 100 mGy is
not known. Also, there are no reports of studies to determine
whether there may be variations in radiosensitivity during
the cell cycle for induction of genomic instability. However,
studies with cell lines have indicated that cells are most sus-
ceptible to malignant transformation in vitro when they are
irradiated with high-LET radiation or low-energy X-rays in
late G,/M (Cao and others 1992, 1993; Miller and others
1992).

The inverse dose-rate effect (Crompton and others 1990;
Amundson and Chen 1996), in which cells at first become
more radioresistant and then more radiosensitive again as
the dose rate of low-LET radiation is decreased below about
1-10 mGy/min, has been attributed to the arrest of cells in a
radiosensitive G, phase of the cycle (Mitchell and others
1979; Furre and others 1999). However, evidence has been
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presented that the inverse dose-rate effect can be observed
when cells do not arrest in G, and, instead, correlates with
low-dose hyper-radiation sensitivity (HRS; Mitchell and
others 2002). This conclusion may be consistent with recent
results from the same research group (Marples and others
2003), which reported that HRS for acute radiation doses
was attributed to cells in radiosensitive G, failing to arrest
before mitosis. For high-LET radiation, the inverse dose-
rate effect has been attributed to the traversal of cells through
a radiosensitive G, phase (Brenner and others 1996; Elkind
1996; Tauchi and others 1999). Such an inverse dose-rate
effect has been reported for cell lethality and mutations
induced by low-LET radiation and for transformation
induced by high-LET radiation.

Vilenchik and Knudson (2000) hypothesized that the in-
crease in mutability observed below a dose rate of 1 mGy/
min for mouse spermatogonia and 10 mGy/min for cells
in vitro is not caused by variations in radiosensitivity during
the cell cycle but rather by a diminished activation of error-
free repair at very low dose rates inasmuch as the rate of
induced DNA damage (signal) is lower than the background
rate of spontaneous DNA damage (noise). This interpreta-
tion of the data remains controversial, particularly since there
is evidence that argues against the inducibility of DNA re-
pair genes. However, Collis and colleagues (2004) reported
recently that DNA damage introduced at a very low dose
rate of 0.33 or 1.5 mGy/min produced less activation of the
radiation damage sensor ATM (ataxia-telangiectasia-mu-
tated), as detected by H2AX foci, than activation at a high
dose rate of 750 mGy/min. Furthermore, this reduction of
ATM activation was observed after irradiation in G /G, S,
and G,/M, and correlated with enhanced cell killing. For a
discussion of the expression of particular genes involved in
DNA repair and controlling checkpoints in the cell cycle,
see “DSB Signal Transduction and Inducible Repair” in
Chapter 1, along with Figure 1-10.

Although some small transient effects on cell cycle pro-
gression have been reported for doses of 20—100 mGy (Puck
and others 1997; Amundson and others 1999b), no inverse
dose-rate effect would be expected at these dose levels
(Brenner and others 1996), and if it did exist, it would be
difficult to demonstrate. However, at approximately
100 mGy, an inverse dose-rate effect of fission-spectrum
neutrons has been observed between 4 and 100 mGy/min for
neoplastic transformation of C3H 10T1/2 cells (Hill and oth-
ers 1982, 1984) and between 10 versus 250 mGy/min and
0.0083 versus 0.083 mGy/min for induction of lung adeno-
carcinomas and mammary adenocarcinomas in mice (Ullrich
1984). Apparently, these inverse dose-rate effects could not
be explained by perturbations in the cell cycle, and for mam-
mary tumors, the effect was associated with an increased
probability of progression of carcinogen-altered cells rather
than an increased number of initiated cells (Ullrich 1986).
Furthermore, an inverse dose-rate effect was not observed
for the induction of ovarian tumors, for which the response
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to dose at low dose rates was much lower than that at high
dose rates (Ullrich 1984). How these data on high-LET fis-
sion neutrons can be extrapolated to low-LET radiation is
unknown, especially because the RBE for these carcinogenic
effects has been estimated to be as high as 10 or more. This
means that the equivalent doses and equivalent dose rates
mentioned above, when expressed in millisieverts, would be
at least 10 times greater than the values expressed in
milligrays.

Furthermore, when the same tumors were induced in mice
by low-LET radiation at doses of 0.1-6.0 Gy, no inverse
dose-rate effect was observed between 0.04 and 0.6 mGy/
min; these low dose rates always had a dose-response rela-
tionship significantly below that observed for acute high-
dose-rate irradiation (Ullrich and others 1976, 1987; Ullrich
and Storer 1979a, 1979b, 1979c; Ullrich 1983). Similar ob-
servations were reported for neoplastic transformation of
C3H 10T1/2 cells by low-LET radiation, for which the dose-
response relationship for a low dose rate of 1 mGy/min was
much below that observed for an acute high dose rate of
1.0 Gy/min (Han and others 1980). The lack of a low-LET
inverse dose-rate effect for tumor induction and neoplastic
transformation in vitro contrasts with the inverse dose-rate
effect seen for cell killing and induction of mutations that is
sometimes attributed to perturbations in cell cycle progres-
sion. However, results obtained with mammalian cell lines,
in particular those for neoplastic transformation, should be
interpreted with great caution if they are to be used in esti-
mating radiation risk to humans.

ADAPTIVE RESPONSE

Organisms, such as bacteria, that live in a highly change-
able environment have multiple mechanisms for adapting to
environmental stress. The bacterium Escherichia coli has
two distinct, inducible, redox-regulated transcriptional
switches involving the soxRS and oxyR transcription fac-
tors, which respond to exposure to superoxide and hydrogen
peroxide, respectively (Demple 1991; Choi and others
2001). After exposure to ionizing radiation, these factors re-
program the cellular transcription pattern with increased ex-
pression of proteins that inactivate reactive oxygen species
and some DNA repair enzymes that process oxidative DNA
damage. As a consequence, E. coli cells exhibit a distinct
adaptive response to oxidative stress: exposure to a low dose
of active oxygen makes the cells more resistant to later ex-
posures for some finite period. In that situation, there is a
clear threshold value for deleterious effects of ionizing ra-
diation. However, the soxRS and oxyR gene regulons have
not been conserved during evolution, and human cells,
which exist in a much more stable cellular environment than
bacteria, do not appear to have counterparts. Thus, humans
do not have an adaptive response to oxidative damage simi-
lar to the well-characterized systems in bacteria.
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A broad perturbation of DNA transcription is observed
in human cells after exposure to ionizing radiation; it in-
volves the activation of transcription factors, such as NF-
kappaB and c-jun/c-fos. After exposure of human lympho-
blastoid cells to 5 Gy of radiation, 2-3% of the genes exhibit
more than a 50% change in induction or repression (Tusher
and others 2001). These genes include several involved in
cell cycle control. No genes involved in repair of DNA
DSBs generated by ionizing radiation were induced (Tusher
and others 2001; Wood and others 2001). It should also be
noted that the base-excision repair enzymes involved in the
removal of oxidative damage are not induced by low doses
of ionizing radiation in human cells (Inoue and others 2004).
These studies have provided no support for a general adap-
tive repair response in human cells to counteract DNA DSB
formation that can result in cell death or mutagenesis.

A different type of apparent adaptive response has been
well documented for the induction of chromatid-type breaks
and mutations in human lymphocytes stimulated to divide.
In most studies, a priming or adaptive dose of about 10 mGy
significantly reduces the frequency of chromosomal aberra-
tions (Shadley and others 1987; Wolff 1992a, 1996) and
mutations (Kelsey and others 1991) induced a few hours
later by 1-3 Gy. However, when the priming dose was
10 mGy, the adaptive response for chromosomal aberrations
was reduced significantly as the priming dose rate was re-
duced from 50 mGy/min to 6.4 mGy/min (Shadley and
Wiencke 1989). Adaptive responses of this type were re-
viewed by UNSCEAR (1994).

Although alterations in cell cycle progression have been
implicated in the mammalian cell adaptive phenomenon
(Aghamohammadi and Savage 1991), carefully controlled
studies indicate that the priming dose induces radioresis-
tance for induction of chromosomal aberrations in human
lymphocytes (Wolff 1996); priming doses less than 5 mGy,
or greater than about 200 mGy, yield very little if any adap-
tation (Wolff 1992b). The induction and magnitude of the
adaptive response in human lymphocytes are highly vari-
able among people (Bose and Olivieri 1989; Sankar-
anarayanan and others 1989; Shadley and Wiencke 1989;
Hain and others 1992; Vijayalaxmi and others 1995; Upton
2000), and the adaptive response could not be induced when
lymphocytes were given the priming dose during G, (Shad-
ley and others 1987). Although inhibitor and electrophoretic
studies (Youngblom and others 1989; Wolff 1992b) suggest
that alterations in transcribing messenger RNA and synthe-
sis of proteins are involved in the adaptive response in lym-
phocytes, no specific signal transduction or repair pathways
have been identified. Finally, humans exposed occupation-
ally (Barquinero and others 1995) or to iodine-131 ('3') for
treatment of thyroid disease (Monsieurs and others 2000) or
as children after Chernobyl (Tedeschi and others 1995) var-
ied in their ability to demonstrate an apparent adaptive re-
sponse for chromosomal aberrations (Padovani and others
1995; Tedeschi and others 1996). This variability may re-

late to the genetic variation reported for radiation-induced
transcriptional changes (Correa and Cheung 2004).
Adaptive responses to radiation observed in other cellu-
lar systems for induction of cell lethality, chromosomal ab-
errations, mutations (Zhou and others 1993; Rigaud and oth-
ers 1995), and defects in embryonic development provide
little information that can be used to suggest that the dose-
response curve in the dose range 0—100 mGy will be less
steep than that described by the limiting value of o. men-
tioned above. When mouse embryos were exposed to a
priming dose of about 10 mGy and evaluated for chromo-
somal aberrations or defects in development induced by a
challenge dose several hours later, the results were highly
variable for the induction of an adaptive response (Muller
and others 1992; Wojcik and others 1992; Wolff 1996;
Wang and others 1998). Studies of radiation-induced mu-
tagenesis also had variable results. Adaptation not only de-
creases the frequency of mutants induced by a challenge
dose but also appears to alter the types of mutants. Adapta-
tion of human lymphoblastoid cells to a challenge dose of
4 Gy 6 h after 20 mGy decreased the proportion of HPRT
mutants of the deletion type relative to small point muta-
tions (Rigaud and others 1995). In contrast, adaptation of
human-hamster hybrid A, cells to a challenge dose of 3 Gy
after a priming dose of 40 mGy increased the proportion of
complex unstable mutations (Ueno and others 1996). An
extensive study (Sasaki 1995) of chromosomal aberrations,
HPRT mutations, and cell killing demonstrated adaptation
in quiescent cultured m5S mouse embryonic skin cells
preexposed in G, to 10-50 mGy; cells exposed 4 h later to
doses greater than 2 Gy were significantly more resistant
than nonadapted cells for all three end points (see Figure 2-2
for cell-killing results). The adaptation phenomenon ap-
peared to involve a protein kinase C signaling pathway. In
addition, the lack of an adaptive response in a tumorigenic
variant, clone 6110, and restoration of the adaptive response
obtained by introducing human chromosome 11 (five other
chromosomes had no effect) further suggested that interfer-
ence of signaling pathways may alter adaptive responses in
malignant cells. The observation (Broome and others 2002)
that a priming dose as low as 1 mGy induced an adaptive
response in a nontransformed human fibroblast cell line for
micronuclei induced by a challenge dose of 2 Gy has to be
confirmed for other systems and end points, such as muta-
tion induction. Also, the large variation in adaptive response
for radiation-induced micronuclei in human lymphoblastoid
cell lines must be considered (Sorensen and others 2002).
Most important, the adaptive response has to be demon-
strated for both priming and challenging doses in the low-
dose range <100 mGy, and an understanding of the molecu-
lar and cellular mechanisms of the adaptive response is
essential if it is to have relevance for risk assessment.
Studies of adaptation for malignant transformation
in vitro provide conflicting information and might not be
relevant to malignant transformation in vivo. Although the
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FIGURE 2-2 Effects of preirradiation on clonogenic survival of
mouse m5S cells. Closed symbols represent results in cells in G,
preirradiated with 20 mGy of X-rays 5 h before graded doses of
acute radiation. Open symbols represent results in cells in G, given
graded doses of acute radiation only. Statistical errors are standard
errors of the mean based on variation in the number of recovered
colonies in irradiated dishes (this does not include propagation of
error in plating efficiency of nonirradiated controls). SOURCE:
Sasaki (1995).

morphologic transformation frequency of m5S adapted
mouse embryonic skin cells that had received 20 mGy was
about half the spontaneous frequency of 3 x 1075 observed in
nonprimed cells, the adapted cells exposed 5 h later to a chal-
lenge dose of 1 Gy were more susceptible to morphologic
transformation than the nonadapted cells (Sasaki 1995).
These transformation results, however, contrast with results
in mouse C3H 10T1/2 cells that were exposed in plateau
phase to a challenge dose of 4 Gy 5 h after a priming dose of
100 or 670 mGy (i.e., adapted cells were more resistant to
malignant transformation than nonadapted cells; Azzam and
others 1994). Furthermore, the priming dose of 100 or
670 mGy caused an increase by a factor of 2—5 in the trans-
formation frequency relative to the frequency of about 3 x
10~ observed for nonirradiated cells. When the same group
of investigators exposed the same C3H 10T1/2 cells in pla-
teau phase to priming doses of 1, 10, or 100 mGy, the neo-
plastic transformation frequency was lower by a factor of 3—
4 than the spontaneous frequency (Azzam and others 1996).
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The reduction was observed only when the cells were
trypsinized and replated 24 h after irradiation for the trans-
formation assay; trypsinization and replating immediately
after irradiation did not alter the frequency. Similar results
have been reported by Redpath and coworkers (Redpath and
Antoniono 1998; Redpath and others 2001): the malignant
transformation frequency was reduced by about half when
human hybrid cells approaching confluence were trypsinized
and replated 24 h after a priming dose of 10 mGy; again, no
statistically significant reduction in transformation frequency
was observed when the cells were trypsinized and replated
immediately after irradiation.

The validity of extrapolating any of the results from
in vitro neoplastic transformation systems to malignant
transformation in vivo may be questioned for the following
reasons. First, the effects associated with variations in time
of trypsinization and replating after irradiation must be un-
derstood (Schollnberger and others 2002). Second, the mea-
sured neoplastic transformation frequency depends on both
the density of viable cells plated (Bettega and others 1989)
and the number of generations before the cells become
confluent (Kennedy and others 1980). Third, when priming
doses of 1-100 mGy resulted in a decrease in the neoplastic
transformation frequency, the spontaneous transformation
frequency was unusually high in one case (Azzam and oth-
ers 1994), and a Hela X skin fibroblast human hybrid cell
system was used in the other (Redpath and Antoniono 1998).
Fourth, studies of malignant transformation in immortalized
(already-transformed) cell lines may have little relevance to
malignant transformation of normal nonimmortalized cells,
especially in vivo, where complex interactive processes can
occur (Harvey and Levine 1991; Kamijo and others 1997).

For several mammalian cell lines in culture, adaptive re-
sponses for cell lethality after doses of 200-600 mGy
(Marples and Joiner 1995; Joiner and others 1996; Marples
and Skov 1996; Wouters and others 1996; Skov 1999) and
for enhanced removal of thymine glycols after a dose of 2 Gy
(Le and others 1998) have been observed 4—6 h after a prim-
ing dose of 200 mGy. In Chinese hamster V79 cells, the rate
of repair of DNA DSBs induced by 1.5 or 5.0 Gy was
increased 4 h after a priming dose of 50 mGy (Ikushima and
others 1996).

The adaptive responses of mammalian cells described
above, at least for cell survival and repair of DNA strand
breaks (Robson and others 2000), may be associated in part
with the downregulation of a gene DIR1 90 min after doses
of 50-1000 mGy. This gene codes for proteins (Robson and
others 1997, 1999, 2000) similar to a family of heat shock-
related proteins (HSPs) known as immunophilins with tet-
rapeptide repeats (TPRs). TPR-containing proteins, such as
cell cyclin proteins cdc23, cdc27, and cdc16, have been re-
ported to form complexes in vivo, and the TPR domain is
thought to be involved in binding HSP90 and HSP70. Less
binding of HSP70 and the induction of other members of the
HSP70 family by low doses of radiation (Sadekova and
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others 1997) might result in adaptation through the same
mechanisms.

The recent microarray expression studies (Yin and others
2003) that demonstrated downregulation of the large HSPs
30 min after irradiating the mouse brain with 100 mGy may
support these conjectures. Also, the radiation-induced
downregulation of CDC16, which belongs to the anaphase-
promoting complex, was enhanced by an adaptive dose of
20 mGy (Zhou and Rigaud 2001). In fact, regulation of re-
pair and cell cycle progression may be achieved by differen-
tial complex formation (Eckardt-Schupp and Klaus 1999).
For instance, PCNA (proliferating cell nuclear antigen) ex-
pression, which is modulated by p53 in response to radia-
tion, may play an important role in regulating and coordinat-
ing cell cycle progression, DNA replication, translesion
synthesis, and DNA excision repair, depending on its part-
ner proteins. Within minutes after ionizing radiation, the
immediate-response genes transcription factors such as c-
jun, c-fos, and NF-kB are turned on, possibly thwarting the
general downregulation of transcription after irradiation and
allowing privileged transcription of special genes. The sen-
sors for these fast responses are in membranes, and they ini-
tiate signal transduction by several cascades of protein ki-
nases (Eckardt-Schupp and Klaus 1999) that may involve
reactive oxygen intermediates (Mohan and Meltz 1994;
Hoshi and others 1997). Therefore, adaptation in mamma-
lian cells probably involves induction of signal transduction
pathways (Stecca and Gerber 1998) rather than induction of
DNA repair enzymes.

There is much variability and heterogeneity in the ability
to induce adaptive responses that usually require a priming
dose of 10-200 mGy and a large challenge dose of 1-2 Gy.
Challenge doses of this magnitude probably have little rel-
evance to risk assessment for low radiation doses of 1—
100 mGy. Furthermore, the molecular pathways associated
with the phenomenon have not been delineated. Available
data indicate that the adaptive response results from DNA
damage that can be induced by 3HTdR (triliated thymidine)
incorporated into DNA, by H,O,, and by restriction enzymes
(Wolff 1992b; Sasaki 1995; Belyaev and Harms-Ringdahl
1996). The ability to induce an adaptive response appears to
depend on the genotype (Wojcik and others 1992), which
may relate to genetic variation reported for radiation-induced
transcriptional changes (Correa and Cheung 2004). In fact,
the effect of the genotype on the adaptive response has been
demonstrated most conclusively in Drosophila melanogaster
(Schappi-Bushi 1994).

A priming dose has been reported to reduce chromosomal
damage in some chromosomes and increase it in others
(Broome and others 1999). Data are needed, particularly at
the molecular level, on adaptation induced when both
priming and challenging doses are in the low-dose range
<100 mGy; relevant end points should include not only chro-
mosomal aberrations and mutations but also genomic insta-
bility and, if possible, tumor induction. In vitro and in vivo

data are needed on delivery of the priming and challenge
doses over several weeks or months at very low dose rates or
with fractionated exposures.

Finally, we should be concerned about the cumulative
effect of multiple low doses of less than 10 mGy. Such data
have not yet been obtained, in particular those explaining the
molecular and cellular mechanisms of the adaptive response.
Therefore, it is concluded that any useful extrapolations for
dose-response relationships in humans cannot be made from
the adaptive responses observed in human lymphocytes or
the other cellular systems mentioned above. In fact, a study
(Barquinero and others 1995) reporting that an average oc-
cupational exposure of about 2.5 mGy per year over 7—
21 years resulted in a variable adaptive response for chro-
mosomal aberrations induced in human lymphocytes by a
large challenge dose of 2 Gy also reported that the incidence
of spontaneous aberrations was increased significantly by
the occupational exposure. Barquinero and colleagues (1995)
also cite six reports indicating that basal rates of chromo-
somal abnormalities are in general higher in exposed human
populations; recent papers (Tanaka and others 2000; Tawn
and others 2000a, 2004; Burak and others 2001; Liu and
others 2002; Maffei and others 2004) present similar infor-
mation. Therefore, based on current information, the as-
sumption is unwarranted that any stimulatory effects of low
doses of ionizing radiation substantially reduce long-term
deleterious radiation effects in humans.

BYSTANDER EFFECTS

A factor that could have a significant effect on the dose-
response relationship is the bystander effect that irradiated
cells have on nonirradiated cells. Recent comprehensive re-
views of bystander effects observed in vitro (Morgan 2003a)
and in vivo (Morgan 2003b) emphasized their possible
mechanisms, implications, and variability. In addition, re-
views have been published recently on the relationship be-
tween the bystander effect, genomic instability, and car-
cinogenesis (Little 2003; Lorimore and others 2003).
Observations that irradiated cells or tissues could have del-
eterious effects on nonirradiated cells or tissues were re-
ported many years ago (Bacq and Alexander 1961) and were
termed abscopal effects. As an example of such an effect,
plasma from patients who underwent localized radiation
therapy induced chromosomal aberrations in lymphocytes
from nonirradiated patients (Hollowell and Littlefield 1968;
Littlefield and others 1969). A bystander effect has been
demonstrated conclusively for cells in culture exposed to
high-LET radiation, usually o-particles. Little and col-
leagues estimated that a single o-particle traversing a cell
can induce HPRT mutations (Nagasawa and Little 1999),
sister-chromatid exchanges (Nagasawa and Little 1992),
upregulation of p21 and p53, and downregulation of cyclin
B1, cdc2, and rad51 (Azzam and others 1998) in unirradiated
cells. At least for the bystander effect on signal transduction
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pathways and induction of mutations, the irradiated and
nonirradiated cells had to be in contact with each other
through gap junctions. Hall and colleagues demonstrated the
same bystander phenomenon for cell killing, induction of
mutations (Zhou and others 2000), micronuclei formation
(Hall 2000), and malignant transformation (Sawant and oth-
ers 2001a); the magnitude of the bystander effect increased
with the number of o-particles traversing the nuclei (Sawant
and others 2001a).

For malignant transformation, the frequency when only
10% of the cells were traversed by an a-particle was as great
as when every cell was exposed to an a-particle; further-
more, nonirradiated cells did not have to be in contact with
irradiated cells. However, the same group subsequently re-
ported that gap junctions appeared to be required for another
bystander effect resulting in cell lethality in nonhit cells
(Sawant and others 2002). The group also showed that irra-
diating the cytoplasm with o-particles (Wu and others 1999)
induced mutations (small deletion and base-pair alteration
mutations) that resembled those occurring spontaneously,
not the larger deletions observed when the nucleus was irra-
diated to induce mutations in both irradiated and non-
irradiated cells (Zhou and others 2000). Lorimore and col-
leagues (1998) have observed a similar bystander effect:
delayed chromosomal aberrations associated with genomic
instability when cells were exposed to a-particles. Prise and
colleagues (1998) have observed a bystander effect for ge-
nomic instability associated with the formation of micronu-
clei 20-30 generations after individual cells were irradiated
with a charged-particle microbeam. Their subsequent stud-
ies with primary human fibroblasts (Belyakov and others
2001) showed that even though a single cell had been tar-
geted, an additional 80—110 cells had micronuclei; the yield
of cells that had excess micronuclei was independent of the
number of charged particles delivered to the targeted cell.

The molecular mechanisms proposed for the bystander
effects described above are speculative (see Chapter 1 “DSB
Signal Transduction and Inducible Repair” for a discussion
of possible repair and signal transduction pathways that may
be involved). Activation of the p53-mediated DNA damage
response pathway in bystander cells has led to speculation
(Grosovsky 1999) that reduced replication fidelity or in-
creased recombinational activity might lead to the genetic
effects that occur in these cells. However, o-particle-induced
chromosomal instability was reported to be independent of
the p53 status of the cells (Kadhim and others 1996). The
bystander phenomenon may involve the diffusion of
cytokines or long-lived reactive oxygen species (ROS;
Narayanan and others 1997, 1999; Lorimore and others
1998; Wu and others 1999; Azzam and others 2002; Morgan
2003a, 2003b) including any products formed by reaction
with hydrated electrons or OH" radicals (Ward 2002). Also,
the diffusion of paracrine proapoptotic or antiapoptotic fac-
tors induced by upregulation of p21 (Chang and others 2000)
may be involved. Because CDC2 is downregulated by o.-

BEIR VII

particles, there may be reduced phosphorylation of connexin
43 by CDC2 and thus increased membrane permeability
(Azzam and others 1998). This hypothesis is supported by
the observation that membrane signaling is involved in the
bystander effect for sister-chromatid exchanges and HPRT
mutations induced indirectly by a-particles (Nagasawa and
others 2002).

Regardless of the molecular mechanisms involved, the
bystander effects observed with high-LET particles may
have important implications for low doses of high-LET ra-
diation. According to Sawant and others (2001a), “These
results, if applicable in vivo, would have significant conse-
quences in terms of radiation risk extrapolation to low doses,
implying that the relevant target for radiation oncogenesis is
larger than an individual cell, and that the risk of carcinogen-
esis would increase more slowly, if at all, at higher doses—
an effect seen in vivo, as well as epidemiologically. Thus, a
simple linear extrapolation of radiation risk from high doses
(where they can be measured) to lower doses (where they
must be inferred) would be of questionable validity.” In other
words, it is speculated that there could be a convex, down-
ward-curving dose-response relationship at low doses, and
that extrapolation of data from high doses could lead to an
underestimate of the effect at low doses of high-LET
radiation.

A most critical question, however, is whether these types
of bystander effects exist for low-LET radiation doses
<100 mGy, which are the focus of this report. For o-par-
ticles and other high-LET radiation used in bystander stud-
ies, the dose to the nucleus was calculated to be 130—
500 mGy per a-particle traversal, depending on the size and
shape of the cell and its nucleus (Azzam and others 1998);
that is, a flattened cell nucleus would have a much lower
dose from high-LET radiation than a spherical rounded cell
nucleus because of the geometry of the nucleus in relation to
the radiation source (Clutton and others 1996a, 1996b). For
low-LET radiation (assuming an RBE of 3), the dose corre-
sponding to that from the high-LET radiation would be 0.39—
1.5 Gy. Because the bystander effect resulting from an o-
particle traversal through an irradiated cell was lower by a
factor of 3-5 than the direct effect on the irradiated cell and
because the magnitude of the bystander effect appeared to
increase as the number of traversals through the cell in-
creased (Sawant and others 2001a), one might expect that
the same type of bystander effect would not be observed in
the low-dose range <100 mGy for low-LET radiation. In fact,
data indicate that the bystander effect for induced expression
of p53 was much greater and persisted much longer after o.-
irradiation than after X-irradiation (Hickman and others
1994).

In human keratinocytes, a bystander effect for cell lethal-
ity that required cell-to-cell contact with gap junctions has
been reported for y-ray doses of 500 mGy and above
(Mothersill and Seymour 1997). In the same dose range, a
bystander effect that did not require cell-to-cell contact was
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observed when cell culture medium from irradiated cells was
added to nonirradiated cells (Mothersill and Seymour
1998a). The observed bystander effect is specific for
keratinocytes because it was not observed for fibroblasts.
The effect is eliminated by heating the medium at 70°C for
30 min, and there is some evidence that an alteration in en-
ergy metabolism and induction of apoptosis are involved
(Mothersill and others 2000b). Furthermore, the bystander
effect from transfer of medium varies among cell lines
(Mothersill and others 2000b; Seymour and Mothersill
2000), and its contribution to cell lethality has been reported
either to plateau with about 40% of human keratinocytes
killed at 30—60 mGy (Seymour and Mothersill 2000) or to
increase at doses over 1 Gy delivered to CHO (Chinese ham-
ster ovary) cells (Mothersill and others 2000b). Finally, by-
stander cell killing reported for a dose as low as 10 mGy
appears to be greater for delayed cell lethality quantified by
cloning efficiency at about 14 d after irradiation than for ini-
tial cell lethality quantified by cloning efficiency determined
immediately after irradiation (Seymour and Mothersill
2000). Delayed lethality is supposedly a manifestation of
genomic instability associated with an increase in lethal
mutations in cells that survive irradiation (Seymour and
Mothersill 1997).

In another study, a low-LET radiation bystander effect
that required gap junctions was observed in a three-dimen-
sional Chinese hamster culture model (Bishayee and others
1999). The bystander effect that caused cell lethality in the
nonirradiated cells became apparent only after the irradiated
cells had undergone 1000-2000 disintegrations of SHTdR in
the DNA, that is, at a very high dose of about 2.5-5.0 Gy
(Dewey and others 1965).

Several issues should be considered in relation to the by-
stander effect. First, in contrast with the results summarized
above that involved enhancement of damage, a bystander
effect was reported to increase survival (Dent and others
1999) when medium from y-irradiated mammary carcinoma
cells was transferred to nonirradiated cells 120 min after
a dose of 2 Gy. Apparently, the soluble TGF-a (transform-
ing growth factor-o) that was released induced secondary
activation of EGFR (epidermal growth factor receptor),
MAPK (mitogen-activated protein kinase), and JNK (c-jun
N-terminal kinase), which resulted in an increase in survival.
Thus, as reviewed by Waldren (2004) both beneficial and
detrimental effects may result from the bystander effect. A
similar observation was reported for normal human diploid
lung fibroblasts exposed to low doses of a-particles; the
observed enhancement of cell growth was hypothesized to
result from an ROS-caused increase in TGF-B (Iyer and
Lehnert 2000). Second, there is a suggestion that an adaptive
response induced by a priming dose of 1 mGy for reducing
radiation-induced micronuclei was due in part to a bystander
effect (Broome and others 2002). However, the bystander
effect of a priming dose has not been found to induce a ra-
dioprotective or adaptive response for chromosomal aberra-

tions or cell killing (Wolff 1992b; Mothersill and Seymour
1998a). Third, an adaptive response induced by irradiating a
cell directly may cancel out at least part of the bystander
effect; this was observed for cell lethality when mouse C3H
10T1/2 cells were irradiated with 20 mGy of X-rays 6 h be-
fore o-particle irradiation (Sawant and others 2001Db).
Fourth, molecular mechanisms responsible for the bystander
effect of low-LET radiation, as well as high-LET radiation,
that may include genetic variation in transcriptional response
to radiation exposure (Correa and Cheung 2004), have not
been delineated. Fifth, recent results (Prise and others 2003)
suggest that a bystander effect for cell lethality from soft X-
ray irradiation (LET of 25-30 keV/u) might be observed
down to 50 mGy but not below. Sixth, until molecular
mechanisms of the bystander effect are elucidated, especially
as related to an intact organism, and until reproducible by-
stander effects are observed for low-LET radiation in the
dose range of 1-5 mGy, where an average of about one elec-
tron track traverses the nucleus, a bystander effect of low-
dose, low-LET radiation that might result in a dose-response
curving either upwards or downwards should not be
assumed.

HYPER-RADIATION SENSITIVITY AT LOW DOSES

Another factor that can cause the dose-response to devi-
ate from the alpha-beta model is HRS that has been reported
for cell lethality induced by low-LET radiation at doses up
to 200 mGy (Joiner and others 1996; Skov 1999; Figure 2-3).
In this dose range, survival can decrease to 85-90%, depend-
ing on the cell line, which is significantly lower than sur-
vival predicted by the value of o determined from survival
values above 1-2 Gy. HRS might be associated with a by-
stander effect, but a recent study (Mothersill and others 2002)
suggests that it is not. Although the magnitude of HRS varies,
there is some evidence that it also occurs for fractionated
doses of about 400 or 500 mGy both in vitro (Smith and
others 1999; Short and others 2001) and in vivo for kidney
and skin (Joiner and others 1996) and for glioma cell lines
irradiated with multiple fractions of 700-800 mGy
(Beauchesne and others 2003). Furthermore, an observed
inverse dose-rate effect was attributed to HRS seen for low
acute doses (Mitchell and others 2002), and recent cell cycle
studies (Mitchell and others 2002; Marples and others 2003;
Short and others 2003) suggest that HRS may be related to
cells not arresting in radiosensitive G,. Since a high propor-
tion of the target stem-like cells in humans would be
noncycling G, cells (see Chapter 3, “General Aspects of
Dose-Response”), the last two observations, if generally true,
would suggest that neither HRS nor the inverse dose-rate
phenomenon should have any significant effect on the dose-
response for cancer induction in humans.

Molecular mechanisms involved in HRS have been de-
scribed in only a preliminary way. However, HRS for cell
lethality up to 200 mGy was not observed in radiosensitive
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FIGURE 2-3 Tllustrative example of hyper-radiation sensitivity for
low doses. Example is from HT29 cells given graded doses of X-
rays. SOURCE: From Joiner and colleagues (1996).

AT and XR-V15B cell lines (Skov 1999) or with high-LET
radiation (Lambin and others 1993). For doses above 50—
200 mGy, for which HRS is no longer observed, the flatten-
ing of the survival curve between 500 and 1000 mGy may be
related to DNA PKcs activity (Marples and others 2002) or
to the downregulation of the DIR1 gene (Robson and others
1997, 1999); this downregulation has been shown to corre-
late with an increase in rate of repair of DNA single-strand
breaks (Robson and others 2000; Collis and others 2004,
Marples and others 2004).

DNA damage introduced at a very low rate may not acti-
vate the radiation damage sensor ATM (Collis and others
2004). Consequently, exposure to low levels of chronic ra-
diation may cause more cell damage than estimated from
extrapolation of higher doses. This hypersensitivity to kill-
ing could serve to eliminate cells that have received DNA
damage and potentially carcinogenic changes to their ge-
nome. Alternatively, it cannot presently be excluded that
some of these cells may survive and proliferate as clones of
mutated cells. It is important to note that the effect of cellu-
lar hypersensitivity to killing by very low chronic doses of
ionizing radiation is a modest effect that has been detected
only in some, but not all, human cell lines investigated.

BEIR VII

Studies of other end points have provided some additional
evidence of HRS. In a signal transduction study that used y-
ray doses of 20, 50, 100, 250, and 500 mGy, there was a
suggestion of HRS up to 200 mGy for radiation-induced
transcription of MDM?2, ATF3, and BAX in a human my-
eloid tumor line (Amundson and others 1999b; Figure 2-4).

Similar observations over the same dose range were re-
ported (Yang and others 2000) for X-ray induction of pro-
tein-8 (XIP8) in human MCF-7:W58 breast cancer cells; this
protein as it complexes with Ku70/Ku80 appears to be an
important cell-death signal. HRS was also observed in mice
as gene deletions that reverted unstable mutations in mel-
anocytes exposed to 10 mGy of X-radiation (Schiestl and
others 1994); that is, there was a threefold effect at 10 mGy
and a twelvefold effect at 1 Gy. The frequency of gene dele-
tions was about 100 times higher than the frequency of other
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FIGURE 2-4 Maximal induction of CDKN1A (@), GADD45 (O),
MDM?2 (W), ATE3 (O), and BAX () by low doses of y-rays. Points
are averages of four independent experiments; error bars are stan-
dard errors. Dashed line indicates basal level in untreated controls;
solid lines were fitted by linear regression through the data.
SOURCE: From Amundson and colleagues (1999b).
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recessive mutations at other coat color loci; therefore, the
authors speculated that the deletions resulted from non-
targeted effects, such as increased recombination frequencies
(i.e., genomic instability) in the proliferating melanocytes.

In summary, there are data suggesting HRS for cell le-
thality and signal transduction up to 200 and some data sug-
gesting HRS for mutagenesis or genomic instability at up to
50 mGy. However, it is not clear (Malaise and others 1994;
Skov 1999) whether HRS for cell lethality would cause an
increase in deleterious effects in surviving cells or would
actually decrease deleterious effects by increased killing of
damaged cells. Also, it is not known what effect HRS for
signal transduction pathways (such as that illustrated in Fig-
ure 2-4) will have in mitigating or increasing deleterious ef-
fects. Most important, it is not known if HRS plays a role
when radiation doses <100 mGy are delivered over weeks to
months, which could be relevant for low doses of low-LET
radiation delivered to radiation workers.

OBSERVED DOSE-RESPONSE RELATIONSHIPS AT
LOW DOSES

At the time of publication of the BEIR V report (NRC
1990) and during the next several years, dose-response rela-
tionships for induction of chromosomal aberrations and gene
mutations by acute doses of low-LET X-irradiation were
described quite satisfactorily down to ~200 mGy by the lin-
ear quadratic (alpha-beta) relationship discussed earlier. In
general, low dose rates and fractionated doses reduced the
induction frequencies by factors of about 2 or more, but the
results were variable and included a few reports of inverse
dose-rate effects (Thacker 1992). In this section, more re-
cent experiments conducted with mammalian cellular sys-
tems that have measured frequencies of various events re-
sulting from relatively low doses and low dose rates of
X-rays or y-rays are reviewed (Table 2-1). The objective is
to summarize data acquired primarily since the 1990 BEIR V
report that provide information on the shape of the dose-
response curve down to 100 mGy. Whenever possible, these
data will be related to human exposures, although caution
should be exercised whenever attempting to extrapolate from
in vitro systems to the human.

Normal human fibroblasts irradiated in plateau phase with
doses of 109-6000 mGy gave a linear dose-response rela-
tionship for the induction of chromosomal aberrations de-
tected by premature chromosomal condensation immediately
after irradiation (Darroudi and others 1998); the slope was 6
x 1073 fragments per cell per milligray (Cornforth and
Bedford 1983). When the cells entered metaphase and were
scored for chromosomal dicentrics and rings after repair or
misrepair of DNA damage had occurred (released from
confluence after potentially lethal damage repair had
occurred), a B-component was apparent, and the o-compo-
nent decreased to 5.8 X 107 aberrations per cell per milligray
(Cornforth and Bedford 1987). Six laboratories collaborated

in quantifying the frequency of chromosomal aberrations in
human lymphocytes exposed to eight different acute doses
from 3 to 300 mGys; a linear dose-response relationship was
observed above 20 mGy, with a slope of 2.9 x 10> chromo-
somal aberrations per cell per milligray (Lloyd and others
1992; Figure 2-5).

Below 20 mGy, however, the data could not distinguish
between a linear and a threshold model. When immortalized
human lymphocytes were irradiated in G, with four different
doses from 50 to 500 mGy, a linear dose-response relation-
ship was observed, with a slope of 2.5 x 10> chromosomal
aberrations per cell per milligray (Puck and others 1997).
These results are similar to those obtained with primary hu-
man skin fibroblasts (Cornforth and others 2002), irradiated
while the cells were arrested in G,. For total aberrations per
cell, an o-component of (5.8 + 2.4) x 10°/mGy for acute
radiation corresponded to a linear dose-response relation-
ship of (4.9 £ 2.0) x 10/mGy for low-dose-rate irradiation
(0.5 or 1 mGy/min) between 300 and 6000 mGy. For dicen-
trics, the frequency was (1.9 + 1.2) X 10-5/mGy for the low
dose rate (LDRs). These LDR coefficients correspond to the
limited slope (curve D) in Figure 2-1.

An extensive aberration study was conducted in which
mice were irradiated daily for 21, 42, or 63 d at doses of 6.4,
18.5, or 55 mGy; lymphocyte cultures set up two weeks af-
ter irradiation was completed yielded a linear dose-response
(1.2 x 107 chromosomal translocations per cell per milligray),
with no evidence of either an adaptive or a supralinear re-
sponse (Tucker and others 1998) (see Figure 2-6 in which
the frequencies determined for painted chromosomes were
corrected for the whole genome). The DDREF for acute
exposures of 1-3 Gy was about 4-6 (see “General Aspects
of Dose-Response Relationships” for definition of DDREF).
Most important, the induced frequency of chromosomal
translocations was not significantly different from that re-
ported in workers at the Sellafield Nuclear Facility who were
occupationally exposed to lifetime cumulative doses of more
than 500 mSyv, that is, (1.0 £ 0.25) X 10-5/mGy for smokers
(Tawn and others 2000a). A subsequent analysis by Tawn
and colleagues (2004) reported a linear dose-response
between 50 and 1000 mSv of (1.11 + 0.19) x 10~ transloca-
tions per cell per millisievert.

In addition, the o-component is 1.9 x 10-5/mGy for the
frequency of chromosomal translocations in lymphocytes of
cleanup workers of the Chernobyl nuclear accident who
received an estimated average dose of 95 mGy over 6—
13 years (Jones and others 2002). These values are similar to
the frequency of dicentrics (1.4 x 10-5/mGy) observed in
people who were exposed to 100 + 124 mGy of cobalt-60
over about 10 years (Liu and others 2002) and for Mayak
nuclear workers exposed over 1-5 years (0.5-0.9 x 107/
mGy for translocations; Burak and others 2001). Note that in
the seven studies above, the dose-response relationships are
consistent with a linear no-threshold model in which the ab-
erration frequencies per milligray are similar.
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TABLE 2-1 Dose-Response Relationships at Relatively Low Doses

BEIR VII

Frequency of

Events per
System (including exposure conditions Dose Range,  Curve Viable Cell
and acute o or LDR?) End Point mGy Shape per Milligray =~ Comments and References
Human fibroblasts in G, Immediate 109-6000 Linear 6x 1073 LNT¢ extrapolates to 5 mGy
PCC fragments (acute) (Cornforth and Bedford 1983)
Human fibroblasts in G, Chromosome 1000-12,000  Upward 5.8x 107 (Cornforth and Bedford 1987)
o-component-metaphase dicentrics and (acute) curvature
rings
Immortal human lymphocytes in G, Chromatid 50-500 Linear 2.5x 107 LNT > ~50 mGy (Puck and others 1997)
gaps (acute)
Human lymphocytes in G, (six Chromosome 3-300 Linear 2.9x 107 LNT > ~20 mGy (Lloyd and others 1992)
laboratories) dicentrics (acute)
Human primary fibroblasts in G Chromosome 1000-6000 Upward 5.8x 107 a-Component for acute corresponds to
(acute o-component) aberrations (acute) curvature linear dose-response for LDR (Cornforth
and others 2002)
Human primary fibroblasts in G(-0.5 or Chromosome 300-6000 Linear 49x%x 107 LNT > 300 mGy
1 mGy/min aberrations (LDR) (Cornforth and others 2002)
Mice—daily doses of 6.4, 18.5, or Chromosome 100-3500 Linear 1.2x 1075 LNT > ~100 mGy DDREF¢ of 4-6 for
55 mGy for 21, 42, or 63 d, respectively translocations (LDR) 1-2 Gy acute exposure
(Tucker and others 1998)
Nuclear workers at Sellafield— Chromosome 50-1000 Linear 1.I1x 107 LNT > 50 mGy
lymphocyte cultures translocations (LDR) (Tawn and others 2000a, 2004)
Cleanup workers at Chernobyl— Chromosome ~95 (LDR) ? 1.9 x 107 Increase of 30% (10-53% p < .002)
lymphocyte cultures translocations relative to controls (Jones and others 2002)
Chinese hamster cells with human Loss of 250-1500 Linear 7% 1070 LNT > ~ 250 mGy
chromosome 11 antigen on (acute) (Puck and Waldren 1987)
chromosome 11
TK6 human lymphoblasts—daily doses HPRT 50-2000 Linear 6x 107 LNT > ~50 mGy
of 10, 25, 50, or 100 mGy for 1 month mutations (LDR) (Grosovsky and Little 1985)
Mice—T lymphocytes in spleen— HPRT 300-6000 Linear 3x 107 LNT > ~300 mGy DDREF of ~1.5 for
chronic at 0.69 mGy/min or 0.1 mGy/min  mutations (LDR) acute <2 Gy (Lorenz and others 1994)
Cleanup workers at Chernobyl— HPRT ~95 (LDR) ? 5x 1078 Increase of 41% (19-66% p < .001)
lymphocyte cultures mutations relative to controls (Jones and others 2002)
Chinese hamster cells with human Genomic 1000-10,000  Linear 3x10°° Based on percent unstable clones with
chromosome 11 instability (acute) BrdU saturates at 30%
Translocations (Limoli and others 1999)
on chromosome
11
Chinese hamster cells (CHO) Genomic 2000 ? 5x 1075 Based on percent unstable clones; from
instability 4 to 12 Gy saturates at 20% (Little 1998)
de novo HPRT
mutations
Melanocytes in irradiated mice Genomic 10-1000 Linear 8x 107 LNT > 10 mGy, but supralinear from 0 to
instability gene 10 mGy (Schiestl and others 1994)
deletions

continues
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TABLE 2-1 Continued

Frequency of

Events per
System (including exposure conditions Dose Range,  Curve Viable Cell
and acute o or LDR?) End Point mGy Shape per Milligray =~ Comments and References
Human blood lymphocytes stimulated Genomic 1000-3000 ? (3-10) x 10 Analyzed at 51-57 d after irradiation
with PHA instability (acute) (Holmberg and others 1998)
chromosomal
aberrations
Hamster embryo cells Malignant 30-1500 Linear 4% 100 LNT > ~30 mGy (Borek and others 1983)
transformation (acute)
C3H 10 T1/2 mouse cells (six labs) Malignant 250-5000 Linear 8x 108 LNT > ~250 mGy (Mill and others 1998)
transformation (acute)
Hela X skin fibroblast human hybrid cell Malignant 0-1000 Sigmoid 4x10°8 Threshold at ~300 mGy dependent on time
system transformation (acute) of trypsinization after irradiation

(Redpath and others 2001)

NOTE: LDR = low dose rate; PCC = premature chromosome condensation; PHA = phytohemagglutinin.

4Acute indicates that doses were delivered at high dose rate (e.g.,
relationship.

0.1 Gy/min.), and o-component signifies the value of o in the linear-quadratic

PLDR indicates that the doses were delivered at low dose rates less than 0.01 Gy/min.

°LNT signifies a linear, no-threshold dose-response relationship.
IDDREF is defined and illustrated in Figures 2-1 and 2-8.

Three mutation experiments have yielded a linear dose-
response relationship. First, the loss of an antigen marker on
human chromosome 11 integrated in Chinese hamster cells
and exposed to four different doses from 250 to 1500 mGy
yielded a linear dose-response relationship with a slope of 7
x 107° mutants per viable cell per milligray (Puck and
Waldren 1987). The relatively high frequency is due to the
large target size because of the large distance between the
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antigen marker and essential genes on chromosome 11 (see
“Induction of Gene Mutations in Somatic Cells”).

Second, human lymphoblast cells (TK6) exposed to one
acute dose or to daily doses of 10, 25, 50, or 100 mGy for up
to one month, with samples taken every 5 d, yielded a linear
dose-response relationship for induction of HPRT or TK
mutations (Figure 2-7). Over a total dose range of 50—
2000 mGy, the slope for HPRT mutations was 6 X 10~ mu-
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FIGURE 2-5 Dicentric yields as a function of dose; @, Pohl-Ruling and others (1983); %, Lloyd and others (1992), experiment 1; [J experi-

ment 2. SOURCE: From Lloyd and colleagues (1992).
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FIGURE 2-6 Induced translocations (observed frequency less control value) per dose fraction as a function of radiation dose per fraction.
The line is the least-squares regression fit, with ¥ = 0.0121X"3¢7; R? = 0.98. Five points on the upper part of the line represent the acute
exposures (DDREF of 4-6), and the three sets of values on the lower portion of the line are from mice that received fractionated exposures.

SOURCE: From Tucker and others (1998).

tants per viable cell per milligray (Grosovsky and Little
1985).

Third, mice were irradiated with total doses of 300—
6000 mGy applied at an acute dose rate of 500 mGy/min or
at a low dose rate of 1000 mGy/d (0.69 mGy/min) or
1000 mGy per week (0.1 mGy/min; Lorenz and others
1994). At 8-10 weeks after irradiation was completed, the
frequency of HPRT mutants in splenic T lymphocytes for
the LDRs was described by a linear dose-response relation-
ship that had a slope of 3 x 10~ mutants per viable cell per
milligray. This is about one-tenth the frequency of HPRT
mutants observed in lymphocytes of cleanup workers of the
Chernobyl nuclear accident who received an estimated aver-
age dose of 95 mGy over 613 years (Jones and others 2002).
An interesting observation in the mouse experiments was
that an inverse dose-rate effect was not observed; the muta-
tion frequency for 0.1 mGy/min was the same as that for
0.69 mGy/min. From a summary of data for radiation-
induced mutations as function of dose rate (Vilenchik and
Knudson 2000), an inverse dose-rate effect would not be
expected if the induction of HPRT mutations in T lympho-
cytes in the spleen corresponded to the induction of specific
locus mutations in spermatogonia. However, if they corre-
sponded to the induction of HPRT mutations in cells in vitro,
the mutation frequency for 0.1 mGy/min should have been
about half that for 0.69 mGy/min.

By dividing the HPRT mutation frequencies for acute ir-
radiation by the frequencies for LDR irradiation (obtained in
the mouse T-lymphocyte experiment of Lorenz and others
1994 described above), the DDREF was 3-5 for acute doses
greater than 3 Gy and about 1.5 for acute doses less than
2 Gy (Figure 2-8). The DDREF points (averages of 1.0)
plotted for each of the LDRs were obtained by dividing the
mutation frequencies for each total dose by the product of
3 x 10° mutants per viable cell per gray (value for LDRs)
times the total dose. The range of DDREF values for acute
doses are similar to those obtained for the same dose ranges
in transformation in vitro (Han and others 1980) and animal
carcinogenesis and life-shortening experiments (Ullrich and
Storer 1979a; Ullrich and others 1987). (For definition and
illustration of DDREF, see “General Aspects of Dose-
Response Relationships.”)

Overall, the dose-response for radiation-induced genomic
instability is quantitatively similar to that for radiation-in-
duced chromosomal aberrations, with the exception that the
frequency for genomic instability saturates between 4 and
12 Gy (Little 1998; Limoli and others 1999), while the fre-
quency for chromosomal aberrations continues to increase
with dose. After 10 Gy, 30% of the CHO clones were un-
stable for chromosomal aberrations, which was the satura-
tion level reached after 4 Gy when the cells had incorporated
BrdU (Limoli and others 1999). Furthermore, when induc-

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11340

Health Risks from Exposure to Low Levels of lonizing Radiation: BEIR VIl Phase 2

MOLECULAR AND CELLULAR RESPONSES TO IONIZING RADIATION 61

0.9

0.8

0.7

0.6

0.5

04

0.3

Induced 6TG" cells x 10°

0.2

0.1

o -H— :
0 25 50 75 100

rads

FIGURE 2-7 Frequency of 6TGR cells induced by 1-10 rads (0.01-
0.1 Gy) of X-rays in TK6 human lymphoblastoid cells. Data points
(with standard deviations) are from regression analyses of muta-
tions induced per day at various dose rates (1-10 rads/d; 0-30 d) as
described in Grosovsky and Little (1985).

tion of genomic instability was assayed as chromosomal ab-
errations in mammary epithelial cells at 25 population
doublings after the cells had been irradiated in vitro or in vivo
(Ullrich and Davis 1999), a downward-curving dose-re-
sponse curve was observed between 0 and 0.25 Gy, with the
response saturating between 1 and 3 Gy at about 0.35 aber-
ration per cell. The percentage of CHO clones (containing a
human chromosome 4) that were stable for chromosomal
translocations in chromosome 4, had a linear dose-response
of 3 x 1073 events per irradiated cell per milligray between 1
and 10 Gy (Limoli and others 1999). For HPRT mutations in
CHO cells, the percentage of clones that were unstable for
de novo HPRT mutations was 5 X 10~ events per irradiated
cell per milligray, based on 10% being unstable after 2 Gy
(Little 1998). Between 4 and 12 Gy, the percentage of un-
stable clones remained the same at 10-20%. For irradiated

human blood lymphocytes stimulated with PHA (phytohe-
magglutinin) and analyzed 51-57 d after irradiation, the fre-
quency of de novo aberrations was (3 to 10) X 10> chromo-
somal aberrations per cell per milligray (Holmberg and
others 1998).

Genomic instability was also observed in mice as gene
deletions in melanocytes exposed to X-irradiation (Schiestl
and others 1994a), with a threefold increase at 0.01 Gy and
a twelvefold increase at 1.0 Gy. The frequency of gene de-
letions was about 100 times higher than mutation frequen-
cies; therefore, the authors speculated that the deletions re-
sulted from nontargeted effects, such as an increased
recombination frequency or genomic instability in the pro-
liferating melanocytes. The dose-response was linear be-
tween 0.01 and 1.0 Gy and had a slope of 8 x 107 events
per cell per milligray. Note that the three values listed
above for the frequencies of radiation-induced instability
(3-10 x 107 events per cell per milligray) are of the same
order of magnitude as the frequency of chromosomal aber-
ration induced directly by irradiation (1-4 x 10~ events per
cell per milligray; Table 2-1).

A malignant transformation experiment with primary
hamster embryo cells exposed to five different doses from
0.03 to 1.5 Gy yielded a linear dose-response curve that had
a slope of 4 x 107 transformants per viable cell per milligray
(Borek and others 1983). An extensive collaborative study
involving six laboratories that quantified malignant transfor-
mation of immortalized mouse C3H 10T1/2 cells exposed to

DDREF

Total Dose (Gy)

FIGURE 2-8 DDREF for low-LET !¥7Cs y-rays: (O) dose rates
0.5 Gy/min; (V) dose rates 1 Gy/d (0.69 mGy/min) to 1 Gy per
week (0.10 mGy/min). SOURCE: From Lorenz and colleagues
(1994).

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11340

Health Risks from Exposure to Low Levels of lonizing Radiation: BEIR VIl Phase 2

62

seven different doses from 0.25 to 5.0 Gy reported a linear
dose-response with a slope of 8 x 1078 transformants per
viable cell per milligray (Mill and others 1998). A study con-
ducted with a human Hela hybrid cell system (Redpath and
others 2001) reported a frequency of 4 x 108 transformants
per viable cell per milligray beyond a threshold of ~0.3 Gy;
however, the results were greatly dependent on the time the
cells were trypsinized and plated after irradiation for the
transformation analysis. Note that these results for transfor-
mation are quite variable and that the frequencies are ten- to
a thousandfold lower than the frequencies for radiation-in-
duced genomic instability. However, as discussed earlier
under adaptive response, studies of malignant transforma-
tion in immortalized (already-transformed) cell lines may
have little relevance to malignant transformation of normal
nonimmortalized cells, especially in vivo where complex in-
teractive processes can occur.

In summary, results of experiments that quantified chro-
mosomal aberrations, malignant transformations, or muta-
tions induced by relatively low total doses or low doses per
fraction suggest that the dose-response relationship over a
range of 20-200 mGy is generally linear and not affected
significantly by either an adaptive or a bystander effect
(Table 2-1). No data are available in this dose range for ra-
diation-induced genomic instability. The question of the
shape of the dose-response relationship up to about 20 mGy
remains, although several of the dose-response relationships
described above appear to be consistent with extrapolation
linearly down to about 5 mGy. As has been pointed out
(Cornforth and Bedford 1983), a macroscopic X-ray dose of
about 5 mGy would, on the average, result in one to two
electron tracks crossing the nucleus of each cell. Since the
tracks are produced randomly, the proportion of nuclei tra-
versed by zero, one, or two electron tracks would be about
0.37, 0.37, and 0.18, respectively. For lower doses, a larger
and larger proportion of cell nuclei would receive no dose
(track) at all. The nuclei that would receive a track would all
receive (on the average) the same dose because the propor-
tion receiving two or more tracks would diminish rapidly.
Therefore, unless interactions among neighboring or sur-
rounding cells influence the response, if 5 mGy produces an
effect and if the effect is linear above 5 mGy, the dose-
response curve must also be linear from 0 to 5 mGy. In
addition to the existence of biological information at these
very low dose levels, the committee concluded that the bio-
physical characteristics of the interaction of low-LET radia-
tion with DNA, coupled with the characteristics of DNA re-
pair, argue for a continuation of the linear response at lower
doses. However, if a single electron track traversing a cell’s
nucleus could induce an adaptive or bystander effect, the
dose-response relationship below 5 mGy might deviate from
linearity depending on whether cellular effects are decreased
or increased. In the committee’s judgment, there is no evi-
dence for either an adaptive response or a bystander effect
for doses below 5 mGy.
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Furthermore, the calculated value of 5 mGy for an aver-
age of one electron track per nucleus depends on the size and
shape of the nucleus, as well as on the energy of the radiation
(Rossi and Zaider 1996; Edwards and Cox 2000). For ex-
ample, the calculated doses for an average of one electron
track per nucleus are as follows: about 5 mGy for 60 keV
and a 6-um diameter sphere, about 4 mGy for 60 keV and a
7-um sphere, about 3 mGy for 300 keV and a 6-um sphere,
and about 2 mGy for 300 keV and a 7-um sphere. For the
very low doses for which important signal transduction
events may result from ionizations in either the nucleus or
the cytoplasm, the volume of the whole cell might be most
appropriate for these types of calculations. Possibly, the
shape of the dose-response relationship up to 5 mGy might
be determined with in vitro and in vivo experiments in which
multiple doses of about 1-5 mGy are delivered over a long
period. However, the question must be addressed rigorously
by defining the molecular processes responsible for the end
points in question at these very low doses.

SUMMARY

This chapter discusses the biological effects of the ranges
of radiation dose that are most relevant for the committee’s
deliberations on the shapes of dose-response relationships.
Considering the levels of background radiation, the maximal
permissible levels of exposure of radiation workers now in
effect, and the fact that much of the epidemiology of low-
dose exposures includes people who in the past have received
up to 500 mGy, the committee has focused on evaluating
radiation effects in the low dose range of <100 mGy, with
emphasis on the lowest doses when relevant data are avail-
able. Effects that may occur as the radiation is delivered
chronically over several months to a lifetime are thought to
be most relevant.

Considerable emphasis has been placed on the dose-re-
sponse and mechanisms for inducing chromosomal aberra-
tions and gene mutations because, as discussed in Chapter 3,
there is evidence that the induction of cancer is associated
with these cellular responses. The general pictures that
emerge from biophysical studies is that the misrepair of
radiation-induced DNA DSBs that lead to chromosome
aberrations are probably associated with the dominant post-
irradiation function of nonhomologous end joining repair
processes described elsewhere is this report. Overall,
biophysical approaches to the modeling of dose-response for
chromosome aberrations, although not without some
uncertainties on mechanisms, imply that the single-track
o-component of radiation action will dominate at low doses
and LDRs (i.e., the dose-response for all forms of aberra-
tions will be linear at low doses and LDRs). Also, as
observed, the response at LDRs and low doses, or after
fractionated doses, should be lower by a DDREF; then the
response to a single acute high-dose-rate exposure for which
the two-hit B-component becomes important. In certain
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cases, an inverse dose-rate effect for cell lethality and muta-
tions has been reported for which the effect at very low dose
rates is as high or higher than for single, acute, high-dose-
rate exposures. The ability to demonstrate this phenomenon,
however, is variable, and no mechanisms have been clearly
identified to explain such effects.

Several factors may affect the theoretical dose-response
relationships described above: variations in radiosensitivity
during the cell cycle; induction of an adaptive response to an
initial exposure, which can reduce the effect of later expo-
sures; a bystander effect that causes an irradiated cell to have
an effect on a nearby unirradiated cell; the induction of per-
sistent genomic instability; and HRS in the low-dose region.
Except for the cell cycle, these factors have been identified
and studied since the BEIR V report (NRC 1990). These fac-
tors together with quantitative data on the induction of gene
or chromosomal mutations in somatic cells are discussed.

Radiation genomic instability has been demonstrated by
the manifestation of chromosomal damage in a certain frac-
tion of irradiated cells over many cell cycles after they were
irradiated. Data are critically needed for the definition of
molecular targets and processes responsible for genomic in-
stability in order to define and understand the dose-response
relationship, and especially why the induction frequency
saturates with only about 10-30% of the surviving cells
manifesting genomic instability. A possibility that has not
been investigated is that only a certain fraction of the cells,
such as those in a certain part of the cell cycle, are suscep-
tible to radiation-induced genomic instability. Because
chromosomal instability has been associated with breakage-
fusion-bridge cycles, the role of telomeres may be particu-
larly relevant. Chromosome instability can also be initiated
by DSBs that result in the loss of a telomere that protects the
chromosome end and prevents chromosome fusion. Further-
more, from limited data, the similarity in the frequencies of
genomic instability induced in X-irradiated cells and the fre-
quencies of chromosomal aberrations induced directly by
irradiation may suggest that the induction of chromosomal
aberrations is a primary event that plays a major role in
radiation-induced genomic instability. There is also some
evidence that reactive oxygen species may play a role. How-
ever, until the molecular mechanisms responsible for
genomic instability and its relationship to carcinogenesis are
understood, extrapolation of the limited dose-response data
for genomic instability to radiation-induced cancers in the
low-dose range <100 mGy is not warranted.

An apparent adaptive response has been well documented
for cell lethality, chromosomal aberrations, mutations, and
in vitro transformation. The phenomena are illustrated by a
reduction in response to a challenge dose of about 1 Gy de-
livered a few hours after a low priming dose of about 10—
20 mGy. There is much variability in the ability to demon-
strate the adaptive response, however. Data are needed,
particularly at the molecular level, on adaptation induced
when both priming and challenging doses are in the low-

dose range <100 mGy; relevant end points should include
not only chromosomal aberrations and mutations but also
genomic instability and, if possible, tumor induction. Stud-
ies of the adaptive response for malignant transformation in
immortalized (already-transformed) cell lines may have little
relevance to malignant transformation of normal non-
immortalized cells, especially in vivo, where complex inter-
active processes can occur. In vitro and in vivo data are
needed on the delivery of priming and challenge doses over
several weeks or months at very low dose rates or with frac-
tionated exposures. Specifically, an adaptive response result-
ing from the cumulative effect of multiple low doses of less
than 10 mGy should be determined. Such data have not yet
been obtained, particularly those explaining the molecular
and cellular mechanisms of the adaptive response. Thus, it is
concluded that any useful extrapolations for dose-response
relationships in humans cannot be made from the adaptive
responses observed in human lymphocytes or other mamma-
lian cellular systems. Therefore, at present, the assumption
that any stimulatory effects of low doses of ionizing radia-
tion substantially reduce long-term deleterious radiation ef-
fects in humans is unwarranted.

A bystander effect in which an irradiated cell induces a
biological response in a neighboring unirradiated cell has
been observed with high-LET radiation for inducing cell le-
thality, chromosome aberrations, sister-chromatid ex-
changes, mutations, genomic instability, signal transduction
pathways, and in vitro transformation. There is some evi-
dence that long-lived reactive oxygen species or the diffu-
sion of cytokines plays a role in the bystander effect. For
low-LET radiation, the bystander effect has been limited to
cell lethality and lethal mutations associated with reduced
cloning efficiency. Recent results suggest that a bystander
effect for cell lethality from soft X-ray irradiation might be
observed down to 50 mGy but not below. Until molecular
mechanisms of the bystander effect are elucidated, especially
as related to an intact organism, and until reproducible by-
stander effects are observed for low-LET radiation in the
dose range of 1-5 mGy, where an average of about one elec-
tron track traverses the nucleus, a bystander effect of low-
dose, low-LET radiation that might result in modification of
the dose-response should not be assumed.

HRS is a phenomenon for which doses less than about
200 mGy produce a dose-response for cell lethality that is
steeper than that predicted from the classic D + D? model.
There are data suggesting HRS for cell lethality and signal
transduction at up to 200 mGy and some data suggesting
HRS for mutagenesis or genomic instability at up to 50 mGy.
Furthermore, from limited data from only one laboratory, an
observed inverse dose-rate effect for cell lethality was attrib-
uted to HRS seen for low acute doses, and cell cycle analysis
suggested that HRS may be related to cells not arresting in
radiosensitive G,. Since a high proportion of the target stem-
like cells in humans would be noncycling, the last two obser-
vations, if generally true, would suggest that neither HRS
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nor the inverse dose-rate phenomenon should have any sig-
nificant effect on the dose-response for cancer induction in
humans. Furthermore, molecular mechanisms associated
with the two phenomena have not been delineated, and it is
not known whether HRS for cell lethality would cause an
increase in deleterious effects in surviving cells or would
actually decrease deleterious effects by increased killing of
damaged cells. Also, it is not known what effect HRS for
signal transduction pathways will have in mitigating or in-
creasing deleterious effects. Most important, it is not known
if HRS plays a role when radiation doses <100 mGy are de-
livered over weeks to months, which could be relevant for
low doses of low-LET radiation. Finally, until the molecular
mechanisms responsible for HRS are understood, its role in
low-dose radiation carcinogenesis is uncertain.

Results of experiments that quantified chromosomal ab-
errations, malignant transformation in vitro, or mutations
induced by relatively low total doses or low doses per frac-
tion indicate that the dose-response relationship over a range
of 20—100 mGy is most likely to be linear and not affected
significantly by either an adaptive or a bystander effect. No
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data are available in this dose range for radiation-induced
genomic instability. Furthermore, as stated previously, stud-
ies of malignant transformation in immortalized (already-
transformed) cell lines may have little relevance to malig-
nant transformation of normal nonimmortalized cells,
especially in vivo where complex interactive processes can
occur. However, the results from these in vitro transforma-
tion studies may have relevance for effects involved in pro-
moting the immortalization process, possibly through the
induction of genomic instability. Thus, the question of the
shape of the dose-response relationship up to about 20 mGy
remains, although several of the dose-response relationships
described above appear to be consistent with extrapolation
linearly down to about 5 mGy. The shape of the dose-re-
sponse relationship up to 5 mGy might be determined with
in vitro and in vivo experiments in which multiple doses of
about 1-5 mGy are delivered over a long period. However,
this question should be addressed rigorously by defining the
molecular processes responsible for the end points in ques-
tion at these very low doses.
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Radiation-Induced Cancer: Mechanisms, Quantitative
Experimental Studies, and the Role of Genetic Factors

INTRODUCTION

The process of cancer development (tumorigenesis) is
recognized to involve multiple changes in genes involved in
cell signaling and growth regulation, cell cycle checkpoint
control, apoptosis, differentiation, angiogenesis, and DNA
damage response or repair. Changes in these genes can in-
volve (1) gene mutations or DNA rearrangements, which
result in a gain of function as in the case of the conversion of
proto-oncogenes to oncogenes; (2) mutations or DNA dele-
tions or rearrangements, which result in loss of gene func-
tion as in the case of tumor-suppressor genes (Kinzler and
Vogelstein 1998).

The long latent period between radiation exposure and
cancer development together with the multistage nature of
tumorigenesis make it difficult to distinguish radiation-in-
duced changes from those alterations that occur once the pro-
cess has been initiated. Radiation-induced cancers do not
appear to be unique or specifically identifiable (UNSCEAR
2000b). The mutations in tumors and their growth character-
istics are not readily distinguishable from those in spontane-
ously occurring tumors of the same site or from tumors at the
same site induced by other carcinogenic agents. Attempts to
identify radiation-specific changes in human tumors have
not been particularly successful despite fairly extensive in-
vestigation (UNSCEAR 1993, 2000b). There are, however,
clues to possible underlying mechanisms of radiation-in-
duced cancer that emerge from epidemiologic and experi-
mental investigations.

Based mainly on experimental studies, it is generally be-
lieved that complex forms of DNA double-strand breaks are
the most biologically important type of lesions induced by
ionizing radiation, and these complex forms are likely re-
sponsible for subsequent molecular and cellular effects (see
Chapters 1 and 2). Attempts to repair complex DNA double-
strand lesions are judged to be error prone, and there is evi-
dence that this error-prone repair process can lead to gross
chromosomal effects and mutagenesis. Molecular analyses
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of radiation-induced mutations have found a full range of
mutations including base-pair substitutions, frameshift mu-
tations, and deletions. Importantly, the most common radia-
tion-induced mutations are deletions rather than base-pair
changes in genes (point mutations; Chapters 1 and 2). There-
fore, theories of radiation-induced cancer have generally cen-
tered on postirradiation tumor-suppressor gene inactivation
that would be expected to occur through DNA deletion rather
through the induction of point mutations. Oncogene activa-
tion through specific forms of induced chromosome translo-
cation is also a candidate radiation-associated event, particu-
larly for leukemia and lymphoma (UNSCEAR 2000b). Thus,
mechanisms involving gene and/or chromosome rearrange-
ments and loss of heterozygosity (signaling specific regions
of DNA loss) are considered the most likely radiation-in-
duced events that contribute to cancer development
(UNSCEAR 2000b).

More recently, experimental studies have questioned
whether the initiating events produced by radiation are in-
deed direct effects on specific genes (e.g., Little 2000).
Rather, it has been proposed that the gene or chromosomal
mutations involved in radiation tumorigenesis arise indi-
rectly as a consequence of persistent genomic instability
(Chapter 2) induced by the radiation exposure.

This chapter focuses first on studies relevant to mecha-
nisms of radiation-induced tumorigenesis, with particular
emphasis on the potential implications for low-dose risks.
Subsequently, experimental studies addressing the quantita-
tive relationship between radiation dose and cancer develop-
ment are reviewed with particular regard to their consistency
with proposed underlying mechanisms and the overall im-
plications for cancer risk at low doses.

Advances in human and animal genetics have also high-
lighted the contribution made to cancer risk by heritable fac-
tors (Ponder 2001). Much of the available information con-
cerns germline genes that influence the risk of spontaneous
cancer and the mechanisms through which they act. How-
ever, evidence is also emerging on the impact of such genes
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on radiation cancer risk (ICRP 1998). Relevant data on ge-
netic susceptibility to cancer are reviewed in the final sec-
tion of this chapter, and some interim judgments are devel-
oped about their implications for radiation cancer risk in the
population.

MECHANISMS OF TUMORIGENESIS

Gene and Chromosomal Mutations in Spontaneously
Arising Human Tumors

Studies on the cellular and molecular mechanisms of tu-
morigenesis have in recent years cast much light on the com-
plex multistep processes of tumorigenesis and its variation
among tumor types. There is a vast literature on tumor biol-
ogy and genetics (Bishop 1991; Loeb 1991, 1994; Hartwell
1992; Levine 1993; Vogelstein and Kinzler 1993; Hinds and
Weinberg 1994; Weinberg 1994; Boland and others 1995;
Karp and Broder 1995; Levine and Broach 1995; Skuse and
Ludlow 1995; Kinzler and Vogelstein 1998; Rabes and
others 2000; Khanna and Jackson 2001; Balmain and others
2003), and it is sufficient to highlight the principal points of
current fundamental knowledge that may serve to guide
judgments on the impact of ionizing radiation on cancer risk.

Tumor development is generally viewed as a multistep
clonal process of cellular evolution that may be conveniently
but imprecisely divided into a number of overlapping phases:
(1) tumor initiation, which represents the entry via mutation
of a given normal somatic cell into a potentially neoplastic
pathway of aberrant development; cellular targets for this
process are generally held to have stem cell-like properties;
(2) tumor promotion, which may now be viewed as the early
clonal development of an initiated cell; cell-cell communi-
cation, mitogenic stimulation, cellular differentiating factors,
and mutational and nonmutational (epigenetic) processes
may all play a role in this early pre-neoplastic growth phase;
(3) malignant conversion, which represents the tumorigenic
phase where the evolving clonal population of cells becomes
increasingly committed to malignant development; mutation
of genes that control genomic stability is believed to be par-
ticularly important; and (4) malignant progression, which is
itself multifaceted, is a relatively late tumorigenic phase dur-
ing which neoplastic cells become increasingly autonomous
and gain a capacity for invasion of surrounding normal tis-
sue and spread to distant sites (metastasis); the development
of tumor vasculature is important for the development of
solid cancers (Folkman 1995). In addition, there is evidence
that inflammatory processes and the microenvironment in
which tumors develop are important cofactors for malignant
progression (Coussens and Werb 2002). Overall, it is clear
that only a small fraction of cells that enter tumorigenic path-
ways complete the above sequence that results in overt ma-
lignancy (Rabes and others 2000), and that the whole pro-
cess can take many years.

The balance of evidence suggests that sequential gene and
chromosomal mutations act as the principal driving force for
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tumorigenic development, with phase transitions being de-
pendent on the selection and overgrowth of clonal neoplastic
variants best fitted for the prevailing in vivo conditions. Al-
though there are exceptions, the consensus view is that tu-
mor initiation or promotion is a monoclonal process having
its origin in the appearance of a single aberrant cell (Levy
and others 1994; Rabes and others 2000).

The tumor initiation phase is most difficult to study di-
rectly, but in recent years it has become evident that a rela-
tively tissue-specific set of so-called gatekeeper genes
(Kinzler and Vogelstein 1997; Lengauer and others 1998)
may be critical mutational targets for cellular entry into neo-
plastic pathways. Table 3-1 provides examples of such genes
and their principal associated neoplasms. These gatekeepers
are frequently involved in intracellular biochemical signal-
ing pathways, often via transcriptional control, and are sub-
ject primarily to productive loss-of-function mutations. They
fall into the tumor-suppressor gene category consistent with
the germline role of many of these genes in autosomal domi-
nant familial cancer (see “Genetic Susceptibility to Radia-
tion-Induced Cancer,” later in this chapter). The somatic loss
of function associated with gatekeeper gene inactivation can
arise by point mutation (often of the chain-terminating type),
intragenic deletion, or gross chromosomal loss events
(Sidransky 1996; Kinzler and Vogelstein 1997, 1998). For
some genes, epigenetic silencing events may also be impor-
tant (Jones and others 1992; Feinberg 1993, 2004; Ranier
and others 1993; Merlo and others 1995; Issa and Baylin
1996; Roth 1996).

It is evident from Table 3-1 that the gatekeeper gene hy-
pothesis applies principally to the genesis of solid tumors.
For lymphomas and leukemia a somewhat different mecha-
nism appears to apply. In these neoplasms, the early produc-
tive events often involve chromosomally mediated gain-of-
function mutations in tissue-specific proto-oncogenes (i.e.,
gene activation or intragenic fusion involving juxtaposition
of DNA sequences by specific chromosomal exchange;
Rabbitts 1994; Greaves and Wiemels 2003). In many in-
stances, these leukemia- or lymphoma-associated chromo-
somal events involve the DNA sequences (TCR [T cell re-
ceptor] and IG [immunoglobin]) involved in immunological

TABLE 3-1 Examples of Human Tumor-Suppressor
Genes of the Gatekeeper Type

Gene Principal Cancer Type Mode of Action

APC Colon carcinoma Transcriptonal regulator
NF1I Neurofibromas GTPase-activator

VHL Kidney carcinoma Transcriptional regulator
WT-1 Nephroblastoma Transcription factor
PTCH Skin (basal cell) Signaling protein

NOTE: GTPase = guanosine 5’-triphosphatase.
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response (Rabbitts 1994). Tumorigenic chromosomal ex-
change events are less well characterized in solid tumors but
do occur in certain sarcomas and in thyroid tumors (Rabbitts
1994; Mitelman and others 1997). However, in accord with
data from solid tumors, gene deletion and other loss-of-
function mutations are not uncommon in lymphohemopoietic
tumors (Rabbitts 1994; Mitelman and others 1997).

In relation to tumorigenesis in general, a second broad
category of so-called caretaker genes has also been identi-
fied, although it is important to stress that the distinction
between gatekeeper and caretaker genes is somewhat artifi-
cial—there are examples of genes that fulfill both criteria.
Caretaker genes are those that play roles in the maintenance
of genomic integrity (Kinzler and Vogelstein 1997, 1998).
Table 3-2 provides examples of such tumor genes and their
associated neoplasms. In such cases, mutational loss of func-
tion can lead to deficiency in DNA damage response and
repair, repair or recombination, chromosomal segregation,
cell cycle control, and/or apoptotic response (Loeb 1991;
Hartwell and others 1994; Fishel and Kolodner 1995; Kinzler
and Vogelstein 1996, 1998). Almost irrespective of the spe-
cific nature of the tumor gene in question, the net result of
caretaker gene mutation is to elevate the frequency of gene
or chromosomal mutations in the evolving neoplastic clone,
and there is evidence that in some tumors this phenotype can
arise at a relatively early point in neoplastic growth
(Schmutte and Fishel 1999). This increased mutation fre-
quency can be seen to provide the high level of dynamic
clonal heterogeneity characteristic of tumorigenesis, thereby
facilitating the selection of cellular variants that have gained

TABLE 3-2 Examples of Human Tumor Genes of the
Caretaker Type

Gene Principal Cancer Type Mode of Action
TP53 Multiple types Transcription factor
(DNA damage response)
ATM Lymphocytic leukemia PI-3 kinase
(DNA damage response)
MSH?2, Colon or endometrial DNA mismatch repair
MLHI, carcinoma
PMS
BRCA1/2 Breast or ovarian Transcription factor
carcinoma (DNA damage response)
XPA-G Squamous, basal cell Nucleotide excision repair
carcinoma, melanoma
MYH Familial adenomatous Removes adenines

polyposis in families that
lack the inherited
mutation in the APC gene

misincorporated opposite
the mutagenic lesion
8-oxoguanine
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the capacity to evade or tolerate antitumorigenic defenses
(Tomlinson and Bodmer 1999). These defenses would in-
clude cell-cell communication, apoptosis, terminal differen-
tiation, cell senescence, and immune recognition (Rabes and
others 2000). Gene and chromosomal mutations conferring
enhanced tumor cell survival or growth characteristics have
been identified in a range of malignancies (Greenblatt and
others 1994; Branch and others 1995; Kinzler and Vogelstein
1998; Greider 1996; Orkin 1996).

In summary, gene and chromosomal mutations of the gen-
eral types induced by ionizing radiation are known to play a
role throughout the multistep development of tumors. Loss
of function of gatekeeper genes may be of particular impor-
tance in the initiation of common solid tumors, while gain-
of-function chromosomal exchanges and gene loss events
can arise early in lymphoma and leukemia. The relatively
early spontaneous development of genomic instability via
specific mutation of caretaker genes is believed to be impor-
tant for tumorigenesis in many tissues, but epigenetic gene
silencing or activation events have also been characterized.
The emphasis placed here on early events in tumorigenesis
derives from the prevailing view from epidemiologic and
animal studies that ionizing radiation acts pri.cipally as a
tumor-initiating agent.

Mechanisms of Radiation Tumorigenesis

Data from quantitative animal tumorigenesis (UNSCEAR
1988; Rabes and others 2000) and human epidemiologic
studies (UNSCEAR 1994) imply that low-LET (linear en-
ergy transfer) ionizing radiation acts principally as a tumor-
initiating agent. Specifically, in humans and animals, single
acute doses of low-LET radiation produce a dose-dependent
increase in cancer risk with evidence that chronic and frac-
tionated exposures usually decrease that risk. Also, experi-
mental animal data show that radiation only weakly pro-
motes the development of chemically initiated tumors, and
the generally greater tumorigenic sensitivity of humans to
acute irradiation at young ages is more consistent with ef-
fects on tumor initiation than with promotional effects that
accelerate the development of preexisting neoplasms.

In this section, molecular and cytogenetic data on radia-
tion-associated human and animal tumors are summarized in
the context of the mutagenic and tumorigenic mechanisms
discussed previously. Particular attention is given to the
proposition, based on somatic mutagenesis data, that early
arising, radiation-associated events in tumors will tend to
take the form of specific gene or chromosomal deletions or
rearrangements.

Gene and Chromosomal Mutations in Radiation-
Associated Human Tumors

The acquisition of data on TP53 tumor-suppressor gene
mutational spectra in human tumors associated with ultra-
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violet radiation (UVR) and chemical exposures was followed
by searches for potential 7P53 mutational signatures in ex-
cess lung tumors arising in Japanese A-bomb survivors and
radon-exposed uranium miners (Vahakangas and others
1992; UNSCEAR 1993; Taylor and others 1994b; Venitt and
Biggs 1994; Bartsch and others 1995; Lo and others 1995;
Rabes and others 2000). Subsequently, attention was also
given to TP53 mutations in liver tumors arising in excess in
patients receiving the alpha-emitting radiographic contrast
agent Thorotrast (Iwamoto and others 1999). Interpretation
of these data are problematical, and although one study of
lung tumors from uranium miners was suggestive of a pos-
sible codon-specific mutational signature of radiation (Tay-
lor and others 1994b), this finding was not confirmed by
others (Venitt and Biggs 1994; Bartsch and others 1995; Lo
and others 1995). The studies on liver tumors from
Thorotrast patients provide some comment on secondary
TP53 mutation and possible instability effects but, overall,
the studies cited above do not give consistent evidence that
TP53 is a primary target for ionizing radiation.

A cytogenetic-molecular data set is available on papillary
thyroid cancer (PTC) (Bongarzone and others 1997) arising
in excess in '3'I-exposed children in areas contaminated by
the Chernobyl accident (UNSCEAR 2000a). These mecha-
nistic studies were guided by the knowledge that chromo-
somally mediated rearrangement and activation of the ret
proto-oncogene is a frequently early arising feature of PTC
(Richter and others 1999). Three different forms of ret gene
rearrangement have been characterized at the cytogenetic
and molecular levels (i.e., ret/PTCI, ret/PTC2, and ret/
PTC3), and the prevalence of these events has been investi-
gated in post-Chernobyl childhood PTC (Klugbauer and oth-
ers 1995; Bongarzone and others 1997; Williams 1997;
Smida and others 1999a, 1999b). As expected, ret activation
events were found to be recurrent in Chernobyl-associated
childhood PTC, and a similarly high frequency has been re-
ported in adult thyroid cancer of patients with a history of
radiation (Bounacer and others 1997). These studies suggest
that the spectra of ret mutations differ between tumors of
adults and children. Some investigations suggest that ret/
PTC3 events in post-Chernobyl childhood cases are more
frequent than expected. However this view is questioned by
the study of 191 cases by Rabes and colleagues (2000),
which provides evidence that the spectrum of ret rearrange-
ments may be dependent on postirradiation latency, degree
of tumor aggression, and possibly, dose to the thyroid.

At present, causal relationships between ret gene rear-
rangement, childhood PTC, and radiation remain somewhat
uncertain. However, a possible clue to radiation causation is
the finding that breakpoints in the majority of ref rearrange-
ments carry microhomologies and short direct or inverted
repeats characteristic of the involvement of nonhomologous
endjoining (NHEJ) mediated misrepair (Klugbauer and oth-
ers 2001). Other investigations have reported that TP53 gene
mutation does not play a significant role in the development
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of post-Chernobyl PTC (Nikiforov and others 1996; Smida
and others 1997).

Some informative molecular data are also available for
basal cell skin carcinomas (BCCs) arising in X-irradiated
tinea capitis patients (Burns and others 2002). In five out of
five tumors analyzed there was evidence of DNA loss events
which encompassed the Prch gene (the gatekeeper for BCC
development) plus the closely linked XPA gene.

Overall, the studies summarized above, together with re-
ports on the cytogenetic characterization of acute myeloid
leukemias in A-bomb survivors (Nakanishi and others 1999)
and radiotherapy-associated solid tumors (Chauveinc and
others 1997) do not provide clear evidence on the causal
gene-specific mechanisms of radiation tumorigenesis. In
general however, they do support a monoclonal basis for
postirradiation tumor development and suggest that the
characteristics of induced tumors are similar to those of spon-
taneously arising neoplasms of the same type. A possible
exception to this is that an excess of complex chromosomal
events and microsatellite sequence instability was observed
in late-expressing myeloid leukemias arising in A-bomb sur-
vivors exposed to high radiation doses (Nakanishi and oth-
ers 1999); these data are discussed later in this chapter.

Gene and Chromosomal Mutations in Animal Tumors

Although radiation-induced tumors from experimental
animals have been available for study for many years, it is
only through advances in cytogenetics, molecular biology,
and mouse genetics that it has become possible to investi-
gate early events in the tumorigenic process. The most infor-
mative data on such early events derives from studies of tu-
mors induced in F, hybrid mice in which specific DNA loss
events may be analyzed by loss of heterozygosity for
genomically mapped polymorphic microsatellites.

Mouse Lymphoma and Leukemia

Early studies with radiation-induced thymic lymphoma
provided evidence of recurrent RAS gene activation and
some indication that the RAS gene mutational spectra dif-
fers between X-ray and neutron-induced lymphoma (Sloan
and others 1990). Other molecular studies include the find-
ing of recurrent chromosome (chr) 4 deletions in thymic and
nonthymic lymphomas (Melendez and others 1999;
Kominami and others 2002) and T-cell receptor (7cr) gene
rearrangements and chromosomal events in thymic lym-
phoma. However, the above and other somatic mutations in
mouse lymphoma have yet to be specifically associated with
initial radiation damage.

The situation in mouse acute myeloid leukemia (AML;
Silver and others 1999) is clearer. AML-associated, region-
specific deletion of chr2 has been shown by cytogenetic
analysis of in vivo irradiated bone marrow cell populations
to be a direct consequence of radiation damage; clonal pre-
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neoplastic growth of carrier cells has also been reported
(Hayata and others 1983; Breckon and others 1991; Bouffler
and others 1997). These deletions, which are characteristic
of ~90% of AML induced by various radiation qualities,
have been analyzed in detail, and a putative myeloid sup-
pressor gene target was identified within a chr2 interval of
~1 centimorgan (cM; 1 centimorgan equals about 1 million
base pairs; Clark and others 1996; Silver and others 1999).
Site-specific breakage of chr2 is characteristic of early ra-
diation-induced events in AML, and there are cytogenetic
and molecular data that support the involvement of telomere-
like repeat (TLR) sequence arrays in chr2 breakage and
rearrangement at fragile sites (Finnon and others 2002). Ini-
tial hypotheses on this form of postirradiation chromosomal
fragility centered on increased recombinational activity of
such TLR sequence arrays (Bouffler and others 1997). How-
ever, the data of Finnon and colleagues (2002) are more con-
sistent with a mechanism of domain-specific chromosomal
rearrangement involving chromatin remodeling that is me-
diated by TLR-associated matrix attachment sequences.

With regard to radiation-induced osteosarcoma, Nathrath
and colleagues (2002) have provided evidence for the involve-
ment of two tumor-suppressor gene loci, but whether these
loci are direct targets for radiation remains to be determined.

Mouse genetic models of tumorigenesis have also proved
to be instructive about the nature of radiation-associated
early events in tumor induction. In these models, the
germline of the host mouse carries an autosomal deficiency
in a given tumor-suppressor or gatekeeper gene, thus expos-
ing the remaining functional (wild-type) copy to spontane-
ous or induced mutation and thereby tumor initiation (see
“Genetic Susceptibility to Radiation-Induced Cancer”). The
nature of these tumor gene-inactivating events has been
studied in models of different tumor types.

In mice deficient in the Trp53 tumor suppressor gene
(Trp53*- and Trp53~), quantitative tumorigenesis studies
implied that loss of the wild-type (wt) gene of Trp53+- het-
erozygotes was a critical early event for the radiation induc-
tion of lymphoma and sarcoma (Kemp and others 1994).
Molecular analysis confirmed the loss of wt Trp53 from tu-
mors but also showed a high frequency of concomitant du-
plication of mutant (m) Trp53—such duplication was much
less frequent in spontaneous tumors (Kemp and others
1994). Subsequent cytogenetic studies showed that Trp53+-
mice were highly prone to radiation-induced whole chro-
mosome loss and gain (aneuploidy), and that the molecular
data on tumorigenesis could be explained by radiation-in-
duced loss of the whole chromosome (chrll) bearing wt
Trp53, with duplication of the copy bearing m77p53 being
necessary to regain cellular genetic balance (Bouffler and
others 1995). Thus, in this genetic context, 7rp53 loss and
tumorigenesis were relatively high-frequency events depen-
dent upon the cellular tolerance of aneuploidy. However a
recent study poses questions about whether 7rp53 is indeed
a direct target for radiation tumorigenesis in these knockout
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mice (Mao and others 2004). This study has raised the hy-
pothesis that after radiation, the wt Trp53 gene in +/— mice
activates the Fbxw7 gene, leading to genome instability,
aneuploidy, and thereby increased Trp53 loss.

Radiation-induced intestinal tumorigenesis has been stud-
ied in F, hybrid mice of the Apc*/~ genotype (Luongo and
Dove 1996; van der Houven van Oordt and others 1999;
Haines and others 2000). In this mouse model, DNA may be
sampled from very small, early arising adenomas, thus fo-
cusing attention on early clonal events in tumor develop-
ment (Levy and others 1994). Loss of wt Apc with the whole
of the encoding chr18 is a relatively common early event in
spontaneous intestinal tumorigenesis in Apc*’~ mice. How-
ever, in tumors arising in low-LET-irradiated mice, the spec-
trum of wt Apc loss events was dominated by interstitial
chromosome deletions. One study (Haines and others 2000)
implicated a second chr18 locus in these early radiation-as-
sociated losses and also identified loss of the Dpc4 gene as a
common secondary event in spontaneous and induced tu-
mors. In some genetic backgrounds, mammary, ovarian, and
skin tumors also arise in excess in Apc*~ mice (van der
Houven van Oordt and others 1999).

The same molecular genetic approach to experimental
radiation tumorigenesis has been used in tumor-prone ro-
dents that are heterozygous for the Ptch and Tsc-2 tumor-
suppressor genes.

Mice deficient in the patched gene (Ptch*) are suscep-
tible to both spontaneous and radiation-induced BCC and
medulloblastoma (Hahn and others 1998; Aszterbaum and
others 1999; Pazzaglia and others 2002). Of particular note
are the recent data of Pazzaglia and colleagues (2002) show-
ing that neonatal mice are highly susceptible to X-ray-
induced medulloblastoma and that the predominant muta-
tional event in these tumors is loss of Ptch*.

Loss of Tsc-2* was similarly observed in many X-ray-
induced renal carcinomas of Tsc-2*- rats (Hino and others
2002), although intragenic deletions and point mutations
were also observed. Importantly, the data available in this
rodent genetic model (Hino and others 2002) reveal differ-
ent spectra of tumor-associated T'sc-2* mutations in sponta-
neous, X-ray, and ethylnitrosourea (ENU) induced renal car-
cinomas, which strongly suggests that the wt gene in target
kidney cells is a direct target for carcinogens. As predicted
from in vitro studies on somatic mutagenesis (Thacker
1986), tumors induced by the powerful point mutagen ENU
were not characterized by T'sc-2* gene loss events.

Studies with gene knockout mice are providing further
evidence on the role of DNA damage response genes in de-
termining the in vivo radiosensitivity of cells and tissue, to-
gether with the impact on growth or development and spon-
taneous tumorigenesis (Deng and Brodie 2001; Kang and
others 2002; Spring and others 2002; Worgul and others
2002). It is expected that such animal genetic models will,
in due course, yield more detailed information on the in vivo
mechanisms of radiation tumorigenesis.
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In summary, although studies with radiation-associated
human tumors have yet to yield unambiguous data on the
nature of causal gene and chromosomal mutations, animal
studies are providing valuable guidance on the issue. Three
principal points may be made. First, mechanistic studies on
murine! AML, lymphoma or sarcoma in Tp53*~ mice, in-
testinal adenoma in Apc*~ mice, medulloblastoma in Ptch*~
mice, and renal carcinoma in Tsc-2* rats all argue that the
induction of critical cellular events by radiation occurs early
in the tumorigenic process—a conclusion that is consistent
with previous judgments on the issue. Second, the cytogenetic
and molecular data cited for AML and intestinal tumors pro-
vide evidence for early monoclonal development of charac-
teristic radiation-induced pre-neoplastic changes implying
an initial, single-cell target. Third, for induction of AML
and intestinal, medulloblastoma, and renal tumors, the
radiation-associated events are predominantly DNA losses
targeting specific genomic regions harboring critical genes.
This in vivo DNA deletion mechanism is consistent with
that understood in greater detail from in vitro somatic muta-
tion systems. Also, many of the radiation-associated DNA
loss events recorded in tumors are of cytogenetic dimen-
sions. It is therefore possible to draw parallels with in vitro
data on chromosome aberration induction where the pre-
dominant importance of DNA DSB induction and post-
irradiation error-prone NHEJ repair has been used in this
report to argue against the proposition of a low-dose thresh-
old in the dose-response.

Evidence on the single-cell origin of radiogenic animal
tumors, the in vivo gene or chromosomal loss mechanism
for tumor initiation that appears to apply, and the close par-
allels that may be drawn with mechanisms and dose-re-
sponse for in vitro induction of gene or chromosomal muta-
tions argue in favor of a no-threshold relationship between
radiation dose and in vivo tumor risk. In the examples cited,
there is generally concordance between gene loss or muta-
tional events recorded in spontaneous and radiation-associ-
ated tumors of a given type; although the data are more lim-
ited, such concordance tends to apply to other tumorigenic
agents. A degree of gene specificity for different tumor
types is also evident.

An obvious caveat to this conclusion is the degree to
which these limited mechanistic data provide support for
broad judgments about radiation risk at low doses. For ex-
ample, the data cited on the tolerance of aneuploidy in the
bone marrow of irradiated 7rp53-deficient mice can explain
the high-frequency development of lymphoma but may not
be wholly relevant to other tissues and/or other genetic set-
tings. Data discussed in the following section on the poten-
tially powerful effects of genetic background on tumori-
genic risk in irradiated mice also caution against a dogmatic
approach to judgments about low-dose risk that are based
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on current mechanistic knowledge. In this respect, the fol-
lowing section summarizes data concerning novel aspects
of radiation response that may have relevance to unconven-
tional mechanisms of radiation tumorigenesis.

RADIATION-INDUCED GENOMIC INSTABILITY IN
RADIATION TUMORIGENESIS

As noted earlier in this chapter, the spontaneous develop-
ment of tumors is frequently accompanied by the acquisition
of genomic instability phenotypes that serve to promote the
mutational evolution of more aggressive neoplastic clones.
This form of genomic instability is increasingly well under-
stood, and many of the responsible tumor gene mutations
have been identified. Also noted in Chapter 2 is the large
body of data showing that initial radiation-induced lesions
are processed rapidly and expressed as chromosome aberra-
tions at first postirradiation mitoses. However, during the
last decade, evidence has accumulated that under certain
experimental conditions, the progeny of cells surviving ra-
diation appear to express an excess of new chromosomal and
gene mutations over many postirradiation cell generations.
This feature of cellular response (reviewed in Chapter 2) is
generically termed radiation-induced persistent genomic in-
stability. There are a variety of different manifestations of
this phenomenon, and the developing field has been the sub-
ject of a number of recent reviews (Morgan and others 1996;
Mothersill and Seymour 1998b; Wright 2000). The avail-
able data do not allow for generalizations on the onset and
duration of such phenomena. On the basis of these data and
previous reports of high-frequency neoplastic cell transfor-
mation (Clifton 1996), it has been suggested that epigenetic
changes affecting a substantial fraction of irradiated cells
can serve to destabilize their genomes and that the elevated
postirradiation mutation rates in cell progeny, rather than
gene-specific initial mutations, act to drive radiation tumori-
genesis (Little 2000; Wright 2000). This section of the chap-
ter focuses attention on in vivo studies of induced genomic
instability that address the relevance of the phenomenon to
radiation tumorigenesis.

Chromatid Instability in Hematopoietic Cells

Radiation-induced genomic instability in hematopoietic
cells was first revealed by studies showing a persistent ex-
cess of chromatid-type aberrations in the progeny of mouse
bone marrow cells irradiated in vitro with o-particles and
subsequently grown in culture (Kadhim and others 1992).
Alpha particles were considered to be substantially more ef-
fective than low-LET radiation in inducing this form of ge-
nomic instability (Wright 2000), which has also been re-
ported in the progeny of cells that had not been traversed by
an o-particle track (i.e., a bystander effect for instability;
Lorimore and others 1998). Posttransplantation growth
in vivo of in vitro irradiated bone marrow cells was also re-
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ported to result in excess chromatid instability (Watson and
others 1996). However, on the basis of the data summarized
below, the consequences of postirradiation chromatid insta-
bility of bone marrow cells for hematopoietic neoplasia re-
mains somewhat doubtful.

Cytogenetic characterization of myeloid leukemia in-
duced in the same mouse strain by a-particles, neutrons, and
X-rays did not reveal evidence of the LET-dependent cyto-
genetic footprint of induced chromatid instability that might
be expected from in vitro cellular studies with bone marrow
cells (Bouffler and others 1996). In addition, the very high
a-particle relative biological effectiveness (RBE) for
induced genomic instability in bone marrow cells in culture
(Kadhim and others 1992) is somewhat inconsistent with the
low o-particle RBE suggested to apply to leukemogenic risk
in vivo (Breckon and Cox 1990; UNSCEAR 2000b).

Early studies of this form of induced instability depended
on in vitro irradiation. Studies with humans exposed in vivo
to low- and high-LET radiation (Tawn and others 2000b;
Whitehouse and Tawn 2001) have found no evidence of in-
duced chromatid instability in hemopoietic cells. The same
negative result was obtained experimentally in the CBA/H
mouse strain (Bouffler and others 2001). However Watson
and colleagues (2001) provided data that suggested variable
expression of in vivo induced chromatid instability in the
CBH/H mouse strain. Since CBH/H is a highly inbred strain,
such variable expression of chromatid instability cannot be
ascribed to genetic variation. Experimental factors may
therefore be of considerable importance, and relevant to this
are the data of Bouffler and colleagues (2001), which indi-
cate the existence of confounding stress factors that may ac-
count for in vitro and in vivo differences in the apparent ex-
pression of such instability.

These in vivo observations cast considerable doubt on the
relevance of radiation-induced chromatid instability for risk
of lymphohematopoietic tumors. This view is strengthened
by studies showing that the genetic determinants of induced
chromatid instability in mouse bone marrow cells differ from
those of susceptibility to induced lymphohematopoietic neo-
plasia (Boulton and others 2001). A similar degree of doubt
has been expressed following reanalysis of genomic insta-
bility data (Nakanishi and others 1999, 2001) relating to
myeloid leukemia arising in A-bomb survivors (Cox and
Edwards 2002; Little 2002).

Chromatid Instability in Mouse Mammary Epithelial Cells

Differences in radiosensitivity and susceptibility to radia-
tion induction of specific tumors among inbred mouse strains
are well recognized, and there is good evidence that the
BALB/c mouse is unusually sensitive to the induction of
tissue injury and mammary tumors (Roderick 1963; Storer
and others 1988); on these criteria the C57BL/6 mouse falls
into the radioresistant category. Initial cytogenetic studies
showed that mammary epithelial cells cultured from irradi-
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ated BALB/c mice persistently expressed substantially more
chromatid aberrations during passage than those derived
from irradiated C57BL/6 animals (Ponnaiya and others 1997;
Ullrich and Ponnaiya 1998). In follow-up investigations, the
chromatid instability phenotype of BALB/c was shown to be
associated with a partial deficiency in the NHEJ repair pro-
tein DNA-dependent protein kinase catalytic subunit (DNA
PKcs) together with compromised postirradiation DNA DSB
repair (Okayasu and others 2000). This study, which in-
cluded an intercomparison of inbred mouse strains, showed
deficiency of DNA-PKcs and DNA DSB repair to be re-
stricted to BALB/c suggesting genetic associations with per-
sistent genomic instability and mammary tumor susceptibil-
ity. In accord with this, molecular genetic analyses showed
BALB/c to carry a rare variant form of the gene (Prkdc)
encoding DNA-PKcs, and subsequent analysis of recombi-
nant mice provided strong evidence that variant Prkdc di-
rectly determined DNA-PKcs deficiency and postirradiation
chromatid instability in mammary epithelial cells (Yu and
others 2001). On the basis of these data it was proposed that
induced genomic instability and mammary tumor suscepti-
bility were genetically codetermined. Importantly, these
investigations provide genetic evidence that deficiencies in
the repair of DNA DSB, rather than as-yet-undefined epige-
netic phenomena, are likely to determine persistent chroma-
tid instability in this mouse. The question as to whether such
instability is a primary causal element in mammary tumori-
genesis or a secondary in vitro consequence of DNA repair
deficiency and clonal growth selection remains to be
resolved.

Recent studies have also suggested a linkage between
DNA-PKcs and maintenance of functional telomeres (Bailey
and others 2004a, 2004b). As noted elsewhere in this report,
the products of telomere dysfunction are dicentric chromo-
somes created by end-to-end fusion and sister-chromatid fu-
sions, both of which can be associated with breakage-fusion-
bridge cycles. More recently, a second product of telomere
dysfunction, fusions between telomeres and the ends of bro-
ken DNA strands (i.e., DNA DSBs), have been described.
Since telomere-DSB fusions have properties that differ from
both chromosomal end fusions and ordinary chromosome
aberrations, such fusions offer a potentially important new
mechanism for induction of instability. These fusions appear
to occur only under conditions of telomere dysfunction
resulting from defects in the NHEJ pathway (Bailey and
others 1999; Mills and others 2004). This suggests that
genomic instability as a mechanism in radiation-induced
cancer may be limited to specific circumstances in which
individuals harbor specific DNA-repair deficiencies.

Telomere-Associated Persistent Chromosomal Instability

Telomeric repeat sequences (Bertoni and others 1994) cap
the ends of mammalian chromosomes and serve to protect
against replicative erosion and chromosomal fusion; in nor-
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mal human cells in culture, telomere shortening and instabil-
ity is a natural feature of replicative cell senescence (Harley
and Villeponteau 1995; Bacchetti 1996). In often degenerate
forms, telomeric repeats are also found in subtelomeric and
interstitial chromosomal locations, and there is some evi-
dence that these loci may act as sites at which radiation-
induced and other forms of genomic damage are preferen-
tially resolved (Bouffler 1998).

Early studies of the postirradiation development of chro-
mosomal instability in in vitro passaged human diploid fi-
broblasts were suggestive of instability effects in a high pro-
portion of irradiated cells (Sabatier and others 1992).
However, subsequent detailed cytogenetic analyses sug-
gested that passage-dependent instability in cultured human
fibroblasts primarily takes the form of telomeric events ex-
pressed in cell clones naturally selected by growth rate dur-
ing passage (Ducray and others 1999). Overall, the data ob-
tained may be interpreted as initial radiation exposure
bringing forward in time the natural process of clonal
telomeric sequence instability associated with cell senes-
cence and telomere shortening.

A different form of postirradiation telomere-associated
instability is expressed in a hamster-human hybrid cell sys-
tem (Marder and Morgan 1993) where, in some clones, chro-
mosomal instability is persistently expressed at transloca-
tions that have telomeric sequences at their junction (Day
and others 1998). Similarly, unstable structures have been
observed in unirradiated hamster cells undergoing gene am-
plification (Bertoni and others 1994), and again it may be
that radiation is inducing genomic structures that enhance
the natural expression of instability.

There is good evidence that telomeric sequence instabil-
ity is a recurrent feature of tumorigenic development
(Bacchetti 1996; Chang and others 2001; Murnane and
Sabatier 2004). Of particular relevance to the question of
unstable translocation junctions are the so-called segmental
jumping translocations that have been well characterized in
spontaneously arising human leukemias (Shippey and others
1990). In respect of radiation tumorigenesis, detailed cyto-
genetic analyses suggest an excess of complex aberrations
and segmental jumping translocations in myeloid leukemias
arising at old ages in high-dose-exposed atomic bomb survi-
vors (Nakanishi and others 1999). These and other data on
excess microsatellite instability in A-bomb myeloid leuke-
mias (Nakanishi and others 2001) have been reanalyzed in
respect of dose and probability of tumor causation (Cox and
Edwards 2002; Little 2002). These reanalyses largely un-
couple the expression of leukemia-associated jumping trans-
locations and microsatellite instability from radiation causa-
tion and argue that the potential contribution of induced
instability to leukemogenic risk is likely to be small.

Telomeric sequence instability at radiation-associated
deletion or translocation breakpoints in mouse myeloid leu-
kemia has also been recorded; this is not a general character-
istic of these tumor-associated events, and recent studies ar-
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gue against the direct involvement of telomeric sequence
instability in these events (Bouffler and others 1996; Finnon
and others 2002).

In conclusion, although the position regarding radiation-
induced persistent genomic instability and its causal asso-
ciation with tumorigenesis is not well understood, a few spe-
cific points can be made:

1. Inthe case of radiation-associated persistent telomeric
rearrangement and unstable chromosome translocation junc-
tions, a coherent case can be made that a certain fraction of
misrepaired genomic damage after radiation may be prone
to ongoing secondary change in clonal progeny. There is
evidence that such secondary genomic rearrangement can be
a normal component of tumor development, in which case it
is reasonable to assume that excess instability of this type
could be a feature of some radiation-associated tumors, par-
ticularly those arising after high-dose irradiation where mul-
tiple or complex rearrangements may be expected.

2. The genetic evidence from mouse studies that post-
irradiation chromatid instability can be associated with mam-
mary tumor development is also persuasive, although it
leaves unanswered questions on the causal role of the excess
chromatid damage observed in vitro. Thus, in certain genetic
settings of DNA repair deficiency, a role for postirradiation
chromatid instability in tumorigenesis appears reasonable,
and the potential linkage with telomere dysfunction could
also be important.

3. Based on the negative or inconsistent data on in vivo
induced genomic instability in bone marrow cells, the non-
sharing of genetic determinants, and the contention on data
regarding A-bomb leukemias, induced genomic instability
is judged unlikely to impact appreciably on the risk of
lymphohematopoietic tumors after low-dose radiation.

There are very few data on radiation-associated human
solid tumors from which to assess the potential contribution
of induced genomic instability. The central problem is the
inherent difficulty in distinguishing this specific radiation-
induced phenotype from spontaneously developing genomic
instability as a natural consequence of clonal selection dur-
ing tumor development. Stated simply, does tumor instability
correlate with initial radiation damage or with neoplastic
phenotype?

This problem is well evidenced by molecular studies on
post-Chernobyl (Belarus) childhood thyroid cancer. Initial
studies showed evidence of excess microsatellite alterations
in these radiation-associated tumors when compared with a
reference group of adult thyroid cancers (Richter and others
1999). However, more detailed follow-up studies showed
that the principal correlation was between microsatellite
alterations and the aggression of early arising tumors. When
this factor was taken into account, microsatellite loss or
mutation in the early Belarus tumors was shown to be similar
to that of the adult reference cases (Lohrer and others 2001).
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Based on consideration of the available in vivo data it is
concluded that, at present, only a weak scientific case can be
made for a discernible impact of induced genomic instability
on radiation cancer risk. This conclusion is strengthened
when account is also taken of the uncertainties noted in
Chapter 2 regarding the biological basis and generality of
the expression of induced genomic instability in cultured
mammalian cells.

QUANTITATIVE STUDIES IN EXPERIMENTAL
TUMORIGENESIS

General Aspects of Dose-Response

The preceding discussion of potential mechanisms for
radiation-induced cancer has indicated an important role for
radiation-induced DNA DSBs, damage response pathways,
and gene or chromosomal mutations in the initial events lead-
ing to cancer development. On this basis it would be pre-
dicted that the form of the dose-response for radiation-in-
duced cancer and the effects of fractionation or reduced dose
rate on this dose-response would be compatible with such
underlying mechanisms unless factors involved in the ex-
pression of initiated cells are limiting in neoplastic devel-
opment. Such a mechanistic model provides specific pre-
dictions with respect to dose-response and time-dose
relationships for initial events and provides a framework for
prediction of dose-response and time-dose effects for radia-
tion-induced cancer (Ullrich and others 1987). Animal stud-
ies can be used to test these predictions. This framework is
based on the aD+BD? dose-response model for chromosome
aberration induction described in Chapter 2. For single acute
exposures the dose-response would be predicted to follow
this model such that at low doses the relationship between
cancer incidence and dose would be linear, while at higher
doses this relationship would follow a function more closely
related to the square of the dose. It is unlikely from a statis-
tical standpoint alone that such a function could be proven to
hold to the exclusion of all other dose-response models for
any set of experimental data.

Because of this, time-dose studies using both fractionated
and low-dose-rate exposure regimens are important compo-
nents in testing mechanistic predictions. On the basis of this
model, it would be predicted that the dose-response follow-
ing low-dose-rate exposures would be linear, with the same
slope as the linear portion of the acute dose response model.
In other words, at low doses the risk of radiation-induced
cancer is independent of the time over which exposure oc-
curs and is a cumulative function of dose. Fractionated ex-
posures can further test these time-dose relationships and
also provide information on the kinetics of processes in-
volved. Such kinetic information, while limited, can provide
insight into the nature of cellular versus tissue effects as
major components in cancer risks in the specific experimen-
tal model under study.
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Any critical analysis of quantitative data on radiation-in-
duced cancer requires informed selection of data sets. First,
the adequacy of a study with respect to statistical power and
use of appropriate analytical methodology must be consid-
ered. Second, biological factors involved in the pathogen-
esis of specific neoplasms must be considered with respect
to the applicability of the experimental model to carcinogen-
esis in general and to cancer risk in humans in particular.
Given these caveats, there are relatively few studies on ani-
mal carcinogenesis where the data are sufficient to address
the issue of dose-response relationships or the issue of dose-
rate effects and/or fractionation effects. Those studies in
which such analyses are possible are limited mainly to ro-
dent studies, principally mice. Biological factors in neoplas-
tic development must also be noted.

As discussed later in this chapter genetic background has
a major role in determining neoplastic development at the
level of sensitivity to both initiating events and events in-
volved in expression. Therefore even in mouse studies in
which there is sufficient statistical power to address ques-
tions of low-dose effects and time-dose relationships, the
data are limited to mouse strains that are highly susceptible
to specific forms of neoplasias. While variations in suscepti-
bility must be considered potential confounding factors in
applying animal data to human risks, careful analyses of
human and animal data suggest that animal data do in fact
have predictive value—for example, they can guide judg-
ments on the choice of cancer risk models (Carnes and others
1998; Storer and others 1988). On the other hand, there are
specific murine neoplasms whose pathogenesis appears to
be unique to the mouse. In these specific instances it is
unlikely that data derived using these systems would be ap-
plicable to human risks. These neoplasms are identified in
sections below.

Specific Murine Neoplasms

Leukemia and Lymphoma

The induction of leukemia and lymphoma has been ex-
amined in a number of murine systems, but the most exten-
sive quantitative data on both dose-effects and time-dose
relationships are for myeloid leukemia and thymic lym-
phoma. The most comprehensive data for myeloid leukemia
with respect to dose-response relationships, and fractionation
and dose-rate effects are in CBA male mice and RFM male
mice (Upton and others 1970; Mole and Major 1983; Mole
and others 1983). Interestingly, susceptibility in female mice
of the same strains is markedly lower. The CBA mouse has
also been used as an important model to dissect underlying
radiation-induced molecular events described earlier
(Bouffler and others 1991; Clark and others 1996; Silver and
others 1999). For both strains, studies have been conducted
over the dose range 250-3000 mGy (Upton and others 1970;
Mole and Major 1983; Mole and others 1983). Analyses of
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data sets from both strains have yielded similar conclusions.
Briefly, a number of dose-response models were seen to de-
scribe the data sets adequately. Data on incidence as a func-
tion of dose for both strains could be described by quadratic,
linear-quadratic, and simple linear dose-responses with in-
sufficient statistical power to exclude any of these three
models on the basis of acute exposure data alone. Fraction-
ation of the dose or low-dose-rate exposures resulted in a
linear dose-response consistent with expectations of radio-
biological theory in which the dose-response is linear qua-
dratic for acute exposures and linear for low-dose-rate expo-
sures, with the linear slope of the linear quadratic predicting
the low-dose-rate and fractionation responses. These results
are compatible with the apparent role of alterations in chro-
mosome 2 in initial events for murine myeloid leukemogen-
esis and consistent with mechanistic predictions of dose and
time-dose relationships described previously.

This is not the case for studies on thymic lymphoma. In
contrast to myelogenous leukemia, for which male mice are
the most sensitive, female RFM mice are significantly more
sensitive to the induction of thymic lymphoma following
radiation exposures (Ullrich and Storer 1979a). For radia-
tion-induced thymic lymphoma in female RFM mice, the
data suggest a more complex relationship between radiation
exposure and neoplastic development. Following single
acute exposures over the 100-3000 mGy dose range, no
simple dose-response model was found to describe the data
(Ullrich and Storer 1979a). Low-dose-rate exposures, al-
though significantly less effective with respect to induction
of thymic lymphoma than single acute exposures, still re-
sulted in a complex dose-response with a clear suggestion of
a large threshold (Ullrich and Storer 1979c). These results
should not be unexpected since the development of thymic
Ilymphoma in mice following irradiation is an extremely
complex process. The target cells for induction of thymic
lymphoma are thought to be in the bone marrow rather than
the thymus, and the pathogenesis of the disease appears to be
largely mediated through indirect mechanisms with cell kill-
ing playing a major role (Kaplan 1964, 1967; Haran-ghera
1976). For example, the expression of thymic lymphoma can
be substantially reduced or eliminated by protection of bone
marrow stem cells from radiation-induced cell killing. The
complex nature of the pathogenesis of this disease and the
lack of a comparable counterpart in humans argues against
thymic lymphoma as an appropriate model for understand-
ing dose-response and time-dose relationships in humans.

Solid Tumors

Data from experimental studies examining dose-response
and time-dose relationships are also available for a limited
number of solid cancers in female RFM and BALB/c mice,
including pituitary, Harderian gland, lung, and breast can-
cers (Ullrich and Storer 1979b, 1979c; Ullrich 1983). In a
large study examining dose and dose-rate effects in female
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RFM mice, increased incidences of pituitary and Harderian
gland tumors were reported. In spite of the large numbers of
animals used, analyses of the data with respect to dose-re-
sponse models could not distinguish between linear and lin-
ear-quadratic models (Ullrich and Storer 1979b).

However, when the data for low-dose-rate exposures were
considered as well, they were most compatible with a linear-
quadratic model (Ullrich and Storer 1979c). Importantly,
with respect to low-dose effects, these data support a linear
response at low doses that is independent of exposure time.
Such a response is consistent with predictions of the mecha-
nistic model outlined earlier in this chapter. Although the
number of animals used was smaller, a study examining ra-
diation-induced lung and mammary adenocarcinomas in fe-
male Balb/c mice reached similar conclusions with respect
to dose-response functions and low-dose risks (Ullrich and
Storer 1979c¢; Ullrich 1983). This model was tested further
in a series of experiments comparing the effectiveness of
single acute exposures, acute fractionated exposures, and
low-dose-rate exposures on the induction of lung and mam-
mary tumors in the Balb/c mouse (Ullrich and others 1987).
Importantly, in this study the hypothesis of time indepen-
dence of effects at low doses was critically tested and found
to hold. Specifically, similar effects were observed whether
the same total dose was delivered as acute low-dose frac-
tions or as low-dose-rate exposures.

While the data for solid tumors described above are com-
patible with mechanistic models detailed earlier in this chap-
ter, there are data sets that do not support a linear-quadratic
dose-response model. Extensive data for mammary cancer
induction in the Sprague-Dawley rat appear more consistent
with a linear model over a wide range of doses and with
linear, time-independent effects at low doses, low-dose frac-
tions, and low dose rates (Shellabarger and others 1980).
Although questions have been raised about the applicability
of this model system to radiation-induced breast cancer in
humans, much of the data from this rat model, from the
mouse model in Balb/c mice, and from epidemiologic stud-
ies in exposed human populations appear to be consistent
with respect to low-dose risk functions (Preston and others
2002b).

In contrast to the data for leukemia and for pituitary,
Harderian gland, lung, and mammary cancer described
above, data from studies examining radiation-induced ova-
rian cancer in mice and bone and skin cancer in various ani-
mal species are more compatible with threshold dose-re-
sponse models. In each instance it appears that an important
role for cell killing in the process of neoplastic development
and progression may explain these observations.

Analysis of the dose-response for radiation-induced ova-
rian tumors following single acute or low-dose-rate expo-
sures in RFM female mice indicated a marked sensitivity to
induction at relatively low radiation doses, but equally im-
portantly the analysis of the data strongly supported a thresh-
old dose-response model (Ullrich and Storer 1979b, 1979c¢).
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In fact, this is one of the few instances for which a linear
relationship could be rejected statistically. Studies in other
mouse strains, while having less statistical power, also sug-
gest a high sensitivity to induction of ovarian tumors at rela-
tively low doses but with an apparent threshold (Lorenz and
others 1947; Ullrich and Storer 1979c¢). This relatively un-
usual dose-response combining a threshold with high sensi-
tivity to induction is unique to the mouse. Ovarian cancer in
the mouse appears to involve an indirect mechanism for in-
duction involving oocyte cell killing and subsequent alter-
ations in the pituitary ovarian hormonal interactions (Kaplan
1950; Foulds 1975; Bonser and Jull 1977). The hormonal
alterations are the proximate cause of tumor formation, with
the role of radiation being relatively indirect as a result of its
cell-killing effects. Because mouse oocytes are uniquely sen-
sitive to the Kkilling effects of radiation (the LD50 [lethal
dose—50%] is ~50 mGy), ovarian tumors occur at very high
frequencies following relatively low doses of ionizing radia-
tion (Ullrich and Storer 1979¢). A threshold appears to exist
because a certain level of oocyte killing is required to cause
the hormonal alterations that result in ovarian tumor forma-
tion. The principal effect of lowering the dose rate is to in-
crease the threshold. In the RFM mouse, estimates of thresh-
olds were reported as 110 mGy for acute exposures and
700 mGy for low-dose-rate exposures (Ullrich and Storer
1979b, 1979c¢). In contrast to the mouse, oocytes in humans
are relatively resistant, with an LD50 of several grays. This
difference in sensitivity is apparently because mouse and
human oocytes are at different stages of differentiation in the
ovary (Brewen and others 1976). The unique sensitivity of
the mouse ovary to radiation makes it unlikely that results
using this model system would have general applicability to
risks in humans.

Radiation-induced skin cancer has been studied in both
mice and rats, although the majority of such studies have
focused on the rat model because the rat is significantly more
sensitive to skin tumor induction than the mouse (Burns and
others 1973, 1975, 1989a, 1989b). In both rats and mice,
relatively high total doses are required to induce skin cancer,
and there is a clear threshold below which no tumors are
seen. Multiple repeated radiation exposures are generally
required for tumors to develop in mouse skin, while a single
high dose (>10 Gy) is capable of inducing tumors in rat skin.
It was for skin tumorigenesis that many of the concepts of
multistage carcinogenesis were developed, including con-
cepts related to initiation, promotion, and progression, and it
is within this framework that the data for radiation-induced
skin tumors are best considered (Jaffe and Bowden 1986;
Burns and others 1989b). It appears from a variety of studies
that single doses of ionizing radiation are capable of initiat-
ing cells with neoplastic potential, but that these cells re-
quire subsequent promotion in order to develop into tumors
(Hoshino and Tanooka 1975; Yokoro and others 1977; Jaffe
and Bowden 1986). Without this promotion these latent ini-
tiated cells will not express their neoplastic potential.
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Several lines of evidence support this view. Hoshino and
Tanooka have demonstrated that small doses of beta irradia-
tion are capable of inducing initiating alterations in mouse
skin that required subsequent promotion with 4-
nitroquinoline N-oxide (4NQO) for tumors to develop. Jaffe
and Bowden (1986) have demonstrated the initiating poten-
tial of single doses of electrons when followed by multiple
exposures to the tumor-promoting agent TPA (12-0O-
tetradecanoylphorbol-13-acetate). Fry and his coworkers
(1986) have shown that X-ray-initiated cells can be promoted
to develop skin tumors by exposure to ultraviolet light. This
group has demonstrated further that the apparent threshold
dose-response for skin tumorigenesis can be converted to a
linear UVR dose-response when promotion is used to maxi-
mize the expression of latent initiated cells.

Based on such observations it is logical to speculate that
the multiple high-dose fractions of radiation that are gener-
ally required to induce skin tumors in mouse skin are acting
not only to initiate cells but also to induce tissue damage via
cell killing, which in turn acts as a promoting stimulus to
facilitate the progression of these initiated cells into skin tu-
mors. Likewise in the rat, the high doses required to produce
tumors are likely to produce both transformation of cells and
sufficient cell killing to promote the transformed cells. This
phenomenon does not appear to be unique to these animal
systems. Most evidence suggests that relatively high doses
of radiation are necessary to induce skin tumors in humans
and that these effects can be enhanced by exposure to UV
light from the Sun (Shore 2001). It is also important to note
studies by Jaffe and Bowden demonstrating that multiple low
doses of radiation to the skin that did not produce tissue dam-
age were not effective in promoting skin tumors initiated by
chemical agents (Jaffe and Bowden 1986). These data sup-
port the view that the predominant role for low-dose radia-
tion is tumorigenic initiation.

Studies of bone cancer also suggest a threshold response
and a requirement for prolonged exposure for tumor devel-
opment from exposure to low-LET radiation (NCRP 1990).
Unfortunately most of the available data have focused on
observations of effects rather than dissecting potential un-
derlying mechanisms. Attempts have been made to model
bone tumorigenesis however, and these models have again
focused on an important role for a mechanism involved in
the expression of initiated cells in controlling tumor devel-
opment (Marshall and Groer 1977). Although speculative, it
is likely that mechanisms similar to those proposed for skin
tumorigenesis involving the cell-killing effects of radiation
are likely involved in producing a threshold response for
bone tumors.

Fractionation Kinetics

Studies using fractionation regimens have been useful in
addressing issues of time-dose relationships in radiation car-
cinogenesis. In a few instances, investigators have also used
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this approach to examine the kinetics of repair of carcino-
genic injury. Studies have been conducted examining repair
kinetics associated with skin tumorigenesis following local-
ized irradiation of rat skin by Burns and coworkers (1975).
In the mouse, repair kinetics were determined by examining
tumor development in the mouse ovary and mouse lung fol-
lowing whole-body irradiation (Yuhas 1974; Ullrich 1984;
Ullrich and others 1987). The experimental design for these
studies has been to compare tumorigenic effects following a
single acute exposure with the effects after a similar total
dose split into two equal fractions separated in time by hours
or days. When there is interaction between the two doses the
tumorigenic effectiveness would be predicted to approximate
that for the single acute exposure, while if there is recovery
from carcinogenic injury, the effectiveness of the split doses
would be lower. A simple approach to determining whether
cellular-based or tissue-based factors play a limiting role in
radiation tumorigenesis is to compare a 24 h fractionation
scheme with that in which the time between fractions is much
longer and more compatible with tissue kinetics. A con-
venient time to use has been 30 d between fractions. Not
surprisingly, considering the role of cell killing in its patho-
genesis, studies examining radiation-induced ovarian tu-
morigenesis have indicated a recovery time between frac-
tions of 24 h or less (Yuhas 1974). Likewise data for skin
tumorigenesis in the rat, for which cell-killing effects appear
to play a role in neoplastic development, a recovery time of
approximately 4 h has been reported (Burns and others 1973,
1975).

More interesting are data for the induction of lung adeno-
carcinomas in Balb/c mice (Ullrich and others 1987). Cell
killing has not been seen to play a major role in the patho-
genesis of this tumor, and the doses used in the fractionation
studies are not in the range where cell killing would be likely
to produce significant tissue damage (Meyer and others
1980; Meyer and Ullrich 1981). A comparison of the tum-
origenic effects of two 1 Gy fractions separated by either 24
h or 30 d with that for a single dose of 2 Gy indicated full
recovery by 24 h with no further reduction in tumorigenic
effectiveness when the time between fractions was increased
to 30 d. Additional studies compared the lung tumorigenic
effects produced at a total dose of 2 Gy delivered as a single
acute exposure to those of multiple 100 mGy fractions sepa-
rated by 24 h as well as to continuous low-intensity expo-
sures delivered at a dose rate of 4 mGy/h. The observation of
a similar reduction in lung adenocarcinomas following both
the low-dose-rate and the fractionated exposure regimens
also provides support for recovery kinetics in the range of 24
h or less.

Postirradiation Persistence of Initiated Cells

While fractionation studies suggest that tissues can re-
cover from radiation-induced carcinogenic injury and that
this recovery is likely based on kinetics associated with re-
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pair of DNA and chromosomal-type damage, another im-
portant question is the persistence of radiation-initiated cells
once the initial damage has been produced. Two studies us-
ing different experimental systems have addressed this is-
sue. Hoshino and Tanooka (1975) examined the persistence
of latent carcinogenic damage in irradiated mouse skin. In
this study they gave a dose of irradiation that by itself would
not result in the development of skin tumors and followed
this with promotion using 4NQO over intervals from 11 to
400 days after irradiation. Importantly, they found that ra-
diation-initiated cells could persist as latent carcinogenic
damage for up to 400 d. Yokoro and his coworkers (1977),
in studies examining the interaction of radiation and hor-
mones in breast cancer development, found that latent radia-
tion carcinogenic damage could be produced in rat mam-
mary glands by a single low dose of radiation and that the
expression of this damage could be enhanced by subsequent
stimulation with prolactin. As in the Hoshino and Tanooka
study, the latent radiation-initiated cells were found to per-
sist for a substantial portion of the rat’s lifetime.

Radiation-Induced Life Shortening

It has been known for decades that radiation reduces the
life span of animals, and studies in mice and dogs have been
conducted using life-span shortening as a means to quantify
radiation effects (NCRP 1980; Storer and others 1982;
Carnes and Fritz 1991; Carnes and others 2002, 2003). The
rationale for such studies has been that life shortening,
although a complex end point, can serve as an integrated
measure of the deleterious effects of radiation. The degree of
life shortening from a specific radiation dose can vary as a
function of strain, species, gender, and physiological status
of the animals (Storer and others 1979, 1982; Korshurnikova
and Shilnikova 1996). This variation is largely a function of
the spectrum of spontaneous and induced disease and the
age distribution of disease occurrence. For example, a great
degree of life shortening is observed in animals susceptible
to the induction of thymic lymphoma or myelogenous leuke-
mia, both of which occur relatively early following exposure
to ionizing radiation (Storer and others 1979, 1982; Storer
and Ullrich 1983).

In contrast, in animals that are not susceptible to such
early developing neoplasms, but rather develop late-occur-
ring solid tumors following radiation exposure, substantially
less life shortening is observed at the same radiation dose.
Regardless of the degree of life shortening observed how-
ever, analyses of experimental studies indicate that at low
doses of radiation and for radiation delivered at low dose
rates, such life shortening is due almost entirely to radiation-
induced cancer (Storer and others 1979, 1982; Carnes and
others 2002, 2003).

Single acute doses in the range of 500 mGy and higher
increased life shortening attributable to nonneoplastic ef-
fects, but at lower doses and for a wide range of doses deliv-
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ered at low dose rates, this nonneoplastic component of life
shortening has not been observed (Ullrich and Storer 1979a).
A few instances have been reported of apparent radiation-
induced life lengthening following exposure to low levels of
single or protracted doses of radiation (NCRP 1980). Statis-
tical analyses of the distribution of deaths in these studies
indicate that control animals usually show a greater variance
around the mean survival time than the groups exposed to
low doses of radiation (NCRP 1980). In addition, the longer-
living irradiated animals generally have a reduced rate of
intercurrent mortality from nonspecific and infectious dis-
eases during their early adult life, followed by a higher mor-
tality rate later in life (NCRP 1980). Since these studies were
conducted under conditions in which infectious diseases
made a significant contribution to overall mortality, the in-
terpretation of these studies with respect to radiation-induced
cancer or other chronic diseases must be viewed with
caution.

Experiments designed to address questions of low-dose
risk using life shortening have used two different experi-
mental approaches (NCRP 1980). One approach has been to
deliver radiation doses at different dose rates over the entire
life span of the animals. A second approach has been to de-
velop dose-response relationships following acute, fraction-
ated, and low-dose-rate exposures delivered as defined ra-
diation doses. In such studies, a range of radiation doses have
been delivered, generally to young adult animals. In the case
of fractionated or low-dose-rate exposure regimens, the ex-
posures were terminated at specific total doses delivered over
a well-defined fraction of their life span.

For purposes of understanding risks from low-dose-rate
exposures, it is important to make a clear distinction between
dose-rate effects (which involve terminated exposures) and
protraction effects (which involve radiation exposures over
the entire life span). With few exceptions, dose-response re-
lationships derived from life-shortening data following
single acute radiation doses, fractionated exposures, and ter-
minated low-dose-rate exposures all suggest linear dose-re-
sponses over wide range of doses (NCRP 1980). This appar-
ent linearity in the dose-response for life shortening may
reflect the integration of a variety of tumor types whose indi-
vidual dose-responses may vary widely.

The exceptions are generally related to instances in which
a single tumor type is the principal cause of death following
radiation exposure. The primary effect of fractionating the
radiation dose or reducing the rate at which the dose is deliv-
ered is to reduce the slope of the linear response.

Importantly, experiments using multiple, low-dose-rate,
terminated exposures suggest a limiting linear slope in all
cases (Storer and others 1979; NCRP 1980; Carnes and oth-
ers 1989). Once this limiting linear response is reached, no
further reduction in effect is seen if dose rate is reduced fur-
ther. However, for protracted exposures that involve irradia-
tion over the entire life span, a further reduction in life short-
ening per unit dose has been observed (NCRP 1980). This
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further reduction in slope has been attributed to so-called
wasted radiation. According to this concept, radiation injury
induced late in life does not have sufficient time to express
itself, thereby reducing the slope of any dose-effect relation-
ship.

In fact, both dose-rate effects and protraction effects are
more complicated than they appear at first glance. Analysis
of cause of death and tumor incidence data indicates that
reducing the rate at which a radiation dose is delivered reduces
the frequency of radiation-induced tumors and alters the spec-
trum of neoplastic disease (Storer and others 1979; NCRP
1980). First, the frequencies of early appearing radiation-
induced neoplasms such as leukemia and lymphoma are
reduced. This effect alone has a major impact on life short-
ening by switching the spectrum of disease to more late-
occurring solid cancers. Second, a reduction in the frequency
of late-appearing tumors when compared to animals receiv-
ing a single acute exposure is also observed. Depending on
the exposure regimen, this effect on solid tumor frequencies
may be a result of dose-rate effects in the case of terminated
exposures, as well as a protraction effect in the case of life-
time exposures. This duality of effect tends to amplify dose-
rate or protraction effects seen for individual tumors. Re-
gardless of the fine structure of dose-rate and protraction
effects, it is important to note that all of the data support a
linear dose-response for radiation-induced life shortening at
low doses and low dose rates over a wide range of doses.

Determining Dose and Dose-Rate Effectiveness Factors
from Animal Studies

Application of the linear-quadratic dose dependence,
oD+BD?, and a wide range of molecular, cellular, and ani-
mal data have been used to argue that data on radiation-in-
duced cancer in human populations derived from studies
following acute radiation exposures tend to overestimate ra-
diation risks at low doses and low dose rates. In this regard,
analyses of the animal studies examining dose-response and
dose-rate effects described above have been particularly im-
portant. In an attempt to quantify the degree to which ex-
trapolation of acute high-dose data might overestimate risks
at low doses and low dose rates, a number of groups have
used a similar approach. The approach taken has been rela-
tively simple. Essentially, the effectiveness per unit dose for
acute exposures has been determined using a linear interpo-
lation of data in the 2-3 Gy dose range and control data at
0 Gy. The rationale for using only the high-dose data and not
data at lower doses was based on the assumption that this
would simulate analyses of risks from epidemiologic studies
where most of the available data were for single acute expo-
sures at relatively high doses. Except in instances where
threshold dose-responses were observed, effects per unit
dose following low-dose-rate exposures were derived by
calculating the slope of the entire dose-response (not just in
the 2-3 Gy dose range).
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By dividing the tumorigenic effectiveness per unit dose
of acute exposures using the high-dose data and the low-
dose-rate exposures, effectiveness ratios were obtained.
These ratios have been termed dose and dose-rate effective-
ness factors. Since the data from which these ratios are ob-
tained result from comparing high- and low-dose-rate ef-
fects, these ratios are literally dose-rate effectiveness factors
(DREF). However, since the actual dose-response for most
radiation-induced tumors following single acute exposures
was found to be linear quadratic, it can be seen from Fig-
ure 10-1 that this procedure would tend to overestimate ef-
fects for low single acute radiation doses (in the dose range
where the response is predominantly linear) as well as for
low-dose-rate exposures over a wide range of total doses.
Since the ratio should be equally valid for estimating effects
at low dose rates (the DREF) and for low single doses, the
term dose and dose rate effectiveness factor (DDREF) has
commonly been used. This would not be the case if the dose-
response following acute exposures is not linear quadratic.

The derivation and application of DDREF must be per-
formed with caution. Tumors for which there is mechanistic
knowledge that they are unlikely to be applicable to radia-
tion carcinogenesis in human populations should not be con-
sidered. On this basis, quantitative data on dose-rate effects
for thymic lymphomas and for ovarian tumors, which have
been shown to be highly sensitive to dose-rate effects, should
not be used. Likewise, caution should also be exercised when
considering data for the induction of pituitary tumors in RFM
female mice because of potential effects associated with the
sensitivity of the mouse ovary and the subsequent disruption
of pituitary and ovarian hormone functions. This leaves a
limited data set upon which to base DDREF calculations,
which includes data for myeloid leukemia and a few solid
tumors including Harderian gland (for which there is no com-
parable tissue in humans), lung adenocarcinomas, and mam-
mary tumors. Data for myeloid leukemia are available for
two mouse strains and from at least three independent stud-
ies. All of the data support a reduced effect when comparing
high- and low-dose-rate exposures over the 0-3 Gy dose
range. Calculation of DDREF values using the procedures
described above yields estimates on the order of 2 to 6, with
most values in the range of 4-5. For lung adenocarcinomas
and Harderian gland tumors, DDREF values of approxi-
mately 3 have been calculated over the 0-2 Gy dose range.
For mammary tumors, all of the data suggest a DDREF value
of less than 2 and closer to a value of 1 when effects of high-
dose-rate and low-dose-rate exposures are compared in this
0-2 Gy dose range. Thus, it appears that myeloid leukemia
is probably more sensitive to dose-rate effects than are solid
tumors.

It should also be pointed out that these values are based
on extrapolation of data from acute doses of 2-3 Gy and that
extrapolating data from lower doses would result in lower
estimates. The impact of dose range must be considered
when applying DDREF factors to human risk estimates for
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which there are good data at and below 1 Gy. Chapters 10
and 12 describe the use of animal data in developing a spe-
cific judgment on the value of DDREF to be used in
BEIR VII cancer risk estimates.

Adaptive Responses

Human and animal data relating to adaptive responses to
radiation and cancer risk have been reviewed by UNSCEAR
(1994). That review concluded that the presence of an adap-
tive response for cancer risk was not readily evident from
the results of animal studies and that, for reasons of statisti-
cal power, no clear statements were possible from epidemio-
logic investigations. Since 1994 a number of further animal
studies have reported evidence suggestive of some form of
adaptive response in the development of certain tumors.

Ishii and colleagues (1996) reported a decreased inci-
dence of thymic lymphoma in AKR mice following chronic
fractionated low doses of X-rays. As described in this chap-
ter, the atypical involvement of cell killing in the etiology of
murine thymic lymphoma makes interpretation of all data
for this tumor type most difficult. On this basis, no great
weight can be placed on the data of Ishii and others (1996).
Of potentially greater relevance are the adaptive response
data on the induction of AML in CBA mice and the develop-
ment of osteosarcoma or lymphoma in 7rp 53-deficient mice.

In studies with CBA mice (Mitchel and others 1999), prior
exposure to low-dose-rate radiation was shown to change
the tumorigenic response of animals receiving a second dose
at a higher dose rate delivered one day later. Somewhat sur-
prisingly, the principal effect of the priming dose was not to
reduce the lifetime risk of AML but rather to increase tumor
latency. Similar delaying effects on tumor latency but not
lifetime risk of a low (10 mGy) acute priming dose were
subsequently reported for spontaneous development of os-
teosarcoma and lymphoma in Trp 53 heterozygotes. The ef-
fects of a 100 mGy priming dose differed for osteosarcoma
(decreased latency) and lymphoma (increased latency), a re-
sult that is suggestive of a mechanism that is dependent on
dose and tumor type. These studies are difficult to interpret,
particularly since the priming dose appears to influence tu-
mor development rather than initiation.

This result runs counter to expectations from cellular data
on adaptive responses (see Chapter 2), which emphasize the
potential importance of adaptive DNA damage response pro-
cesses. To explain the apparent effects of a priming dose on
tumor latency it would be necessary to postulate the exist-
ence of low-dose-induced physiological signals that have a
lifetime of many months. Mitchel and others (2003) suggest
that these signals might act via the inhibition of genomic
instability, which would then tend to slow tumor development.
However given the great uncertainties on the in vivo activity
of radiation-associated genomic instability already noted in
this chapter, the adaptive mechanism suggested by Mitchel
and others (2003) is regarded as being highly speculative.
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In summary, while these more recent data on adaptive
responses for radiation-induced tumorigenesis may act as a
focus for further research, they do not provide coherent evi-
dence of the generality of this mechanism and its importance
for judgments on low-dose cancer risk.

GENETIC SUSCEPTIBILITY TO RADIATION-INDUCED
CANCER

It has been known for many years that there are individu-
als and families within human populations who carry heri-
table mutations that can increase their lifetime probability
of spontaneously developing cancer. Indeed, family pedi-
grees providing evidence of strongly expressing predisposi-
tion, particularly to colon carcinoma, were published in the
early part of the 1900s, but it was not until the development
of molecular genetic techniques in the 1970s that the whole
field of human cancer genetics began its rapid development.

The primary mechanistic association between heritable
cancer in humans and exposure to an environmental car-
cinogen was made in the late 1960s when Cleaver (1968)
demonstrated an excess of skin cancer in sun-exposed DNA,
repair-deficient xeroderma pigmentosum (XP) patients (i.e.,
there was likely to be a direct association between heritable
DNA repair or damage response capacity and cancer devel-
opment). Since the 1970s the generality of this crucial asso-
ciation has been much more firmly established by a combi-
nation of clinical, epidemiologic, and molecular genetic
approaches. These developments have included the elucida-
tion of two rare human genetic disorders of cancer, ataxia-
telangiectasia (AT; Easton 1994) and Nijmegen breakage
syndrome (NBS), in which the DNA damage response de-
fects concern the form of DNA damage (Brenner and Ward
1995) critical for cellular response to ionizing radiation
(Taylor and others 1994a; Savitsky and others 1995). The
DNA damage response defects in these human disorders are
considered in depth elsewhere in this report. However, as
evident from the data outlined in the following sections, ge-
netic susceptibility to radiogenic tumors extends beyond a
simple relationship between DNA damage response defi-
ciency, cellular radiosensitivity, and neoplastic development
(ICRP 1998; NRPB 1999).

The first objectives of this section are to outline the data
that relate to (1) cancer-prone human genetic disorders de-
termined by strongly expressing genes, (2) less strongly ex-
pressing cancer-associated genes, and (3) the evidence
available on radiosensitivity and predisposition to radiation
tumorigenesis. The principal conclusions from these re-
views will then be applied in the development of judgments
on the identification of human subgroups having potentially
increased cancer risk after radiation and the likely magni-
tude of that increased risk. In developing these judgments,
particular attention will be given to the uncertainties in-
volved.
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Cancer-Prone Human Genetic Disorders

The whole field of cancer genetics has expanded dramati-
cally in the last 15 years, and it is appropriate to provide only
a brief overview here. Detailed reviews are given elsewhere
(Eeles and others 1996; ICRP 1998).

Published genetic catalogs (McKusick 1998; Mulvihill
1999) show that around 6% of recorded human disorders
and mutant genes have some degree of association with neo-
plastic disease. The number of such disorders for which the
association is unambiguously strong remains small (less than
50) and tends to be restricted to rare autosomal recessive and
autosomal dominant diseases. Highly expressing autosomal
dominant diseases usually manifest as familial cancer, often
without other major clinical features. As a genetic grouping,
these have received much attention in recent years. Autoso-
mal recessive diseases tend to be more rare, and excess can-
cer is usually accompanied by other characteristic clinical
features. Since their manifestation demands a genetic input
from both parents, these disorders do not typically express
as familial cancer.

Autosomal Recessive Disorders

The majority of human genetic diseases associated with
DNA damage response and repair fall into this category.
Table 3-3 outlines examples within this category including
AT and NBS. There are also examples of autosomal reces-
sive and X-linked disorders of the immune system, which
manifest as susceptibility to virally associated neoplasia
(ICRP 1998); these are not considered here.

Autosomal Dominant Disorders

In this category are examples of mutations in DNA dam-
age response or repair genes, in proto-oncogenes, and in tu-
mor-suppressor genes. Table 3-4 outlines examples of hu-
man disorders that make up this grouping.

In considering the examples given in Tables 3-3 and 3-4,
a number of general points can be added to the descriptions.
First, there are genetic disorders that might qualify for inclu-
sion in both DNA damage response or repair and tumor-
suppressor categories. The prime example is Li-Fraumeni
syndrome, which may be ascribed to DNA damage response
and tumor suppression activity of the responsible 7P53 gene
(ICRP 1998). Howeyver, on the basis of their autosomal domi-
nant inheritance and gene loss in tumors, DNA mismatch
repair defects in hereditary nonpolyposis colon cancer and,
possibly, BRCA-type heritable breast cancer might also be
included in the tumor-suppressor category.

Second, there are general clinical and medical genetic
features of the cancer-prone disorders of Tables 3-3 and 3-4
that are important for the judgments to be developed. For
autosomal dominant human mutations of cancer to be
detected readily in the population via family studies, the
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TABLE 3-3 Examples of Autosomal Recessive Disorders of DNA Damage Response

BEIR VII

Genes Approximate Prevalence
Disorder or Locus Defect Proposed Major Clinical Features Cancer (per live births)
Xeroderma XP-Ato XP-G  Excision or Photosensitivity and cancer ~ Squamous cell skin 1 in 250,000
pigmentosum and XPV postreplication repair of UVR-exposed skin carcinoma, basal cell
carcinoma, and melanoma
Cockaynes CS-A, CS-B Transcribed strand Photosensitivity, dwarfism No excess a
syndrome repair
Trichothiodystrophy ~ XP-D Excision repair Photosensitivity, abnormal Variable excess (skin) a
sulfur-deficient hair
Ataxia- ATM Kinase activity Radiosensitivity, neuro- Lymphoma 1 in 100,000
telangiectasia and immunodeficiency
Nijmegen breakage NBS NHEIJ factor Radiosensitivity, Lymphoma a
syndrome (Mrell/RADS50/nbs) microencephaly,
immunodeficiency
Fanconi’s anemia FA-Ato FA-C ~ DNA cross-link repair ~ Bone marrow deficiency, Leukemia 1 in 300,000

skeletal abnormalities

4Less than 1 in 100,000.

TABLE 3-4 Examples of Autosomal Dominant Disorders of Tumor Suppressor Genes, Proto-oncogenes, and DNA

Damage Response or Repair Genes

Genes Approximate Prevalence
Disorder or Locus Defect Proposed Cancer (per live births)
Tumor-Suppressor Disorders
Familial adenomatous polyposis APC Transcriptional regulation ~ Colorectal cancer 1 in 8000
(multiple polyps)
Von Hippel-Lindau disease VHL Transcriptional regulation ~ Renal cancer 1 in 30,000
Denys Drash syndrome WT'1 Transcriptional regulation ~ Nephroblastoma (+ others) ?
Neurofibromatosis type 1 NF-1 GTPase regulation Neurofibroma Schwannoma 1 in 3000
Neurofibromatosis type 2 NF-2 Cytoskeletal linkage Meningioma Neurofibroma 1 in 30,000
Nevoid basal cell carcinoma syndrome PTC Cellular signaling Basal cell skin cancer 1 in 50,000
Medulloblastoma
Tuberous sclerosis TSCI Cellular signaling Benign lesions of skin, nervous 1 in 20,000
7SC2 Cellular signaling tissue, heart, and kidneys
Retinoblastoma RBI Transcriptional regulation ~ Retinal tumors, bone or soft- 1 in 25,000
tissue sarcoma, brain cancer,
and melanoma
Proto-oncogene Disorders
Multiple endocrine neoplasia (2A and 2B)  RET Cellular signaling Thyroid or parathyroid ?
and familial medullary thyroid cancer neoplasms
DNA Damage Response or Repair Disorders
Hereditary nonpolyposis colon cancer MLHI, MSH2, DNA mismatch repair, Colon cancer, endometrial 1 in 2000
PMS1, PMS2 apoptosis cancer
Li-Fraumeni syndrome TP53 (others?) DNA damage recognition  Various 1 in 50,000
Heritable breast or ovarian cancer BRCA-1 Transcriptional regulation, ~ Breast or ovarian cancer 1 in 1000
BRCA-2 DNA repair Breast cancer (also male)
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degree of spontaneous tumor risk that is imposed must be
sufficient to distinguish that family from others that are non-
carriers. Given that, on average, spontaneous cancer in-
cidence in the general population is around 30%, the infor-
mation currently available is restricted largely to mutations
where the cancer in question is expressed at a high relative
frequency in gene carriers (i.e., so-called high-penetrance
mutations).

Other features of importance are (1) the organ specificity
of many cancer-predisposing mutations, (2) the age of onset
of given neoplasms in gene carriers that usually occurs at
younger ages than in noncarriers, (3) the frequent occurrence
of multiple tumors in gene carriers, and (4) the substantial
variation for cancer risk between carriers of a given gene
mutation, suggestive of major influences from the genetic
background and/or life-style of the host. These issues of heri-
table cancer risk have been summarized by the International
Commission on Radiological Proterction (ICRP 1998) and
more recently by Ponder (2001). The crucial point, to be
developed later, is that current knowledge of heritable can-
cer susceptibility in humans is restricted largely to relatively
rare mutations of high penetrance. Cancer may be regarded
as a multifactorial disorder (see Chapter 4), and genetic
views developed from the study of other multifactorial con-
ditions, such as coronary heart disease, suggest strongly that
there will be many more variant cancer genes having lower
penetrance than those listed in Tables 3-1 and 3-2. The cur-
rent lack of knowledge about the nature, frequency, and im-
pact of such genes imposes fundamental limitations in re-
spect of the objectives stated earlier.

Mechanistic Aspects of Genetically Determined Radiation
Response

In making judgments on the radiation response of can-
cer-prone individuals it is valuable to consider first the
theoretical expectations that follow from current knowledge
of the cellular mechanisms that are likely to be involved in
cancer susceptibility. Germline mutations in DNA damage
response or repair genes, tumor-suppressor genes, and
proto-oncogenes are considered in turn.

DNA Damage Response-Repair Genes

As outlined in Chapters 1 and 2, different forms of DNA
damage are recognized and processed in mammalian cells
by different biochemical pathways, which share few genetic
determinants. Accordingly, there is no expectation of a glo-
bal association between DNA damage response or repair
deficiency and sensitivity to the tumorigenic effects of ra-
diation. Rather, the expectation is that a deficiency of genes
associated with recognition or repair of the form of damage
that is critical for cellular response to radiation (i.e., DNA
DSB) will be of greatest significance for radiation cancer
risk. On this basis the autosomal recessive disorders AT and

81

NBS in Table 3-3 might be judged to exhibit increased can-
cer risk after ionizing radiation, whereas XP would not.
Stated simply, germline deficiency in the recognition and/or
repair of induced DNA damage of specific forms is expected
to increase the abundance of genome-wide damage in the
somatic cells of body tissues. This increased mutational load
will tend to increase cancer risk, albeit with differing de-
grees of expression among tissues. It is important to recog-
nize, however, that a number of autosomal dominant condi-
tions, particularly Li-Fraumeni syndrome (TP53*"), are
determined by genes that play more general roles in the
control of stress responses, apoptosis, and/or coordination of
the cell reproductive cycle (Chapter 2). Abnormal cellular
response or cancer risk in such disorders might be expected
for a range of DNA-damaging agents including ionizing
radiation.

Tumor-Suppressor Genes

For tumor-suppressor genes such as VHL and NFI in
Table 3-4 there is no specific association with DNA damage
response or repair. Accordingly there is no expectation of
increased genome-wide sensitivity to the mutagenic effects
of radiation. In these instances increased radiation cancer
risk may be anticipated on the basis of the now well-sup-
ported hypothesis of Knudson (1986). In brief, there is good
evidence that many tumor-suppressor type genes act as tis-
sue-specific gatekeepers to neoplastic pathways (Kinzler and
Vogelstein 1997). Since loss or mutation of both autosomal
copies of such genes from single cells is believed to be rate
limiting for the initiation of neoplastic development, tumor
initiation in normal individuals is expected to be a rare cellu-
lar event.

A carrier of a germline mutation in a given tumor-sup-
pressor gene will however show loss of function of one such
gene copy, thus “unshielding” the second copy in all target
somatic cells. The lifetime risk of spontaneous loss or muta-
tion of that second copy from any given population of target
cells will be relatively high—hence the often dramatic in-
crease in organ-specific cancer risk.

There is also a clear expectation that exposure of the car-
rier individual to ionizing radiation or indeed other genotoxic
carcinogens would, via the same genetic-somatic mecha-
nism, result in a greater-than-normal risk of organ-specific
cancer. Stated simply, the enhanced radiation cancer risk in
the carrier individual would be driven by a reduction in the
target gene number from two to one; in a given disorder the
organs at increased risk would tend to be the same as those
involved in spontaneous neoplasia.

Proto-oncogenes

There are few well-characterized germline, gain-of-func-
tion mutations in proto-oncogenes that have unambiguous
associations with cancer risk; a series of characterized ret
gene mutations are however known to increase the risk of
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thyroid neoplasia (Table 3-4). As in the case of tumor-sup-
pressor gene loss, germline ret mutation may be viewed as
removing one early rate-limiting step in multistage thyroid
tumorigenesis such that the carrier individual is at increased
risk of neoplastic development via the accumulation of fur-
ther mutations in other genes. Again, greater-than-normal
radiation risk to the target organ should be anticipated.

In the following sections, the above propositions are ex-
amined on the basis of available cellular, animal, and epide-
miologic data.

Cellular Data on Heritable Human Radiosensitivity

Cellular data on heritable radiosensitivity in respect of
cell inactivation have been reviewed recently (ICRP 1998).
In brief, although there are isolated instances of cancer and/
or radiotherapy patients showing clear evidence of radiosen-
sitivity, it is only for AT and NBS that there is unambiguous
evidence of profoundly increased radiosensitivity to cell
killing associated with known human disorders of DNA
damage response or repair and cancer. Claims for increased
radiosensitivity in other cancer-prone disorders remain con-
troversial and do not provide clear guidance on radiation
cancer risk.

Although sensitivity to cell killing after radiation may at
present not be a particularly useful surrogate for cancer risk,
there are closer parallels between the induction of chromo-
some damage and cancer. Although not without some uncer-
tainty, the data accumulating on the patterns of chromosomal
radiosensitivity in human cancer-prone disorders are worthy
of some attention. These data, considered by Scott and col-
leagues (1998) and reviewed by the National Radiological
Protection Board (NRPB 1999) show that, compared with
healthy controls, cells cultured from AT and NBS patients
typically exhibit two- to threefold greater chromosomal ra-
diosensitivity, but in some cytogenetic assays, the increased
sensitivity can be up to tenfold (Taalman and others 1983;
Taylor 1983). The NRPB has summarized a large body of
cytogenetic data on which claims of associations between
chromosomal radiosensitivity and human cancer suscepti-
bility have been based. As in the case of cell killing, some of
these claims remain controversial. More recent studies on
the possible radiosensitivity of cells from breast cancer-sus-
ceptible BRCA1 and BRCA2 patients have also provided
conflicting evidence (Buchholz and others 2002; Trenz and
others 2002; Powell and Kachnic 2003). Of additional inter-
est are the data on G, cell cycle radiosensitivity, which
among other findings suggest that AT heterozygotes are
indeed radiosensitive and that up to 40% of unselected breast
cancer cases also exhibit modestly elevated radiation-in-
duced chromosome damage (Scott and others 1994; Parshad
and others 1996). There is also some evidence of elevated
chromosomal radiosensitivity in cells from patients with
malignant gliomas (Bondy and others 1996) and colorectal
cancer (Baria and others 2001).
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In summary the evidence available on human chromo-
somal radiosensitivity suggests that AT and NBS may be up
to tenfold more sensitive than normal; some uncertainty sur-
rounds the chromosomal radiosensitivity of other cancer-
prone disorders, but any such increase in sensitivity appears
to be modest—not more than two- to threefold. Although
critical data are lacking, it is a reasonable assumption that, in
general, a heritable increase in chromosomal radiosensitiv-
ity would be associated with increased radiation cancer risk,
albeit with possible differences in the response of different
tissues. Data from G, chromosomal radiosensitivity assays
are generally supportive of this association, but some data
remain controversial.

Animal Data on Radiosensitivity and Tumorigenesis

The experimental data available about the impact of heri-
table factors on radiosensitivity and tumorigenesis derive
principally from studies on the genetic homologues of some
of the human disorders listed in Tables 3-3 and 3-4. These
studies are summarized in Table 3-5 with references.

Although there are some differences in the patterns of
phenotypic expression, in the main the rodent genetic homo-
logues of AT, Li-Fraumeni syndrome (LFS), familial
adenomatous polyposes, neroid basal cell carcinoma syn-
drome (NBCCS), and tuberous sclerosis recapitulate many
of the features of their human counterparts. In respect of
early responses, Atm~~ mice show extreme radiosensitivity;
there is also evidence of moderate in vivo radiosensitivity in
Atm*~mice. Studies with A#m*"~ knockout mice (Barlow and
others 1999) provided evidence of increased in vivo radio-
sensitivity but failed to demonstrate differences in radiation
induced tumorigenesis between +/— and +/+ genotypes.
However, more recent data on spontaneous tumorigenesis
(Spring and others 2002) imply that such studies are best
conducted with Arm knock-in mice, which recapitulate
known human mutations.

Data on BRCA1- and BRCA2-deficient mice have yet to
provide clear evidence on the role of these genes in radiation
tumorigenesis. The principal benefit of the referenced stud-
ies noted in Table 3-5 is the provision of a growing associa-
tion between the Brca genes, Rad51, cell cycle perturbation,
and DNA damage response.

The most valuable animal genetic data on radiation tum-
origenesis have been developed from studies on mice
heterozygously deficient in the tumor-suppressor genes
Tp53, Apc, and Ptch and in a rat strain (Eker) heterozygously
deficient in Tsc2 (see Table 3-5 for references). In all in-
stances, the germline mutational loss of one copy of the re-
spective tumor-suppressor gene leads not only to an increase
in the rate of spontaneous tumorigenesis but also to increased
sensitivity to the induction of the same tumor types by whole-
body low-LET radiation with doses up to around 5 Gy.

These data provide strong support for the contention, dis-
cussed earlier, that the unshielding of tumor-suppressor
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TABLE 3-5 Radiation Response and Tumorigenesis in Rodent Homologues of Cancer-Prone Human Genetic Disorders

Radiation Response

Genotype Human Homologue Early response Tumorigenesis Comment Key References
Mouse Atm™- Ataxia- Radiosensitive May be dependent upon Defects in meiosis, Barlow and others (1996)
telangiectasia (AT)  in vivo or in vitro Atm genotype (see text) immunity, and behavior  Elson and others (1996)
Xu and others (1996)
Mouse Brcal”~  Heritable breast Cellular and No published study Embryolethal; Gowen and others (1998)
BRCA*~  cancer in embryonic identified association with Sharan and others (1997)
heterozygotes radiosensitivity Rad5 17"~ phenotype Mizuta and others(1997)
Connor and others (1997)
Mouse Tp53*~  Li-Fraumeni Excess aneuploidy Highly sensitive to induction Tumorigenesis Kemp and others (1994)
syndrome (LFS) and G,/M of lymphoma or sarcoma associated with loss Bouffler and others (1995)
checkpoint defect of Tp53*
in bone marrow cells
Mouse Apct~ Familial None reported Highly sensitive to induction Tumorigenesis Luongo and Dove (1996)
adenomatous of intestinal adenoma (breast associated with loss Ellender and others (1997)
polyposis and other cancers in some of Apct and other loci van der Houven van Oordt
genetic backgrounds) and others (1999)
Haines and others (2000)
Mouse Ptch*~  Nevoid basal cell Some evidence Sensitive to induction of Tumorigenesis Hahn and others (1998)
carcinoma of cellular medulloblastoma associated with loss Pazzaglia and others (2002)
syndrome radiosensitivity of Ptch*
Rat Tsc2*=  Tuberous sclerosis ~ None reported Sensitive to induction of Tumorigenesis Hino and others (1993, 2002)
renal neoplasia associated with loss
of Tsc2*

genes by germline mutation will lead to a significant increase
in individual susceptibility to radiation tumorigenesis. Criti-
cal mechanistic support for this hypothesis has been pro-
vided by molecular analysis of tumors arising in irradiated
Tp53*+-, Apct’-, and Ptch*"~ mice and Tsc-2*" rats; as pre-
dicted, such analyses strongly suggest that radiation acts by
inactivating the wild-type tumor-suppressor gene copy in
target somatic cells. These wild-type genes appear to be
mutated by radiation through mechanisms principally in-
volving substantial DNA loss events, although there are ex-
amples of whole chromosome losses as well as intragenic
deletions and point mutations.

Although the above studies provide proof-of-principle
experimental evidence of strong genetic effects on radiation
tumorigenesis in mammalian species, quantification of the
genetically imposed radiation risk is most problematical. An
ICRP (1998) Task Group, in reviewing much of the data of
Table 3-5, suggested that radiation tumor risk in such sup-
pressor-suppressor gene-deficient mice might be elevated by
up to a hundredfold or more but cautioned against firm judg-
ments because of (1) problems associated with experimental
design and (2) preliminary evidence that natural variation in
the genetic background of host animals can have major modi-
fying effects on tumor yield.

During the last few years the impact of such modifier
genes on the expression of tumorigenesis in mice has been
demonstrated more clearly (Balmain and Nagase 1998). The
principal message from this experimental work is that be-
cause of the strongly modifying effects of genetic back-
ground, rodent homologues are unlikely to provide a quanti-
tatively reliable representation of radiation tumorigenesis in
cancer-prone human genetic disorders. Such genetic modifi-
cation is to be expected in humans, but the specific nature
and impact of the modifier genes are likely to differ among
species. The issue of genetic modification of radiation re-
sponse is considered further in the section of this chapter
that deals with cancer-predisposing mutations of low pen-
etrance.

Human Data on Radiosensitivity and Tumorigenesis

As noted earlier in this chapter unambiguous evidence of
human genetic disorders showing hypersensitivity to tissue
injury after radiation is confined to AT and NBS, where con-
ventional radiotherapy procedures have proved disastrous to
patients. Adverse, but less profound, reactions to radio-
therapy are however reported to occur in around 5% of can-
cer patients (Burnet and others 1998). Studies on in vitro
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cellular radiosensitivity in such radiotherapy patients have,
so far, failed to reveal evidence of strong correlations be-
tween in vivo and in vitro responses although subsets of these
patients do show statistically significant increases in cellular
radiosensitivity under some assay conditions (Burnet and
others 1998). Similarly limited molecular studies show no
correlation between adverse reactions to radiotherapy and
heterozygous ATM gene mutation (Appleby and others 1997;
Burnet and others 1998). The question as to whether adverse
tissue reaction to radiotherapy signals potentially increased
risk of therapy-related second tumors has yet to be addressed
in epidemiologic studies.

Postradiotherapy observations on specific sets of cancer
patients have, however, revealed valuable information on
genetic associations with risk of second tumors (Meadows
2001). These data are summarized and referenced in Table 3-
6. In brief, there is evidence of an excess of radiotherapy
(RT)-related tumors in the human cancer-prone conditions
heritable retinoblastoma, NBCCS, and LFS plus related con-
ditions, as well as in children from families with a history of
early onset cancer. In addition there are reports suggesting
that neurofibromatosis is a positive factor for RT-related tu-
morigenesis (Robison and Mertens 1993). By contrast, a
variety of studies discussed by Mark and colleagues (1993)
provide no clear evidence that genetic factors are important
for RT-related breast cancer. Recent studies provide no evi-
dence that the status of BRCA genes influences post-
radiotherapy outcomes at 5 years (Pierce and others 2000).

In Table 3-6 the data suggesting that NBCCS and LFS
patients have substantial increases in tumorigenic radiosen-
sitivity are in accord with data obtained experimentally with
their rodent genetic homologues. For retinoblastoma (RB),
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the large size of the U.S.-based epidemiologic studies of Eng
and colleagues (1993) and Wong and coworkers (1997a) al-
lows some judgments to be developed on the degree to which
this suppressor gene disorder predisposes to (second) radio-
genic soft-tissue sarcoma and bone cancer. Although there is
a clear dose-response for radiation tumorigenesis, these data
imply that excess relative risk (ERR) in heritable RB pa-
tients may be lower than in the nonheritable controls.

The background rate of tumorigenesis in RB is, as ex-
pected, rather high, and for the purposes of this report, ex-
cess absolute risk (EAR) may be a more useful measure of
tumorigenic radiosensitivity than ERR. In considering this
issue, the ICRP (1998) and NRPB (2000) suggest that the
EAR in heritable RB is around fivefold higher than in the
nonheritable group. It is notable that low values of ERR for
radiogenic cancer in such cancer-prone conditions are con-
sistent with other epidemiologic data on radiation tumori-
genesis where high background cancer rates also tend to be
accompanied by lower ERRs. Abramson and colleagues
(2001) have also reported on third tumors in RB patients
after radiotherapy. As might be expected, the sites of these
additional tumors generally accorded with the irradiated vol-
ume of normal tissue.

In summary, although clinical and epidemiologic data on
RT patients are limited, they are sufficient to confirm the
view developed from mechanistic knowledge and experi-
mental studies that human genetic susceptibility to sponta-
neous tumorigenesis is often accompanied by an increase in
absolute cancer risk after ionizing radiation. Quantifying that
risk is problematical, but the single study on RB patients that
has this capacity is suggestive of relatively modest (about
fivefold) increases over that of normal individuals. In the

TABLE 3-6 Postradiotherapy Observations on Risk of Second Tumors in Humans

Genetic Disorder

or Study Group First Tumor Observations Key References
Retinoblastoma Retinoblastoma Excess bone tumors and soft-tissue sarcomas, large cohorts; Tucker and others (1987a)
some dose, dose-response, and risk estimates possible Eng and others (1993)
Wong and others (1997a)
Abramson and others (2001)
NBCCS Medulloblastoma Excess basal cell skin neoplasms and ovarian fibromas, Strong (1977)
short latency; case reports only Southwick and Schwartz
(1979)
LFS and related Various Follow-up of children developing posttherapy soft-tissue sarcoma, Strong and Williams (1987)
conditions bone tumors, and acute leukemia—Ilinkage with family histories of cancer Heyn and others (1993)
Robison and Mertens (1993)
Malkin (1993)
Case-control study Various Excess posttherapy tumors in children from non-LFS families with a Kony and others (1997)

of therapy-related
second tumors

history of early onset cancer

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11340

Health Risks from Exposure to Low Levels of lonizing Radiation: BEIR VIl Phase 2

RADIATION-INDUCED CANCER

future, the growing capacity of molecular screening tech-
niques to detect cancer-susceptible genotypes in the general
population will, in principle, allow the radiation risk of such
genotypes to be assessed in a number of suitable human co-
horts. A summary of such molecular epidemiologic ap-
proaches to spontaneous cancer risk is given later in this
chapter.

Population Modeling of Radiation Cancer Risk: Impact of
Strongly Expressing Genetic Disorders

In conjunction with the work of an ICRP (1998) Task
Group, Chakraborty and colleagues (1997, 1998a) have con-
structed and illustrated the use of a population-based com-
putational model that serves to describe the impact of can-
cer-susceptible genotypes on radiation cancer risk in the
population. For reasons of data sufficiency, breast cancer
risk in typical Western populations was considered and il-
lustrated. This approach, which is based on established Men-
delian principles, employed best estimates of the prevalence
of known, high-penetrance breast cancer-predisposing genes
(BRCAI1 and BRCA?2), the relative risk of spontaneous
breast cancer in such genotypes, and a range of factors that
describe in a hypothetical fashion the increase in radiation
risk imposed by the given gene mutations; the risk of radio-
genic breast cancer in normal individuals was based on data
from Japanese atomic bomb survivors.

Other issues that were considered included increased gene
frequency in certain genetically isolated populations (Ash-
kenazi Jews) and the influence of reduced penetrance on
population risk. The following points summarize the out-
come of these modeling exercises.

» Using best estimates of breast cancer gene frequencies,
the genetic impact on excess breast cancer in an irradiated
Western population would be small even if these mutations
were to impose a radiation risk that was as much as a hun-
dredfold greater than that of normal genotypes.

» Using estimates of the higher gene frequencies in
Ashkenazi Jewish populations, the genetic impact on radia-
tion-associated breast cancer can become significant but only
if the genetically imposed radiation risk is very high.

* The genetic impact of such mutations will be diluted in
proportion to decreasing penetrance.

This model and its predictions have been used by the
ICRP (1998) and NRPB (1999) to provide interim judgments
on the implications of genetic susceptibility to cancer for
radiological protection.

Since the overall prevalence of highly penetrant cancer-
predisposing mutations in typical human populations is
judged to be 1% or less (ICRP 1998) and since available data
tend to argue against extreme increases in genetically im-
posed radiation cancer risk, there is reason to believe that the
presence of these rare, highly penetrant mutations will not
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appreciably distort current estimates of radiation cancer risk
in the population. Stated simply, only a very small fraction
of excess cancers in an irradiated human population are ex-
pected to arise in individuals carrying familial cancer genes.

The ICRP (1998) and NRPB (1999) stressed, however,
that this conclusion took no account of the presence of po-
tentially more common cancer genes of low penetrance that
do not express familial cancer. The ICRP and NRPB reports
also commented on the problems inherent in identifying and
making judgments about radiation cancer risk in genetic sub-
groups carrying such weakly expressing genes and consid-
ered the issue of genetically imposed risk to individuals.
These matters are discussed in subsequent sections.

Genes of Low Penetrance

As noted earlier in this chapter, knowledge of heritable
factors in tumorigenesis stems largely from studies on
strongly predisposing autosomal dominant familial traits and
autosomal recessive disorders having unambiguous pheno-
types. The problem of estimating the heritable impact on
cancer risk from weakly expressing genes of low penetrance
and other genetic modifiers of the cancer process has been
with us for some time. However, not unexpectedly, an un-
derstanding of this issue is proving difficult to obtain. To a
large measure this is due to the likelihood that, individually,
polymorphic variant genes probably contribute small addi-
tional cancer risks to each carrier in a largely tissue-specific
manner. These will tend to escape detection by conventional
medical genetic and epidemiologic studies. A combination
of such genes and their interaction with environmental risk
factors may, however, provide a substantial genetic compo-
nent to both spontaneous and radiation-associated risk. The
magnitude of this risk in a given human population would
then be determined by gene frequencies together with the
pattern or strength of gene-gene and gene-environment in-
teractions.

These issues of population cancer risk have been dis-
cussed widely in the context of epidemiologic and molecular
genetic findings (Hoover 2000; Houlston and Tomlinson
2000; Lichtenstein and others 2000; Peto and Mack 2000;
Shields and Harris 2000; Dong and Hemminki 2001;
Nathanson and Weber 2001; Ponder 2001). Here it is suffi-
cient to illustrate some of the progress being made in respect
of the weakly expressing genetic component of human and
animal tumorigenesis. Where possible, emphasis is placed
on data having some connection with cancer risk after ioniz-
ing radiation.

Human Breast Cancer

BRCAL1 and BRCA2 genes have been identified as the
principal genetic determinants of the 2—5% of breast cancer
that expresses in multiple-case families; other, more weakly
expressing genes involved in familial breast cancer remain
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to be uncovered (Nathanson and Weber 2001; Ponder
2001). However, epidemiologic evidence is highly sugges-
tive of a more extensive genetic component to breast cancer
risk (Peto and Mack 2000), and much effort is being ex-
pended to identify the functional gene polymorphisms that
might be involved. Although some of the evidence remains
controversial, Dunning and colleagues (1999) and Na-
thanson and Weber (2001) note the potential involvement
of polymorphic genes that encode steroid hormone recep-
tors and paracrine growth factors (e.g., AR, CYP19) together
with genes involved in the metabolism of chemical species
(e.g., GSTPI) and in DNA damage response (e.g., ATM,
RADS5I1, TP53). The most persuasive evidence on breast
cancer genes other than BRCA1 and BRCA?2 concerns the
cell cycle checkpoint kinase gene CHEK2. A truncating
germline deletion of this gene is present in around 1% of
healthy individuals and is estimated to result in about a two-
fold increase of breast cancer risk in women and about a
tenfold increase in men (Meijers-Heijboer and others 2002).
Two data sets have some association with cancer risk after
radiation.

First is the question of breast cancer risk in individuals
who are heterozygous carriers of the ATM mutation of the
highly radiosensitive disorder AT. ATM carriers (ATM*")
might represent 0.25-1% of the general population, and
there is evidence of modestly increased cellular radio-
sensitivity in ATM*~ genotypes. It is therefore reasonable
to consider an increased risk of radiogenic breast cancer in
these carriers. Considerable effort has been expended on
molecular epidemiologic analysis of spontaneous breast
cancer risk in ATM*~ women (Bishop and Hopper 1997
ICRP 1998; Broeks and others 2000; Laake and others
2000; Geoffroy-Perez and others 2001; Olsen and others
2001; Teraoka and others 2001). Although the position re-
mains somewhat uncertain, it seems reasonable to conclude
that while increased breast cancer risk may be associated
with ATM*~ in some cohorts, the relative risk is likely to be
modest (<3), and the overall impact on spontaneous breast
cancer risk in the population is rather small. Some data sug-
gest, however, that it is only certain dominant negative mis-
sense mutations of ATM that predispose to cancer (Khanna
2000; Chenevix-Trench and others 2002), and for these, the
relative risk may be substantially higher. The critical ques-
tion is whether the ATM*~ genotype may more specifically
and significantly increase breast cancer risk after radiation.
For good scientific reasons, some early claims on substan-
tial risks at low doses are not regarded as being well
founded (see ICRP 1998). While a modestly increased con-
tribution of the ATM*~ genotype to radiogenic cancer risk
should not be discounted, three recent studies on patients
developing second cancers after RT argue against a major
impact from the ATM gene (Nichols and others 1999;
Broeks and others 2000; Shafman and others 2000). In total,
these studies considered 141 patients with second cancers;
the studies of Shafman and colleagues (2000) and Broeks
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and colleagues (2000) specifically considered a total of 89
second breast cancer cases. None of the cases studied car-
ried ATM mutations.

The second line of evidence concerns the inheritance of
chromosomal radiosensitivity and its association with breast
cancer risk (Roberts and others 1999). In brief, in studies on
cultured blood lymphocytes, up to around 40% of un-
selected breast cancer cases were shown to exhibit an ab-
normal excess of chromatid aberrations following X-irradia-
tion in the G, phase of the cell cycle. By contrast, this
chromosomal trait was seen in only around 5% of age-
matched controls. Follow-up family studies provided evi-
dence on the heritability of the trait, which, although not of
a simple Mendelian form, could be genetically modeled. As
yet there is no evidence on the specific genes involved.

In summary, advances in breast cancer genetics do allow
the construction of a general scheme to describe the interac-
tive genetic component of familial risk, including some al-
lowance for common genes of low penetrance (Ponder
2001). Polygenic computational models describing the
overall genetic component of spontaneous breast cancer risk
in the population are also under development (Antoniou and
others 2002). Although gene candidates and cellular pheno-
types may prove to be instructive, there is at present little to
guide specific conclusions on the question of the common
genetic component of radiation-associated cancer risk. The
evidence available would tend to argue against a major
overall impact on radiation breast cancer risk from the ATM
gene in its heterozygous form, although specific ATM geno-
types may, in principle, carry substantially increased risk.

Human Colonic and Other Neoplasms

There is evidence that the genetic component of colonic
cancer also includes a significant contribution from genes of
low penetrance. In a recent review of 50 studies on the po-
tential impact of common polymorphisms, Houlston and
Tomlinson (2001) identified significant associations with
risk for APC-11307K, HRASI-VNTR, and MTHFR-Val/Val.
For TP53, NATI, NAT2, GSTM1, GSTT1, and GSTP1 poly-
morphisms, the evidence was weaker. Specific data relating
to gene polymorphisms and radiation risk are lacking al-
though, as for breast cancer, there is some evidence of an
association between colon cancer risk and lymphocyte chro-
mosomal radiosensitivity (Baria and others 2001).

Finally, in illustration of ongoing work, it is relevant to
mention polymorphic associations between GSTPI and che-
motherapy-related leukemia (Allan and others 2001),
MCULI and uterine fibroma (Alam and others 2001),
GFRalphal and medullary thyroid carcinoma (Gimm and
others 2001), PPARG and endometrial carcinoma (Smith and
others 2001), and TP53 and adrenal cortical carcinoma
(Ribeiro and others 2001). In their review of gene-environ-
ment interactions, Shields and Harris (2000) focus on lung
cancer risk, and in this area, Bennett and colleagues (1999)
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have provided evidence on the potential impact of GSTM
allelic status on tobacco-related lung cancer risk.

The broad but incomplete picture that emerges from these
studies is of some associations between gene polymorphisms
and risk for a range of human tumor types, as well as the
clear need for larger and more definitive studies.

Human DNA Repair Gene Polymorphisms

It has already been noted that DNA repair genes play a
crucial role in cellular responses to radiation and that major
germline deficiencies in these genes can lead to heritable
predisposition to cancer. Accordingly, considerable effort is
being expended in the search for common functional poly-
morphisms that might act as low-penetrance cancer suscep-
tibility genes.

A series of studies have identified common and less com-
mon polymorphisms in around ten DNA repair genes, some
of which appear to have cellular consequences (Price and
others 1997; Shen and others 1998; Mohrenweiser and Jones
1998; Duell and others 2000). The associations between
these polymorphisms and radiosensitivity and/or tumor risk
remain unclear, although there are some positive indications
(Duell and others 2001; Hu and others 2001). Much of this
work has centered on genes involved in base- or nucleotide-
excision repair (Miller and others 2001). Studies on genes
controlling DNA DSB repair are less well developed. How-
ever, there are indications that a relatively common (in ~6%
of the population) functional polymorphism in the XRCC2
gene of the homologous recombinational repair pathway for
DNA DSBs associates with a modestly increased risk of
breast cancer (Kuschel and others 2002; Rafii and others
2002). A significant association between breast cancer risk
and certain polymorphisms of NHEJ DNA repair has also
been reported (Fu and others 2003). A recent review of DNA
repair gene polymorphisms and cancer risk recommends
large, well-designed studies that include consideration of
relevant exposures (Goode and others 2002).

Genetic Studies with Animals

The recognized difficulties of resolving the modifying
effects of low-penetrance genes on human cancer risk have
prompted experimental genetic studies with rodent models
in which genetic-environmental interactions can be more
closely controlled.

This approach has been applied principally in mice for
the study of naturally arising polymorphic variation that in-
fluences spontaneous cancer risk and the risk after exposure
to chemical carcinogens and, in a few instances, ionizing
radiation (Balmain and Nagase 1998). These studies have
the capacity to provide proof-of-principle evidence of the
impact of such common loci, together with their possible
interactions and tissue specificity, as well as the classes of
genes and mechanisms involved. Thus, although specific
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functional gene polymorphisms identified in mice may not
predict those of humans precisely, the overall pattern of can-
cer risk modification should provide broad guidance on the
potential for such effects in humans.

Much of the research on the role of germline polymor-
phic loci in mouse tumorigenesis has centered on spontane-
ous and chemically induced neoplasms. These studies in-
clude tumors of the skin (e.g., Nagase and others 2001;
Peissel and others 2001), lung (e.g., Lee and others 2001;
Tripodis and others 2001), and intestinal tract (e.g., van
Wezel and others 1996; Angel and others 2000). The most
important messages to emerge from these studies are that
multiple common loci can exert complex patterns of control
over tumor susceptibility and resistance (synergistic and an-
tagonistic interaction), that the loci tend to be relatively tis-
sue specific in their activity, and that genetic determinants of
spontaneous and induced tumorigenesis are often shared. A
particularly revealing conclusion from the study of Tripodis
and colleagues (2001) is that as many as 60 loci may interact
to determine the risk of a single tumor type; specific pairwise
interaction of a proportion of these loci was also demon-
strated.

A second approach used in mouse genetic studies is to
seek evidence of natural polymorphic loci that modify the
tumorigenic expression of a major cancer-predisposing
germline mutation. In this way, evidence has been obtained
for substantial genetic modification of tumorigenesis in
Trp53- (Backlund and others 2001) and Apc-deficient mice
(van der Houven van Oordt and others 1999; Moser and oth-
ers 2001). In the case of Apc, one of these modifier genes
(Pla2g2a) has been identified provisionally (Cormier and
others 2000). In general, these effects of genetic modifiers
are again consistent with the potential interaction of multiple
tissue-specific loci, and some of the data relate to tumors
induced by ionizing radiation.

Some studies in this area have the specific objective of
mapping and characterizing the polymorphic loci that influ-
ence tumorigenic radiosensitivity and tumor characteristics.
Multiple loci have been shown to influence susceptibility to
radiation-induced lymphoma and leukemia (Balmain and
Nagase 1998; Szymanska and others 1999; Saito and others
2001; Santos and others 2001). One study of Boulton and
colleagues (2001) provided evidence that the AML loci de-
termining leukemia or lymphoma susceptibility were distinct
from those that influenced genomic instability in bone mar-
row cells. However, no candidate genes were identified.
Genetic loci influencing the susceptibility of mice to
o-particle (?27Th)-induced osteosarcoma have also been
mapped (Rosemann and others 2002), but again, no candi-
date genes were specifically identified.

By contrast, another set of investigations has associated a
strain-specific functional polymorphism of the gene Prkdc
encoding DNA PKcs with induced genomic instability, DNA
DSB repair deficiency, and susceptibility to radiation-in-
duced breast cancer (Okayasu and others 2000; Yu and oth-
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ers 2001). This same Prkdc polymorphism has also been
implicated in radiation-induced lymphomagenesis, as a
modifier of induced intestinal neoplasia in Apc”™ mice (Degg
and others 2003), and as a candidate gene for the Rapopl
apoptosis-controlling locus (Mori and others 2001). Other
tissue-specific loci that control apoptosis have also been
genomically mapped (e.g., Weil and others 2001).

With respect to breast cancer susceptibility in mice, it is
already clear that loci other than Prkdc can be involved
(Moser and others 2001). From recent studies, it seems likely
that one such gene is ATM, which in the heterozygous form
can enhance the frequency of both genomic instability and
ductal dysplasia of the breast of irradiated mice (Weil and
others 2001).

Conclusions

Although much remains to be learned about genetic sus-
ceptibility to the tumorigenic effects of radiation, it is pos-
sible to frame some interim conclusions of the role it may
play in determining radiation cancer risk at the individual
and population levels.

The principal point to emphasize is that cancer is a multi-
factorial set of diseases, and as such, there is expected to be
a complex interplay between multiple germline genes and a
plethora of other host- and environment-related factors. The
data available, although far from complete, tend to support
this basic expectation. The key issues and arguments are
given here in brief summary.

For rare major gene deficiencies in humans and mice,
there can be strong effects on radiation cancer risk, and for
individual carriers, it seems likely that the greatest implica-
tions may be for the risk of second cancers after RT (see
ICRP 1998). Although the data are sparse, such high-dose
radiation exposure in childhood may carry the greatest risk.
However, due to differences in genetic background, a uni-
formity of tumorigenic response in RT patients with major
gene deficiencies should not be expected.

The fact that strongly expressing cancer-prone disorders
are so rare argues against a significant impact and distorting
effect on estimates of cancer risk in irradiated populations;
population genetic modeling fully supports this view (see
ICRP 1998). By contrast, at the level of whole populations it
is feasible that certain inherited combinations of common
low-penetrance genes can result in the presence of subpopu-
lations having significantly different susceptibilities to spon-
taneous and radiation-associated cancer. In due course, the
accumulation of sufficient molecular epidemiologic data
may allow for some meaningful theoretical modeling of the
distribution of radiation cancer risk and the possible impli-
cations for radiological protection. Irrespective of such mod-
eling, risk estimates based on epidemiologic evaluation of
whole populations will encompass this projected genetic
heterogeneity of response. Therefore, the key issue is not
whether the estimate of overall cancer risk is genetically con-
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founded, but rather the extent to which genetic distortion of
the distribution of this risk might lead to underprotection of
an appreciable fraction of the population. In this respect,
some initial guidance for thought is already available from
the data discussed in this chapter.

These data suggest large numbers of loci of low pen-
etrance with relatively small individual effects and a signifi-
cant degree of locus-specific interaction and tissue specific-
ity that may apply to their activity. Projecting this scenario
to a range of radiogenic tumors in a genetically heteroge-
neous human population would tend to lead to a situation in
which the balance between a certain set of tumor susceptibil-
ity (S) and resistance (R) loci in a given subgroup might
serve to emphasize risk in a given set of organs. Equally,
however, the balance of additional S and R locus combina-
tions might provide a degree of resistance to the induction
and development of cancer in other organs. Thus, with this
first genetic scenario, major distortions of the distribution of
overall cancer risk after radiation might not apply simply
because different genetic susceptibilities would tend to “av-
erage out” across organs. By contrast, a second hypothetical
scenario involves a small subset of common polymorphic
loci that exert organ-wide effects on tumor susceptibility or
resistance, which might be particularly strong in the specific
instance of radiation exposure (e.g., functional polymor-
phisms for genes involved in initial tissue-wide cellular re-
sponse to radiation damage). In this instance, genetically
determined distortion of the distribution of overall cancer
risk might be expected. At present, the data available are
insufficient to distinguish the likely contributions from these
two genetic scenarios.

Finally, the large study of cancer concordance in 90,000
Nordic twin pairs should be noted. Lichtenstein and col-
leagues (2000) and Hoover (2000) make some important
points about the difficulties that exist in separating the ge-
netic and environmental components of cancer. In essence,
Hoover notes that this Nordic study, like others, is consistent
with the presence of low-penetrance cancer-predisposing
genes in the general population. However, the confidence
intervals for the heritable component of cancers at common
sites were wide—all ranged from around 5 to 50%. It was
also pointed out that for cancer at common sites, the rate of
concordance in monozygotic twins was generally less than
15%. Thus, the absolute risk of concordance of site-specific
cancer in identical genotypes sharing some common envi-
ronmental factors is rather low. In addition to this, a study
based on the Swedish Family Cancer Database (Czene and
others 2002) has provided further information on the genetic
component of organ-specific cancer. With the exception of
the thyroid, the environment appears to have the principal
causal role for cancer at all sites.

One important message that emerges from current data
on cancer genes of low penetrance and the overall genetic
component of cancer is that predictive genotyping of indi-
viduals for the purposes of radiological protection may not
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be feasible in the medium term. The likely involvement of
multiple and relatively organ-specific sets of polymorphisms
and gene-gene or gene-environment interactions makes the
provision of meaningful judgments on risk most uncertain.
For these reasons it may be more realistic at this stage of
knowledge to focus attention on general patterns of gene-
radiation interactions and their implications for population
risk, rather than risk for specific individuals.

SUMMARY

In this chapter, the committee has reviewed cellular-mo-
lecular and animal studies relevant to the complex multi-
stage process of radiation tumorigenesis. Attention has also
been given to evidence from various studies on the inherited
factors that influence radiation cancer risks. The principal
objective of this work was to provide judgments on radiation
cancer risk of prime importance to radiological protection,
particularly where these judgments serve to couple informa-
tion about the action of radiation on cells (Chapters 1 and 2)
with the epidemiologic measures of risk considered in sub-
sequent chapters.

Mechanisms of Radiation Tumorigenesis

A critical conclusion on mechanisms of radiation tumori-
genesis is that the data reviewed greatly strengthen the view
that there are intimate links between the dose-dependent in-
duction of DNA damage in cells, the appearance of gene or
chromosomal mutations through DNA damage misrepair,
and the development of cancer. Although less well estab-
lished, the data available point toward a single-cell (mono-
clonal) origin for induced tumors and indicate that low-dose
radiation acts predominantly as a tumor-initiating agent.
These data also provide some evidence on candidate, radia-
tion-associated mutations in tumors. These mutations are
predominantly loss-of-function DNA deletions, some of
which are represented as segmental loss of chromosomal
material (i.e., multigene deletions). This form of tumorigenic
mechanism is broadly consistent with the more firmly estab-
lished in vitro processes of DNA damage response and mu-
tagenesis considered in Chapters 1 and 2. Thus, if as judged
in Chapters 1 and 2, error-prone repair of chemically com-
plex DNA double-strand damage is the predominant mech-
anism for radiation-induced gene or chromosomal injury
involved in the carcinogenic process, there can be no expec-
tation of a low-dose threshold for the mutagenic component
of radiation cancer risk.

One mechanistic caveat explored was that novel forms of
cellular damage response, collectively termed induced ge-
nomic instability, might contribute significantly to radiation
cancer risk. The cellular data reviewed in Chapter 2 identi-
fied uncertainties and some inconsistencies in the expres-
sion of this multifaceted phenomenon. However, telomere-
associated mechanisms did provide a coherent explanation
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for some in vitro manifestations of induced genomic in-
stability. The data considered in this chapter did not reveal
consistent evidence for the involvement of induced genomic
instability in radiation tumorigenesis, although telomere-as-
sociated processes may account for some tumorigenic phe-
notypes. A further conclusion was that there is little evidence
of specific tumorigenic signatures of radiation causation, but
rather that radiation-induced tumors develop in a tumor-spe-
cific multistage manner that parallels that of tumors arising
spontaneously. However, further cytogenetic and molecular
genetic studies are needed to reduce current uncertainties
about the specific role of radiation in multistage radiation
tumorigenesis; such investigations would include studies
with radiation-associated tumors of humans and experimen-
tal animals.

Quantitative Studies of Experimental Tumorigenesis

Quantitative animal data on dose-response relationships
provide a complex picture for low-LET radiation, with some
tumor types showing linear or linear-quadratic relationships
while other studies are suggestive of a low-dose threshold,
particularly for thymic lymphoma and ovarian cancer. How-
ever, since the induction or development of these two cancer
types is believed to proceed via atypical mechanisms involv-
ing cell killing, it was judged that the threshold-like re-
sponses observed should not be generalized.

Radiation-induced life shortening in mice is largely a re-
flection of cancer mortality, and the data reviewed generally
support the concept of a linear dose-response at low doses
and low dose rates. Other dose-response data for animal tu-
morigenesis, together with cellular data, contributed to the
judgments developed in Chapters 10 and 12 on the choice of
a DDREF for use in the interpretation of epidemiologic in-
formation on cancer risk.

Adaptive responses for radiation tumorigenesis have been
investigated in quantitative animal studies, and recent infor-
mation is suggestive of adaptive processes that increase tu-
mor latency but not lifetime risk. However, these data are
difficult to interpret, and the implications for radiological
protection remain most uncertain.

Genetic Susceptibility to Radiation-Induced Cancer

The review of cellular, animal, and epidemiologic or clini-
cal studies on the role of genetic factors in radiation tumori-
genesis shows that there have been major advances in under-
standing, albeit with some important knowledge gaps. An
important conclusion is that many of the known, strongly
expressing, cancer-prone human genetic disorders are likely
to show an elevated risk of radiation-induced cancer, prob-
ably with a high degree of organ specificity. Cellular and
animal studies suggest that the molecular mechanisms un-
derlying these genetically determined radiation effects
largely mirror those that apply to spontaneous tumorigenesis
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and are consistent with knowledge of the somatic mecha-
nisms of tumorigenesis reviewed earlier in this chapter. In
particular, evidence has been obtained that major deficien-
cies in DNA damage response and tumor-suppressor-type
genes can serve to elevate radiation cancer risk. Limited epi-
demiologic data from follow-up of second cancers in gene
carriers receiving radiotherapy were supportive of the above
conclusions, but quantitative judgments about the degree of
increased cancer risk remain uncertain. However, since ma-
jor germline deficiencies in the genes of interest are known
to be rare, it is possible to conclude from published analyses
that they are most unlikely to create a significant distortion
of population-based estimates of cancer risk. The major prac-
tical issue associated with these strongly expressing cancer
genes is judged to be the risk of radiotherapy-related cancer.

A major theme developing in the whole field of cancer
genetics is the interaction and potential impact of more
weakly expressing variant cancer genes that may be rela-
tively common in human populations. Knowledge of such
gene-gene and gene-environment interactions, although at
an early stage, is developing rapidly. The animal genetic data
reviewed in this chapter provide proof-of-principle evidence
of how such variant genes with functional polymorphisms
can influence cancer risk, including limited data on radiation
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tumorigenesis. Attention has also been given to recent mo-
lecular epidemiology data on associations between func-
tional polymorphisms and cancer risk, particularly with re-
spect to DNA damage response genes. Some issues of study
design have been discussed, and although much work has
been reported on cancer risk in heterozygous carriers of the
ATM gene, clear judgments about radiation risks remain
elusive.

Given that functional gene polymorphisms associated
with cancer risk may be relatively common, the potential for
significant distortion of population-based risk was explored,
with emphasis on the organ specificity of the genes of inter-
est. A preliminary conclusion is that common polymor-
phisms of DNA damage response genes associated with or-
gan-wide radiation cancer risk would be the most likely
source of major interindividual differences in radiation
response.

Although good progress is being made, there are impor-
tant gaps in understanding the extent of genetic influences
on radiation cancer risk. Accordingly, further work is needed
in humans and mice on gene mutations and functional poly-
morphisms that influence radiation response and cancer risk.
Human molecular genetic studies should, where possible, be
coupled with epidemiologic investigations.
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INTRODUCTION AND BRIEF HISTORY

Naturally occurring mutations in somatic and germ cells
contribute respectively to cancers and heritable genetic dis-
eases (i.e., hereditary diseases). The discoveries by Muller
(1927) of the mutagenic effects of X-rays in fruit flies
(Drosophila) and by Stadler (1928a, 1928b) of similar ef-
fects in barley and maize, and the subsequent extension of
these findings to other types of ionizing radiation (and also
to ultraviolet) and other organisms, conclusively established
the genetic damage-inducing effects of radiation. However,
widespread and serious concern over the possible adverse
genetic effects of exposure of large numbers of people to
low levels of radiation first arose in the aftermath of the deto-
nation of atomic bombs over Hiroshima and Nagasaki in
World War II, some 20 years after the discoveries of the
mutagenic effects of X-rays. In June 1947, at the meeting of
the Conference on Genetics convened by the Committee on
Atomic Casualties of the U.S. National Research Council to
assess the program of research on the heritable effects of
radiation to be undertaken in Japan, the leading geneticists
voted unanimously to record the following expression of
their attitude toward the program: “Although there is every
reason to infer that genetic effects can be produced and have
been produced in man by atomic radiation, nevertheless the
conference wishes to make it clear that it cannot guarantee
significant results from this or any other study on the Japa-
nese material. In contrast to laboratory data, this material is
too much influenced by extraneous variables and too little
adapted to disclosing genetic effects. In spite of these facts,
the conference feels that this unique possibility for demon-
strating genetic effects caused by atomic radiation should
not be lost . . .” (NRC 1947). Thus came into existence the
genetics program in Hiroshima and Nagasaki under the aus-
pices of the Atomic Bomb Casualty Commission (ABCC),
the newly formed joint agency of the Japanese Ministry of
Health and Welfare and the U.S. National Academy of Sci-
ences. The ABCC was renamed the Radiation Effects Re-
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search Foundation in 1976. In the late 1940s, the mouse was
chosen as the primary surrogate for assessing the genetic
radiosensitivity of humans, and extensive studies were
initiated in different research centers in the United States,
England, and Japan.

In the mid-1950s, one major international and several
national scientific bodies came into existence, including the
United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR), the Committee on the Bio-
logical Effects of Atomic Radiation (the BEAR committee;
renamed the Committee on the Biological Effects of Ioniz-
ing Radiation [BEIR] in 1972) set up by the U.S. National
Academy of Sciences, and the Committee of the British
Medical Research Council. The UNSCEAR and the BEIR
committees have continued their work up to the present, pe-
riodically reviewing the levels of radiation to which human
populations are exposed and improving assessment of the
somatic and genetic risks of radiation exposure (NRC 1972,
1980, 1988, 1990, 1999; UNSCEAR 1993, 2000b, 2001).

From the beginning of these efforts, it was obvious that in
the absence of direct human data on radiation-induced germ
cell mutations, quantitative estimates of genetic risk could
be derived only through a knowledge of the prevalence of
naturally occurring hereditary ill health in the population,
the role of spontaneous mutations in supporting this burden,
and plausible assumptions on the rates of induced germ cell
mutations in humans. The methods developed and used by
the above committees for risk estimation, therefore, were
necessarily indirect. All were geared toward using human
data on genetic diseases as a frame of reference, together
with mouse data on radiation-induced mutations, to predict
the radiation risk of genetic disease in humans. Both the
UNSCEAR and the BEIR committees are cognizant of the
need to make assumptions given the consequent uncertain-
ties in extrapolating from mouse data on induced mutation
rates to the risk of genetic disease in humans.

Details of the genetics program that evolved in Japan and
the vast body of data that emerged from these studies have
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been published in a series of articles. The most relevant ones
have now been compiled in a single volume (Neel and Schull
1991). The most important finding of these studies is that
there are no statistically demonstrable adverse genetic ef-
fects attributable to radiation exposures sustained by the sur-
vivors. Although cited and discussed in the UNSCEAR and
BEIR reports over the years, these results did not constitute
part of the “mainstream thinking” of genetic risk estimators
and therefore were not used in risk estimation.

During the past few years, estimates of the baseline fre-
quencies of Mendelian diseases have been revised and math-
ematical methods have been developed to estimate the im-
pact of an increase in mutation rate (as a result of radiation
exposures) on the frequencies of different classes of genetic
diseases in the population. Additionally, there have been sev-
eral advances in our understanding of the molecular basis
and mechanisms of origin of human genetic diseases and of
radiation-induced mutations in experimental systems. As a
result of these developments, it now is possible to reexamine
the conceptual basis of risk estimation, reformulate some of
the critical questions in the field, and address some of the
problems that could not be addressed earlier.

This chapter summarizes the general framework and the
methods and assumptions used in risk estimation until the
publication of BEIR V (NRC 1990). This is followed by a
discussion of the advances in knowledge since that time, their
impact on the concepts used in risk estimation, and how they
can be employed to revise the risk estimates. Throughout
this chapter, the terms “genetic diseases,” “genetic effects,”
and “genetic risks” are used exclusively to mean “heritable
genetic diseases,” “heritable genetic effects,” and “heritable
genetic risks,” respectively.

GENERAL FRAMEWORK

Goal of Genetic Risk Estimation

The goal of genetic risk estimation, at least as envisioned
and pursued by UNSCEAR and the BEIR committees, re-
mains prediction of the additional risk of genetic diseases in
human populations exposed to ionizing radiation, over and
above that which occurs naturally as a result of spontaneous
mutations. The concept of “radiation-inducible genetic dis-
eases,” which emerged early on in the field, is based on two
established facts and an inference. The facts are that (1) he-
reditary diseases result from mutations that occur in germ
cells and (2) ionizing radiation is capable of inducing simi-
lar changes in all experimental systems adequately investi-
gated. The inference, therefore, has been that radiation expo-
sure of human germ cells can result in an increase in the
frequency of genetic diseases in the population. Worth not-
ing is the fact that although there is a vast amount of evi-
dence for radiation-induced mutations in diverse biological
systems, there is no evidence for radiation-induced germ cell
mutations that cause genetic disease in humans.

BEIR VII

Germ Cell Stages and Radiation Conditions of Relevance

From the standpoint of genetic risks, the effects of radia-
tion on two germ cell stages are particularly important. In
the male, these are the stem cell spermatogonia, which con-
stitute a permanent germ cell population in the testes and
continue to multiply throughout the reproductive life span of
the individual. In the female, the corresponding cell stages
are the oocytes, primarily the immature ones. The latter con-
stitute the predominant germ cell population in the female.
Female mammals are born with a finite number of oocytes
formed during fetal development. These primordial oocytes,
as they are called, grow, and a sequence of nuclear changes
comprising meiosis takes place in them. The latter however
are arrested at a particular stage until just before ovulation.
Because oocytes are not replenished by mitosis during adult
life and immature oocytes are the predominant germ cell
population in the female, these are clearly the cell stages
whose irradiation has great significance for genetic risks.

The radiation exposures sustained by germ cells in hu-
man populations are generally in the form of low-LET (lin-
ear energy transfer) irradiation (e.g., X-rays and y-rays) de-
livered as small doses at high dose rates (e.g., in diagnostic
radiology) or are greatly protracted (e.g., continuous expo-
sures from natural and man-made sources). In estimating
genetic risks to the population therefore, the relevant radia-
tion conditions are low or chronic doses of low-LET irradia-
tion. As discussed later, most mouse data used for estimating
the rates of induced mutations have been collected at high
doses and high dose rates. Consequently, assumptions have
to be made to convert the rates of induced mutations at high
doses and dose rates into mutation rates for radiation condi-
tions applicable for risk estimation in humans.

GENETIC DISEASES

Since the aim of genetic risk estimation is to predict the
additional risk of genetic diseases relative to the baseline
frequency of such diseases in the population, the concept of
genetic diseases and their classification and attributes are
considered in this section. The term genetic diseases refers
to those that arise as a result of spontaneous mutations in
germ cells and are transmitted to the progeny.

Mendelian Diseases

Diseases caused by mutations in single genes are known
as Mendelian diseases and are further divided into autoso-
mal dominant, autosomal recessive, and X-linked, depend-
ing on the chromosomal location (autosomes or the X chro-
mosome) and transmission patterns of the mutant genes. In
an autosomal dominant disease, a single mutant gene (i.e., in
the heterozygous state) is sufficient to cause disease. Ex-
amples include achondroplasia, neurofibromatosis, Marfan
syndrome, and myotonic dystrophy. Autosomal recessive
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diseases require homozygosity (i.e., two mutant genes at the
same locus, one from each parent) for disease manifestation.
Examples include cystic fibrosis, phenylketonuria, hemo-
chromatosis, Bloom’s syndrome, and ataxia-telangietasia.
The X-linked recessive diseases are due to mutations in
genes located on the X chromosome and include Duchenne’s
muscular dystrophy, Fabry’s disease, steroid sulfatase defi-
ciency, and ocular albinism. Some X-linked dominant dis-
eases are known, but for most of them, no data on incidence
estimates are currently available. Therefore, these diseases
are not considered further in this report. The general point
with respect to Mendelian diseases is that the relationship
between mutation and disease is simple and predictable.

Multifactorial Diseases

The major burden of naturally occurring genetic diseases
in human populations, however, is not constituted by Men-
delian diseases, which are rare, but by those that have a com-
plex etiology. The term “multifactorial” is used to designate
these diseases to emphasize the fact that there are multiple
genetic and environmental determinants in their etiology.
Their transmission patterns do not fit Mendelian expecta-
tions. Examples of multifactorial diseases include the com-
mon congenital abnormalities such as neural tube defects,
cleft lip with or without cleft palate, and congenital heart
defects that are present at birth, and chronic diseases of adults
(i.e., with onset in middle and later years of life) such as
coronary heart disease, essential hypertension, and diabetes
mellitus.

Evidence for a genetic component in their etiology comes
from family and twin studies. For example, first-degree rela-
tives of patients affected with coronary heart disease have a
two- to sixfold higher risk of the disease than those of
matched controls, and the concordance rates of disease for
monozygotic twins are higher (but never 100%) than those
for dizygotic twins (Motulsky and Brunzell 1992; Sankara-
narayanan and others 1999).

As mentioned earlier, multifactorial diseases are pre-
sumed to originate from the joint action of multiple genetic
and environmental factors; consequently, the presence of a
mutant allele is not equivalent to having the disease. For
these diseases, the interrelated concepts of genetic suscepti-
bility and risk factors are more appropriate. The genetic ba-
sis of a common multifactorial disease is the presence of a
genetically susceptible individual, who may or may not de-
velop the disease depending on the interaction with other
genetic and environmental factors. These concepts are dis-
cussed further in Annex 4A. The important general point is
that unlike the situation with Mendelian diseases, the rela-
tionships between mutations and disease are complex in the
case of multifactorial diseases. For most of them, knowledge
of the genes involved, the types of mutational alterations,
and the nature of environmental factors remains limited.
Among the models used to explain the inheritance patterns

of multifactorial diseases and to estimate the recurrence risks
in relatives is the multifactorial threshold model (MTM) of
disease liability. The MTM, its properties, and its predic-
tions are discussed in Annex 4A.

Chromosomal Diseases

Historically, both UNSCEAR and the BEIR committees
have always had an additional class of genetic diseases—
“chromosomal diseases”—in their lists that included those
that had long been known to arise as a result of gross (i.e.,
microscopically detectable), numerical (e.g., Down’s syn-
drome, which is due to trisomy of chromosome 21), or struc-
tural abnormalities of chromosomes (e.g., cri du chat syn-
drome, due to deletion of part or the whole short arm of
chromosome 5 [5p-]). As discussed later, this is really not an
etiological category, and deletions (microscopically detect-
able or not) are now known to contribute to a number of
constitutional genetic diseases grouped under autosomal
dominant, autosomal recessive, and X-linked diseases.

RISK ESTIMATION METHODS

In the absence of data on radiation-induced germ cell
mutations that can cause genetic disease in humans, all of
the methods developed and used for predicting the risk of
genetic disease from the mid-1950s to the present are indi-
rect. Their strengths and weaknesses are reviewed in BEIR V
(NRC 1990). One such indirect method is the doubling dose
method, on which attention is focused in this section. It has
been in use since the early 1970s (NRC 1972, 1990;
UNSCEAR 1977, 1982, 1986, 1988) and is used in the re-
cent UNSCEAR (2001) report.

The Doubling Dose Method

The doubling dose method enables expressing of the ex-
pected increase in disease frequency per unit dose of radia-
tion in terms of the baseline frequency of the disease class.
The doubling dose (DD) is the amount of radiation required
to produce in a generation as many mutations as those that
arise spontaneously. Ideally, it is estimated as a ratio of the
average rates of spontaneous and induced mutations in a
given set of genes:

DD = average spontaneous mutation
rate/average induced mutation rate. “4-1)

The reciprocal of the DD (i.e., 1/DD) is the relative muta-
tion risk (RMR) per unit dose. Since RMR is the reciprocal
of DD, the smaller the DD, the higher is the RMR and vice
versa. With the doubling dose method, until recently, risk
was estimated as a product of two quantities—namely, the
baseline disease frequency, P, and 1/DD:

Risk per unit dose = P x (1/DD). 4-2)

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11340

Health Risks from Exposure to Low Levels of lonizing Radiation: BEIR VIl Phase 2

94

The population genetic theory that underlies the use of
Equation (4-2) is the equilibrium theory that population ge-
neticists use to explain the dynamics of mutant genes in
populations. The theory assumes that the stability of mutant
gene frequencies (and thus disease frequencies) in a popula-
tion is the result of the existence of a balance between the
rates at which spontaneous mutations enter the gene pool in
every generation and the rate at which they are eliminated by
natural selection (i.e., through failure of survival or repro-
duction).

When the mutation rate is increased as a result of radia-
tion in every generation, this balance between mutation and
selection is disturbed by the influx of induced mutations, but
the prediction is that the population will attain a new equilib-
rium (over a number of generations) between mutation and
selection. The amount of increase in mutation frequency, the
time it takes for the population to reach the new equilibrium,
and the rate of approach to equilibrium are all dependent on
induced mutation rates, the intensity of selection, the type of
genetic disease, and whether the radiation exposure occurs
in one generation only or generation after generation. It
should be noted that since the starting population (before
radiation exposure) is assumed to be in equilibrium between
mutation and selection, the quantity P in Equation (4-2) rep-
resents the equilibrium incidence of the disease, and the
product of P and 1/DD is the expected increase in disease
frequency at the new equilibrium.

Risk Estimation for Different Classes
of Genetic Disease

The application of Equation (4-2) to risk estimation is
straightforward for autosomal dominant diseases since the
relationship between mutation and disease is simple for this
class of diseases. Population genetic theory predicts that for
these diseases, if there is an x% increase in mutation rate in
every generation, at the new equilibrium this increase will
be reflected as an x% increase in the frequency of these dis-
eases. Until recently, estimates of risk for the first, second,
or any postradiation generation of interest were obtained
through “back calculation” from the predicted new equilib-
rium incidence using certain assumptions. If the population
sustains radiation exposure in one generation only, there will
be a transient increase in the mutant frequency in the first
postradiation generation, followed by a progressive decline
to the “old” equilibrium value.

The method used to predict the risk of X-linked diseases
is approximately similar to that for autosomal dominant dis-
eases discussed above. For autosomal recessive diseases, the
risk calculation is more involved because when recessive
mutations first arise (or are induced), they are present in the
heterozygous state and do not precipitate disease in children
of the first few postradiation generations. For multifactorial
diseases, the situation is complex in that there is no simple
relationship between mutation and disease, and as discussed

BEIR VII

later, the estimate of risk will depend on the model used for
their maintenance in the population.

The Concept of Mutation Component

The concept of mutation component and the statistic MC,
which is derived using this concept, help to unify attempts at
predicting how the frequencies of different classes of ge-
netic diseases in the population will change as a result of
increases in mutation rate. The mutation component is de-
fined as the relative increase in disease frequency (i.e., rela-
tive to the baseline frequency) per unit relative increase in
mutation rate (i.e., relative to the spontaneous mutation rate).
First introduced in BEIR I (NRC 1972) to address the prob-
lem of the impact of the radiation risk of multifactorial dis-
eases in the population, and subsequently elaborated by
Crow and Denniston (1981, 1985) and Denniston (1983),
the concept can be used for all classes of genetic disease as
done in BEIR V (NRC 1990). During the past few years, the
concept has been developed further with the necessary alge-
braic formulations, that permit a direct evaluation of the im-
pact of an increase in mutation rate for all classes of genetic
disease in any postradiation generation of interest following
exposure to radiation in either one generation only or gen-
eration after generation (Chakraborty and others 1998a;
Denniston and others 1998). These advances are considered
in a later section. Suffice to note here that the inclusion of
MC in Equation (4-2) yields the revised equation:

Risk per unit dose = P x (1/DD) x MC, 4-3)
where MC is the disease class and postradiation generation-
specific mutation component and the other two quantities
are as defined earlier.

RECENT ADVANCES WITH RESPECT TO THE THREE
QUANTITIES USED WITH THE DD METHOD OF RISK
ESTIMATION

The BEIR V report (NRC 1990) reviewed the advances
that occurred from the mid-1950s to 1990 with respect to P,
the baseline frequency of genetic disease, DD, and MC, the
three quantities considered relevant for risk estimation with
the DD method thus far. In the material that follows, atten-
tion is focused on progress made since 1990.

Baseline Frequencies of Genetic Diseases

Mendelian Diseases

Estimates of the baseline frequencies of Mendelian dis-
eases used by UNSCEAR since its 1977 report and by the
BEIR III and BEIR V committees (NRC 1980, 1990) have
been based on the compilations and analysis of Carter
(19764, 1976b) primarily for Western European and Western
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European-derived populations. These are the following (all
in live births): autosomal dominants, 0.95%; X-linked,
0.05%; and autosomal recessive, 0.25%. Advances in human
genetics during the past two decades now permit an upward
revision of the above estimates to 1.5% for autosomal domi-
nant diseases, 0.15% for X-linked diseases, and 0.75% for
autosomal recessive diseases (Sankaranarayanan 1998).
Note that the revised total frequency of Mendelian diseases
is thus 2.4%, which is about twice the earlier figure of 1.25%.

Multifactorial Diseases

For multifactorial diseases (which include congenital ab-
normalities present at birth and chronic diseases), the esti-
mates used by UNSCEAR (1986, 1988, 1993, 2001) derive
from data obtained for the population of Hungary (Czeizel
and Sankaranarayanan 1984; Czeizel and others 1988).
These estimates are 6% of live births for congenital abnor-
malities and 65% of the population affected by chronic dis-
eases (excluding cancers). Since most chronic diseases have
their onset in middle and late ages (published figures per-
tain to these age groups), data on the distribution of the
population in various age intervals (i.e., ages 0, 1, 2, 3-4,
5-9, 10-14, . . . 80-84, 85+, etc.; a total of 21 age intervals)
for 1977 to 1981 were used to obtain estimates applicable to
the population as a whole. For example, if the published es-
timate for a given disease pertains to the adult population
(i.e., above age 14), the figure was reduced by 21% since
the 0—14 year age group constituted 21% of the total popu-
lation of 10.7 million (Czeizel and others 1988).

For the BEIR V committee (NRC 1990), the starting
point for congenital abnormalities was the published data of
Czeizel and Sankaranarayanan (1984) and Czeizel and
others (1988), which gave an incidence estimate of 6%.
This figure was reduced to 2-3% by noting that the 6% fig-
ure is “. .. so high, in part, because of the unusually high
frequency of congenital dislocation of the hip in Hungary”
(Czeizel and Sankaranaryanan 1984). For chronic diseases,
the starting point was the estimate of about 60% based on
preliminary data of Czeizel and colleagues made available
to and used by UNSCEAR in its 1988 report. The BEIR V
committee reduced the figure of 60% to 30% by (1) sub-
tracting the estimates for essential hypertension, acute myo-
cardial infarction, other acute and subacute forms of
ischemic heart disease, and varicose veins of the lower ex-
tremities (together about 25%) and (2) reducing the figure
for juvenile osteochondrosis of the spine from 11% (based
on radiographic screening) to about 0.5% (on the assump-
tion that only about 5% of the cases identified by radio-
graphic screening may be deemed to be of clinical signifi-
cance). The resulting adjusted figure of about 30% was
given as the estimate for the “selected others” subgroup of
“other diseases of complex etiology.” Together with the ear-
lier committee’s figures for heart disease (60%) and cancer
(30%; which were termed “round number approximations”

for all varieties of the above diseases), the total became
120%. Footnote f to Table 2-5 of the BEIR V report (NRC
1990) offers the following explanation for the 120% figure:
“Includes heart disease, cancer, and other selected dis-
orders . . . . Note that the total exceeds 100%. The genetic
component in many of these traits is unknown. To the ex-
tent that genetic influences are important, the effects are
through genes that have small individual effects but that act
cumulatively among themselves and in combination with
environment factors to increase susceptibility.”

Estimates of Baseline Frequency of Multifactorial
Diseases Used in This Report

In examining what would be considered a reasonable es-
timate of baseline frequency of congenital abnormalities for
use in risk estimation, the BEIR VII committee took note of
the vast body of data on their prevalence in different parts
of the world, including some large-scale studies carried out
in North America (Myrianthopoulos and Chung 1974;
Trimble and Doughty 1974; Baird and others 1988). The
estimates vary over a wide range, from about 1% in live
births to a high of about 8.5% in total births (i.e., still- and
live births), depending on, among other things, the defini-
tion, classification, and diagnostic criteria; entities included;
method of ascertainment; duration of follow-up of live-born
children; and sample sizes. In one of the largest U.S. studies
(Myrianthopoulos and Chung 1974), the overall frequency of
major abnormalities was 8.3% (53,257 deliveries of known
outcome), which compares favorably with the estimate of
about 6% from British Columbia (Baird and others 1988)
and of about 6% from Hungary mentioned earlier. This
documents the premise that under conditions of good ascer-
tainment, the overall prevalences are similar and are of the
order of about 6%. This committee therefore accepts the 6%
figure as reasonable for use in risk estimation in this report.

For chronic multifactorial diseases, the committee pre-
fers to use the estimate of 65% obtained by Czeizel and col-
leagues (1988) in view of the fact that the estimate is based
on 26 clear-cut disease entities defined by ICD (Interna-
tional Classification of Diseases) code numbers that were
studied epidemiologically in a large population. This esti-
mate was also used by UNSCEAR (1988, 1993, 2001) as
the best available overall estimate for chronic diseases as a
whole (excluding cancers). Included in the above estimate
are heart or blood vessel-related diseases, together, about
25%. For the estimate of 60% mentioned in BEIR V (NRC
1990) under the heading “heart disease” no verifiable source
or study is cited. Likewise, for cancers, BEIR V cites an es-
timate of 30%, again with no citation of the source or the
types of cancers included. As mentioned earlier, both of
these numbers represent round number approximations.

In the view of the BEIR VII committee, the inclusion of
cancers in estimating the heritable risks of radiation is not
meaningful at the present state of knowledge.
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Estimates of Baseline Frequency of Chromosomal Disease

The BEIR V report (NRC 1990) and the UNSCEAR
(1993) report assessed the baseline prevalence of chromo-
somal diseases to be of the order of about 0.4% in live births.
The present committee sees no reason to alter this estimate.

Summary of Current Estimates of Baseline Frequencies of
Genetic Diseases and Comparison with Those in BEIR V

Table 4-1 presents these comparisons showing that the
current estimates for Mendelian diseases are higher than
those used in 1990, while those for the other classes remain
essentially unchanged.

The Doubling Dose

As discussed earlier DD is one of the important quantities
used in the equation for the doubling dose method of risk
estimation. Although the DD concept was formulated by
Muller (1951, 1954, 1959) in the 1950s and several possible
estimates and/or ranges of DDs were discussed in the BEAR
report (NRC 1956), in UNSCEAR (1962), and in Liining
and Searle (1971), actual use of the method to obtain quanti-
tative estimates of risk began only in 1972 (NRC 1972).
Changes in the conceptual basis and database used for DD
estimates from the mid-1950s to the early 1990s have re-
cently been reviewed (Sankaranarayanan and Chakraborty
2000a).

TABLE 4-1 Estimates of the Baseline Prevalences of
Genetic Diseases Used in BEIR VII and BEIR V

Baseline Prevalence Estimates
per 10° Live Births

Disease Class BEIR VII BEIR V
Mendelian
Autosomal dominant 15,000 10,000
X-linked 1500 400
Autosomal recessive 7500 2,500
Chromosomal ~4000 ~4000
Multifactorial
Congenital abnormalities 60,000 20,000-30,000
Chronic multifactorial 650,000 a
Other Disorders of Complex Etiology
Heart disease b 600,000
Cancer ¢ 300,000
Selected others b 300,000

9BEIR V included these diseases under “other disorders of complex eti-
ology.”

’Included under chronic multifactorial diseases in BEIR VII.

“Not specifically considered in this chapter.

SOURCE: Table reproduced with permission from Chakraborty and others
(1998b).

BEIR VII

Table 4B-1 (see Annex 4B) summarizes the important
developments. As evident from that Table, with one excep-
tion, most of the DD estimates used in risk estimation by
UNSCEAR and the BEIR committees were based on data on
both spontaneous and induced mutation rates in mice. The
one exception was BEIR I (NRC 1972), which used data on
spontaneous rate of mutations of human genes and induced
rate of mutations in mouse genes. As discussed below, re-
evaluation of the assumptions underlying the use of mouse
data on spontaneous mutation rate for DD calculations has
shown that these are incorrect and that the use of human data
on spontaneous mutation rates along with mouse data on in-
duced rates is correct.

Incorrectness of the Assumption of Similarity of
Spontaneous Mutation Rates in Mice and Humans—The
Need to Use Human Spontaneous Mutation Rates for DD
Calculations

Extrapolation of the mouse-based DD to humans for risk
estimation implies the assumption that both the spontaneous
and the induced rates of mutations are similar in the two
species. The assumption of similarity of induced rates of
mutations in both species is defensible on the grounds of
generally similar gene organization, 70-90% homology in
DNA sequence of genes, and substantial conservation of
synteny for many chromosomal regions between humans and
mice. However, the situation is different with respect to
spontaneous mutations.

The reasons spontaneous mutation rates in humans are
unlikely to be similar to those in mice have been discussed
(Sankaranarayanan 1998). Briefly, these have to do with the
differences in the number of cell divisions between the zy-
gote and the mature germ cell in the two species. Vogel and
Motulsky (1997) estimate that in human females, the num-
ber of cell divisions from zygote to the mature egg () is of
the order of about 24. For the mouse female, estimates of
Drost and Lee (1995) suggest that N, is of the same order.
So, from the standpoint of N, human and mouse females are
similar.

In human males, however, the comparable number of cell
divisions is much higher; it is about 30 until the age of pu-
berty (taken to be 15 years), ~23 per year thereafter, and 6
for proliferation and meiosis. Thus, the number of cell divi-
sions prior to sperm production (V,,) in a 20-year-old male
can be estimated to be 30 + (5 x 23) + 6 = 151, increasing to
381 at age 30 years, 611 at age 40 years, and 841 at age
50 years (Crow 1999). The N, /N, thus increases with pater-
nal age, being 6.3 at age 20, 15.9 at age 30, 25.5 at age 40,
and 35.0 at age 50. In the male mouse, the number of cell
divisions from zygote to sperm is of the order of about 62 at
age 9 months, assuming a 9-month generation (Chang and
others 1994; Drost and Lee 1995; Li and others 1996). The
N_/N; ratio in the mouse is therefore 2.5 (i.e., 62/25), which
is much lower than in humans. The committee notes that in
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most mouse experiments, the parental animals were used at
arather uniform age (usually about 12 weeks), and the ques-
tion of paternal age effects has not been specifically ad-
dressed.

Since most spontaneous mutations arise as a result of er-
rors in DNA replication, one would expect that the mutation
rate in human males would be higher than that in females
and that there would be an increase in the likelihood of spon-
taneous germinal mutations with the age of the male (so-
called paternal age effect). By and large, these expectations
have been fulfilled. The literature on this subject and the
recent evidence from molecular studies have been reviewed
(Crow and Denniston 1985; Crow 1993, 1997, 1999; Vogel
and Motulsky 1997; Sankaranarayanan 1998; Green and oth-
ers 1999).

When one considers the large differences in life span be-
tween humans and mice and the paternal age effect for spon-
taneous mutations in humans, it is clear that extrapolation
from short-lived mice to humans is unlikely to provide a
reliable average spontaneous rate in a heterogeneous human
population of all ages. This is one reason to abandon the use
of the mouse data on spontaneous mutation rates in DD cal-
culations and to use human spontaneous mutation rates in-
stead. The following arguments support this: (1) estimates
of spontaneous mutation rates in humans are unweighted
averages of the rates in the two sexes (and therefore auto-
matically incorporate sex differences and paternal age ef-
fects), and (2) the sex-averaged rate is relevant in the context
of DD calculations (Sankaranarayanan 1998).

A second reason for not using the mouse spontaneous
mutation rates for DD calculations is that the whole question
of spontaneous mutation rates in mice has now assumed an
unexpected complexity due to the noninclusion, until re-
cently, of mutations that originated as germinal mosaics (re-
sulting in progeny carrying the same mutation [“clusters”] in
the following generation) in estimates of spontaneous muta-
tion rates in the specific locus experiments (Russell and
Russell 1996; Selby 1998a, 1998b; Russell 1999). Accord-
ing to Russell and Russell (1996), if mosaic data are in-
cluded, the total spontaneous rate becomes twice that of 6.6
x 10° per gene based on mutations that arose singly. How-
ever, Selby (1998a, 1998b) has argued that (1) the data on
clusters should be included in calculating the total spontane-
ous mutation rate; (2) his computer simulation studies
(which incorporate clusters in his model) suggest an increase
of the rate by a factor of about 5 compared to that based on
mutations that arose singly; (3) the fivefold higher total spon-
taneous rate is the appropriate numerator in DD calculations;
and (4) if paternal age effects are extrapolated from humans
to mice, the estimate of spontaneous rate is even higher. In
the view of this committee, the above argument cannot be
sustained for humans for the following reasons:

First, while there is no doubt that a proportion of sponta-
neous mutations in human genes arise as germinal mosaics
(and can potentially result in clusters in the following gen-

eration), the limited data available on mosaics and clusters at
present preclude a quantitative assessment of their contribu-
tion to spontaneous mutation rates. The main relevance of
germinal mosaicism in the human context is this: the parent
who carries a mosaic mutation for an autosomal dominant or
X-linked trait does not have a mutant phenotype and there-
fore would not be considered as having a risk of producing
affected children. However, because his or her gonads con-
tain mutant and normal cells, he or she may run the risk of
having more than one progeny who carries the mutant gene
(mutational “clusters”).

Second, if a substantial proportion of human mutations
arise as germinal mosaics in one generation and result in
clusters in the following generation, the frequencies of at
least autosomal dominant and X-linked diseases also have to
be corrected upwards to account for this possibility; there is
no reliable way of doing this at present. The published esti-
mates of human spontaneous mutation rates do not provide
sufficient grounds for assuming that substantial proportions
of mutations in the germ cells first arose as mosaics and
subsequently resulted in clusters of mutations; if this had
been the case, major increases in the frequencies of affected
individuals from one generation to the next would have been
observed, but this does not appear to be true. Further, family
sizes in present-day human populations are limited (in fact,
they are so small that there is almost never more than one
affected offspring from a mating, in contrast to the situation
in mice where large numbers of progeny are obtained from a
single male). Both of these arguments support the view that
mutational clusters are much less relevant in humans than in
mice.

The advantages of using human spontaneous mutation
rates for DD calculations are (1) they pertain to human dis-
ease-causing genes; (2) as mentioned earlier, the mutation
rate estimates in humans, because they are averaged over
both sexes, automatically include sex differences and pater-
nal age effects; and (3) in mutation rate calculations, human
geneticists count all mutants that arise anew irrespective of
whether they were part of a cluster or not; if clusters had
occurred, they would have been included. The committee
therefore accepts the view that the use of human spontane-
ous rates and mouse induced rates for DD calculations (i.e.,
the procedure used in BEIR I; NRC 1972) is more logical,
and it has assessed published data on spontaneous mutation
rate in humans and induced rates of mutations in mice.

Doubling Dose Estimation Using Spontaneous Mutation
Rates of Human Genes and Induced Rates of Mouse
Genes

Estimation of the Average Spontaneous Mutation Rate of
Human Genes

To calculate a representative average spontaneous muta-
tion rate of human genes, the available estimates for indi-
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vidual autosomal dominant diseases published by Childs
(1981) and Vogel and Motulsky (1997) were used, irrespec-
tive of whether these diseases have high or low prevalence
or high or low mutation rates. However, the analysis took
into account the numbers of genes thus far known or esti-
mated to underlie each of these disease phenotypes (Vogel
and Motulsky 1997; Sankaranarayanan 1998; McKusick
2000). This represents an important departure from earlier
estimates based on disease phenotypes alone, which gener-
ally assumed a one-to-one relationship between mutation and
disease. Details of these diseases, estimates of mutation rates,
and selection coefficients are given in Table 4-2. The
(unweighted) average mutation rate derived from these data
(for some 26 autosomal dominant phenotypes with an esti-

TABLE 4-2 Database for Estimating Average
Spontaneous Mutation Rate of Human Autosomal Genes
Associated with Autosomal Dominant Diseases and Their
Selection Coefficients(s)

Estimated

No.of  Mutation Rate  Selection
Disease Phenotype Loci (x 100y« Coefficient(s)”
Achondroplasia 1 11.0 0.8
Amelogenesis imperfecta 1 1.0 0
Aniridia 2 3.8 0.1
Apert’s syndrome 1 35 0
Blindness 9 10.0 0.7
Cataracts (early onset) 30 6.0 0.3
Cleft lip 1 1.0 0.2
Deaf mutism 15 24.0 0.7
Dentinogenesis imperfecta 2 1.0 0
Huntington disease 1 5.0 0.2
Hypercholesterolemia 1 20.0 0
Marfan syndrome 1 5.0 0.3
Multiple exotoses 3 7.7 0.3
Myotonic dystrophy 1 18.0 0.3
Neurofibromatosis 2 70.0 0.5
Osteogenesis imperfecta 2 10.0 0.4
Osteopetrosis 1 1.0 0.2
Otosclerosis 1 20.0 0
Polyposis of intestine 1 10.0 0.2
Polycystic kidney disease 2 87.5 0.2
Porphyria 2 1.0 0.05
Primary basilar impression 1 10.0 0.2
Rare diseases (early onset) 50 30.0 0.5
Retinoblastoma 1 8.7 0.5
Spherocytosis 1 22.0 0.2
Tuberous sclerosis 2 8.0 0.8
Total 135
Average (2.95£0.64) 0.294

4For some entries, mutation rate estimates are uncertain (see Childs 1981
for details).
bEstimated from reproductive fitness.

SOURCE: Childs (1981); Vogel and Motulsky (1997).
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mated 135 loci) is (2.95 £ 0.64) x 10-% per locus per genera-
tion. This figure is within the range of 0.5 X 10 to 0.5 x 10°°
per locus used in the 1972 BEIR I report (NRC 1972).

The list of autosomal dominant diseases used to provide
the basis for the prevalence estimate (P in Equation (4-3))
encompasses many more than the 26 diseases used in the
above calculations (Sankaranarayanan 1998); these other
diseases could not be included in the present analysis be-
cause of lack of information on mutation rates. Further, the
mutation rate estimates for X-linked phenotypes have not
been included in these calculations; instead, it has been as-
sumed that the average spontaneous mutation rate for auto-
somal dominant genes calculated above can also be used for
X-linked genes. The justification for this assumption rests
on the following lines of reasoning: (1) among Mendelian
diseases, autosomal dominants constitute the most impor-
tant group from the standpoint of genetic risks, and (2) al-
though X-linked recessive diseases are also expected to re-
spond directly to an increase in mutation rate, since their
prevalence is an order of magnitude lower than that of auto-
somal dominants (i.e., 0.15% versus 1.5%) the assumption
of similar spontaneous rates of mutations for autosomal
dominants and X-linked recessives is unlikely to result in
any significant underestimation of the total risk. In fact, for
this reason, these two classes of diseases are considered to-
gether in risk estimation.

The Average Rate of Induced Mutations in Mice

To calculate the average rate of induced mutations in
mice, the committee used all available data on rates of in-
duced mutations in defined genes in mice; these relate to
recessive specific locus mutations at 12 loci, biochemical
mutations (null enzyme mutations, also recessive at a large
number of loci), and autosomal dominant mutations at 4 loci
incidentally detected in the course of the specific locus ex-
periments. The data on these autosomal dominant mutations
are all from studies carried out in Harwell; comparable data
from Oak Ridge studies were unavailable. Inclusion of the
data on dominant mutations in mutation rate calculations was
dictated by the consideration that although the underlying
genes were not well defined at the time these experiments
were performed (but mutations were “frequently” observed
and recorded, indicating that they were among the more ra-
diation-mutable loci), we now know not only their identity
(and the molecular nature of the mutations) but also their
human counterparts (the mouse SI, W, Sp, and T correspond
to, respectively, the MGF, KIT, PAX3, and T genes in hu-
mans; see McKusick 2000). All of the data considered here
come from experiments involving stem cell spermatogonia.

The data from female mice have not been used because
there is uncertainty about whether mouse immature oocytes
are a good model for assessing the mutational radiosensitiv-
ity of human immature oocytes (UNSCEAR 1988). The ar-
guments rest on (1) the strikingly higher sensitivity of mouse
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immature oocytes to radiation-induced killing (the majority
are destroyed by 0.5 Gy; Oakberg and Clark 1964) in con-
trast to those of human and rhesus monkey immature oo-
cytes, for which the dose required is at least 100 times higher
(Baker 1971) and (2) the observations that no mutations were
recovered from oocytes sampled 7 weeks after irradiation in
contrast to the situation with mature and maturing oocytes
(Russell 1965). In view of this uncertainty and in order not
to underestimate the risk, the committee has used the as-
sumption that the rate estimated for males will also be appli-
cable to females.

Details of the data used are summarized in Tables 4-3A to
4-3C and are from experiments involving acute X-irradia-
tion or from high-dose fractionated X-irradiation (usually
two fractions separated by 24 h) appropriately normalized to
acute X-irradiation conditions (see Table 4-3A, footnote d;
and Table 4-3B, footnotes a and b) to permit easy compar-
isons. Table 4-3A shows that the average rate of induced

mutations is highest at the original seven specific loci (3.03
x 1075 per locus per gray) and is about one-third of the above
at the six loci used in the experiments of Lyon and Morris
(1969; i.e., 0.78 x 1075 per locus per gray; one locus, a, is
common to both sets). For various sets of biochemical loci at
which null mutations have been scored, the estimates vary
over a range from 0.24 x 107 to 1.64 x 107> per locus per
gray. The average rate for dominant visible mutations is
within the above range. The unweighted average of the in-
duced mutation rates is 1.09 x 10~ per locus per gray for
acute irradiation. The use of this rate for DD calculations,
however, is somewhat problematic since (1) there is overlap
of one or more loci in different data sets; (2) in some studies
(see footnote e, Table 4-3A), all of the loci involved could
not be ascertained; and (3) there is no simple way of taking
into account the interlocus variation and sampling variance
of induced rates from the derived average estimate of 1.09 x
1073 per locus per gray.

TABLE 4-3A Database for Calculating Rates of Induced Mutations in Mice

No. of Average Rate/
System Loci Locus/Gy (x 10°) Reference
1. The 7-locus system (Lyon and others 1964) (3 and 6 Gy; 74 3.03 Phillips (1961);
acute X- or y-irradiation or 3 + 3 Gy, 24 h interval) Russell (1965, 1968);
Lyon and others (1972);
Cattanach and Rasberry (1994);
Pretsch and others (1994)
2. The 6-locus system (Lyon and others 1964) 6b 0.78 Lyon and Morris (1969)
(6 Gy; acute X-irradiation)
3. Biochemical loci (recessive, null enzyme) 12¢ 0.704 Charles and Pretsch (1986);
(3 + 3 Gy, 24 h interval; X-rays) Pretsch and others (1994)
4. Biochemical loci (recessive, null enzyme) 32¢ 1.64 Unpublished data of
(3 Gy, 3 + 3 Gy, 24 h interval and 6 Gy; X-rays) 32 0.674 S.E. Lewis, cited in
32 0.24 Neel and Lewis (1990)
5. Biochemical loci (recessive, null enzyme) 4f 1.244 Unpublished data of
(3 + 3 Gy, 24 h interval; X-rays) J. Peters, cited in
Neel and Lewis (1990)
6. Dominant visibles (SI, W, Sp and T)8 (X rays) 4 0.44 See Table 4-3B

Unweighted average:

8.74/8 = 1.09 x 1075 per locus per gray

NOTE: Data are from experiments involving irradiation of males (stem cell spermatogonia) and all rates are normalized to single acute X-irradiation condi-

tions.

4g: non-agouti; b: brown; c: chinchilla; d: dilute; p: pink-eyed dilution; s: piebald; se: short ear; in the work of Pretsch and others (1994), with some strains,

mutations at four or five of these loci were scored.

ba: non-agouti; bp: brachypodism; fz: fuzzy; In: leaden; pa: pallid; pe: pearl.

°Ldhl, Tpi, Gpil, Pgk, G6pdl, G6pd2, Pk, Gr, Modl, Pgam, Gapdh, Ldr.
4Normalized assuming additivity of the effect of dose fractionation.

¢Acyl, Car2, G6pdl, Ggc, Esl, Es3, G6pdl, Gpil, Hba, Hbb, Idhl, Ldhl, Ldh2, Modl, Mod2, Np1, Pep2, Pep3, Pep7, Pgml, Pgm2, Pgm3, Pk3, Trf (the

identity of the other 8 loci could not be ascertained).
fHba, Hbb, Es3, Gpil.
8S1: steel; W: dominant spotting; Sp: splotch; 7 brachyury.
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TABLE 4-3B Dominant Visible Mutations Recovered in the Course of Mouse Specific Locus Experiments

(Spermatogonial Irradiation)

Number of mutations at

Mutations
Expt Number of per Locus
No. X-ray Dose (Gy) Progeny N w Sp T Total per Gray (x 105) Reference
1 6+6
(8-week interval) 3,612 1 — — — 1 0.58¢ Lyon and others (1964)
2 6 16,735 — 1 — — 1 0.25 Lyon and Morris (1969)
3 5+5 7,168 1 — — — 1 0.354 Cattanach and Moseley (1974)
Cattanach and others (1985)
4 3+3 7,645 2 — — — 2 1.094 Cattanach and Rasberry (1994)
Cattanach and others (1985)
5 3+3 15,849 1 1 1 6 0.35% Cattanach and Rasberry (1994)
Cattanach and others (1985)
6 6 10,897 1 — — — 1 0.38 Cattanach and Rasberry (1994)
7 6 19,285 1 — — — 1 0.22 Cattanach and Rasberry (1994)
8 1+9 10,318 1 — — 2 0.244 Cattanach and others (1985)
9 1+9 14,980 — — — 3 0.504 Cattanach and others (1985)

Unweighted average: 3.96/9 = 0.44 per locus per gray

NOTE: Experiments were carried out during 1964—1994 in Harwell, England. All rates are normalized to single acute X-irradiation conditions.

4Normalized to single unfractionated irradiation conditions under the assumption of additivity of yields.
’Normalized to single unfractionated irradiation (by dividing the rate by 3) on the basis of observations of the enhancement of specific locus mutation

frequency (in the same experiment by a factor of 3 [3H1 strain of mice]).

The committee therefore used the following approach to
derive the average induced rate of mutations. All experimen-
tal data were first grouped by loci, so that an unweighted
estimate of the locus-specific induced rates could be derived
from the average of the estimates from all experiments in-
volving each of the loci. Subsequently, these locus-specific
rates were averaged across loci to arrive at the average in-
duced mutation rate. This procedure permitted calculation of
the standard error of the estimated rate that incorporated the
sampling variability across loci as well as the variability of
the rates in individual experiments. In this approach, unpub-
lished data of Neel and Lewis (1990) were excluded since
details of the identity of all the loci and the loci at which
mutations were recovered were unavailable. Although fewer
data were used (the total number of loci became 34), this
approach was considered preferable since (1) no locus is
double-counted while averaging over all loci, (2) the loci and
the corresponding mutant phenotypes are clear, and (3) an
estimate of the standard error of the mean (which takes into

account both intra- and interlocus variability) can be given.
These data permit an overall average estimate of (1.08 +
0.30) x 1075 per locus per gray (Table 4-3C). With a dose-
rate reduction factor of 3 traditionally used' (Russel 1965;

In the mouse, the dose-rate reduction factor of 3 for spermatogonial
irradiations comes not only from the 6 Gy data of Dr. William Russell but
also from the analysis of Dr. Tony Searle published in the Proceedings of
the Cortina International Radiation Reseach Conference in 1967. Dr. Searle
analyzed all of the chronic radiation data in the range from 37.5 to 861 R
statistically and showed that the exposure-frequency relationship is linear
and that the straight line of best fit could be described by

Y=8.34x10°+6.59 x 108X,
where Y is the yield of mutations and X is the exposure in roentgens. The
slope is one-third of that for acute X-irradiation (300 and 600 R).

Further, the following statement from BEIR V (NRC 1990, p. 110)
provides additional substantiation for the dose-rate reduction factor of 3:
“The other important baseline value for spermatogonia is for the response
to low dose-rate, low-LET irradiations . . . the rate is (7.3 = 0.8)10~%/locus/
rad for total doses between 35 and 900 rad (Ru82a). The dose-rate factor is
3.0x04.>
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TABLE 4-3C Locus-Specific Rates for Radiation-Induced
Mutations in Mice Estimated from Data Tables 4-3A and
4-3B

Locus? Rate per Gray (x 105)  SE (x 109)
pa 0 0
pe 0 0
Gé6pdl 0 0
Gb6pdl 0 0
Ldh2 0 0
Ldr 0 0
Pgkl 0 0
Tpi 0 0
Hba?2 0 0
Hbb1 0 0
Hbb2 0 0
Gapdh 0 0
Pk 0 0
Modl 0 0
Sp 0.04 0.04
w 0.15 0.12
Gpi 0.33 0.33
a 0.45 0.24
T 0.45 0.18
In 0.67 0.67
Ldhl 0.97 0.69
se 0.97 0.33
N 1.31 0.51
bp 1.34 0.95
Es3 1.67 1.67
Hbal 1.67 1.67
c 1.90 0.48
Gr 2.19 1.40
b 2.35 0.52
Iz 2.68 1.34
p 2.93 0.56
d 3.14 0.62
Pgam 391 1.93
s 7.59 0.89
Average rate (acute irradiation) 1.08 0.30°
Chronic irradiation 0.36 0.10°

NOTE: For raw data and their analysis, see Sankaranarayanan and
Chakraborty (2000a).

“In these calculations, two additional loci (Ldh2 in the experiments of
Pretsch and others 1994; Hba?2 in the experiments of Peters) have been
included based on current evidence (Lewis and Johnson 1986).

’The standard error of the average rate was calculated taking into ac-
count variation of the rates among loci as well as sampling variation of the
experimental data for each locus.

Searle 1967), the rate for chronic low-LET radiation condi-
tions becomes (0.36 + 0.10) X 1075 per locus per gray.

It is worth reiterating here that this is the first time an
attempt has been made to use the mutation data coming not
only from the 7 specific loci but also from all loci for which
there are published data (a total of 34 loci; see Table 4-3C)
taking into account interlaboratory and interexperimental
variations in induced rates. Unfortunately, all of the data
from biochemical loci and for dominant visibles were from

experiments involving acute X- or fractionated X-irradiation
experiments. In trying to put together all of these data, there
was no alternative but to use the correction factors suggested
by the authors of the respective papers to estimate the rate
for chronic radiation conditions from the available data. The
committee feels that the procedures adopted in estimating an
induced rate of (0.36 + 0.10) x 10> per gray are sound and
that it is justifiable to use a single estimate for the induced
rate of mutations.

THE DOUBLING DOSE ESTIMATE

With the estimates of (2.95 £ 0.64) X 10~ per locus for
the rate of origin of spontaneous mutations in humans and
(0.36 £0.10) x 1075 per locus per gray for induced mutations
in mice, the DD becomes 0.82 + 0.29 Gy. This new estimate
is not very different from 1 Gy that has been used thus far
and was based entirely on mouse data. The conceptual basis
and the database used for estimating the average spontane-
ous and induced rates of mutations, however, are now differ-
ent. The committee suggests retaining the use of 1 Gy for the
DD estimate.

MUTATION COMPONENT OF GENETIC DISEASES

Background

As noted earlier, the MC is one of the quantities in the
equation used to estimate risk of genetic disease using the
doubling dose method (i.e., risk per unit dose = P X [1/DD]
x MC, where P = baseline disease prevalence, 1/DD = the
relative mutation risk per unit dose, and MC = the mutation
component). The rationale for including MC in the risk equa-
tion is that the relationship between mutation and disease
varies between different classes of genetic diseases—simple
for autosomal dominant and X-linked diseases, slightly com-
plex for autosomal recessive diseases, and very complex for
multifactorial diseases—and the use of disease class-specific
MC makes it possible to predict the impact of an increase in
mutation rate on the frequencies of all classes of genetic dis-
eases (Chakraborty and others 1998b; Denniston and others
1998; ICRP 1999).

General Definition

Let P be the disease prevalence before an increase in
mutation rate and AP its change due to a Am change in spon-
taneous mutation rate, m. The mathematical identity

AP _Am APIP »

P m Am/m “4-4)

formalizes the definition of MC. In this equation, since AP/P is
the relative change in disease prevalence and Am/m is the
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relative change in mutation rate, the formal definition of MC
becomes

_AP/P
Am/m

MC

4-5)

In other words, MC is the relative change in disease preva-
lence per unit relative change in mutation rate. Because of
the paucity of human data, until recently, estimates of Am/m
have been obtained from mouse data and assumed to be ap-
plicable to the human situation.

It should be stressed that (1) the MC concept is applicable
only when there is a change in mutation rate; (2) MC is not
the same as the genetic component of the disease; rather,
MC quantifies the responsiveness of the genetic component
of the disease to increases in mutation rate; (3) if the disease
is only partly genetic, since only the genetic component will
respond to an increase in mutation rate, the MC for such a
disease will be lower than that for a fully genetic disease;
and (4) if the disease is entirely environmental in origin, the
MC concept does not apply.

Note that despite the different notations used, Equation
(4-4) is the same as the Equation (4-3), the basic risk equa-
tion (i.e., risk per unit dose = P x [1/DD] x MC). The latter
can be rewritten as risk per unit dose + P = (1/DD) x MC in
which risk per unit dose + P = AP/P in Equation (4-4) and
(1/DD) = Am/m (since DD = m/Am). Therefore, if m in-
creases to m(1 + k) the disease incidence increases from P to
P(1 + kMC) showing that the MC concept is relevant only in
the context of a change in mutation rate.

MC for Autosomal Dominant Diseases

The MC concept and its application are more easily illus-
trated with respect to autosomal dominant diseases for which
the relationship between mutation and disease is straightfor-
ward. Two population genetic concepts are used in estimat-
ing MC, namely, the Hardy-Weinberg equilibrium and mu-
tation-selection balance. The first of these relates the
frequencies of mutant alleles to those of genotypes in large
randomly mating populations, and the second describes the
dynamics of mutant genes in populations.

Hardy-Weinberg Equilibrium

For a single locus with two alleles, the Hardy-Weinberg
equilibrium concept is an application of the binomial expan-
sion (p + q)% = p> + 2pq + g2, where p and q are the propor-
tions of alleles A and a (and p + ¢ = 1), and = p2, 2pq, and ¢>
are the proportions of the three genotypes AA, Aa, and aa. If
the parents mate at random, which is equivalent to combin-
ing genes at random from a large pool to which each parent
has contributed equally, the zygotes are in Hardy-Weinberg
proportions. The larger the population, the closer the num-
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bers agree with these binomial expectations. The Hardy-
Weinberg concept thus summarizes the basic characteristic
of stability of allele frequencies (and therefore of genotype
frequencies) over time in large, randomly breeding popula-
tions in the absence of differences in viability or fertility
among the genotypes, migration, mutation, and geographi-
cal subdivision of the population. In the case of genetic dis-
eases, this is reflected as their stable prevalences in the popu-
lation. With more than two alleles, the extension is
straightforward: the binomial expansion becomes multino-
mial (Crow 2001).

Mutation-Selection Balance

Spontaneous mutations arise in each generation at a finite
rate, and most are eliminated sooner or later by natural selec-
tion. At equilibrium, the rate of origin of new alleles by spon-
taneous mutation will be equal to the rate at which they are
eliminated by selection and is called the mutation-selection
equilibrium. The equilibrium frequency of the mutant allele
depends on whether that allele is recessive or dominant.

Consider a one-locus, two-allele situation in a large, ran-
domly mating population in Hardy-Weinberg equilibrium
and assume that the fitness of the three genotypes (AA, Aa,
and aa) can be represented by 1 —s, 1 —s and 1, respectively.
The zygotic frequencies, counted before selection, will be
P2 2pq, and g2, respectively, for the three genotypes, where
p denotes the frequency of the dominant allele A, andg =1 —
p, that of the normal allele a. In a stable gene pool, with the
allele @ mutating to A at a rate of m per generation, ignoring
back mutations, there will be an mg amount of new
disease-causing mutant alleles per generation; this will be
counterbalanced by an elimination of these alleles by selec-
tion, which amounts to pgs + p2s. At equilibrium, these two
quantities should be equal, yielding an equilibrium allele
frequency of A (e.g., p) that satisfies the equation

mq = ps, (4-6)

or

m m

P m+s s @7
because the mutation rate (m) is generally smaller than the
selection coefficient (s). At low mutant allele frequencies,
the frequency of dominant diseases at equilibrium is then
predicted to be p?+2p§=2p. For example, if for an
autosomal dominant disease the spontaneous mutation rate
ism = 1x 107 and the selection coefficient s = 0.5, the equi-
librium frequency of the mutant allele p =~ m/s = 2 X 10~ and

the disease frequency 2p = 4 x 10 (since ¢ is very nearly 1).
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Estimation of MC

In estimating MC for autosomal dominant diseases, it is
important to take into account the fact that some of these
diseases (e.g., Apert’s syndrome, Crouzon’s syndrome, os-
teogenesis imperfecta) are due entirely to germline muta-
tions, whereas with some other diseases (e.g., retinoblas-
toma, and breast cancers), only a proportion is due to
germline mutations, the remainder being due to somatic
mutations. As discussed later, for diseases of the latter type
(referred to as those with a “sporadic” component), the pre-
dicted MCs will be less than those for the former in view of
the fact that MC is related to the germline genetic compo-
nent. In what follows, only the most relevant equations are
given for MC estimations for two scenarios of radiation ex-
posure, namely, exposure in one generation only or in every
generation with and without the sporadic components. For
details of the derivations of the equations, see the Interna-
tional Commission on Radiological Protection (ICRP 1999)
Task Group report and Chakraborty and colleagues (1998b).

The starting assumption in these computations is that the
population is in mutation-selection equilibrium prior to ra-
diation exposure. When the population sustains radiation
exposure, the mutation rate is increased, which in turn will
impact disease frequency. As shown below, if the exposure
occurs in one generation only, MC and AP are maximal in
the first postradiation generation, progressively diminishing
in subsequent generations until the population returns to the
old equilibrium. When this occurs, MC becomes zero.

If, on the other hand, the population is exposed to radia-
tion generation after generation (i.e., the mutation rate is
permanently changed from m to [m + Am]), the MC and AP
will continue increase with time (in generations) until the
population reaches a new equilibrium between mutation and
selection. At equilibrium, MC = 1 if the disease is entirely
due to germinal mutations. Note that MC = 1 signifies that if
the mutation rate is increased by x%, the disease frequency
at the new equilibrium (under conditions of radiation in ev-
ery generation) will be increased by x%. The magnitude of
the increase in MC and the increase in disease frequency in
intermediate generations will depend on Am and the number
of generations following radiation exposure.

MC Estimation for a Hypothetical Autosomal Dominant
Disease Having No Sporadic Component in Its Etiology

For a one-time increase in mutation rate (“burst,” indi-
cated by the subscript b in MC, below), the dynamics of
change in MC with time, 7, at any generation is given by

MC, () = s(1 — s). (4-8)

For example, if one assumes that s = 0.5, then MC, at the
first postradiation generation becomes 0.5 (1 — 0.5)°=0.5.

For a permanent increase in mutation rate (indicated by the
subscript p), the equation is

MC () =[1-(1-s)]. (4-9)

Again assuming that s = 0.5, the MC_ at the first post-
radiation generation becomes [1 — (1 — 0.5)'] = 0.5. Equa-
tions (4-8) and (4-9) thus show an interesting property of the
effects on MC of a one-time or permanent increase in muta-
tion rate in the first generation, namely, MC, = MCp. With
no irradiation in subsequent generations, MC gradually
decays to zero at a rate of (1 — s) per generation, whereas
under conditions of permanent increase in mutation rate, MC
gradually increases in subsequent generations to attain a
value of 1 at the new equilibrium.

The patterns of changes in MC and disease frequency with
time, following a one-time or a permanent increase in muta-
tion rate, are shown in Figure 4-1 and Table 4-4. In these
illustrations, it is assumed that the mutation rate is increased
from 1 x 1075 to 2 X 103, either in one generation only (bro-
ken line) or in every generation (solid line), and that the ini-
tial disease frequency (which corresponds to the baseline
mutation rate of 1 x 10~ and a selection coefficient of 0.5) is
4x107.

It is clear that following a single-generation doubling of
the mutation rate, both the disease frequency and MC show
a transitory increase in the first postradiation generation. In
subsequent generations, the disease frequency progressively
declines to the old equilibrium value and MC declines to
zero. With a permanent doubling of the mutation rate, for the
selection coefficient of 0.5 used in these calculations, the
disease frequency becomes twice that at the old equilibrium
value by about the fifth postradiation generation by which
time the mutation component becomes nearly 1.0.

MC Estimation for a Hypothetical Autosomal Dominant
Disease with a Sporadic Component in Its Etiology

As mentioned earlier, some autosomal dominant diseases
have a sporadic component in their etiology. For example,
about 40% of retinoblastoma cases are due to germline mu-
tations and the remaining ones are sporadic (Vogel 1979).
For such diseases, the disease frequency at equilibrium can
be assumed to take the form P = A + Bm. With A (sporadic
component) and B (germinal component) as constants, only
the second term will be responsive to an increase in mutation
rate. If the dose dependence of induced mutations is linear,
namely, m = o+ BD and this form of m is substituted for P in
the above equation,

P=A + Bo.+ BBD, (4-10)
so the relative increase in disease frequency AP/P = BBD/(A
+ Bo) and the relative increase in mutation rate Am/m = BD/
o.. Consequently,
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line) or a permanent (solid line) increase in mutation rate from 1 x 10~ to 2 x 10 for an autosomal dominant disease. The disease frequency,
before the doubling of the mutation rate, is 4 X 10~ and the selection coefficient is 0.5. SOURCE: Figure reproduced with permission from

Chakraborty and others (1998b).

MC = Bo/( A + Bo.). (4-11)
It is clear that the larger the sporadic component, the smaller
is the MC. When A = 0 and B = 1, as they are for most auto-
somal dominant diseases, MC at equilibrium will be 1. For
diseases with a sporadic component in their etiology, MC at
equilibrium will be less than 1 (i.e., an x% increase in muta-
tion rate will result in a <x% increase in disease frequency).

MC Estimation for X-Linked and Autosomal Recessive
Diseases

The mathematical procedures for estimating MC for X-
linked and autosomal recessive diseases are more complex
than those for autosomal dominant diseases and are detailed
in Chakraborty and colleagues (1998b). The relevant con-
clusions are the following:

For a one-time increase in mutation rate the response of
X-linked diseases is similar to that of autosomal dominants
(i.e., MC in the first postradiation generation is equal to the
selection coefficient, s). However, since only one-third of
the X chromosomes are in males, s must be adjusted to take
this into account. In other words, in Equation (4-7), s should
be replaced by s/3. For example, if s = 0.6, the first-genera-

tion MC will be 0.2. For autosomal recessives, MC will be
much smaller than for autosomal dominants, and it is close
to zero in the first (as well as several successive) genera-
tions. This is due to the fact that when a recessive mutation
first occurs (or is induced), it is present in heterozygotes and
does not precipitate disease until the mutant allele frequency
becomes sufficiently high in the population to produce ho-
mozygous individuals who will be affected by the disease.

For a permanent increase in mutation rate, the MC for
both X-linked and autosomal recessive diseases progres-
sively increases to reach a value of 1.0 at the new equilib-
rium. The rates of approach to the new equilibrium, how-
ever, are different and are dictated by selection coefficients
and time (in generations) following radiation exposure. The
effect of an increase in mutation rate on MC is most pro-
nounced for autosomal dominants followed by that for X-
linked and autosomal recessives, in that order.

Numerical Estimates of MC for Autosomal Dominant,
X-Linked, and Autosomal Recessive Diseases Used in This
Report

In Table 4-2, estimates of selection coefficients from pub-
lished data for different autosomal dominant diseases are
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TABLE 4-4 Effects of a One-Time or Permanent Doubling of the Mutation
Rate on Mutant Gene Frequency (p), Disease Frequency (P), and Mutation
Component (MC) for a Hypothetical Autosomal Dominant Disease

Permanent Doubling One-Time Doubling

Generation P P MC P P MC

Initial 0.000020 0.000040 0.0000 0.000020 0.000040 0.0000
1 0.000030 0.000060 0.5000 0.000030 0.000060 0.5000
2 0.000035 0.000070 0.7500 0.000025 0.000060 0.2500
3 0.000038 0.000075 0.8750 0.000023 0.000045 0.1250
4 0.000039 0.000078 0.9375 0.000021 0.000043 0.0625
5 0.000039 0.000079 0.9688 0.000021 0.000041 0.0313
New equilibrium 0.000040 0.000080 1.0000 0.000020 0.000040 0.0000

NOTE: Values used in the computation are the following: mutation rate (m) =1 x 10-5; selection
coefficient (s) = 0.5; initial mutant gene frequency (p) = m/s = 2 X 10-5, and initial disease frequency
(P)=2p=4x107.

General formulas for calculating the effects of an increase in mutation rate from m to m(1 + k) on
mutant gene frequency, disease frequency, and mutation component follow.

At Generation ¢

For a Permanent Increase

For a One-Time Increase

Mutant gene frequency, Py
Disease frequency, P, 2p,
Mutation component, MC [1-(1-9"]

poll +k[1-(1-97}

Poll + ks (1 —s)y-1]

2p,
s(1 =)

presented. The average of these values is s = 0.29. Similar
estimates for X-linked diseases are not available. For esti-
mating the risk to first-generation progeny, the committee
uses a rounded value of MC = s = 0.3 for both autosomal
dominant and X-linked diseases. The rationale for which
rests on the following considerations: (1) the baseline inci-
dence of X-linked diseases is an order of magnitude lower
than that of autosomal dominant diseases (0.15% versus
1.5%; Table 4-1), (2) the net effect of selection for X-linked
diseases is lower (i.e., s/3 versus s for autosomal dominants),
and (3) the use of the same MC value for both autosomal
dominant and X-linked diseases therefore does not underes-
timate risk. The committee is cognizant of the fact that selec-
tion intensities in present-day human populations are prob-
ably lower. For autosomal recessives, the first-generation
MC is close to zero.

MC ESTIMATION FOR CHRONIC MULTIFACTORIAL
DISEASE

Introduction

As mentioned earlier, for most multifactorial diseases,
knowledge of the number of genes involved, the types of
mutational alterations, and the nature of environmental fac-
tors remains limited, and there is no simple relationship be-
tween mutation and disease. Further, unlike the situation for

Mendelian diseases, no models have been proposed to ex-
plain the stable prevalences of multifactorial diseases in the
population. Models such as the multifactorial threshold
model of disease liability (see Annex 4B) are essentially
descriptive models. They permit one to explain the transmis-
sion patterns of these diseases and make reasonable predic-
tions of recurrence risks in families, but they are not, as such,
suitable for the estimation of MC. There is, however, a
wealth of literature about evolutionary population genetic
models on the maintenance of quantitative variability (and
traits) in populations, and these incorporate mechanisms (re-
viewed by Sankaranarayanan and others 1994). Although
there are differences in detail between them and the applica-
bility of these models to multifactorial diseases, all of them
are based on equilibrium theory (i.e., they invoke mutation
and selection as opposing forces in the evolution and main-
tenance of variability for these traits). They are therefore
similar to the models used to explain the dynamics of single
mutant genes underlying Mendelian diseases in populations.

As a first approach to the problem of estimating MC for
multifactorial diseases, an ICRP (1999) Task Group devel-
oped a “hybrid” model in which some concepts of the MTM
and models for the evolution of quantitative traits in popula-
tions were incorporated. This “hybrid model” is henceforth
referred to as the finite-locus threshold model (FLTM; ICRP
1999; see also Denniston and others 1998). The original aim
was to use FLTM to estimate MC for both congenital abnor-

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11340

Health Risks from Exposure to Low Levels of lonizing Radiation: BEIR VIl Phase 2

106

malities and chronic diseases. However, as discussed later,
advances in human molecular biology and radiation genetics
during the past few years suggest that it is not biologically
meaningful to use the FLTM to estimate MC for congenital
abnormalities, and therefore its use is limited to chronic
diseases.

Finite-Locus Threshold Model
Rationale

As mentioned above, the FLTM uses the concepts of li-
ability and threshold of the MTM (appropriately redefined
for a finite number of loci) and that of mutation-selection
equilibrium from evolutionary population genetic models
on the maintenance of variability of quantitative traits. The
choice of a finite number of loci rests on three main consid-
erations: (1) although precise knowledge of the genetic ba-
sis is not yet available for most chronic diseases, for well-
studied ones such as coronary heart disease, it is now clear
that the number of underlying genes is probably small, and
their mutant alleles have small to moderate effects; (2) esti-
mates of the heritability of liability (h?), a statistic that
provides a measure of the relative contribution of genetic
factors to the overall phenotypic variability for various
chronic diseases, have been published in the literature; and
(3) unlike the MTM, the FLTM permits quantitative analy-
sis of the joint effects of mutation and selection. As empha-
sized in BEIR V (NRC 1990), the heritability of liability
mentioned above should not be confused with heritability
of the trait, which is very different (and much smaller than
heritability of liability). This distinction is important since
MC is related more to the heritability of liability than to the
heritability of trait (see NRC 1990, Table 2-3, footnote c,
for a mathematical formulation of the approximate relation-
ship between heritability of liability and heritability of trait).

Assumptions and Predictions of the FLTM

Details of the assumptions and predictions of the FLTM
are discussed in the report of the ICRP (1999) Task Group
and by Denniston and colleagues (1998) and are summa-
rized briefly in Annex 4C. In general terms, the FLTM as-
sumes that the liability underlying a chronic disease, which
is made up of both genetic and environmental factors, is a
continuous variable and that the environmental contribution
has a normal (Gaussian) distribution. Although the standard
MTM assumes numerous (essentially an infinite number of)
genetic factors (i.e., mutant alleles), the FLTM assumes that
the genetic component of liability is discrete (i.e., it comes
from mutant alleles of a finite number of gene loci). The
latter is also true of the threshold. The FLTM incorporates
mutation and selection (s) coefficients as additional param-
eters (the MTM does not include these). The effects of speci-
fied increases in mutation rate are evaluated in terms of
changes in A2 and MC.

BEIR VII

Effects at Equilibrium Following a Permanent Increase in
Mutation Rate

The predicted effects discussed below (and shown in Fig-
ure 4-2) are for the five-locus model when the spontaneous
mutation rate per gene per generation (assumed to be 107°) is
increased permanently to 1.15 X 107° (i.e., a 15% increase)
as a result of radiation exposures in every generation. The
selection coefficients (s values) used were 0.2 to 0.8. The
data points shown in Figure 4-2 are from different computer
runs using different combinations of parameter values (se-
lection coefficients, threshold, and environmental standard
deviation). As can be seen, for h? values greater than about
0.1, MC > 0.8 at equilibrium, and for h2 > 0.4, MC is essen-
tially equal to 1.0. In other words, a 15% increase in muta-
tion rate will result in a 15% increase in disease frequency at
the new equilibrium.

Although the estimates discussed above are for the five-
locus model (n = 5), these conclusions remain qualitatively
unaltered for n = 3, 4, and 6, which were also examined (data
not shown).

Effects in Early Postradiation Generations Under Conditions
of a Permanent Increase in Mutation Rate

The effects expected in early postradiation generations
(i.e., generations 1, 5, and 10) under the same radiation con-
ditions as above are diagrammed in Figure 4-3. By noting
the difference in the y-axis scales (compared to Figure 4-2),
it is evident that the MC in early generations is very small,
often being much less than 2% for the conditions specified
for the model.

Comparison of the Effects at Equilibrium with Those in Early
Generations Under Conditions of a Permanent Increase in
Mutation Rate

Figure 4-4 compares the h? versus MC relationship at
equilibrium with that at generation 10 (shaded areas in the
figure are the ones of interest in MC estimation for chronic
diseases). The conclusions from Figure 4-2 and Figure 4-3
are reinforced (i.e., over a broad range of h? values from
about 0.3 to 0.8, for the specified increase in mutation rate
the MC at equilibrium is close to 1.0, whereas over the same
h? range and the same increase in mutation rate, even after
10 postradiation generations the corresponding MCs are very
small).

Effects on MC After an Increase in Mutation Rate in One
Generation Only

The numerical algorithms used for the calculations above
have also been used to examine the effects of a one-time
increase in mutation rate (i.e., the mutation rate was in-
creased by 15% for one generation and then brought back to
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of interest in the context of chronic diseases. Note that in this range, the MC at generation 10 is very small, whereas at the new equilibrium,

it is equal to 1.

the original value for all subsequent generations). As ex-
pected, the first-generation MC is the same (i.e., very small)
as that shown in Figure 4-3, and this is followed by a gradual
decline back to zero in subsequent generations (data not
shown).

Effects of Gene Interactions (Epistasis) and Sporadics

The effects of gene-gene interactions on quantitative phe-
notypes at risk of complex diseases are varied and do not
lend themselves readily to modeling. However, when some
assumptions about these interactions were incorporated in
the FLTM, it was found that the results (at the new equilib-
rium as well as for the early postradiation generations) were
basically the same as those under conditions of no interac-
tions (data not shown but discussed in Denniston and others
1998; ICRP 1999).

In all of the model predictions discussed thus far, the pos-
sibility that some individuals may be affected by the disease
for reasons unrelated to their genotypes (sporadic cases) was
not considered. When these were taken into account, as ex-
pected the magnitude of MC was lower, both at the new

equilibrium and in the early generations. The factor by which
the numerical estimates of MC will change can be estimated
to be [1 — (a/Py)], where (a/Py) represents the proportion of
sporadic cases among the total number of affected individu-
als (a =number of sporadic cases; P = total number of
cases).

General Conclusions

The most important conclusion from computer simula-
tion studies is that when the population is exposed to small
doses of radiation in every generation, the MC for chronic
diseases is very small, being of the order of 1 to 2% in the
first several postradiation generations including the first.
Since one of the assumptions of the model is the simulta-
neous increase in mutation rate of all of the genes underlying
a given chronic disease, which is unlikely to occur at low
radiation doses, the effective MC in the early generations is
likely to be much less than 1-2%. One would therefore pre-
dict that the expected increases in the frequency of chronic
diseases (relative to the baseline frequency) will be even
smaller in the first few postradiation generations.
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A second conclusion, again under conditions of a perma-
nent increase in mutation rate, is that at the new equilibrium
between mutation and selection (which will be achieved sev-
eral tens—if not hundreds—of generations later, depending
on the amount of increase in mutation rate and selection co-
efficients), the MC will become 1.0. In other words, for a
sustained increase of x% in mutation rate, there will be an
x% increase in the frequency of chronic diseases at the new
equilibrium. This conclusion holds for several different com-
binations of assumed parameter values (selection coeffi-
cients, thresholds, numbers of loci, environmental variances,
interactions among genes) and consequently can be consid-
ered robust.

Finally, if the population sustains radiation exposure in
one generation only, the increase in MC will be transient and
small, followed by a progressive decline to zero. The result
will be a transient small increase in disease frequency fol-
lowed by a decline toward the baseline frequency in subse-
quent generations.

This committee uses the 2% value in its calculations as
the best MC estimate for the first postradiation generation,
which was also the case for the ICRP (1999) Task Group and
UNSCEAR (2001).

Bridging the Gap Between Rates of Radiation-Induced
Mutations in Mice and Risk of Inducible Genetic Diseases
in Humans

Introduction

Mouse data on rates of induced mutations (incorporated
in the DD estimate) provide the basis for genetic risk predic-
tion in humans. In predicting the risk as a product of P, 1/
DD, and MC (i.e., Equation (4-3) noted in the section on
mutation component), an important assumption is implicit:
mutations will be induced in those genes at which spontane-
ous mutations in humans cause disease (i.e., the quantity P),
the average rate of induced mutations in mice is applicable
to induced human germline mutations, and such induced
mutations will be compatible with viability and hence recov-
erable in the offspring of irradiated individuals. However,
thus far, no radiation-induced genetic diseases have been
found in the offspring of those who have sustained radiation
exposures (e.g., Byrne and others 1998; Meistrich and Byrne
2002; MGSC 2002).

Advances in human molecular genetics and radiation ge-
netics during the last decade support the view that there are
several fundamental differences (in mechanisms, nature,
etc.) between spontaneous mutations that cause disease and
radiation-induced mutations studied in experimental systems
such as the mouse. More specifically, they suggest that a
major proportion of human genes of relevance from the dis-
ease point of view may not yield “recoverable” induced
mutations. Stated differently, the rate at which induced dis-
ease-causing mutations are seen in human live births follow-

ing parental radiation exposures may be much lower than
that of induced mutations in mice.

Concept of Potential Recoverability Correction Factor and
Revision of the Risk Equation

Since there is no alternative to the use of mouse data on
radiation-induced mutations for risk predictions in humans,
methods have to be devised to bridge the gap between in-
duced mutation rates in mice and the risk of genetic disease
in humans. One such method has been developed recently
and is based on the incorporation of a correction factor,
termed the potential recoverability correction factor (PRCF),
in the risk equation (Sankaranarayanan and Chakraborty
2000a). As a consequence, the risk now becomes a product
of four quantities instead of the original three:

Risk per unit dose =
P x (1/DD) x MC x PRCF, (4-12)
where P, 1/DD, and MC are as defined earlier and PRCF is
the disease-class-specific potential recoverability correction
factor. Since PRCF is less than one, the estimate of predicted
risk will be smaller when PRCF is incorporated than when it
is not.

The differences between spontaneous disease-causing
mutations in humans and radiation-induced mutations stud-
ied in experimental systems, which constitute the basis for
the development of the PRCF concept, are discussed in de-
tail by Sankaranarayanan (1999) and Sankaranarayanan and
Chakraborty (2000b) and summarized in Annex 4D.

To assess PRCF, it was necessary first to define criteria
on the basis of information available from molecular studies
of radiation-induced mutations, to apply these to human
genes of interest on a gene-by-gene basis, and to examine
which among them can be considered candidates for poten-
tially recoverable induced mutations. The operative words
are the italicized ones, since there is as yet no evidence for a
radiation-induced germ cell mutation in humans, our under-
standing of the structural and functional genomics of the
genome is incomplete, and the criteria will undoubtedly
change with advances in knowledge.

Among the attributes considered in defining the criteria
are gene size, location, normal function, known mutational
mechanisms, spectrum of spontaneous mutations, “gene-
richness” or “gene-poorness” of the region, whether in-
tragenic (including whole-gene) deletions and multigene de-
letions are known, and whether disruption of the gene or
genomic region by rearrangements is associated with a mu-
tant phenotype. Under the assumption that a deletion is in-
duced in a genomic region containing the gene of interest,
the question asked was, Given the structural and functional
attributes of the gene or genomic region, can this deletion be
considered potentially recoverable?
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The criteria developed and how the genes examined are
assigned to one of three groups—namely, unlikely to be re-
covered (group 1), recoverability uncertain (group 2), and
potentially recoverable (group 3)—summarized in Annex 4D.
Since the starting assumption is that the genomic region con-
taining the gene of interest has sustained a multigene dele-
tion, the assessments only tell us which disease-causing
mutations, if induced, may be recovered in live births within
the framework of the criteria used; they do not shed light on
the absolute radiation risk of a given genetic disease. Also
worth mentioning here is that assignment to group 1 (un-
likely to be recovered) is somewhat less subjective, and
therefore more reliable, than that to the other two groups.
This aspect is taken into account in defining PRCF (i.e., by
lumping groups 2 and 3 and considering that the mutations
in the genes included may be potentially recoverable).

In general terms, if one analyzes a total of N genes and if
n among them can be excluded as unlikely to be recovered,
the remainder, made up of the other two groups, constitutes
(N — n) and the fraction (N — n)/N provides a crude measure
of genes at which induced mutations may be recoverable.
This fraction is referred to as the unweighted PRCF.

The PRCF as estimated above, however, does not take
into account differences in the prevalence of diseases as-
signed to different groups. For example, if a disease with a
high prevalence is assigned to group 1, societal concern
about radiation effects will be far less than when it is as-
signed to the other two groups. Consequently, some weight-
ing for disease prevalence is required.

If P is the total prevalence of diseases due to mutations in
N genes and p is the prevalence of (N —n) genes (in groups 2
+ 3), then the weighted PRCF becomes [p(N — n)/(PN)]. For
the purpose of risk estimation however, it is preferable to use
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arange provided by the unweighted and weighted PRCF es-
timates to avoid the impression of undue precision.

PRCF Estimates for Autosomal Dominant and X-Linked
Diseases

A total of 67 genes involved in autosomal dominant (59)
or X-linked (8) recessive diseases was included in the analy-
sis. The results, given in Table 4-5, show that the unweighted
and weighted PRCFs for autosomal dominants are 0.29 and
0.16, respectively; when X-linked diseases are included, the
corresponding values become 0.36 and 0.20. Since the over-
all estimated prevalence of autosomal dominants is an order
of magnitude higher than that of X-linked diseases (i.e., 1.5%
versus 0.15%), the use of the range of (rounded) PRCF val-
ues of 0.15 to 0.30 (encompassing the prevalence-weighted
and unweighted estimates) for autosomal dominant and X-
linked diseases seems reasonable.

PRCFs for Autosomal Recessive Diseases

The recoverability of induced recessive mutations is also
subject to constraints imposed by the structure, function, and
genomic contexts of the underlying genes. However, since
induced recessive mutations are first present in the heterozy-
gous condition (and 50% of the gene product is sufficient for
normal functioning), one can assume that even large dele-
tions may be recoverable in heterozygotes (unless the in-
duced deletion encompasses neighboring essential structural
genes, resulting in inviability of heterozygotes). Addition-
ally, induced recessive mutations, at least in the first several
generations, do not result in recessive diseases, and as dis-
cussed earlier, the MC for recessive diseases is close to zero

TABLE 4-5 Assessment of Potential Recoverability of Radiation-Induced
Mutations in Autosomal Dominant and X-Linked Diseases and Calculation of

PRCFs
No. of Unweighted Prevalence Weighted

Group Genes PRCF¢ (x10%) PRCF?
Autosomal dominants

1 (unlikely to be recovered) 42 — 46.5 —

2 + 3 (uncertain + potentially recoverable) 17 0.29 55.9 0.16

Subtotal 59 102.4

Autosomal dominants + X-linked

1 (unlikely to be recovered) 43 — 49.0 —

2 + 3 (uncertain + potentially recoverable) 24 0.36 60.9 0.20

Total 67 109.9

“Unweighted PRCF, autosomal dominants: 17/59 = 0.29; autosomal dominants + X-linked: 24/

67 =0.36.

bWeighted PRCF, autosomal dominants: (55.9 x 17)/(102.4 x 59) = 0.16; autosomal dominants + X-

linked: (60.9 x 24)/(109.9 x 67) = 0.20.
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in the first few generations. In view of all these factors, it
does not seem necessary to estimate PRCF for this class of
diseases.

PRCFs for Chronic Diseases

In the FLTM used to estimate MC for chronic diseases,
it is assumed that (1) the genetic component of liability is
due to mutations in a finite number of gene loci, (2) the af-
fected individuals are those whose genetic component of li-
ability exceeds a certain threshold, and (3) radiation expo-
sure can cause a simultaneous increase in mutation rate in all
of the underlying genes, which in turn causes the liability to
exceed the threshold. Consequently, the requirement for po-
tential recoverability also applies to induced mutations in
the underlying genes. A crude approximation of potential
recoverability for each chronic disease is the xth power of
that for mutation at a single locus, where x is the number of
gene loci, assumed to be independent of each other. Since
the PRCF for autosomal dominant and X-linked mutations
has been estimated to be in the range from 0.15 to 0.30, for
chronic diseases, these figures become (0.15)* to (0.30)*.
With the assumption of just two loci as a minimum, the
PRCEF estimate becomes 0.02 to 0.09, and with more loci, it
will be much smaller. Intuitively, these conclusions are not
unexpected given that one is estimating the simultaneous
recoverability of induced mutations in two or more indepen-
dent genes.

PRCFs for Congenital Abnormalities

Currently available data do not permit the estimation of
PRCFs for congenital abnormalities. However, as discussed
later, this does not pose any serious problem since at least a
provisional estimate of risk for this class of diseases can now
be made without recourse to the DD method.

Strengths and Weaknesses of the Use of PRCF Estimates

Development of the PRCF concept represents an example
of how advances in human molecular biology and radiation
genetics can be integrated for the purpose of genetic risk
assessment. In principle, three ways of incorporating PRCFs
into the risk equation (i.e., Equation (4-3)) can be envisaged:
(1) suitably increase the DD (i.e., reduce the induced rate of
mutations so that DD becomes higher and 1/DD becomes a
smaller fraction); (2) decrease the MCs for the different
classes of genetic disease; and (3) introduce disease class-
specific PRCFs as an independent quantity into the risk equa-
tion. Of these, the last possibility has been preferred for two
reasons. First, the original definition of the DD (a ratio of
spontaneous and induced rates of mutations in a set of de-
fined genes) and of MC (a quantity that predicts the relative
increase in disease incidence per unit relative increase in
mutation rate, both compared to the baseline) can be retained

without modifications. Second, with further advances in
structural and functional genomics of the human genome and
in the molecular analysis of radiation-induced mutations,
there is the real prospect of defining PRCFs with greater
precision.

In developing the PRCF concept, it has been assumed
that the recoverability of an induced deletion is governed
more by whether a given genomic region can tolerate large
changes and yet be compatible with viability than by ge-
nomic organization per se. Considerable amounts of data
exist that strongly support the view that in the case of dele-
tion-associated naturally occurring Mendelian diseases, the
deletions do not occur at random (i.e., there are specificities
of breakpoints dictated by the nucleotide sequence organiza-
tion (reviewed in Sankaranarayanan 1999). A priori, there-
fore, one would not expect that radiation would be able to
reproduce such specificities that nature has perfected over
millennia, at least not in all genomic regions. Should this be
the case, even the weighted PRCFs would be overestimates.
However, until newer methods are developed to bridge the
gap between induced mutation rates in mice and the risk of
genetic diseases in humans, the PRCF range of 0.15 to 0.30
for autosomal dominant and X-linked diseases represents the
best estimate that can be made at present.

The PRCF estimate range of 0.02 to 0.09 (i.e., [0.15]% to
[0.30]?) for chronic diseases merits some comment since
(1) it is based on the PRCFs for single-gene mutations and
(2) it assumes just two loci (the minimum number required
to call the disease multifactorial) underlying a chronic dis-
ease sustaining induced mutations simultaneously. On the
first point, it is obvious that if the PRCFs for single-gene
mutations change, the PRCFs for chronic diseases will also
change. Secondly, the data on well-studied chronic diseases
such as coronary heart disease (CHD), essential hyperten-
sion, and diabetes mellitus suggest that more than two loci
may be involved. The implication is that the PRCFs for
chronic diseases are likely to be smaller than cited above.
For example, if there are three loci, the range becomes 0.003
to 0.03, with four loci, 0.0005 to 0.008, and so on. All this
means is that the PRCF values for chronic diseases may turn
out to be lower than 0.02 to 0.09.

The committee uses the PRCF ranges 0.15-0.30 for auto-
somal dominants and X-linked diseases and 0.02-0.09 for
chronic diseases, as did UNSCEAR (2001).

Potential “Disease Phenotypes” of Radiation-Induced
Genetic Damage in Humans

Introduction

For historical reasons, over the past four decades or so,
the focus in the assessment of adverse genetic effects of
radiation has been on the risk of inducible genetic diseases.
The rationale for this rested on the premise that if spontane-
ous mutations can cause specific genetic diseases, so can
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radiation-induced mutations. This rationale gained support
from experimental studies demonstrating that radiation-in-
duced mutations in specific marker genes could be recov-
ered in a number of biological systems, including the mouse.
Consequently, efforts at risk estimation proceeded to use the
mouse data on rates of induced recessive specific locus mu-
tations as a basis for estimating the risk of genetic diseases
due to mutations in single genes and assumed that the mouse
rates can be used for this purpose.

Now, one can approach the question of adverse genetic
effects of radiation from the perspective provided by our
current understanding of the mechanism of radiation action,
the molecular nature of radiation-induced mutations, increas-
ing knowledge of human genetic diseases, and the mecha-
nisms of their origin. One important outcome of this ap-
proach, discussed in the preceding section, is that it is now
possible to conclude that the risk of single-gene diseases is
probably much smaller than expected from the rates of in-
duced mutations in mice. A second important outcome is the
concept discussed in the present section, namely, that the
adverse effects of gonadal irradiation in humans are more
likely to be manifest as multisystem developmental abnor-
malities than as single-gene diseases.

Multisystem Developmental Abnormalities May Constitute
the Major “Phenotypes” of Radiation-Induced Genetic
Damage

The argument and findings that provide the basis for the
above concept come from studies of the mechanism of in-
duction of genetic damage by radiation, the nature of radia-
tion-induced mutations, and the common phenotypic features
of naturally occurring multigene deletions in humans. Some
of these are discussed in the preceding section, and these
studies and others are briefly considered below (see Sankara-
narayanan 1999 for a detailed review).

Ionizing radiation produces genetic damage by random
deposition of energy; the predominant type of radiation-in-
duced genetic change is a DNA deletion, often encompass-
ing more than one gene.

The whole genome is the target for radiation action, and
deletions (and other gross changes) can be induced in any
genomic region; however, since the recoverability of an in-
duced deletion in a live birth is subject to structural and func-
tional constraints, only a subset of these deletions that is
compatible with viability may be recovered. Further, not all
the recoverable deletions may have phenotypes that are rec-
ognizable from knowledge gained from naturally occurring
genetic diseases.

Studies of naturally occurring human microdeletion syn-
dromes, also termed “contiguous gene deletion syndromes”
(Schmickel 1986) or segmental aneusomy? syndromes

2Aberration in the number of chromosomes.
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(Budarf and Emanuel 1997), are instructive in the context of
delineating phenotypes of multigene deletions. These syn-
dromes result from deletions of multiple, functionally unre-
lated, yet physically contiguous genes that are compatible
with viability in the heterozygous condition. Many have been
reported in the human genetics literature, and they have been
found in nearly all human chromosomes, but their distribu-
tion in different chromosomal regions seems to be nonran-
dom. This is not unexpected in the light of differences in
gene density in different chromosomes and chromosomal
regions. However, despite their occurrence in different chro-
mosomes, the common features of the phenotypes of many
of these deletions include mental deficiency, a specific pat-
tern of dysmorphic features, serious malformations, and
growth retardation (Schinzel 1988; Epstein 1995; Brewer
and others 1998).

In considering all of these together, the concept was put
forth that multisystem developmental abnormalities are
likely to be among the principal phenotypes of deletions and
other gross changes induced in different parts of the human
genome. Because the underlying genetic change is a dele-
tion, generally one would expect that these phenotypes
would show autosomal dominant patterns of inheritance.

Experimental Data in Support of the Concept

Mouse data supporting the above concept come from
studies on radiation-induced skeletal abnormalities (Ehling
1965, 1966; Selby and Selby 1977, 1978), cataracts (Kra-
tochvilova and Ehling 1979; Ehling 1985; Favor 1989), con-
genital abnormalities ascertained in utero (Kirk and Lyon
1982, 1984; Nomura 1982, 1988, 1989, 1994; Lyon and
Renshaw 1984; Rutledge and others 1986) and growth retar-
dation (Searle and Beechey 1986; Cattanach and others 1993,
1996). The cases analyzed (e.g., skeletal abnormalities,
growth retardation) show that the underlying induced ge-
netic changes are multigene deletions. It is worth mention-
ing here that the data on skeletal and cataract mutations were
used earlier by both UNSCEAR and the BEIR committees to
provide alternative estimates of the risk of dominant effects
using what was referred to as the direct method. This method
was not used by UNSCEAR (2001) or by the BEIR V com-
mittee (NRC 1990). The basic data from these studies, how-
ever, have now been used by UNSCEAR (2001) to obtain a
provisional estimate of the risk of developmental defects
without recourse to the DD method. This aspect is consid-
ered in the section on risk estimation.

There is no conceptual contradiction between naturally
occurring and radiation-induced developmental abnormali-
ties. As discussed earlier, naturally occurring human con-
genital abnormalities are classified as a subgroup of multi-
factorial diseases, whereas radiation-induced ones generally
are predicted to show autosomal dominant patterns of inher-
itance. It may therefore seem that there is a conceptual con-
tradiction. In reality, this contradiction is only apparent when
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one considers the fact that the primary reasons for consider-
ing naturally occurring developmental abnormalities as
multifactorial are their etiological heterogeneity (as a conse-
quence of which their transmission patterns are inconsistent
with Mendelian patterns of inheritance), the lack of knowl-
edge of the genetic factors involved, and the nature of envi-
ronmental factors. The concept that is emerging is that
human developmental abnormalities may be treated as in-
born errors in development or morphogenesis in obvious
analogy with, and as an extension of, the classical concept of
inborn errors of metabolism (Epstein 1995). Therefore,
diverse dysmorphogenetic causes (including those “driven”
by multigene deletions) can produce similar malformations.

OTHER POTENTIALLY RELEVANT DATA

Induction of Mutations at Expanded Simple Tandem
Repeat Loci in the Mouse and Minisatellite Loci in Human
Germ Cells

Introduction

Since the mid-1990s, several studies have been carried
out on the induction of germ cell mutations at expanded
simple tandem repeat (ESTR) loci in mice (formerly called
minisatellites) and at minisatellite loci in humans. These are
regions of the genome that do not code for any proteins but
are highly unstable (mutable), both spontaneously and under
the influence of radiation. These attributes have facilitated
detection of increases in mutation rates at radiation doses
and sample sizes substantially smaller than those used in
conventional mutation studies with germ cells. Although
these loci do not code for proteins and most spontaneous and
radiation-induced mutational changes in them are not asso-
ciated with adverse health effects, some limited evidence is
suggestive of a possible role of minisatellites in human dis-
ease (reviewed in Bridges 2001). For example, there are data
suggesting that minisatellites can affect transcription of the
insulin gene (IDDM2) and HRASI genes (Trepicchio and
Krontiris 1992; Kennedy and others 1995) Further, it has
been found that certain polymorphisms of the minisatellite
at the 5’-flanking region of the IDDM?2 gene may be associ-
ated with predisposition to insulin-dependent diabetes melli-
tus (Bell and others 1984; Bennett and others 1995). Addi-
tionally, there is suggestive evidence of an association
between the risk of cancer and mutations in the HRASI gene
(Krontiris and others 1993; Phelan and others 1996). Al-
though it is not possible at present to use data from these
studies for radiation risk estimation, they are considered in
this report because some of the findings have exposed inter-
esting aspects of the radiation response at these loci that have
parallelisms to the genomic instability phenomenon recorded
in irradiated somatic cell systems and therefore relevant for
ongoing debates in radiobiology. Most of these studies have
been reviewed recently (Bridges 2001; UNSCEAR 2001).

The principal conclusions are summarized here; and details
are presented in Annex 4F.

Mouse Studies

Mutations at the ESTR loci can be induced by both low-
and high-LET (neutrons from californium-252 [252Cf]) irra-
diation of mouse germ cells (Dubrova and others 1993,
1998a, 1998b, 2000a, 2000b; Sadamoto and others 1994;
Fan and others 1995; Niwa and others 1996). For both types
of radiations, the dose-effect relationship for mutations
induced in spermatogonial stem cells is consistent with
linearity. The high frequency of induced mutations strongly
supports the view that they are unlikely to result from direct
radiation damage to these small genomic loci themselves
(i.e., they are nontargeted events arising indirectly as a result
of genomic instability; Niwa and others 1996; Dubrova and
others 1998b; Niwa and Kominami 2001). There is evidence
that this instability is not the result of a general genome-
wide increase in meiotic recombination rate (Barber and
others 2000).

This genomic instability is transmissible to at least two
generations resulting in increased frequencies of mutations
(Dubrova and others 2000b; Barber and others 2002). These
findings add further support to observations on genomic in-
stability recorded in somatic cells—the occurrence of ge-
netic changes in the progeny of irradiated cells at delayed
times (in terms of cell generations) after irradiation.

Data on ESTR mutations obtained in experiments involv-
ing irradiated spermatogonial stem cells permit an estimate
of the DD of about 0.33 Gy for acute X-irradiation, similar
to that known for specific locus mutations in mice (Dubrova
and others 1998b). It should be noted, however, that both the
average spontaneous rate (0.111 per band) and the induction
rate (0.338 Gy™!) are orders of magnitude higher than those
of specific locus mutations.

There are some discrepancies between the findings of
Dubrova and colleagues and those of Niwa and colleagues:
(1) In the work of Dubrova and colleagues, post-meiotic
germ cells are not sensitive to mutation induction at the
ESTR loci, whereas in the work of Niwa and colleagues, all
germ cells are sensitive, albeit to different degrees; it is not
yet clear whether these differences are due to differences in
the mouse strains used or to some other reasons. (2) In the
work of Niwa and colleagues, F, tests showed increased fre-
quencies of mutations in the unirradiated maternal allele,
suggesting the occurrence of destabilization in the zygote;
however this occurs only after spermatozoal but not after
gonial irradiation of the males; in the work of Dubrova and
colleagues, the data imply that destabilization occurs in the
F, zygote when the spermatozoa used for fertilization re-
ceived irradiation either at the postmeiotic or premeiotic
stages in spite of observations that postmeiotic germ cells
were not sensitive to mutation induction.
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Human Studies

The results of Dubrova and colleagues from the three
post-Chernobyl studies (two in Belarus and one in Ukraine)
and from a study conducted on the population in the vicinity
of the nuclear test site in Semipalatinsk (Kazakhstan) pro-
vide evidence that mutations at minisatellite loci can be in-
duced by radiation in human germ cells (Dubrova and others
1996, 1997, 2002b). The dose-response relationships, how-
ever, remain uncertain because of considerable difficulties
in the estimation of parental gonadal doses. For example, in
the first Belarus study (Dubrova and others 1996) the level
of surface contamination by '3’Cs was used as a broad dose
measure, and the children of parents inhabiting heavily con-
taminated areas (>250 kBq m2) were found to have twice
the frequency of mutations compared to those of parents
from less contaminated areas (<250 kBq m~2). In the second
Belarus study (with more exposed families and more loci
sampled), based on estimates of individual doses, two groups
were defined: <20 mSv and >20 mSv (Dubrova and others
1997). The mutation frequency in children from the latter
group was 1.35 times that in the former and the frequency in
both groups was about twofold higher than in unexposed UK
controls.

In the Ukraine study (Dubrova and others 2002b), a 1.6-
fold increase in mutation rate in the exposed fathers but not
exposed mothers (both relative to unexposed controls) was
found, but again the dose-response relationship is uncertain.
The authors noted that the doses from external chronic irra-
diation and internal exposures together were of the order of
~100 mSv (excluding short-lived isotopes). In the Semi-
palatinsk study (Dubrova and others 2002a), again there was
a 1.8-fold increase in the first-generation progeny of parents
receiving relatively high doses of radiation (cited as >1.0 Sv,
but could have been higher or lower). In this study, through
the use of three-generation families, the authors obtained
evidence for a decline in mutation frequency as population
doses decreased. Although this is what one normally would
expect, it becomes a puzzling observation in view of the ear-
lier evidence from the authors on ESTR loci on trans-
generational mutagenesis in mice (i.e., the persistence of
high mutation rate for at least two generations after the ini-
tial radiation exposure).

It is intriguing that in all studies discussed above, there is
roughly a twofold increase in mutation rate (often less) de-
spite the fact that the estimates of doses range from about 20
mSv to 1 Sv. Also noteworthy is that studies of the children
of Chernobyl cleanup workers (estimated dose: <0.25 Sv;
Livshits and others 2001) and of children of A-bomb survi-
vors (estimated dose: 1.9 Sv; Kodaira and others 1995; Satoh
and Kodaira 1996) do not show any increase in minisatellite
mutation frequency. The same is true also of studies of can-
cer patients who had sustained chemo- and/or radiotherapy
(Armour and others 1999; May and others 2000; Zheng and
others 2000). The question of whether the induced mutation
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frequencies reach a plateau at low doses (unlike in the case
of ESTR loci in mice) remains open. In a more recent study
of the children born to Estonian Chernobyl cleanup workers,
Kiuru and colleagues (2003) found that the minisatellite
mutation rate was slightly but not significantly increased
among children born after the accident relative to that in
their siblings born before the accident; the recorded dose
levels at which such an effect was seen were 200 mSv. At
lower doses, there was no effect. It is obvious that much
work is needed to validate the potential applications of
minisatellite loci for monitoring mutation rate in human
populations.

As discussed in Annex 4F, ESTR loci in mice and
minisatellite loci in humans differ in a number of ways: the
composition and size of the arrays, their distribution (appar-
ently random in the case of ESTRs and subtelomeric in the
case of minisatellites), the manifestation of instability (in
both somatic cells and germline in the case of ESTRs, but
almost completely restricted to the germline in the case of
minisatellites, although the end result is the change in the
number of repeat cores with both ESTRs and minisatellites),
and mechanisms (ESTR instability appears to be a replica-
tion- or repair-based process involving polymerase slippage
during replication, whereas minisatellite instability is due to
gene conversion-like events involving recombinational ex-
changes). To what extent these differences may help explain
the differences in response between mouse ESTR loci and
human minisatellite loci remains to be determined. As
pointed out by Yauk and others (2002), “. . . the use of mouse
ESTR loci as models for human minisatellite instability
should be treated with considerable caution.” Apart from the
evidence that the mutational events represent nontargeted
ones, no real insights have emerged thus far on the mecha-
nisms of instability or radiation mutagenesis at these loci. In
view of this and the fact that “mutational events” at the
mouse ESTR and human minisatellite loci do not pertain to
protein-coding genes, these data are not used in risk
estimation.

RISK ESTIMATION

Introduction

In this section, advances in knowledge reviewed in ear-
lier sections are recapitulated briefly and used to revise the
estimates of genetic risks presented in BEIR V (NRC 1990).
Additionally the consistency of the main finding of the ge-
netic studies carried out on atomic bomb survivors in Japan
(i.e., lack of demonstrable adverse genetic effects of radia-
tion) with the present estimates and the strengths and weak-
nesses of the latter are discussed. Risks are estimated using
the doubling dose method for Mendelian and chronic multi-
factorial diseases. For congenital abnormalities, mouse data
on developmental abnormalities are used without recourse
to the doubling dose method. No separate risks are estimated
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for chromosomal diseases since they are assumed to be sub-
sumed in part under the risks for autosomal dominant + X-
linked diseases and in part under those for congenital abnor-
malities. The estimates presented are for a population
sustaining low-LET, low-dose or chronic radiation exposures
at a finite rate in every generation and are applicable to the
progeny of the first two postradiation generations.
The equation now used for risk estimation is:

Risk per unit dose =
P x (1/DD) x MC x PRCF, (4-13)
where P is the baseline frequency of the disease class under
consideration, 1/DD is the relative mutation risk per unit
dose, MC is the disease class-specific mutation component,
and PRCF is the disease class-specific potential recoverabil-
ity correction factor.

Summary of Advances Since the 1990 BEIR V Report

1. Baseline frequencies of genetic diseases. The base-
line frequencies of Mendelian diseases have now been re-
vised upwards. The revised estimates are the following: au-
tosomal dominant diseases, 15,000 per million live births;
X-linked diseases, 1500 per million live births; and autoso-
mal recessive diseases, 7500 per million live births. For chro-
mosomal diseases, the estimate remains unchanged at 4000
per million live births. For congenital abnormalities and
chronic multifactorial diseases, the current estimates (respec-
tively, 60,000 per million live births and 650,000 per million
individuals in the population) are the same as those used in
the UNSCEAR (1993, 2001) reports. BEIR V (NRC, 1990)
used lower estimates of 20,000 to 30,000 for congenital ab-
normalities and did not provide any comparable estimate for
chronic multifactorial diseases (see Table 4-1).

2. Conceptual change in calculating the doubling
dose. Human data on spontaneous mutation rates and mouse
data on induced mutation rates are now used to calculate the
doubling dose, which was also the case in the NRC (1972)
report. Although the conceptual basis for calculating the DD
is now different (and the estimate itself is based on more
data than has been the case thus far), its magnitude (i.e.,
1 Gy for chronic low-LET radiation conditions) is the same
as that used in the BEIR V.

3. Mutation component. Methods to estimate the mu-
tation component (the relative increase in disease frequency
per unit relative increase in mutation rate) have now been
elaborated for both Mendelian and chronic multifactorial
diseases. For autosomal dominant diseases, the first post-
radiation generation MC = s = 0.3, where s is the selection
coefficient. For the second postradiation generation,
MC =0.51 as given by the equation MC =[1 - (1 - s)],
where s =0.3 and 7= 2. For X-linked diseases (which are
considered together with autosomal dominant diseases), the
same values are used. For autosomal recessive diseases, MC

in the first few generations is close to zero. For chronic mul-
tifactorial diseases, MC in the first as well as the second
postradiation generations is assumed to be about 0.02. For
congenital abnormalities, it is not possible to calculate MC,
but this does not pose any problem since the risk estimate for
these does not use the doubling dose method.

4. Potential recoverability correction factor. A new
disease class-specific factor, the PRCF, has been introduced
in the risk equation to bridge the gap between radiation-in-
duced mutations in mice and the risk of radiation-inducible
genetic disease in human live births. The risk now becomes
a product of four quantities (see Equation (4-13) above) in-
stead of three, which was the case until the early 1990s (NRC
1990; UNSCEAR 1993). For autosomal dominant and X-
linked diseases, the PRCF estimate is in the range 0.15 to
0.30; the lower value represents the “weighted PRCF” (i.e.,
weighted by disease prevalence), and the higher value, the
unweighted one (i.e., the proportion of human genes at which
induced disease-causing mutations are potentially recover-
able in live births). For autosomal recessive diseases, no
PRCF is necessary (since induced recessive mutations do
not precipitate disease in the first few generations). For
chronic diseases, PRCFs are estimated to be in the range
between about 0.02 and 0.09 under the assumption that the
number of genes underlying a given multifactorial disease is
equal to 2 (the minimum number) and that the PRCF is the
nth power of that for an autosomal dominant disease (i.e.,
[0.15]2 to [0.3]?). It is not possible to calculate PRCF for
congenital abnormalities.

5. The concept that the adverse effects of radiation-in-
duced genetic damage in humans are likely to manifest pre-
dominantly as multisystem developmental abnormalities in
the progeny of irradiated individuals has now been intro-
duced in the field of genetic risk estimation.

The mouse data used to obtain a provisional estimate of
the risk of developmental abnormalities (considered here
under the risk of congenital abnormalities) pertain to those
on radiation-induced dominant skeletal abnormalities, domi-
nant cataract mutations, and congenital abnormalities ascer-
tained in utero (see Table 4-3D). Details of these abnormali-
ties are discussed in Sankaranarayanan and Chakraborty
(2000b) and in UNSCEAR (2001).

Briefly, the data on skeletal abnormalities (Ehling 1965,
1966; Selby and Selby 1977) permit an overall estimate of
about 6.5 X 10~* per gamete per gray for acute X- or y-
irradiation of males (spermatogonial stem cells). This esti-
mate takes into account the proportion of skeletal abnormali-
ties in mice, which—if they occur in humans—are likely to
impose a serious handicap. The comparable rate for domi-
nant cataracts (Favor 1989) is lower, being ~0.33 X 10* per
gamete per gray. The rate for congenital abnormalities (cor-
rected for compatibility with live births) is 19 x 10~* per
gamete per gray based on two sets of data (Kirk and Lyon
1984; Nomura 1988). When these three estimates are com-
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bined, the resultant figure is about 26 X 10~ per gamete per
gray and this has been rounded upwards to 30 x 10* per
gamete per gray. This estimate summarizes the overall risk
of congenital abnormalities for acute X-irradiation of males.
With a dose-rate reduction factor of 3, the rate applicable for
chronic or low-dose irradiation conditions is about 10 x 10~
per gamete per gray. Under the assumption that the rate in
females will be the same, the rate applicable for irradiation
of both sexes is about 20 x 10~* per gamete per gray.

Current Risk Estimates

Estimates of risk for all classes of disease except con-
genital abnormalities have been obtained using the equation:
Risk = P x 1/DD x MC x PRCF. The values used for esti-
mating the first-generation risk are the following:

Autosomal Dominant + X-Linked

P =16,500/10% 1/DD = 1; MC = 0.3; PRCF = 0.15-0.30
=16,500/10° x 0.3 X 0.15-0.30 = ~750-1500 per 10°.

Chronic Diseases

P =650,000/10°% 1/DD = 1; MC = 0.02; PRCF = 0.02-0.09
= 650,000/10° x 0.02 x 0.02-0.09 = ~250-1200.

For the second postradiation generation, the MC value is
0.51 for autosomal dominant and X-linked diseases; the val-
ues for all others remain the same. Estimates for congenital
abnormalities have been obtained using mouse data on de-
velopmental abnormalities (see Table 4-3D); the DD method
was not used.

Table 4-6 (top part) presents the current estimates of ge-
netic risks of radiation and compares them with those in
BEIR V (NRC 1990; bottom part). All estimates are per mil-
lion progeny per gray.

Risk to Progeny of the First Postradiation Generation

As can be seen, the risk is of the order of about 750 to
1500 cases for autosomal dominant and X-linked diseases
(versus 16,500 cases of naturally occurring ones) and zero
for autosomal recessive diseases (versus 7500 cases of natu-
rally occurring ones). For congenital abnormalities, the esti-
mate is about 2000 cases (versus 60,000 cases of naturally
occurring ones), and for chronic diseases, it is about 250 to
1200 cases (versus 650,000 cases of naturally occurring
ones). Overall, the predicted risks per gray represent 0.4 to
0.6% of the baseline frequency (738,000 per million).

Risk to Second Postradiation Generation Progeny

Under conditions of continuous radiation exposure in ev-
ery generation, the risk to the second postradiation genera-
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TABLE 4-3D Mouse Database Used for Estimating the
Rate of Induction of Dominant Heritable Developmental
Effects Listed as Congenital Abnormalities in Table 4-6

Dose  Frequency of
End Point (Gy)  Affected Progeny

Rate per Gray
(x 10

References: Ehling (1965, 1966); Selby and Selby (1977)

1. Skeletal abnormalities 6.0 5/754 11

2. Skeletal abnormalities 1+5 5277 30 15

3. Skeletal abnormalities 1+5 37/2646 23)¢ 12

Overall average induction ~13
rate

Rate applicable to humans ~6.5

Reference: Favor (1989)

4. Cataracts? 1.5 2/23,157 0.28
3.0 3/22,712 0.29
53 3/10,212 0.47
6.0 3/11,095 0.38
6.0 3/17,599 0.21

Overall average induction 0.33
rate

Reference: Nomura (1988)

5. Congenital anomalies 0.36 1/163¢ 564
(detected in utero; 1.08 3/234¢ 83
ICR strain) 2.16 9/496¢ 65

Reference: Kirk and Lyon (1984)

6. Congenital anomalies 5.00 22/1014¢ 30¢
(detected in utero;

[(C3H/HeH) x (101/H)
strain]

Unweighted average induction rate 48

Corrected for viability in human live births 19/

Overall rate for developmental abnormalities 308

NOTE: All these studies involved spermatogonial irradiation.

9Estimates in parentheses: observed rate per gray for fractionated radia-
tion conditions (24 h interval between fractions); estimates without paren-
theses are standardized to acute radiation conditions by dividing the above
by 2, the factor by which specific locus mutation frequencies are known to
be enhanced under fractionated radiation conditions.

bRates have been corrected for controls in which the frequency was 1/
22,594.

¢Denominator refers to the number of live fetuses screened.

dRates corrected for controls (8/1967).

¢Rate corrected for controls (5/720).

fUnder the assumption that about 40% of the abnormalities may be com-
patible with live births in humans (see Nomura 1988).

(6.5 + 0.3 + 19)10* = 26 x 10~ rounded to 30 x 10~*.

tion progeny is slightly higher for autosomal dominant and
X-linked diseases and for congenital abnormalities. The
overall increase in risk (all classes of disease) relative to the
baseline is small (0.53%-0.91% of 738,000 per million

progeny).
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Comparisons of Present Estimates with those in BEIR V MC could be as high as 35% (“worst-case” assumption); in
the present report, the MC concept has not been used for this
class of diseases for reasons discussed earlier.

The genetic theory of equilibrium between mutation and
selection that underlies the use of the doubling dose method
predicts that when a population sustains radiation exposure
in every generation, a new equilibrium between mutation
and selection will eventually be reached, albeit after tens or
hundreds of generations into the distant future. In principle,
therefore, one can project risks at the new equilibrium. How-
ever, in the present report (in contrast to NRC 1990), this has
not been done and calculations have been restricted to the

The bottom part of Table 4-6 shows the risk estimates
arrived at in BEIR V (NRC 1990). As evident, in the 1990
report (1) the estimates of baseline frequency of Mendelian
diseases were lower and (2) no risk estimate was provided
for chronic multifactorial diseases. It is worth mentioning
that the differences between the current and the 1990 esti-
mates stem from differences in the assumptions used (see
NRC 1990 for details). For example, for congenital abnor-
malities, in the 1990 report it was assumed that the MC con-
cept could be applied to these and that the first-generation

TABLE 4-6 Estimates of Current Genetic Risks from Continuing Exposure to Low-LET,
Low-Dose, or Chronic Radiation and Comparisons with Estimates in BEIR V Not

Estimated
Risk per Gray per Million Progeny at
Baseline Frequency per
Disease Class Million Live Births First Generation Second Generation?
Current Estimates
Mendelian
Autosomal dominant and X-linked 16,500 ~750 to 1500 ~1300 to 2500
Autosomal recessive 7,500 0 0
Chromosomal 4,000 b b
Multifactorial
Chronic multifactorial 650,000¢ ~250 to 1200 ~250 to 1200
Congenital abnormalities 60,000 ~20004 ~2400 to 3000
Total 738,000 ~3000 to 4700 ~3950 to 6700¢
Total risk of baseline per gray as percent 0.41 to 0.64 ~0.53t0 0.91
ESTIMATES IN BEIR V REPORT (1990)
Mendelian
Autosomal dominant 10,000 ~600 to 3500 NE
X-linked 400 <100 NE
Autosomal recessive 2,500 <100 NE
Chromosomal 4,400 <600 NE
Multifactorial
Congenital abnormalities 20,000-30,000 1000 NE
Other disorders
Heart disease 600,000 NE
Cancer 300,000 NE
Selected others 300,000 NE

NOTE: The doubling dose used for both sets of estimates is 1 Gy. NE = N.

4Risk to the second generation includes that of the first generation.

bAssumed to be subsumed in part under the risk of autosomal dominant and X-linked diseases and in part under
congenital abnormalities.

‘Frequency in the population.

dCalculated using mouse data on developmental abnormalities without using the doubling dose method.

¢Assumes that between 20 and 50% of the abnormal progeny in the first postradiation generation may transmit
the damage to the second (i.e., resulting in 400 to 1000 affected cases); this is in addition to the newly induced
damage in the first postradiation generation and manifest in the second (2000 cases).
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first two generations for the following reasons: (1) people
are generally interested in genetic risks in the foreseeable
future (i.e., to children and grandchildren), and (2) embark-
ing on prediction of risk tens or hundreds of human genera-
tions from now involves the unrealistic and untestable as-
sumptions that circumstances (e.g., demographic and health
care possibilities) will remain constant over very long peri-
ods of time and that the various assumptions and quantities
used will remain unchanged over tens or hundreds of human
generations.

Reconciliation of Present Estimates with Main
Conclusions of the Genetic Studies on A-Bomb Survivors
in Japan

Introduction

The genetic studies of atomic bomb survivors carried out
in Japan represent the largest and most comprehensive of the
long-term human studies ever carried out on adverse heredi-
tary effects of radiation. The various papers published over
the past four decades on this research program have been
compiled by Neel and Schull (1991). Since the beginning of
these studies, their focus has always been on a direct assess-
ment of adverse hereditary effects in the first-generation
progeny of survivors, using indicators of genetic damage that
were practicable at the time the studies were initiated in the
early 1950s. They were not aimed at expressing risks in terms
of genetic diseases. As the research progressed, it became
clear that no statistically significant adverse effects could be
demonstrated in the children of survivors, and this conclu-
sion was found to hold when all of the available data until
1990 were analyzed (Neel and others 1990). The indicators
used were: untoward pregnancy outcome (UPO), deaths
among live-born infants through a period of about 26 years
(exclusive of those resulting from malignancies), malignan-
cies in children, frequency of balanced structural rearrange-
ments of chromosomes, frequency of sex chromosomal
aneuploidy, frequency of mutations affecting protein charge
or function (electrophoretic mutations), sex ratio among chil-
dren of exposed mothers, and growth and development of
children.

DD Estimates from Japanese Data

Since the mid-1970s, several different DDs consistent
with the emerging data had been estimated, and these are
summarized in Annex 4A. The most recent DD estimates
were those published by Neel and colleagues (1990) using
five of the indicators mentioned above (i.e., UPO, F, mortal-
ity, F, cancers, sex chromosomal aneuploidy, mutations af-
fecting protein charge or function). Details of how these DDs
were calculated are presented in Annex 4G. The important
point here is that all of the past as well as the 1990 DD
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estimates based on the Japanese data were higher by factors
of 3 or more compared to the DD estimate of 1 Gy that has
been used by UNSCEAR and the BEIR committees over the
years. Since, in the public mind, the notion remains that
the magnitude of DD defines the magnitude of risk (i.e., a
low DD is indicative of high risk and high DD of a low risk),
the above discrepancy between the DDs has given rise to the
concern that UNSCEAR and the BEIR V committees might
have overestimated the risks.

The BEIR VII committee stresses that such comparison
between DDs estimates is inappropriate for the following
reasons: (1) the DDs used by the UNSCEAR and BEIR com-
mittees are based on spontaneous and induced rates of muta-
tions at defined human and mouse genes, respectively (or
mouse genes in the past); (2) DD enters the risk equation as 1/
DD, and the latter is only one of the four quantities used to
predict the risk of genetic disease prospectively; and (3) in the
Japanese studies, DD is estimated retrospectively from em-
pirical data on indicators of genetic damage that are totally
different and notreadily equatable to genetic diseases; further,
based on current knowledge, most of the indicators would not
have been expected to show a significantincrease in frequency
for mechanistic or other reasons (see Annex 4G).

Consistency of Findings from Japanese Studies with
Present Risk Estimates

Notwithstanding these differences in end points, estimates
of DDs, and the approaches used for risk estimation, the prin-
cipal messages from the Japanese studies (no significant ad-
verse effects in more than 30,000 progeny from parents with
estimated conjoint gonadal dose of the order of about 0.4 Sv
or less) and from estimates discussed in this document (3000
to 4700 cases per gray per million children of the first post-
radiation generation; Table 4-6) are basically the same—
namely, that at low doses the genetic risks are small com-
pared to the baseline risks of genetic diseases.

Strengths and Weaknesses of the Risk Estimates
Presented in This Report

For the first time in genetic risk estimation, it has been
possible to present risk estimates for all classes of genetic
disease. In part, this is due to the incorporation of advances
in human molecular biology within the conceptual frame-
work of risk estimation. It is important to realize however
that human data that bear on hereditary effects of radiation
remain limited, and estimates of risk still have to be obtained
indirectly using several assumptions. While the risk esti-
mates presented in this document represent what is achiev-
able at the present state of knowledge, it is instructive to
examine the assumptions (and consequent uncertainties) and,
more importantly, the overlap of the estimates made.
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Equal Sensitivity of Both Sexes to Radiation-Induced
Mutations

The first of these assumptions—namely, the sensitivity
of human immature oocytes to radiation-induced mutations
is equal to that of stem cell spermatogonia—was dictated by
the view that mouse immature oocytes may not constitute a
suitable model for assessing the response of human imma-
ture oocytes. If indeed human immature oocytes turn out to
be less sensitive than stem cell spermatogonia, then the sex-
averaged rate of induced mutations would be lower (i.e., the
DD would be higher, which means lower relative mutation
risk). At present, it is not possible to address this issue.

The Doubling Dose

The average spontaneous mutation rate (the numerator in
DD calculations) is based on 26 human disorders encom-
passing some 135 genes. Although it would have been ideal
to use the average rate based on all of the genes contributing
to diseases included under P (the baseline frequency of dis-
eases), this was not possible because of lack of data. When
full annotations of all of the genes in the human genome and
knowledge of their disease potential and mutation rates be-
come available, it is likely that the estimate of average rate
of mutations will change. Likewise, the average rate of in-
duced mutations (the denominator in DD calculations) is
now based on induced mutations in 34 mouse genes with
widely different locus-specific rates. Again, knowledge of
the radiation response of mouse genes is expected to increase
when the mouse genome, which has now been sequenced
(FCRGERG 2002; MGSC 2002), becomes fully annotated
and enables radiation mutagenesis studies with additional
genes. At present, one can only speculate about how the in-
duced mutation rate will change and how it will impact the
DD estimate.

Mutation Component

In this report, it is assumed that the first-generation
MC = s = 0.3 for autosomal dominant and X-linked diseases.
The estimate for s has been obtained from an analysis of
only a subset of naturally occurring autosomal dominant dis-
eases for which such information was available and is there-
fore not applicable to all autosomal dominant and X-linked
diseases included under P. If one were able to include these,
the average s value might change. Further, it may be neces-
sary to revisit the assumption that the s value for induced
mutations that cause disease is similar to those of spontane-
ous disease-causing mutations.

The estimate that for chronic multifactorial diseases,
MC = 0.02 for the first few generations has been obtained
from computer simulation studies, which showed that the
MC values were in the range of 0.01 to 0.02, often closer to
the former than to the latter. If the actual MCs are in fact

closer to 0.01, the currently used MC value will overesti-
mate the risk by a factor of 2.

Potential Recoverability Correction Factors

For autosomal dominant and X-linked diseases, a range
of PRCFs from 0.15 to 0.30 was used, the lower limit of the
range being a weighted average (i.e., weighted by disease
incidence) and the upper limit, the unweighted average (i.e.,
proportion of genes at which induced mutations are poten-
tially recoverable in live births). However, the criteria devel-
oped for potential recoverability of induced deletions (the
predominant type of radiation-induced DNA damage) do not
include breakpoint specificities that are undoubtedly impor-
tant in the case of deletion-associated naturally occurring
Mendelian diseases. It seems unlikely that radiation-induced
deletions would share these specificities, certainly not in all
genomic regions. Should these specificities also be impor-
tant for recovering induced deletions (with a disease pheno-
type similar to that associated with a naturally occurring
deletion), even the weighted PRCF may be an overestimate.

For chronic multifactorial diseases, the assumption has
been that the PRCF may simply be the xth power of that for
single-gene diseases, with x = the number of genes that have
to be simultaneously mutated to cause disease. The values of
0.02 to 0.09 have assumed x = 2, the minimum number. Al-
though statistically such a calculation can be defended, the
implicit biological assumption that at low doses of radiation,
two independent mutations underlying a chronic disease may
be induced simultaneously and recovered seems unrealistic.

There is one further point to be made, namely that the
PRCEF for chronic diseases is very sensitive to x. For ex-
ample, if x = 3, the PRCF range becomes 0.003 to 0.03 (i.e.,
[0.15]3 to [0.30]3). Since for many chronic diseases, muta-
tions in more than two genes seem to be involved, the argu-
ment is that the PRCF range of 0.02-0.09 used in the present
calculations may overestimate the risk.

Overlap in Estimates of Risk

It should be recalled that (1) the estimates of risk for au-
tosomal dominant and X-linked diseases have been obtained
using the DD method; (2) the risks of congenital abnormali-
ties that are also adverse dominant effects have been ob-
tained independently using mouse data without recourse to
the DD method; and (3) the risk of “chromosomal diseases”
has been assumed to be subsumed under the above two items.
The important point is that since all of these represent domi-
nant effects (and spontaneous mutations in many develop-
mental genes are known to cause Mendelian diseases), there
must be overlap between the classes of risk grouped under
the headings of autosomal dominant + X-linked diseases and
of congenital abnormalities, although at present it is difficult
to assess its magnitude. The consequence is that the sum
may overestimate the actual risk of dominant effects.
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Overall Conclusions

The committee has evaluated Table 4-6 and expresses the
view that these estimates of risk are the best that are possible
at the present time.

ANNEX 4A: MODELS OF INHERITANCE OF
MULTIFACTORIAL DISEASES IN THE POPULATION

Multifactorial Threshold Model of Disease Liability and
the Concept of Heritability

Assessment of the relative importance of genetic and en-
vironmental factors in the etiology of multifactorial diseases
is essential to explain their transmission patterns and predict
their risks of recurrence in families. Conceptualized this way,
it is a problem of quantitative genetics, the theoretical foun-
dations for which were laid by Fisher (1918). Multifactorial
diseases per se, however, are not quantitative traits, but quali-
tative ones (i.e., all-or-none traits [presence or absence of
disease]), although some of the surrogate clinical measures
used are quantitative (e.g., serum cholesterol levels in the
case of CHD, systolic and diastolic blood pressure in the
case of essential hypertension, fasting glucose concentrations
in the case of diabetes mellitus). Consequently, methods
originally developed for studies of quantitative traits and
their inheritance were adapted to deal with these diseases.

Carter (1961) proposed the concepts of a hypothetical
variable called disease liability that underlies multifactorial
diseases and of threshold. The concept of disease liability
enables one to envisage a graded scale of the degree of being
affected or being normal. Likewise, the concept of threshold
enables one to envision a certain value in the liability scale
that, when exceeded, will cause the disease. Below the
threshold, the individual would not be affected. Subse-
quently, Falconer (1965) formalized these concepts quanti-
tatively by advancing what has come to be known as the
MTM of disease liability.

Details of the MTM have been discussed extensively in a
number of publications (e.g., Falconer 1965, 1967; Smith
1975; Carter 1976a; Bishop 1990). The basic assumptions of
the simple or standard version of the MTM are the follow-
ing: (1) all environmental and genetic causes can be com-
bined into a single continuous variable called liability, which
is not measurable as such; (2) liability is determined by nu-
merous genetic and environmental factors that act additively,
each contributing a small amount of liability; (3) the liability
in the population has a normal (Gaussian) distribution; and
(4) affected individuals are those whose liability exceeds a
certain threshold (see Figure 4A-1).

The MTM permits a number of predictions: First, when
the population frequency of the disease is high, the relative
risk to relatives of an index case (compared to the general
population) would be expected to be greater, but proportion-
ately less. This situation occurs because, when the popula-

BEIR VII
Mean liability
in the population
(a) Threshold
General value
population /
Population
prevalence

v

Mean liability
in relatives of
affected probands

(b)
Relatives of
affected probands

Prevalence in
relatives
affected probands

i

FIGURE 4A-1 Distribution of liability in the general population
and in relatives of affected individuals according to the multifacto-
rial threshold model.

Liability

tion frequency is high, the predisposing mutations for the
condition are distributed throughout the population, so the
likelihood of exceeding the threshold is high. When the
population frequency of the disease is low, only relatives
have a significant risk.

Second, for diseases that show marked differences in in-
cidence between the sexes, the MTM—with the added as-
sumption of different thresholds in the two sexes—would
predict higher relative risks to relatives of the less frequently
affected sex. For example, in Hungary, congenital pyloric
stenosis is about three times more common in males than in
females (0.22% versus 0.07%). The risk to brothers of af-
fected females is about 20%, which is much higher than the
value of 4% for the brothers of affected males (Czeizel and
Tusnady 1984). On the assumption that the threshold is far-
ther from the mean in females than in males (i.e., more to the
right upper tail of the distribution), one would expect that
affected females would have more disease-predisposing
mutations, on average, than affected males. Relatives of fe-
male patients would therefore receive more of these (thus
being at correspondingly higher risk) than relatives of male
patients (see Figure 4A-2).
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FIGURE 4A-2 Comparisons of the distribution liability in the general population with those in relatives of affected individuals when there
are differences in the prevalence of multifactorial disease, according to the multifactorial threshold model with the additional assumption of

different thresholds for disease liability in the two sexes.

Based on the properties of the normal distribution of li-
ability (made up of both genetic and environmental compo-
nents) that underlies the MTM, methods have been devel-
oped to use data on the population frequency of a given
multifactorial disease to predict the risk to relatives of those
affected and to estimate, on the basis of correlation in liabili-
ties between relatives, the relative contribution of genetic
factors to the overall phenotypic variability summarized in
the statistic called “heritability of liability” (h?2).

Concept of Heritahility

In quantitative genetics, the relative contributions of ge-
netic and environmental factors to the overall phenotypic
variation is assessed by analysis of variance (i.e., by estimat-
ing the total phenotypic variance, Vp, and apportioning it
into variance due to genetic factors, V;, and variance due to
environmental factors, V). Under the assumption that the
genetic and environmental effects are independent of each
other (i.e., they are not correlated), Vp = V5 + V. The ratio

V/Vpis called “broad-sense heritability of liability,” or “de-
gree of genetic determination,” and is symbolized by hp2. It
provides a measure of the relative importance of genotype as
a determinant of phenotypic value (Smith 1975).

The genotypic variance V; can be subdivided into an ad-
ditive component (V) and a component to deviations from
additivity. Additive genetic variance is the component at-
tributable to the average effect of genes considered singly,
as transmitted in the gametes. The ratio V,/V,, is called “nar-
row-sense heritability,” or hNZ, and expresses the extent to
which the phenotypes exhibited by parents are transmitted to
offspring, and it determines the magnitude of correlation
between relatives. The nonadditive genetic variance is due
to the additional effects of these genes when combined in
diploid genotypes and arises from dominance (V},), interac-
tion (epistasis, V) between genes at different loci, and assor-
tative mating (V,,,). In the absence of these sources of ge-
netic variance, hy? = hy?. It is important to note that most of
the heritability estimates for chronic diseases published in
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the literature are broad-sense heritability of liability esti-
mates and are in the range of about 0.3-0.8.

Other Models of Inheritance of Multifactorial Diseases

An important assumption of the MTM as discussed above
is that a large number of factors, each with small effects,
contributes to liability. However, the assumption of fewer
contributing factors is also consistent with data from famil-
ial aggregation studies, and for this reason, it is not a good
analytical tool for discriminating between different modes
of inheritance. Consequently, attempts to fit the familial data
to Mendelian models (with appropriate choice of assump-
tions on the numbers of loci, penetrance, dominance, etc.) or
to a combination of major locus and polygenic models have
been made, (e.g., Elston and Stewart 1971; Morton and
MacLean 1974; Kendler and Kidd 1986); although these
models are of interest in catalyzing the search for the genes
involved, they are now largely superseded by molecular ap-
proaches that hold the potential for direct identification of
the genes.

ANNEX 4B: THE DOUBLING DOSE

Table 4B-1 provides a broad overview of the data used
during the past four decades for estimating doubling doses.
It is worth noting that although the present unit for express-
ing absorbed radiation dose is gray (or sievert when consid-
ering radiations of different qualities), in reviewing the ear-
lier estimates in this section the DDs are expressed in the
same units employed in the original publications, namely,
roentgens (R), rads, roentgen-equivalent-man (rem), grays,
and sieverts. Note that for low-LET radiation (e.g., X-rays
and 7y-rays), 1 Gy =100 rads ~ 100 R; 1 rem = 1 rad; and
1 Sv =100 rem.

Briefly, the notion that the DD for genetic damage in-
duced in human males at low-dose or chronic low-LET ra-
diation conditions is likely to be of the order of about 100 R
was already entertained in the early 1960s (UNSCEAR
1962). This estimate was guided by the findings (from mouse
studies on recessive specific locus mutations) that chronic
X-irradiation would be only about one-third as effective as
acute X-irradiation in males and much less effective in fe-
males (Russell and others 1958, 1959). Consequently, it was
suggested that the DD for chronic X-irradiation exposure
conditions was probably at least three times that for acute X-
irradiation (i.e., three times that of about 30 R suggested in
the 1958 UNSCEAR report for acute X-irradiation or about
100 R).

In 1971, Liining and Searle broadened the original con-
cept of the DD to include not only mutations at defined gene
loci, but also four other end points of genetic damage
(semisterility, dominant visible mutations recovered in the
course of studies on recessive specific locus mutations, au-
tosomal recessive lethals, and skeletal abnormalities, all from
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experiments involving irradiation of male mice [spermatogo-
nial stem cell irradiations]). They found that for acute X-
irradiation of males, although individual estimates varied
from 16 to 51 R (with wide confidence limits, except for
specific locus mutations), the overall average was about 30
R. For low-dose or chronic low-LET radiation exposure, the
suggestion was that it would be between three and four times
that for acute X-irradiation (i.e., about 100 R). UNSCEAR,
however, did not use the DD method in its 1972 report, but
in all reports published until 1993, the mouse data-based es-
timate of 1 Gy has been used.

The BEIR I report (NRC 1972) introduced the concept
that DD estimates must be based on the average spontaneous
mutation rate of human genes and the average induced rate
of mutations in mouse genes. In that report it was assumed
that (1) the spontaneous mutation rate of human genes might
be in the range of 0.5 X 107°t0 0.5 x 10~ per gene and (2) the
sex-averaged rate of induced recessive mutations in mouse
was about 0.25 x 107 per locus per rem for low-LET radia-
tion conditions. With these estimates, a range of DDs from
20 to 200 rem was calculated.

The induced rate of 0.25 x 107 per locus per rem men-
tioned above was the unweighted average of the rate of 0.5 x
107 per locus per rem for males (at 12 loci, including 7 of
the specific loci have been used in most mouse experiments
and the additional 5 used in the studies of Lyon and Morris
1969) and that of zero assumed for females. It was noted,
however, that the estimate of 0.25 x 10~7 per locus per rem
might be too high for at least two reasons: (1) “the gene loci
at which these studies were made, were to some extent pre-
selected for mutability” and (2) “the rate of induction of
dominant visible mutations in mice is lower than for reces-
sives by at least an order of magnitude and dominant muta-
tions constitute a substantial part of the human genetic risk.”
This procedure of using human data on spontaneous muta-
tion rates was driven by one of the principles stated by the
committee—namely, that emphasis should be placed on hu-
man data when feasible—the implicit idea being that if the
induced rate was extrapolated from mouse to humans, there
would be one extrapolation uncertainty and if both sponta-
neous and induced rates were extrapolated to humans, there
would be two such uncertainties.

When UNSCEAR (1977) first used the mouse data-based
DD of 100 rads, it did not actually specify the induced rates.
This was because the estimate of 100 rads was arrived at by
assuming that the DD for low-LET chronic radiation condi-
tions would be three times that of ~30 rads for high-dose-
rate acute X-irradiation conditions (for five different end
points; see Liining and Searle 1971).

In BEIR IIT (NRC 1980), however, the committee aban-
doned the method that was used in BEIR I, namely, using
human data on spontaneous mutation rates and mouse data
on induced mutation rates in defined genes. The stated ob-
jection to the BEIR I method was that it mixed the induced
rate of a set of mouse genes preselected for high mutability
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TABLE 4B-1 Doubling Dose Estimates Used in Risk Estimation from the 1950s to the Early 1990s

Radiation

Reference DD Conditions Comments

1956 BEAR report 50-80 R High dose Guided more by general radiation genetic principles (established mostly from Drosophila

(NRC 1956) 40 R rate (acute) studies) than by knowledge of mouse or human mutation rates and, therefore, nothing more
than educated guesses; among the principles were (1) linear dose-effect relationship for
induced mutations and (2) effect independent of dose rate or dose fractionation.

The general philosophy and “best” estimates of the Medical Research Council (MRC 1958)
and UNSCEAR (1958) were roughly similar

UNSCEAR (1962) 100 R Chronic Based on mouse data on the reduced effectiveness of chronic y-irradiation for the induction
of specific locus mutations (Russell and others 1958); assumed that DD for males will be
about 3 times that of 30 R assumed in UNSCEAR (1958) for acute X-irradiation
conditions; noted that DD for females may be higher

Liining and Searle 16-51 rads Acute Based on mouse data for 5 different end points for males; no DD estimate provided for

(1971) ~100 rads Chronic females

1972 BEIR report 20-200 rem Chronic Based on a range of spontaneous rates in humans (0.5 X 1070 to 0.5 x 105) and a sex-

(NRC 1972) averaged rate of induction of specific locus mutations of 0.25 x 107 per locus per rem
in mice

Neel and others 46 rem Acute Based on data on mortality of children born to A-bomb survivors through the first 17 years

(1974) (Petersen and of life; assumed that for chronic irradiation, the DD for males might be 3 to 4 times 46 rem

others 1990) and as much as 1000 rem for females
125 rem
(females)

Sankaranarayanan (1976);  80-240 rads Chronic Based on mouse data for specific locus mutations induced in spermatogonia and in

Searle (1976) mature + maturing oocytes and dominant visibles and translocations induced in
spermatogonia

UNSCEAR (1977) 100 rads Chronic Rationale stated as follows: “Examination of available evidence in the mouse suggests that
the use of a 100-rad DD will not underestimate the risk. The ICRP Task Group has also
this figure in its calculations . . .”

1980 BEIR report 50-250 rem Chronic Based on the “best substantiated” estimate of DD of 114 rem for spermatogonial irradiation

(NRC 1980) of male mice and approximately halving and doubling the above estimate to arrive at the
range of 50-250 rem

UNSCEAR (1982) 100 rads Chronic No change from the 1977 report

Neel and others (1982); 60 = 93 rem Acute The first three estimates are based, respectively, on data on UPOs, survival through

Schull and others (1982) 135 + 388 rem childhood, and sex chromosomal aneuploids in the Japanese studies; the authors considered

535 £2416 rem that the weighted average of 135 + 156 rem (last entry) should be multiplied by a factor
135 = 156 rem of 3 to make it applicable to chronic radiation conditions

UNSCEAR (1986) 1 Gy Chronic No change from the 1977 report

UNSCEAR (1988) 1 Gy Chronic No change from the 1977 report

1990 BEIR report 100 rads Chronic Overall estimate based on mouse data (both sexes) on several different end points; most

(NRC 1990) estimates given as ranges that vary by factors between about 2 and 30 (a reflection of
differences in estimated spontaneous and induction rates); multiplication factors between
5 and 10 used when necessary to convert DD estimates for high-dose-rate irradiation to
those for chronic irradiation

Neel and others (1990) 1.69-2.23 Sv Acute Composite estimates of “minimal DDs” (DDs at 95% lower confidence limits) compatible
with Japanese results on UPOs, F, mortality, F; cancer, sex chromosomal aneuploids, and
mutations altering protein charge or function; on the assumption of a dose-rate reduction
factor of 2, the authors suggest that for chronic low-LET, low-level radiation, the figures
are likely to be twice those estimated (i.e., about 3.4 to 4.5 Sv)

Neel and Lewis (1990) 1.35 Gy Acute Based on an analysis of mouse data on 7 mutational end points (spermatogonial irradiation
experiments); the authors suggest that with the use of a dose-rate factor of 3, the DD will
be about 3 Gy

UNSCEAR

(Rabes and others 2000) 1 Gy Chronic No change from the 1977 report

SOURCE: Sankaranarayanan and Chakraborty (2000a).
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with estimates of human spontaneous rates for more typical
genes. The BEIR III committee adopted the view that it was
preferable to use a DD estimate obtained from spontaneous
and induced mutations in the same set of loci in the same
species and used exclusively the data on the seven specific
loci obtained in experiments with male mice. The figures
used were 7.5 X 106 per locus for spontaneous rates and 6.6
x 1078 per locus per rem for induced rates from which “the
best substantiated” DD estimate of 114 R was calculated. To
derive DDs for risk predictions, it approximately halved and
doubled the above estimate of 114 R to obtain a range of 50
to 250 rem.

In BEIR V (NRC 1990), the committee again used prima-
rily mouse data but included several additional end points in
both sexes (dominant lethals, recessive lethals, dominant
visibles, recessive visibles, reciprocal translocations, con-
genital malformations, and aneuploidy). On the basis of all
these data, it concluded that “considering all endpoints to-
gether, the direct estimates of doubling dose for low dose
rate radiation have a median value of 70-80 rad, indirect
estimates based on high dose-rate experiments have a me-
dian value of 150 rad, and the overall median lies in the
range of 100 to 114 rad. These estimates support the view
that the doubling dose for low dose-rate, low-LET radiation
in mice is approximately 100 rad for various genetic end-
points.”

Table 4B-1 also shows that the DD estimates made over
the years based on genetic data from A-bomb survivors (Neel
and others 1974, 1982, 1990; Schull and others 1981, 1982;
Otake and others 1990; Neel 1998) were at least some three
to four times that of 1 Gy used by UNSCEAR and the BEIR
committee; the so-called Japanese DD estimates, however,
were never used by the above committees. For the first time,
the BEIR V (NRC 1990) report gave a formal “status” to the
Japanese results by noting that “a doubling dose of 100 rem
approximates the lower 95% confidence limit for the data
from atomic bomb survivors in Japan and it is also consis-
tent with the range of doubling doses in mice.”

ANNEX 4C: ASSUMPTIONS AND SPECIFICATIONS OF
THE FINITE-LOCUS THRESHOLD MODEL

The assumptions and specifications of the FLTM have
been discussed in detail by Denniston and colleagues (1998)
and in the ICRP (1999) Task Group report. Briefly, the
FLTM assumes that (1) the genetic component of liability of
a chronic multifactorial disease is discrete and is determined
by mutant alleles at a finite number (n) of autosomal gene
loci; the total number of mutant alleles at these n loci in a
given genotype is a random variable g; (2) the environmen-
tal component is continuous and represented by a random
variable e, which has a Gaussian distribution with mean of
zero and variance of V; (3) the total liability x = f(g) + e,
where f(g) is a function of the number of mutant alleles in the
n-locus genotype of the individual and e is the environmen-
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tal effect; (4) individuals with liability exceeding the thresh-
old T (i.e., x > T) are affected by the disease, and those for
whom x < T are unaffected; and (5) unaffected individuals
have a fitness of 1 and unaffected ones of (1 — ). The impact
of an increase in total mutation rate as a result of radiation
exposures—from m to m(l + k), with k measuring the in-
crease relative to the baseline—is assessed in terms of
changes in heritability of liability (h,2), and consequent
changes in the MC. This assessment was carried out by as-
suming that the effects of the mutant alleles are either addi-
tive or synergistic.

Unlike the case of Mendelian diseases, the algebraic for-
mulations of the FLTM do not permit expressing the effects
in the form of a single equation. However, the predictions of
the model can be evaluated iteratively using the computer
program that was developed for this purpose. The program
is first run using a specified set of parameter values (muta-
tion rate, selection coefficients, threshold, etc.) until the
population reaches equilibrium between mutation and selec-
tion. Once this occurs, the mutation rate is increased either
once or permanently corresponding to radiation exposure in
one generation only or in every generation, and the com-
puter run is resumed with the new mutation rate while the
other parameters remain the same. The changes in mutation
component and its relationship to heritability of liability are
then examined in desired generations and at equilibrium. It
is worth mentioning that the A2 estimates are not inputs but
outputs of the program obtained using different combina-
tions of s values, environmental standard deviation, and
threshold.

ANNEX 4D: DIFFERENCES BETWEEN SPONTANEOUS
DISEASE-CAUSING MUTATIONS IN HUMANS AND
RADIATION-INDUCED MUTATIONS IN
EXPERIMENTAL SYSTEMS

The molecular alterations recorded in spontaneous
disease-causing mutations in humans include a wide variety
ranging from base-pair changes to whole-gene deletions and
some multigene deletions. Radiation-induced mutations
studied in experimental systems (including the mouse), how-
ever, are often multigene deletions, although scored through
the phenotype of the marker loci. The extent of the deletion
varies with the locus and the genomic region in which it is
located.

Spontaneous mutations arise through a number of differ-
ent mechanisms, and most are dependent on the DNA se-
quence organization of the genes and their genomic context.
In contrast, radiation-induced mutations originate through
random deposition of energy in the cell. One can, therefore,
assume that the initial probability of radiation inducing a
deletion may not differ between different genomic regions.
However, their recoverability in live-born offspring seems
dependent on whether the loss of the gene or genomic region
is compatible with viability in heterozygotes.
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Spontaneous mutations can cause either loss or gain of
function of the normal gene through different mechanisms.
For example, loss-of-function mutations in genes that code
for structural or regulatory proteins may result in dominant
phenotypes through haploinsufficiency (i.e., a single normal
gene is not sufficient for normal functioning) or through
dominant negative effects (i.e., the mutant product interferes
with the function of the normal gene in the heterozygote).
While loss of function of a gene can result from a variety of
molecular alterations including deletions, gain-of-function
mutations are likely only when specific changes in the gene
cause a given disease phenotype. Radiation-induced muta-
tions, because they are often multigene deletions, cause loss
of function through haploinsufficiency.

Despite the existence of a number of differences be-
tween spontaneous and radiation-induced mutations as out-
lined above, radiation mutagenesis studies with a variety of
experimental systems have been very successful. The pos-
sible reasons for this are now becoming evident: although
the choices of marker genes in early studies of induced mu-
tations were dictated more by practical considerations (e.g.,
obtaining sufficient numbers of mutants, unambiguous
identification through their respective phenotypes) than by
their relevance to human genetic diseases, in retrospect it is
clear that the “successful” mutation test systems have been
those in which most of these marker genes, and the ge-
nomic regions in which they are located, are nonessential
for the viability of heterozygotes (in vivo) or of the cell car-
rying the induced genetic change (in vitro). Consequently,
induced mutations—predominantly deletions—could be re-
covered and studied. Most human genes, however, do not
appear to be of this type.

ANNEX 4E: CRITERIA USED TO ASSIGN HUMAN
GENES TO ONE OF THREE GROUPS FROM THE
STANDPOINT OF THE RECOVERABILITY OF INDUCED
MUTATIONS IN LIVE BIRTHS

The genes included in the analysis are a subset of those
in which mutations cause autosomal dominant and X-linked
diseases, which have provided the basis for the overall inci-
dence estimates for these diseases discussed earlier (San-
karanarayanan 1998). Since not all of them fulfilled the
requirements for inclusion (because of insufficient informa-
tion about one or more of the following: gene size, struc-
ture, function, genomic context, etc.), only a subset could
be used. The “gene-richness” or “gene poorness” of given
genomic regions was assessed using the MIM (Medelian
Inheritance in Man) gene maps that present the cytogenetic
location of “disease genes” and other expressed genes in
given cytogenetic bands (McKusick 2000.).

A gene is assigned to group 1 (induced deletions un-
likely to be recovered and/or unlikely to cause the pheno-
type of the disease under study) when the phenotype of the
naturally occurring disease is due to specific (1) gain-of-

function mutations (e.g., the FGFR3 gene involved in
achondroplasia); (2) trinucleotide repeat expansions (e.g.,
Huntington’s disease); (3) dominant negative mutations
(e.g., the COLIAI gene involved in osteogenesis im-
perfecta); and (4) restricted array of point mutations (e.g.,
mutations in the APOB gene involved in one form of famil-
ial hypercholesterolemia). Also included in this group are
genes that are relatively small in size and located in puta-
tive gene-rich regions (e.g., the VMD?2 gene in Best’s macu-
lar dystrophy).

The gene is assigned to group 2 (uncertain recoverabil-
ity) when (1) it is large, it codes for an essential structural
protein, and the known genetic changes are missense or
nonsense mutations; (2) whole-gene deletions are rare;
(3) whole-gene deletions are not rare, but the gene is lo-
cated in a putative gene-rich region; and (4) information on
these other genes and their function is insufficient (e.g.,
BRCA2; VHL [von Hippel-Lindau syndrome]).

Group 3 (potentially recoverable) includes genes that are
generally large and constitutional deletions, some extending
beyond the confines of genes, and translocations or inver-
sions with breakpoints in the gene causing the disease
phenotype are known despite the putative gene-rich nature
of the genomic region (e.g., EXTI [multiple exotoses]; RBI
[retinoblastomal).

For X-linked genes, the assessment is based on whether
the induced deletion will be compatible with viability in
males and cause disease (since the loss of the whole X chro-
mosome is compatible with viability but results in 45,X fe-
males).

ANNEX 4F: RADIATION STUDIES WITH EXPANDED
SIMPLE TANDEM REPEAT LOCI IN THE MOUSE AND
MINISATELLITE LOCI IN HUMAN GERM CELLS

Introduction

The mouse and human nuclear genomes, like those of
other complex eukaryotes, contain a large amount of highly
repeated DNA sequence families most of which are tran-
scriptionally inactive (Singer 1982). Among these are the
simple sequence repeats that are perfect or slightly imperfect
tandem repeats of one or a few base pairs (bp). In the mouse
genome, the tandem repeat loci are represented by (1) rela-
tively short microsatellites (<500 bp) with a repeat size of 1
to 4 bp; (2) long expanded simple tandem repeats (0.5 to 16
kilobases, repeat size 4 to 6 bp); and (3) true minisatellites
(0.5 to 10 kb) with repeat size of 14 to 47 bp (Gibbs and
others 1993; Bois and others 1998a, 1998b; Blake and others
2000).

Mouse ESTRs

The ESTRs were originally called minisatellites but have
recently been renamed to distinguish them from the much
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more stable true minisatellites in the mouse genome (Bois
and others 1998a, 1998b). The ESTRs are highly unstable
(i.e., they manifest high spontaneous mutation rates) in both
somatic and germ cells. The mutational changes are mani-
fest as changes in the number of tandem repeat cores and,
hence, allele length. The available data suggest that the
ESTR instability is a replication- or repair-based process in-
volving polymerase slippage similar to mechanisms sug-
gested for microsatellite instability (Ellegren 2000).

Human Minisatellites

In contrast to mouse ESTRs, the minisatellites in humans
consist of longer repeats (10 to 60 bp) that may span from
about 0.5 kb to several kilobases and show considerable se-
quence variation along the array (Jeffreys and others 1991;
1994; May and others 1996; Buard and others 1998; Tamaki
and others 1999; Stead and Jeffreys 2000; Vergnaud and
Denoeud 2000). The majority of the classical minisatellites
are GC rich. The fact that some of the human minisatellite
loci studied are highly unstable and have very high sponta-
neous mutation rates of the order of a few percent is now
well documented (Jeffreys and others 1985, 1988, 1995;
Smith and others 1990; Vergnaud and Denoeud 2000). Mu-
tation at these loci is almost completely restricted to the
germline and is attributed to complex gene conversion-like
events involving recombinational exchanges of repeat units
between alleles (Jeffreys and others 1994; May and others
1996; Jeffreys and Neumann 1997; Tamaki and others 1999;
Buard and others 2000; Stead and Jeffreys 2000; Vergnaud
and Denoeud 2000).

Radiation Studies with Mouse ESTR Loci

The Loci Used

Two ESTR loci have been used thus far in mouse muta-
tion studies, namely, the Ms6-hm, and Hm-2, both of which
show multiallelism and heterozygosity within inbred strains.
The Ms6-hm is <10 kb in size (varying greatly between dif-
ferent mouse strains) and consists of tandem repeats of the
motif GGGCA. Linkage analysis localized Ms6-hm near the
brown (b) coat color gene on chromosome 4. The germline
mutation rate is about 2.5% per gamete (Kelly and others
1989). The Hm-2 locus is located on chromosome 9 and con-
sists of GGCA tetranucleotide repeats with alleles contain-
ing up to 5000 repeat units (i.e., up to 5 kb). The germline
mutation rate of this locus is estimated to be of the order of at
least 3.6% (Gibbs and others 1993). As discussed below,
Dubrova and colleagues studied mutation induction at both
of the above loci, whereas the Japanese workers focused their
attention only on the Ms6-hm locus.
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Low-LET Radiation Studies

In the studies of Dubrova and colleagues (1993) involv-
ing irradiation of spermatagonial stem cells (0.5 and 1 Gy of
v-rays; CBA/H strain), significant increases in the frequen-
cies of mutations at the Ms6-hm and Hm-2 loci were found.
Subsequent work with X-irradiation doses of 0.5 and 1 Gy
established that for mutations induced in the above cell stage,
the dose-effect relationship was consistent with linearity
(y=0.111 +0.338D), where D is the dose in grays (Dubrova
and others 1998a, 1998b). From these data, the authors esti-
mated that the DD for ESTR mutations induced in sper-
matogonia was 0.33 Gy for acute X-irradiation, similar to
that reported for specific locus mutations in mice.

In the above work, spermatids were found to be insensi-
tive to mutation induction, a finding at variance with those
of Sadamoto and colleagues (1994) and Fan and coworkers
(1995) with the C3H/HeN mouse strain. These authors
showed that for Ms6-hm locus mutations, all male germ cell
stages were sensitive (3 Gy of y-irradiation). Nonetheless,
both sets of studies demonstrated that increases in mutation
frequencies could be detected at radiation doses and sample
sizes substantially smaller than those used in conventional
genetic studies with specific locus mutations.

High-LET Radiations Studies

Niwa and collegues (1996) found that acute neutrons from
a 222Cf source (65% neutrons + 35% y-rays) were 5.9, 2.6,
and 6.5 times more effective, respectively, in spermatozoa,
spermatids, and spermatogonia, than acute y-irradiation in
inducing mutations at the Ms6-hm locus. In similar studies,
Dubrova and colleagues (2000a) noted that in spermatogo-
nial cells, chronic neutrons also from a 252Cf source had a
relative biological effectiveness of about 3 relative to chronic
Y-irradiation (regression equations: y = 0.136 + 1.135D, neu-
trons; doses of 0.125, 0.25, and 0.5 Gy; y = 0.110 + 0.373D,
v-rays; doses of 0.5 and 1 Gy). Additionally (and not unex-
pectedly), they found that at the above y-ray doses of 0.5 and
1 Gy, there was no dose-rate effect. It should be remem-
bered that the lower effectiveness of chronic y-irradiation
recorded in earlier specific locus mutation studies (Russell
and others 1958) occured at total doses of 3 and 6 Gy. This
observation is in contrast to earlier results with specific locus
mutations (Russell and others 1958) at 3 and 6 Gy showing
that chronic y-irradiation was only one-third as effective as
acute X-irradiation in inducing specific locus mutations.

Mutation Induction at the ESTR Loci—An Untargeted
Process Arising as a Result of Radiation-Induced Genomic
Instability

One important conclusion that emerges from these stud-
ies is that mutation frequencies in the progeny of irradiated
animals are too high to be accounted for by the direct induc-
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tion of mutations at the loci studied (i.e., radiation induction
of germline mutations at ESTR loci is an untargeted pro-
cess). Dubrova and colleagues (1998a, 1998b) concluded
that there might be two associated processes: structural dam-
age elsewhere in the genome or in other sensor molecules
and, subsequently, indirect mutation at ESTR loci. This
nontargeted origin of radiation-induced mutations at the
ESTR loci is reminiscent of the phenomenon of delayed ra-
diation-induced genomic instability in somatic cells (dis-
cussed in Chapters 2 and 3). The experiments of Barber and
colleagues (2000) showed that the ESTR mutations in
unirradiated or irradiated mice are not associated with a gen-
eral genome-wide increase in meiotic recombination rate.

Further support for the concept of the nontargeted origin
of induced ESTR mutations comes from the work of Niwa
and Kominami (2001). In their study, male mice received
6 Gy of y-irradiation and were mated to unirradiated females
to produce F, progeny from irradiated spermatozoa and stem
cell spermatogonia. As in their earlier studies, mutations at
the Ms6-hm locus were studied. The mutant frequencies for
the paternally derived allele increased to 22% and 19% in
the F, progeny from irradiated spermatozoa and spermatogo-
nia, respectively (about a twofold increase over the control
rate). The surprising finding was that the mutation frequency
also was higher (20%) in the maternally derived allele in
progeny descended from irradiated spermatozoa, but not
from spermatogonia. The authors’ interpretation is that the
introduction of damage into the egg by irradiated spermato-
zoa triggers genomic instability in zygotes and in embryos
of subsequent developmental stages, and that this genomic
instability induces untargeted mutation in cis (in the pater-
nally derived allele) and in trans (in the unirradiated mater-
nally derived allele).

Transgenerational Instability

Dubrova and colleagues (2000a) and Barber and cowork-
ers (2002) provided additional evidence for the involvement
of radiation-induced germline genomic instability in the ori-
gin of induced ESTR mutations. In these experiments in-
volving chronic neutron irradiation (0.5 Gy) of spermatogo-
nial stem cells, the mutation frequency in the F, progeny was
about sixfold higher than in the control. Breeding from the
unirradiated F, mice revealed that the mutation rate remained
high in transmissions from both F, males (6x) and F, fe-
males (3.5%; scored in F,). A part of this increase is due to
germline mosaicism in F,; animals, suggesting that paternal
exposure to radiation results in a destabilization of ESTR
loci in the germline of offspring and that some of the muta-
tions occur sufficiently early in germline development for
significant levels of mosaicism to arise. More importantly,
this instability is transmissible through meiosis and mitosis
to the F, generation and appears to operate in trans in the F,

germline (i.e., affecting alleles not only from the exposed F
male but also from the unexposed F, female). The latter find-
ing is similar to that of Niwa and Kominami (2001).

In subsequent experiments, Barber and colleagues (2002)
confirmed the transgenerational effects of chronic neutron
irradiation and extended the observations to acute X-irradia-
tion. Additionally, the response of two other inbred mouse
strains (C57BL/6 and BALB/c) was compared with that of
the CBA/H strain used in their studies. The rationale for the
comparisons rests on earlier findings that BALB/c and CBA/
H mice show higher levels of radiation-induced genomic
instability in somatic cells than C57BL/6 mice and that this
difference can be attributed to the strain-specific polymor-
phism at the Cdkn2a (cyclin-dependent kinase inhibitor) and
Prkdc (DNA-dependent protein kinase catalytic subunit)
genes (Zhang and others 1998; Yu and others 2001).

In these experiments, (1) spermatogonial neutron
(0.4 Gy) or X-irradiation (2.0 Gy) of CBA/H mice resulted
in an increase in the mutation rate in both the F, and the F,
generations (derived from unirradiated F; males and fe-
males); however, although spermatid irradiation did not
cause an increase in mutation rate in the F, generation
(which was also the case in their earlier work), there was a
clear increase in mutation rate in the F, progeny, suggesting
that destabilization of the F, germline occurs after fertiliza-
tion, regardless of the stage of spermatogenesis exposed to
radiation, and that the radiation-induced signal also persists
and destabilizes the F, germline; (2) transgenerational ef-
fects were also observed in neutron-irradiated (0.4 Gy)
C57BL/6 and X-irradiated (1 Gy) BALB/c mice; and
(3) there were clear differences in the levels of spontaneous
and transgenerational instability in the order BALB/c >
CBA/H > C57BL/6. In summary, these data permit the con-
clusion that the instability associated with radiation-induced
germ cell mutations at the ESTR loci persist for at least two
generations.

Direct Studies of ESTR Mutations in Mouse Sperm

In a recent paper, Yauk and colleagues (2002) have re-
ported on mouse experiments involving single molecular
polymerase chain reaction (PCR) analysis of genomic DNA
for studying spontaneous and radiation-induced mutations at
the Ms6-hm locus. These X-irradiated male mice (1 Gy) were
killed 10 weeks postirradiation, and spermatozoa collected
from caudal epididymis from the mice were screened for
mutations. The findings were that (1) significant increases
in mutation frequency could be detected, with the magnitude
being similar to that established by conventional pedigree
analysis, and (2) the majority of mutations resulted from
small gains or losses of three to five repeat units.
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Radiation-Induced Mutations at Human Minisatellite Loci

Studies After the Chernobyl Accident and Around the
Semipalatinsk Nuclear Test Site

Dubrova and colleagues (1996) first reported on radia-
tion-induced minisatellite mutations among children born
between February and September 1994 to parents who were
continuously resident in the heavily polluted rural areas of
the Mogilev district of Belarus following the Chernobyl ac-
cident. Blood samples were collected from 79 families (fa-
ther, mother, and child) for DNA analysis. The control
sample consisted of 105 nonirradiated Caucasian families
from the United Kingdom, sex-matched to the offspring of
the exposed group. DNA fingerprints were produced from
all families by using the multilocus minisatellite probe
33.15 and two hypervariable single-locus probes, MS1 and
MS31. Additionally, most families were profiled with the
minisatellite probes MS32 and CEBI1. For the Mogilev
families, the level of 137Cs contamination was used as a dose
measure, and the families were divided according to the
median '37Cs contamination levels into those inhabiting less
contaminated areas (<250 kBq m2) and those inhabiting
more contaminated areas (>250 kBq m2).

The data showed that the frequency of mutations (1) was
higher by a factor of about 2 in the children of exposed
families relative to control families and (2) showed a corre-
lation with '¥’Cs contamination levels as demarcated above.
The authors suggested that these findings were consistent
with radiation induction of germline mutations but also
noted that other nonradioactive contaminants from Cher-
nobyl, such as heavy metals, could be responsible. These
results have been subject to criticism on the grounds that the
U.K. control population was ethnically and environmentally
different and therefore inappropriate for comparisons
(UNSCEAR 2001). Furthermore, from the data presented, it
would seem that the estimated germline doses in the whole
region remain sufficiently uncertain to question the true sig-
nificance of an approximately twofold difference in muta-
tion frequencies.

In a subsequent extension of the above study, Dubrova
and colleagues (1997) recruited 48 additional families and
used five additional probes and found that the data con-
firmed the approximately twofold higher mutation rate in
exposed families compared to nonirradiated families from
the United Kingdom. In these studies, (1) approximate indi-
vidual doses for chronic y-ray exposures were computed for
126 families in the exposed group using published data on
the annual external and internal exposure to '3’Cs in soil,
milk, and vegetables and family histories after the Cher-
nobyl accident; (2) the parental dose for each family was
taken as the mean value of the paternal and maternal doses
up to conception of the child; (3) families within the ex-
posed group could be divided according to the median of
the distribution, into less exposed (<20 mSv) and more ex-
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posed (>20 mSv); and (4) the mutation rate in the latter was
significantly higher than in the former, and both were higher
than in the unexposed UK controls.

Further evidence showing an increase in minisatellite
mutation frequencies has also been obtained from two stud-
ies, one in the Kiev and Zhitomir regions of Ukraine that
sustained heavy radioactive contamination after the Cher-
nobyl accident (Dubrova and others 2002b) and another at
the Semipalatinsk nuclear test site in Kazakhstan (Dubrova
and others 2002a). In the Ukraine investigation, the control
and exposed groups were composed of families containing
children conceived before (n = 98) and after (n = 240) the
Chernobyl accident. Eight hypervariable minisatellite
probes (CEB1, CEB15, CEB25, CEB36, MS1, MS31,
MS32, and B6.7) were used.

A statistically significant 1.6-fold increase in mutation
rate was found in the germline of exposed fathers, whereas
the maternal germline mutation rate was not elevated. More
than 90% of the children in the exposed cohort came from
the most heavily radioactively contaminated areas of
Ukraine, with a level of surface contamination from !37Cs
of >2 Ci/km?2. According to gamma spectrometric measure-
ments of radionuclide concentration in soil and measure-
ments of external exposures (y-exposure rate in air), the
whole-body doses from external exposures did not exceed
50 mSv, and similar doses from the ingestion of '3’Cs and
134Cs for the Ukrainian population were also reported. The
authors note that that all of these doses are well below all
known estimates of the DD for mammalian germline muta-
tion of 1 Sv (Sankaranarayanan and Chakraborty 2000b;
UNSCEAR 2001) and, therefore, cannot explain the 1.6-
fold increase in mutation rate found in exposed families

Between 1949 and 1989, the Semipalatinsk site was the
former Soviet Union’s premier test site for 456 nuclear tests;
it was closed in 1991. The surrounding population was ex-
posed mainly to the fresh radioactive fallout from four sur-
face explosions conducted in 1949, 1951, 1953, and 1956,
and the radioactive contamination outside the test zone cur-
rently is assessed to be low. A total of 40 three-generation
families around the test site (characterized by the highest
effective dose >1 Sv) along with 28 three-generation
nonirradiated families from a geographically similar non-
contaminated rural area of Kazakhstan were included in the
study (Dubrova and others 2002a). Note that the above dose
estimate cited in the paper is from Gusev and colleagues
(1997; based mostly on external radiation), and the World
Health Organization (WHO 1998) states that the estimates
range from <0.5 Sv to 4.5 Sv. All parents and offspring
were profiled with the eight hypervariable minisatellite
probes previously used in the Belarus and Ukraine studies.
The mutation rates in the P, and F, generations were estab-
lished from the observed frequencies, respectively, in the F,
and F, generations (controls and exposed progeny).

The findings were (1) in the controls, the spontaneous
mutation rates in the P, and F, generations were similar;
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(2) in the irradiated groups, the P, rate was significantly
higher (1.8-fold) and the F, rate was nonsignificantly (1.5-
fold) higher compared to controls; and (3) plotted against
the parental year of birth (1950-1960, 1961-1965, and
1966-1974), the mutation rate in the exposed F, generation
showed a negative correlation (i.e., decreased) with the
parental year at birth, with the highest rate in the 1950-1960
cohort (similar to that in the P, families) and much lower in
the later two time periods (similar to that in the control
cohorts).

The authors have interpreted these findings as follows:
(1) all P, parents born between 1926 and 1948 would have
been directly exposed to relatively high levels of radiation
from the nuclear tests, and this would explain the 1.8-fold
increase in mutation rate; (2) F, parents born between 1950
and 1956 would be heterogeneous with respect to the doses
received: some would also have been exposed to high radia-
tion doses, while those born later would have received con-
siderably lower doses, and this heterogeneity in the parental
doses could explain the 1.5-fold increase in mutation rate;
and (3) the negative correlation with the year of birth may
reflect the decreased exposure after the decay of radioiso-
topes in the late 1950s and after the cessation of surface and
atmospheric nuclear tests.

Other Population Studies

In the mid-1990s, subsequent to publication of the radia-
tion studies with mouse ESTR loci discussed earlier, Kodaira
and colleagues (1995) conducted a pilot feasibility study on
germline instability in cell lines established from the chil-
dren of atomic bomb survivors in Japan. The cell lines were
from 64 children from the 50 most heavily exposed families
(combined gonadal equivalent dose of 1.9 Sv) and 50 chil-
dren from control families. Mutations at six minisatellite loci
were studied using the following six probes: Pc-1, §TM-18,
ChdTC15, p8g3, 8MS1, and CEBI1. A total of 28 mutations
were found, but these were at the p8g-3, 8MS-1, and CEB-1
loci only, and there were no mutations at the other three loci.
Twenty-two of these were in the controls (of 1098 alleles
tested; 2%), and six were in children from irradiated parents
(among 390 alleles; 1.5%). Thus, there was no significant
difference in mutation frequencies between the control and
the exposed groups. The use of probes 33.16 and 33.15 in
subsequent work did not alter the above conclusion (Satoh
and Kodaira 1996; Satoh and others 1996).

The discrepancy between the results of Kodaira and col-
leagues, on the one hand, and those of Dubrova and col-
leagues (1996, 1998b, 2000a, 2000b) in the Belarus and
other cohorts discussed earlier appears real. To what extent
this might be due to differences in type and duration of ra-
diation exposure remains unclear. For instance, the A-bomb
survivors were externally exposed to considerable acute
doses of radiation, whereas in the Belarus, Ukraine, and
Semipalatinsk studies the exposures were chronic (both in-

ternal and external). Secondly, in the case of A-bomb survi-
vors, most of their children were born more than 10 years
after the single, acute parental exposure; in Belarus and
Ukraine, however, the affected areas have been irradiated
constantly since the Chernobyl accident. Finally, the Japa-
nese data are derived from families in which most of the
children were born to parents of whom only one had sus-
tained radiation; in the work of Dubrova and colleagues, the
data pertain to children for whom both parents had been ex-
posed to chronic irradiation.

Livshits and colleagues (2001) found that the children of
Chernobyl cleanup workers (liquidators) did not show an
elevated rate of minisatellite mutations compared to a Ukrai-
nian control group. The dose estimate for the liquidators was
<0.25 Gy but is subject to uncertainty (Pitkevich and others
1997), and the main exposure was from external y-irradia-
tion (with a relatively minor contribution from the intake of
radionuclides) received as repeated small daily doses. Inter-
estingly, children conceived within 2 months of the fathers’
employment had a higher mutation rate than those conceived
more than 4 months after the fathers stopped working there.
This would be consistent with an effect on cells undergoing
spermatogenesis, but not on spermatogonial stem cells. How-
ever, none of these differences was statistically significant.

More recently, Kiuru and colleagues (2003) compared the
frequencies of minisatellite mutations among children of 147
Estonian Chernobyl cleanup workers. The comparisons were
within families (i.e., between children born before and after
their fathers were exposed to radiation). The post-Chernobyl
children (n = 155) were conceived within 33 months of their
fathers’ return from Chernobyl; the “control” children were
siblings (n = 148) born prior to the accident. Mutations were
studied at eight minisatellite loci (CEBI, CEB15, CEB25,
CEB36, MS1, MS31, MS32, and B6.7). The estimated mean
dose to the workers was 100 = 60 mSv, with fewer than
1.4% of the cohort receiving more than 250 mSv.

A total of 94 mutations (42 in the pre-Chernobyl group
and 52 in the post-Chernobyl group) were found at the eight
tested loci. Within-family (i.e., pre- and post-Chernobyl)
comparisons of mutation rates showed that the post-
Chernobyl children had a slightly but not significantly higher
mutation rate (0.042 per band) than the pre-Chernobyl chil-
dren (0.035 per band) with an odds ratio of 1.33 (95% CI:
0.80, 2.20). The available data do not permit an assessment
of the extent to which differences in paternal age might have
contributed to this difference. When the cleanup workers
were subdivided according to their radiation doses, the mu-
tation rate in children born to fathers with recorded doses of
200 mSv, showed a nonsignificant increase relative to their
siblings; at lower doses there was no difference.

Weinberg and colleagues (2001) screened children born
in families of cleanup workers (currently either in Ukraine
or Israel) for new DNA fragments (‘mutations’) using
“multisite DNA fingerprinting.” In contrast to the results of
Livshits and colleagues (2001), they reported a sevenfold
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increase in mutation rate in these children compared to those
conceived before the Chernobyl accident and external con-
trols. However, the mutants were detected using random
amplified polymorphic DNA-PCR, an unreliable technol-
ogy. These mutants were not validated and had no obvious
molecular basis (Jeffreys and Dubrova 2001).

Studies of Cancer Patients

There are some limited data on minisatellite mutations
detected directly in sperm sampled from cancer patients who
have sustained radiotherapy and/or chemotherapy (Armour
and others 1999; May and others 2000; Zheng and others
2000). All of these studies used the so-called small-pool PCR
approach (SP-PCR) originally developed for the analysis of
spontaneous mutations at human minisatellite loci (Jeffreys
and others 1994). While this method can overcome the small
sample size limitations encountered in pedigree analysis, a
major shortcoming of the SP-PCR approach, compared to
the pedigree approach, is the very large variation in sponta-
neous mutation rates of individual alleles at a single locus.
Although SP-PCR can be used to evaluate the mutation rate
in the same male before and after mutagenic treatment, it
does not allow amplification of very large minisatellite alle-
les (longer than 5 kb), thus restricting mutation scoring to a
subset of relatively small minisatellite sizes.

In the first of these studies (Armour and others 1999),
sperm DNA of two men exposed to the anticancer drugs cy-
clophosphamide, etoposide, and vincristine, plus 2.2 Gy of
X-rays (scattered radiation from mediastinal radiotherapy),
were analyzed for mutations at the MS205 locus known to
have a high germline mutation rate (~0.4—0.7% per gamete).
There were no significant differences in mutation frequen-
cies in the pretherapy and posttherapy samples (11 and 16
months, respectively, in the two individuals). Mutation rates
were 0.38% versus 0.47% in the former and 0.10% versus
0.11% in the latter. It should be noted, however, that in
mouse experiments, cyclophosphamide is mutagenic only in
postmeiotic germ cells, etoposide (a topoisomerase II inhibi-
tor) is mutagenic only in meiotic cells, and vincristine is not
mutagenic, although it is known to prevent the assembly of
tubulin into spindle fibers (Witt and Bishop 1996; Russell
and others 1998).

In the second study (Zheng and others 2000), sperm DNA
from 10 men treated for Hodgkin’s disease (with different
combinations of chemotherapeutic agents plus 2.5 Gy of
abdominal X-rays) were analyzed using the MS205 locus.
Nine patients treated with either vinblastine or adriamycin
and bleomycin did not show any increases in mutation fre-
quency. Vinblastine binds to tubulin and, in mice, results in
aneuploidy but not chromosome breakage or mutations.
Adriamycin is an intercalating agent and an inhibitor of
topoisomerase-II, and in mice, this compound is toxic to
germ cells but does not cause mutations (Witt and Bishop
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1996). Bleomycin, a radiomimetic agent, selectively targets
mouse oocytes, but no mutation induction in male germ cells
has been observed. The only patient treated with pro-
carbazine + oncovin + prednisone (for six cycles with 3—4
week intervals between cycles) showed a slight increase in
mutation frequency (1.14% versus 0.79%). Procarbazine is
known to be mutagenic to mouse spermatogonia.

In the work of May and colleagues (2000), sperm DNA
samples from three seminoma patients who underwent or-
chiectomy and external beam radiotherapy were used to
study induction of mutations at the B6.7 and CEBI loci.
These men received 15 fractions of acute X-irradiation, with
a total testicular dose (from scattered radiation) ranging be-
tween 0.4 and 0.8 Gy. No induced mutations were found.

ANNEX 4G: DOUBLING DOSES ESTIMATED FROM
GENETIC DATA OF CHILDREN OF A-BOMB
SURVIVORS

The most recent DD estimates consistent with the Japa-
nese data are those of Neel and colleagues (1990). These
were expressed as “end-point-specific minimal DDs” ex-
cluded by the data at specified probability levels and “most
probable gametic DD” (note that all of these are for the acute
radiation conditions obtained during the bombings). For ex-
ample, the minimal DDs at the 95% probability level were
the following: 0.05 to 0.11 Sv (F, cancers); 0.18 to 0.29 Sv
(UPO); 0.68 to 1.10 Sv (F, mortality); 1.60 Sv (sex-chromo-
somal aneuploidy), and 2.27 Sv (electrophoretic mutations).
When only UPO, F, cancers, and F; mortality were consid-
ered together, the estimated DD at the 95% probability level
was 0.63 to 1.04 Sv. The comparable estimate for sex chro-
mosomal aneuploidy and electrophoretic mutations consid-
ered together was 2.71 Sv.

The oft-quoted DD range of 1.69 to 2.23 Sv, called the
“most probable gametic DD” by Neel and colleagues, was
obtained by calculating overall spontaneous and induced
“mutation rates” for the above-mentioned five end-points
and obtaining a ratio of these two. The former was estimated
by summing the five individual estimates of spontaneous
rates (which yielded 0.00632 to 0.00835 per gamete) and
the latter, likewise, by summing the individual rates of in-
duction (which yielded 0.00375 per gamete per parental Sv).
The ratio 0.00632-0.00835/0.00375 is the DD range which
is 1.69 to 2.23 Sv. The overall DDs thus calculated were
found to be between 1.69 Sv (i.e., 0.00632/0.00375) and
2.23 Sv (i.e., 0.00835/0.00375) for the acute radiation con-
ditions during the bombings. In these estimates, the limits
reflect biological uncertainties about the parameters, but do
not take into account the additional error inherent in the esti-
mation process itself, which must be relatively large (Neel
and others 1990). With a dose-rate reduction factor of 2
(which was used) for chronic low-LET radiation conditions,
the relevant DD becomes about 3.4 to 4.5 Sv. Note, how-
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ever, that the dose-rate reduction factor traditionally used by
UNSCEAR and the BEIR committees is 3, based on specific
locus mutation experiments with male mice.

For reasons discussed in the main text, the DDs estimated
from these data cannot readily be compared with those used
by UNSCEAR and the BEIR committees. However, the re-
sults with one indicator of damage used in the Japanese stud-
ies, namely, untoward pregnancy outcome, which includes
stillbirths, congenital abnormalities, and early neonatal
deaths, permit a crude comparison with the risk of congeni-
tal abnormalities estimated in this report. The rate of induc-
tion defined by the regression coefficient for UPO is (26.4 +
27.7) X 10~* per parental sievert, compared to the background
risk of 500 x 10~* assumed in the calculations. The risk of
congenital abnormalities (estimated from mouse data in this
document) is 60 X 10~ per Gy~! for acute X-irradiation, com-
pared to the background risk (human data) of 600 x 10,
Considering the uncertainties involved in both of these esti-
mates, one can conclude that they are of the same order.

The other end points—namely, F; mortality, F, cancers,
sex chromosomal aneuploidy, and electrophoretic mobility
or activity mutations—that have been used in the Japanese
studies have not been used in this report and so do not lend
themselves to comparisons. It should be noted that the first

two of the above (i.e., F; mortality, F, cancers) are multifac-
torial traits (similar to UPO), and their responsiveness to an
increase in mutation rate will depend on the magnitude of
the mutation-responsive component, which is quite small, as
Neel and colleagues point out. Consequently, the rates of
induced genetic damage underlying these traits are expected
to be small, and increases will be undetectable with the avail-
able sample sizes at the relatively low radiation doses (about
0.4 Sv) sustained by most of the survivors.

The reasons for the lack of significant effects on sex chro-
mosomal aneuploidy and electrophoretic mutations are dif-
ferent. There is no evidence from mouse studies that radia-
tion is capable of inducing chromosomal nondisjunction (the
principal basis for the origin of sex chromosomal aneup-
loidy). Since radiation is a poor inducer of point mutations, a
priori one would not expect electrophoretic mutations to be
induced by radiation to any great extent as they are known to
be due to base-pair changes. Null enzyme mutations would
be expected to be induced, but they are unlikely to be found
at the low dose levels experienced by most survivors. Con-
sequently, it is not surprising that the DD estimates of Neel
and colleagues for these end points (1.60 Sv for sex-chro-
mosomal aneuploids and 2.27 Sv for electrophoretic muta-
tions) are higher than those for the other end points.
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INTRODUCTION

Epidemiology is the study of the distribution and deter-
minants of disease prevalence in man (MacMahon and oth-
ers 1960). Epidemiologists seek to describe the populations
at risk and to discover the causes of diseases. This entails
quantification of the risk of disease and its relationship to
known or suspected causal factors. In radiation epidemiol-
ogy, exposure to radiation is the factor of primary interest,
and epidemiologists seek to relate risk of disease (primarily
cancer) to different levels and patterns of radiation expo-
sure. Epidemiologic studies have been of particular impor-
tance in assessing the potential human health risks associ-
ated with radiation exposure.!

As part of the study of the causes of disease, epidemiolo-
gists measure factors that are suspected of leading to its de-
velopment. A basic comparison used in radiation epidemiol-
ogy is to measure the rate of a specific disease among persons
who have been exposed to radiation and among persons who
have not. The two rates are compared to assess whether they
are similar or are different. A logical extension of this basic
mode of comparison is to stratify the exposed subjects on the
basis of amount (dose) of radiation in order to assess whether
disease rates vary with dose, that is, whether there is a dose-
response relationship.

If the rates of a disease are essentially the same in the
exposed and unexposed groups, there is said to be no asso-
ciation between radiation exposure and disease. This does
not necessarily mean that in all populations at all times, ra-
diation is not related to the disease, but it does mean that in
this population at this time, sufficient evidence does not ex-
ist for an association between radiation and disease. If the
disease rate is higher among those exposed to radiation, there
is a positive association. If the disease rate is higher among
the unexposed group, there is a negative (inverse) associa-
tion between radiation exposure and disease.

1See Glossary for definition of specific epidemiologic terms.
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Epidemiologists use the term “risk” in two different ways
to describe the associations that are noted in data. Relative
risk is the ratio of the rate of disease among groups having
some risk factor, such as radiation, divided by the rate among
a group not having that factor. Relative risk has no units
(e.g., 75 deaths per 100,000 population per year + 25 deaths
per 100,000 per year = 3.0). Excess relative risk (ERR) is
the relative risk minus 1.0 (e.g., 3.0 — 1.0 = 2.0). Absolute
risk is the simple rate of disease among a population (e.g., 75
per 100,000 population per year among the exposed or 25
per 100,000 per year among the nonexposed). Absolute risk
has the units of the rates being compared. Excess absolute
risk (EAR) is the difference between two absolute risks (e.g.,
(75 per 100,000 per year) — (25 per 100,000 per year) = 50
per 100,000 per year). If the rates of disease differ in the
exposed and unexposed groups, there is said to be an asso-
ciation between exposure and disease. None of these mea-
sures of risk is sufficient to infer causation. A second step in
data analysis is necessary to assess whether or not the risk
factor is simply a covariate of a more likely cause.

In modeling the relation between radiation exposure and
disease, either the ERR or the EAR may be used. In addition,
the estimated dose of radiation exposure is integrated into
the models, so that estimation is made of the ERR or EAR as
a function of dose. Relative risk and ERR have certain math-
ematical and statistical advantages and may be easier to un-
derstand for small risks, but absolute risk and EAR are more
closely related to the burden of disease and to its impact on
the population. Thus, each type of measure has its advan-
tages, and each is used in this report.

Having assessed whether or not there is evidence of an
association between radiation exposure and a disease in the
population of interest, the next task of the epidemiologist is
to assess whether noncausal factors may have contributed to
the association. An association might not represent a causal
link between radiation and disease, but rather could be due
to chance, bias, or error. It should be noted that chance can
never be ruled out as one possible explanation for an asso-
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ciation that is observed in epidemiologic data, although the
probability may be extremely small.

Having judged that an association in a population under
study cannot be demonstrated to have occurred because of
error or bias, an investigator computes a measure of associa-
tion that takes into account any relevant differences between
the exposed and the unexposed group. Also it is usual to
quantify the uncertainty in a measured association by calcu-
lating an interval of possible values for the true measure of
association. This confidence interval describes the range of
values most likely to include the true measure of association
if the statistical model is correct. It always is possible that
the true association lies outside the confidence interval ei-
ther because the model is incomplete or otherwise in error or
because a rare event has occurred (with rare defined by the
probability level, commonly 5%).

Another step in assessing whether radiation exposure
may be the cause of some disease is to compare the results
of a number of studies that have been conducted on popula-
tions that have been exposed to radiation. If a general pat-
tern of a positive association between radiation exposure and
a disease can be demonstrated in several populations and if
these associations are judged not to be due to confounding,
bias, chance, or error, a conclusion of a causal association is
strengthened. However, if studies in several populations pro-
vide inconsistent results and no reason for the inconsistency
is apparent, the data must be interpreted with caution. No
general conclusion can be made that the exposure is a cause
of the disease.

An important exercise is assessing the relation between
the dose of exposure and the risk of disease. There is no
question that radiation exposure at relatively high doses has
caused disease and death (NRC 1990; UNSCEAR 2000b).
However, at relatively low doses, there is still uncertainty as
to whether there is an association between radiation and dis-
ease, and if there is an association, there is uncertainty about
whether it is causal or not.

Following is a discussion of the basic elements of how
epidemiologists collect, analyze, and interpret data. The es-
sential feature of data collection, analysis, and interpretation
in any science is comparability. The subpopulations under
study must be comparable, the methods used to measure ex-
posure to radiation and to measure disease must be compa-
rable, the analytic techniques must ensure comparability,
and the interpretation of the results of several studies must
be based on comparable data.

COLLECTION OF EPIDEMIOLOGIC DATA

Types of Epidemiologic Studies

Research studies are often classified as experimental or
observational depending on the manner in which the levels
of the explanatory factors are determined. When the levels
of at least one explanatory factor are under the control of the
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investigator, the study is said to be experimental. An ex-
ample is a clinical trial designed to assess the utility of some
treatment (e.g., radiation therapy). When the levels of all
explanatory factors are determined by observation only, the
study is observational. If treatment is assigned by a random
process, the study is experimental. The majority of studies
relevant to the evaluation of radiation risks in human popu-
lations are observational. For example, in the study of
atomic bomb survivors, neither the conditions of exposure
nor the levels of exposure to radiation were determined by
design.

Two basic strategies are used to select participants in an
observational epidemiologic study that assesses the associa-
tion between exposure to radiation and disease: select ex-
posed persons and look at subsequent occurrence of disease,
or select diseased persons and look at their history of expo-
sures. A study comparing disease rates among exposed and
unexposed persons, in which exposure is not determined by
design, is termed a “cohort” or a “follow-up” study. A study
comparing exposure among persons with a disease of inter-
est and persons without the disease of interest is termed a
“case-control” or “case-referent” study.

Randomized Intervention Trials

Intervention trials are always prospective—for example,
subjects with some disease are enrolled into the study, and
assignment is made to some form of treatment according to
a process that is not related to the basic characteristics of the
individual patient (Fisher and others 1985). In essence, this
assignment is made randomly so that the two groups being
studied are comparable except for the treatment being evalu-
ated. Random is not the same as haphazard; a randomizing
device must be used, such as a table of random numbers, a
coin toss, or a randomizing computer program. However,
random assignment does not guarantee comparability. The
randomization process is a powerful means of minimizing
systematic differences between two groups (“confounding
bias”) that may be related to possible differences in the out-
come of interest such as a specific disease. Further, blinded
assessment of health outcome will tend to minimize bias in
assessing the utility of alternative methods of treatment.
Another important aspect of randomization is that it permits
the assessment of uncertainty in the data, generally as p-
values or confidence intervals. Intervention trials related to
radiation exposure are conducted with the expectation that
the radiation will assist in curing some disease. However,
there may be the unintended side effect of increasing the
risk of some other disease.

Although a randomized study is generally regarded as the
ideal design to assess the possible causal relationship be-
tween radiation and some disease in a human population,
there are clearly ethical and practical limitations in its con-
duct. There must be the expectation that in the population
under study, radiation will lead to an improvement in health
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status relative to any alternative treatment. Such studies are
usually conducted with patients who need therapeutic inter-
vention; randomly selected patients may be treated with ra-
diation and some other form of treatment or with different
types or doses of radiation. In these trials the sample size is
relatively small and the follow-up time is relatively short.
Therefore, most studies to assess the long-term adverse out-
comes of exposure to therapeutic radiation, are, of necessity
cohort studies.

Cohort Studies

Cohort studies may be retrospective or prospective. In a
retrospective cohort study of a population exposed to radia-
tion, participants are selected on the basis of existing records
such as those maintained by a company or a hospital (e.g.,
radiation badge records). These records were made out at
the time an individual was working or treated and thus may
be used as the historical basis for classification as a member
of the exposed cohort. In a prospective cohort study, partici-
pants are selected on the basis of current and expected future
exposure to radiation, and exposure information is measured
and recorded as time passes. In both types of cohort study,
the members of the study population are followed in time
for a period of years, and the occurrence of new disease is
measured. In a retrospective cohort study, the follow-up has
already occurred, while in a prospective cohort study, the
follow-up extends into the future. Many studies that are ini-
tiated as retrospective cohort studies become prospective as
time passes and follow-up is extended.

The information available in a retrospective cohort study
is usually limited to what is available from the written
record. In general, members of the cohort are not contacted
directly, and information on radiation exposure and disease
must come from other sources. Typically, information on
exposure comes from records that indicate the nature and
amount of exposure that was accumulated by a worker or by
a patient. On occasion, all that is available is the fact of ex-
posure, and the actual dose may be estimated based on
knowledge of items such as the X-ray equipment used
(Boice and others 1978).

Information on disease also must come from records such
as medical records, insurance records, or vital statistics.
Cancer mortality is readily evaluated by retrospective co-
hort studies, because cancer registries exist in a number of
countries or states and death from cancer is fairly reliably
recorded.

Most studies that have followed patients treated with
therapeutic radiation are retrospective cohort studies. Series
of patients are assembled from medical and radiotherapy
records, and initial follow-up is done from the date of
therapy until some arbitrary end of follow-up. Patients
treated as long ago as the 1910s have been studied to assess
the long-term effects of radiation therapy (Pettersson and
others 1985; Wong and others 1997a).
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The information available in a prospective cohort study is
potentially much greater than that available in a retrospec-
tive cohort study. Exposure is contemporaneous and may be
measured forward in time, and members of the cohort may
be contacted periodically to assess the development of any
new disease. Direct evaluation of both exposure and disease
may be done on an individual basis, with less likelihood of
missing or incomplete information due to abstracting records
compiled for a different purpose.

The follow-up of survivors of the Japanese atomic bomb
explosions is largely prospective, although follow-up did not
begin until 1950 (Pierce and others 1996). Exposure assess-
ment was retrospective and was not based on any actual
measurement of radiation exposure to individuals. Recon-
struction of the dose of radiation exposure is an important
characteristic of this study, and improvements in dose esti-
mation continue to the present with a major revision of the
dosimetry published in early 2005 (DS02).

The primary advantage of a retrospective cohort study is
that time is compressed. If one wishes to evaluate whether
radiation causes some disease 20—40 years after exposure, a
retrospective study can be completed in several years rather
than in several decades. The primary disadvantage of a ret-
rospective cohort study is that limited information is avail-
able on both radiation exposure and disease. The primary
advantage of a prospective cohort study is that radiation ex-
posure and disease can be measured directly. The primary
disadvantage is that time must pass for disease to develop.
This leads to delay and expense. Most studies in radiation
epidemiology are retrospective cohort studies.

Case-Control Studies

Case-control studies may be prospective or retrospective.
The cases are those individuals with the disease being
studied. Cases in a retrospective case-control study are usu-
ally selected on the basis of existing hospital or clinic records
(i.e., the cases are “prevalent”). In a prospective case-control
study, the cases are “incident,” that is, they are selected at
the time their disease was first diagnosed. Controls are
usually nondiseased members of the general population,
although they can be persons with other diseases, family
members, neighbors, or others.

After the cases and controls have been identified, it is
necessary to determine which members of the study popula-
tion have been exposed to radiation. Usually, this informa-
tion is obtained from interviewing the cases and the controls.
However, if the case or control is deceased or unable to re-
spond, exposure information may come from a relative or
from another proxy.

The information available in case-control studies usually
is less reliable than that collected in cohort studies. For ex-
ample, consider the accuracy of dietary history for the past
year versus that of a year from several decades in the past.
Exposure information may be available only from interview
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of the study subjects and therefore be less reliable than reli-
ance on contemporary records. There may be differential
recall of exposure to radiation depending on case or control
status, which leads to a lack of comparability in the informa-
tion available. It is rare to be able to quantify the amount of
past exposure in a case-control study. However, in some situ-
ations related to radiation exposure, only data from case-
control studies are available.

The critical differences between a retrospective cohort
study and a case-control study are that subjects in the former
are selected on the basis of exposure category at the start of
the follow-up period and exposure measures are concurrent
with the actual exposure. Conversely, in a case-control study,
subjects and controls are selected on the basis of disease
outcome, and past exposures must be reconstructed.

On occasion in epidemiology, a hybrid study is per-
formed: the “nested” case-control study. A cohort study is
conducted, and subsequently, additional information on ex-
posure is collected for persons with disease and for a sample
of persons without disease. For example, radiation exposure
among persons with a second cancer may be compared to
that among a sample of those without a second cancer.
Nested case-control studies are best thought of as a form of
retrospective cohort study, in that the study population is
initially defined on the basis of exposure rather than of
disease.

In evaluation of the possible health effects of exposure to
ionizing radiation, many of the informative case-control
studies have been nested within cohorts. Exposure measures
in these studies are generally not based on interview data,
but rather on review of available records, sometimes supple-
mented by extensive modeling and calculations. In some
nested studies, the objective is to obtain information on dose
or other factors that would be too expensive to obtain for the
entire cohort. Examples are a case-control study of selected
cancers in women irradiated for cervical cancer to obtain
individual dose estimates (Boice and others 1985); a breast
cancer study of A-bomb survivors to obtain data on repro-
ductive factors through interview (Land and others 1994b);
and a study of lung cancer in Hanford workers to extract
smoking histories from medical records (Petersen and others
1990).

Comparability in Study Design

The design of an epidemiologic study must assume com-
parability in the selection of study participants, comparabil-
ity in the collection of exposure and disease information rel-
evant to each study subject, and comparability of the basic
characteristics of the study subjects. Any lack of comparabil-
ity may undermine inferences about an association between
exposure and disease, so that interpretation is ambiguous or
impossible.

Comparability in a clinical trial ordinarily is straightfor-
ward, because study subjects are assigned randomly to the
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various forms of treatment being evaluated. Random assign-
ment prevents selection on the basis of outcome and pro-
vides the optimum strategy for minimizing differences be-
tween the two groups being studied. Comparability in a
cohort study means that subjects exposed to radiation and
unexposed subjects are enrolled without knowledge of dis-
ease status, that information on disease is obtained without
knowledge of exposure status, and that other factors related
to disease occurrence are not related to exposure status.

Lack of comparability in any of these epidemiologic study
designs may lead to one or another form of bias, which in
turn may minimize or invalidate any information contained
in the data from the study. Three common and potentially
serious forms of bias are selection bias, when enrollment
into a study is dependent on both radiation exposure and
disease status; information bias, when information on dis-
ease or on radiation exposure is obtained differentially from
exposed or from diseased persons; and confounding bias,
when a third factor exists that is related to both radiation
exposure and disease effects.

Selection bias is generally a minor issue in clinical trials
and cohort studies, including retrospective cohort studies. In
a prospective cohort study, disease has not yet occurred, so
there is little possibility of selecting exposed persons on the
basis of their future disease status. Exceptions are rare and
limited to situations in which some preclinical sign or symp-
tom affects selection—for example, when persons volunteer
for one or another intervention because they know that they
are at special risk.

By contrast, selection bias can be a major issue in case-
control studies, because both exposure and disease already
have occurred when the study subjects are enrolled; there is
the danger that persons who are both exposed and diseased
will be overselected to participate in the study. If this occurs,
the data contain invalid information on the true relation be-
tween exposure and disease. Self-selection (volunteering) for
a nonexperimental study can be a particularly potent source
of bias.

An example of selection bias occurred in a study of leu-
kemia among workers at the Portsmouth, New Hampshire,
Naval Shipyard (Najarian and Colton 1978). In an initial
case-control study, persons with leukemia who had been
occupationally exposed to radiation were widely known and
hence more likely to be located and enrolled than were unex-
posed workers with leukemia, and a positive association be-
tween radiation and leukemia was reported. Subsequently,
after an extensive follow-up of all members of the workforce,
no association between radiation exposure and leukemia was
found (Greenberg and others 1985). The initial preferential
selection of diseased workers who were exposed to radiation
led to an erroneous appearance of a positive association be-
tween radiation and leukemia.

Information bias may occur in a clinical trial or a cohort
study if knowledge of exposure is available when informa-
tion on disease is being obtained; there is the possibility that
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disease will be diagnosed more among exposed persons than
among nonexposed persons. For this reason, in obtaining
information on disease among participants, information on
exposure is kept hidden (blinded), so that any error in dis-
ease ascertainment occurs equally among exposed and unex-
posed persons.

Information bias is a major threat in a case-control study
if knowledge of disease is available when information on
exposure is being obtained; there is a possibility that expo-
sure will be ascertained more among diseased persons than
among nondiseased persons. For this reason, in obtaining
information on exposure among participants, information on
disease is kept hidden from the interviewer and, if possible,
from the respondent (blinded), so that any error in exposure
ascertainment occurs equally among diseased and non-
diseased persons. Further protection against information bias
may come from blinding subjects and/or interviewers to the
hypothesis under study.

Information bias as well as selection bias affected the
Portsmouth Shipyard Study (Najarian and Colton 1978). In
the initial case-control study, information on radiation expo-
sure was obtained by interview of relatives of workers with
and without leukemia. Subsequently, it was found that rela-
tives of those with leukemia tended to overreport radiation
exposure, whereas relatives of those without leukemia
tended to underreport exposure (Greenberg and others 1985).

Confounding bias is a basic issue in all epidemiologic
studies where no random assignment of exposure has oc-
curred; this is the usual situation except for randomized clini-
cal trials. No one type of nonexperimental epidemiologic
study is inherently more subject to confounding bias. If in-
formation is available on each factor that is suspected of
being a confounder, confounding bias may be minimized in
a study design by matching on the relevant factors or in data
analysis by stratification or statistical adjustment. However,
if some confounding factor has not been measured, the data
may be wrong. Thus, interpretation of the data must take
into account the possible influence of potential confounding.
Confounding bias is especially troublesome when the asso-
ciation under investigation is weak. In this case, a confounder
has the potential to mask an association completely or to
create an apparent effect. Because the risks associated with
low levels of ionizing radiation are small, confounding bias
is potentially important in low-level radiation studies.

A third factor (other than exposure and disease) can be
confounding only when it is associated with both the expo-
sure and the disease. Association only with exposure or only
with disease is not sufficient for a factor to be confounding.

The so-called healthy worker effect is an example of con-
founding in studies of mortality among occupational groups,
including those employed in the nuclear industry (Monson
1990). Ordinarily, persons who enter the workforce are
healthy, and if mortality among workers is compared to that
among the general population, the workers are found to be at
a relatively low risk. If all members of the workforce were
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exposed to radiation, one interpretation would be that radia-
tion reduces the risk of death.

In a clinical trial, assignment to a type of specific expo-
sure is ordinarily a random process so that, on average, the
two groups being compared are comparable with respect to
possible confounding factors. Thus, in a randomized trial,
confounding—although possible—is less of a concern than
in a cohort or a case-control study.

Statistical Power

An important part of any epidemiologic study is its statis-
tical power (i.e., the probability that under the assumptions
and conditions implicit in the model, it will detect a given
level of elevated risk with a specific degree of significance).
The power of a cohort study will depend on the size of the
cohort, the length of follow-up, the baseline rates for the
disease under investigation, and the distribution of doses
within the cohort, as well as the magnitude of the elevated
risk. Similarly, statistical power in a case-control study de-
pends on the number of cases, the number of controls per
case, the frequency and level of exposure, and the magnitude
of the exposure effect. Statistical power is generally evalu-
ated before a study is conducted. Afterwards it is more use-
ful to refer to statistical precision, which is reflected in the
width of the confidence intervals for risk estimates
(UNSCEAR 2000b).

ANALYSIS OF EPIDEMIOLOGIC DATA

The basic data collected in an epidemiologic study are
data on exposure and data on disease. In the simplest form,
an individual may be exposed or not and may be diseased or
not. Thus, there are four possibilities: exposed and diseased,
exposed and not diseased, not exposed and diseased, or not
exposed and not diseased. Typically, these data are entered
into a “fourfold table” (Table 5-1).

It can be seen that in a study of N individuals, a + b are
exposed, a + ¢ are diseased, and a are both exposed and
diseased. Interest is generally focused on whether a is larger
than expected in relation to the other entries. Mathemati-
cally this is the same as asking whether d is larger than ex-
pected, or whether b or ¢ are smaller than expected. Accu-
rate counts in all four cells are necessary for valid inferences

TABLE 5-1 The Fourfold Table

Disease
Exposure Yes No Total
Yes a b a+b
No c d c+d
Total a+c b+d N
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about whether the disease is associated with the exposure.
The rate of disease among the exposed subjects (R,) is equal
to a/(a + b), and the rate of disease among the unexposed
subjects (R,) is equal to ¢/(c + d).

Measures of Association

Two measures are commonly used to compare the dis-
ease rates between exposed and unexposed subjects. The
relative risk (RR) is the ratio of the two rates; that is,
RR = R/R . The ERR is given by ERR=RR - 1 =
R/R,—1=(R,—R /R, . Theseratios are dimensionless. The
rates can also be subtracted rather than divided. The differ-
ence between R, and R, thatis, R, — R, , is termed the “attrib-
utable risk,” or “risk difference.” It is also referred to as the
excess risk (ER) or the EAR, with the latter terminology
commonly used in radiation epidemiology. The ER and EAR
are often expressed as the number of excess cases or deaths
per person-year (PY) or, for convenience, per 1000 PY.

In radiation studies, information on radiation dose is of-
ten available. Either of the measures, ERR or EAR, can be
expressed per unit of radiation dose. In the simplest situa-
tion, one has exposed and unexposed groups and informa-
tion on the average dose D received by exposed subjects.
The ERR coefficient is then defined as

ERR = (R, - R)/(R D),
and absolute risk coefficient is defined as
EAR = (R, - R )/PY-D,

where PY is the number of person-years of follow-up.

Both measures may depend on variables such as sex, age
at exposure, time since exposure, and age at risk (attained
age). The ERR expresses risk and its dependencies relative
to risk in the unexposed, whereas the EAR expresses risk
and its dependencies independent of risk in the unexposed.
The RR (or ERR) has certain statistical advantages and is the
more commonly used measure for epidemiologic studies,
especially etiologic studies. The EAR is a useful measure for
estimating the burden of risk in a population, including the
dependence of this burden on various factors. Both measures
can be used to estimate absolute lifetime risk as discussed in
Chapters 11 and 12.

In some of the more informative radiation studies, dose
estimates for individual subjects are available. In this case,
more complex statistical regression methods are used to es-
timate the ERR and EAR per unit of radiation dose based on
the assumption of a linear dose-response. These methods
have been used in analyses of data on Japanese A-bomb sur-
vivors and on some medically exposed populations. The
reader should consult Chapters 6 and 7 for further discussion
of this approach.
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Instead of categorizing persons with radiation exposure
as simply being exposed or not, subjects may be categorized
as having high, medium, or no exposure. In this case, there
would be a sixfold table—three rows and two columns. Such
data are of value in assessing whether or not there is a dose-
response relationship between radiation exposure and dis-
ease. If the rate of disease is highest among the most ex-
posed, intermediate in the middle exposure group, and lowest
among those with no exposure, a dose-response relationship
exists. In this report, only data that are of utility to a quanti-
tative assessment of a dose-response relationship between
radiation exposure and disease are included.

For radiation, we are generally interested in going be-
yond just deciding if there is a causal relationship. An im-
portant strength of radiation epidemiology is the availability
of quantitative information on dose. Only by relating effects
to dose can results be compared across studies or used to
predict risks from exposures in other settings.

Tools of Statistical Inference

The second task in data analysis is assessing the statisti-
cal precision of an ERR or other measure of association cal-
culated from data. Statistical estimates calculated from data
are imprecise, or variable, in the sense that replication of the
study (with identical conditions of exposure and levels of
exposure, but with a different random sample of subjects)
would likely result in a different estimate of risk. Thus, it is
important to determine whether the actual observed associa-
tion (e.g., an RR different from 1.0) can be explained by
chance (random variation) alone. In epidemiologic studies
the assessment of precision is usually accomplished via the
calculation of p-values or confidence intervals.

The validity of both p-values and confidence limits rests
on many assumptions about the study design and the data.
Statistical results are often most correct when deviations
from the assumptions are small, that is, the procedures are
“robust.” It is the task of the investigator and any subsequent
analyst to know the assumptions and to ensure that they are
sufficiently close to reality.

Consider a hypothetical replication of the study in which
the true RR is 1.0 (i.e., disease outcome is not related to
exposure). The ERR from the hypothetical replication will
not equal 1.0 exactly, but will vary randomly around the true
value of 1.0. The p-value of the actual study is the probability
that the RR estimated from the hypothetical data is more
extreme in its difference from 1.0 (in either direction) than
the RR estimated from the actual sample. A small p-value
means that it is unlikely that the actual RR was calculated
from data having a true RR of 1.0. In other words, a small
p-value provides evidence that the true RR is different from
1.0; the smaller the p-value, the stronger is the evidence.

The confidence interval and p-value are based on the same
theory; they use the theory in slightly different ways to an-
swer slightly different questions. A p-value is appropriate
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for answering a confirmatory question such as, Is 1.0 a be-
lievable value of RR? A confidence interval is appropriate
for answering an exploratory question, such as, What are the
believable values of RR? Obviously, a confidence interval
lends partial information to the confirmatory question since
values not in the 95% confidence interval are “rejected” at
the significance level of 0.05. The p-value does add addi-
tional information, however, since it provides a degree of
evidence. For example, p-values of .049 and .00000049 pro-
vide quite different measures of the believability of the hy-
pothesis (of RR equal to 1.0, say), even though the 95% con-
fidence interval excludes 1.0 in both cases.

Statistical precision is determined largely by study size
(number of subjects). Larger studies generally result in more
precise estimates. Small effects (RRs near 1.0) are generally
more difficult to detect than large effects, because a confi-
dence interval centered close to 1.0 is likely to include 1.0
unless the sampling variance is small. One consequence is
that very large studies are required to estimate small effects
precisely. This explains in part why risk models cannot be
based exclusively on low-dose studies. The RRs associated
with low doses are close to 1.0 and thus can be estimated
precisely only in very large studies.

Control of Confounding

The third task in data analysis is to assess whether or not
the crude association that is observed in a study is due to
confounding by one or more other factors. For example, in
assessing the relation between radiation and lung cancer, one
should consider whether cigarette smoking is a confounding
factor. Cigarette smoking is a recognized cause of lung can-
cer, and thus there is an association between smoking and
lung cancer. If persons who are exposed to radiation, such as
uranium miners, smoke more than persons who are not ex-
posed, they may have an increased risk of lung cancer just
from the smoking. Thus, unless the analysis deals with smok-
ing as well as radiation, it is possible that an association
between radiation and lung cancer seen in data only reflects
the confounding influence of cigarette smoking.

In data analysis, the simplest way to assess whether or not
confounding is present is to stratify on the confounding fac-
tor. That is, two fourfold tables are set up that relate the
exposure (radiation) to the disease (lung cancer). If it is as-
sumed that all smokers smoke the same, one table contains
data only for smokers and a second table contains data only
for nonsmokers. Within each of these two tables, no con-
founding by smoking is possible.

If it is necessary to control more than one confounding
factor in the analysis of epidemiologic data, it is usual to
construct a multivariate model relating exposure to disease
and controlling for the potential confounding effect of a
number of other factors. For example, sex and age are two
factors that are commonly included in multivariate models.
Such modeling is similar to stratification on a number of
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confounders and summarizing results in a standardized RR
with associated confidence interval.

Linear Relative Risk Model

A model that plays a prominent role in radiation epide-
miology studies is one in which the RR is a linear function
of dose. In its simplest form,

RR(D) = 1 + BD,

where D is dose, RR(D) is the relative risk at dose D, and 3
is the ERR per unit of dose, which is usually expressed in
grays or sieverts. In more complex forms, 3 is allowed to
depend on gender, age at diagnosis, and other variables.

This linear RR model has been used extensively in radia-
tion epidemiology, including studies of A-bomb survivors
(Chapter 6), persons exposed for medical reasons (Chap-
ter 7), and nuclear workers (Chapter 8). The model has
served as the basis of cancer risk estimation by three BEIR
committees (NRC 1988, 1990, 1999), by the 2000
UNSCEAR committee (2000b), and by the National Insti-
tutes of Health (NIH 2003). It also plays an important role
in developing the BEIR VII committee’s cancer risk esti-
mates (Chapter 12). The linear model has been chosen be-
cause it is supported by radiobiological models (Chapter 2)
and because it fits the data from most studies (although in
many studies, statistical power is inadequate to distinguish
among different dose-response functions).

In the simplest situation, in which one has exposed and
unexposed groups and information on the average dose D
received by exposed subjects, 3 is estimated by (R, — R,)/
(R,D) as discussed earlier. In many radiation studies, how-
ever, doses for individual subjects are available and more
complex estimation procedures are required to make use of
this information. Preston and colleagues (1991) have devel-
oped the EPICURE software that allows for flexible model-
ing of both relative and absolute risks, including the fitting
of linear RR models.

Prentice and Mason (1986) and Moolgavkar and Venzon
(1987) discuss inferences based on the linear RR model and
note that the distribution of the maximum likelihood
estimate of B may be highly skewed, and that confidence
intervals based on the estimates of the asymptotic standard
error (Wald method) can be seriously misleading. Re-—pa-
rameterizing the model as B = exp(cr) is sometimes helpful
but does not allow for the possibility that 3 or its lower con-
fidence bound may be negative. Another difficulty is that,
to ensure that the RR is nonnegative, it is necessary to con-
strain the parameter B to be larger than —1/D,,;,y, Where
Dyax 1s the maximum dose in the study. These problems
may be particularly severe in studies of nuclear workers,
where dose distributions are highly skewed and estimates of
B are often very imprecise. For this reason, tests and confi-
dence intervals in nuclear worker studies have sometimes
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been based on the likelihood ratio, or on score statistic ap-
proximations, or on computer simulations (Gilbert 1989),
which can lead to intervals that are not symmetric on either
a linear or a logarithmic scale. In some situations, especially
in studies with sparse data, the estimate and/or the lower
confidence bound for B may be negative; some investiga-
tors report such findings simply as <O0.

INTERPRETATION OF EPIDEMIOLOGIC DATA

Assessment of Associations

After epidemiologic data have been collected and ana-
lyzed, the associations noted in the data must be interpreted.
The measures of association and of statistical precision that
have been computed have no inherent meaning; they reflect
only the data that have been accumulated in the study. It is
possible that these data have resulted from bias, error, or
chance and thus have no interpretive meaning. A formal
evaluation of the study design and of the methods used to
collect and analyze the data is needed to assess the meaning
of the data.

The first step in the interpretation of data is to assess the
methods used in the study itself. The following questions
must be considered:

* Is there evidence that selection bias has been avoided
in enrolling the study subjects?

* Is there evidence that information bias has been mini-
mized in assessing exposure or disease?

* Is there evidence that the potential confounding influ-
ence of other factors has been addressed?

* Is there evidence for sufficient precision in the mea-
sure of exposure or of disease to permit a reasonable basis
for interpretation?

The possible occurrence of selection bias or of informa-
tion bias may be assessed only by evaluation of the meth-
ods used in data collection. If either of these biases is judged
to have an appreciable likelihood of being important, no
analyses can be conducted to adjust for the error that may
have been introduced. The data must be regarded as unsuit-
able for the purpose at hand. In contrast, potential con-
founding bias can be assessed and usually controlled by
analytic strategies for factors on which information has
been collected. There will always remain factors that have
the potential for confounding but for which no information
is available, including factors that are not even suspected of
being confounders. This does not mean that no interpreta-
tion is possible, but it does mean that some degree of cau-
tion is needed in interpreting any association between radia-
tion exposure and disease.

Chance is always a possible explanation for any associa-
tion (or lack of association) in a scientific study, no matter
how strong or how statistically significant the association.
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The p-value or confidence interval that is computed esti-
mates only the likelihood that chance alone could have ac-
counted for the observed association. The p-value does not
distinguish between a true association and one that is due to
bias or error. Also, interpretation of the likely range of an
association based on its confidence interval reflects only the
play of chance, not of error or bias. In addition, rare events
do happen. Each p-value of the confidence interval should
be examined with some care to determine whether a rare
event is a plausible explanation for the statistical findings.
Interpretation of the results of statistical analysis is as much
an art as a science.

In all epidemiologic studies, measures of exposure and
measures of disease are imprecise. This imprecision is not
considered an error in methodology, but rather an inevitable
occurrence associated with the assessment of observational
data. When errors in measuring disease or exposure are ran-
dom, unrelated to true disease and exposure, and indepen-
dent among subjects, it is usually the case that measures of
association are attenuated. That is, RRs are biased toward
1.0, the case of no association. In radiation epidemiology,
errors in measuring disease (e.g., misdiagnosing cancer) are
not different from disease misclassification problems in
other epidemiology studies. Thus, the effect of disease
misclassification is reasonably well understood. However,
exposure measurement error problems in radiation epidemi-
ology are often unique to radiation studies, and the effect of
such errors generally is less well understood.

For most radiation epidemiology studies, measurements
of exposure were not made at the time of exposure, but
rather have been reconstructed some time after exposure us-
ing available information. For example, exposures for A-
bomb survivors are calculated using sophisticated models
for the spatial intensity of radiation and information about a
subject’s location and local shielding at the time of expo-
sure. It is likely that such measurements contain both ran-
dom and nonrandom components. The effects of random
errors in exposure measurements are reasonably well un-
derstood and include, in general, attenuation of estimated
associations, underestimation of linear risk coefficients, and
possible distortion of the shape of the dose-response rela-
tionship. The severity of these effects generally depends on
the magnitude of the measurement errors (as measured by
their variance) relative to the variability in true exposures.
The effects of nonrandom errors in exposure measurements
are specific to the nature of the error. For example, if a do-
simetry system systematically overestimated exposures by
10%, the dose-response relationship would erroneously be
stretched over a greater range of doses, the slope of the fit-
ted line would be reduced, and linear risk coefficients would
be underestimated by approximately 10%.

A second step in evaluating whether some exposure
causes some disease is to assemble all of the relevant litera-
ture and to display all of the data that are regarded as rel-
evant and of adequate quality. On occasion, a so-called meta-
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analysis is conducted in which there is a quantitative sum-
marization of the data. Such an analysis is not a necessary
step and in fact may not be indicated. Only data from valid
studies may be included in a meta-analysis, and among valid
studies, all studies must contain similar information. In es-
sence, a meta-analysis is a formal rather than an informal
summarization of the epidemiologic literature.

A pooled analysis of data from similar studies is not the
same procedure as a meta-analysis, but rather a useful exten-
sion of basic data analysis. An important tool for obtaining a
broad assessment of the evidence from several studies is to
conduct combined analyses of data from groups of similar
studies. Analyses based on combined data provide tighter
confidence limits on risk estimates than analyses based on
data from any single study population. To the extent that
biases found in individual studies tend to cancel out, com-
bined analyses may help to reduce bias that results from con-
founding and other potential sources of bias. Such analyses
also help to determine if differences in findings among stud-
ies are truly inconsistent or are simply the result of chance
fluctuations. The application of similar methodology to data
from all populations, in addition to the presentation of re-
sults in a comparable format, facilitates comparison of re-
sults from different studies.

A third step in interpretating epidemiologic data is to
compare the results of an individual study with those of simi-
lar studies. The goal of such an exercise is to reach a judg-
ment about whether, in general, it may be concluded that
under certain conditions, an exposure causes a disease.

The so-called Bradford Hill criteria are the standard crite-
ria used to assess whether the general epidemiologic litera-
ture on some exposure or some disease provides sufficient
information to judge causality (Hill 1966). These criteria
have been expanded, reduced, revised, and reinterpreted by
countless authors to meet their special needs, but the core
idea remains—use rational operational criteria to judge evi-
dence from observational studies. A revised version of the
Hill criteria follows:

» Consistency—An association is seen in a variety of set-
tings.

* Specificity—The association is well defined rather than
general.

o Strength—The association is high or low rather than
close to 1.0.

* Dose-response—The higher the exposure, the higher is
the rate of disease.

o Temporal relationship—The exposure occurs before
the disease.

BEIR VII

» Coherence—The association is believable based on in-
formation from other scientific disciplines.

o Statistical significance—The association is statistically
significant or not.

Each of these criteria should be considered in assessing
whether an association between exposure and disease can be
judged to be causal. Except for temporal relationship, there
need not be evidence for each of these criteria.

With respect to the use of the Hill criteria in assessing the
association between exposure to ionizing radiation and
health outcome, they are of limited current value for human
cancer. lonizing radiation at high doses is acknowledged to
be a cause of most relatively common human cancers (IARC
2000). The presence of a dose-response relationship for
many cancers is considered strong evidence for a causal re-
lationship. For less common cancers and for diseases other
than cancer, there are not sufficient data to apply the Hill
criteria. TARC (2000) notes: “A number of cancers, such as
chronic lymphocytic leukaemia, have not been linked to ex-
posure to x or 7y rays.”

Assessment of Dose-Response Relationships

As noted above, evaluation of a dose-response relation-
ship is one of the Hill criteria to be applied in assessing
whether or not an association is judged to be causal. With
respect to providing a risk estimate for low-dose, low-linear
energy transfer radiation in human subjects, other informa-
tion is necessary. Specifically, one needs relatively accurate
information for individuals on dose from ionizing radiation,
as well as a relatively complete measure of the incidence of
or mortality from diseases. To date, the data from the survi-
vors of the atomic bomb in 1945 in Hiroshima and Nagasaki
have been the primary source of such information. The Ra-
diation Effects Research Foundation has been responsible
for estimating the exposure of individuals and for measuring
the incidence and mortality of cancer and other diseases.

One of the primary tasks of this committee has been to
evaluate the data that are available from studies of popula-
tions exposed to medical radiation, occupational radiation,
and environmental radiation so as to assess whether infor-
mation on dose-response associations from these data
sources can be assembled and to evaluate whether such in-
formation can be compared to that obtained from the popula-
tions exposed to radiation from the atomic bombs. Chapters
7, 8, and 9 address these studies.
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Atomic Bomb Survivor Studies

INTRODUCTION

The Life Span Study (LSS) cohort consists of about
120,000 survivors of the atomic bombings in Hiroshima and
Nagasaki, Japan, in 1945 who have been studied by the Ra-
diation Effects Research Foundation (RERF) and its prede-
cessor, the Atomic Bomb Casualty Commission. The cohort
includes both a large proportion of survivors who were
within 2.5 km of the hypocenters at the time of the bombings
and a similar-sized sample of survivors who were between 3
and 10 km from the hypocenters and whose radiation doses
were negligible. The LSS cohort has several features that
make it uniquely important as a source of data for develop-
ing quantitative estimates of risk from exposure to ionizing
radiation. The population is large, not selected because of
disease or occupation, has a long follow-up period (1950-
2000), and includes both sexes and all ages at exposure,
allowing a direct comparison of risks by these factors.

Doses are reasonably well characterized and cover a use-
ful range. Doses are lower than those usually involved in
medical therapeutic exposures, but many survivors were ex-
posed at doses that are sufficiently large to estimate risks
with reasonable statistical precision. In addition, the cohort
includes a large number of survivors exposed at low doses,
allowing some direct assessment of effects at these levels.
The exposure is a whole-body exposure, which makes it pos-
sible to assess risks for specific cancer sites and to compare
risks among sites. Because of the use of the Japanese family
registration system, mortality data are virtually complete for
survivors who remained in Japan. High-quality tumor regis-
tries in both Hiroshima and Nagasaki allow the study of site-
specific cancer incidence with reasonably reliable diagnos-
tic data. In addition, the LSS cohort is probably less subject
to potential bias from confounding than many other exposed
cohorts because a primary determinant of dose is distance
from the hypocenter, with a steep gradient of dose as a func-
tion of distance. Finally, special studies involving subgroups
of the LSS have provided clinical data, biological measure-
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ments, and information on potential confounders or effect
modifiers.

The LSS also has limitations, which are important to con-
sider in using and interpreting results based on this cohort.
The subjects were Japanese and exposed under wartime con-
ditions and, in this sense, differ from various populations for
which risk estimates are desired. To be included in the study,
subjects had to survive the initial effects of the bombings,
including the acute effects of radiation exposure, and it is
possible that this might have biased the findings. Dose esti-
mates are subject to uncertainty, especially that due to survi-
vor location and shielding. The cohort provides no informa-
tion on dose-rate effects since all exposure is at high dose
rates. Estimates of linear risk coefficients tend to be driven
by doses that exceed 0.5 Gy; although estimates based only
on survivors with lower doses can be made, their statistical
uncertainty is considerably greater than those that include
survivors with higher doses. Even at higher doses, data are
often inadequate for evaluating risks of cancers at specific
sites, especially those that are not common (although, for
many site-specific cancers, the LSS provides more informa-
tion than any other study).

Because of its many advantages, the LSS cohort of A-
bomb survivors serves as the single most important source
of data for evaluating risks of low-linear energy transfer
radiation at low and moderate doses. This chapter describes
the LSS cohort and presents findings for leukemia and for
solid cancers as a group. The most recent major publications
on cancer mortality (Preston and others 2003) and incidence
(Preston and others 1994; Thompson and others 1994) are
emphasized, but papers addressing special issues such as the
shape of the dose-response function are also considered.
Results for cancers of specific sites, including results from
the three publications just noted, are discussed along with
material from various special studies. Risks from in utero
exposure are discussed separately. Although cancer is the
main late effect that has been demonstrated in the A-bomb
survivor studies, several studies have addressed the effects
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of radiation exposure on other health outcomes including
benign tumors and mortality from causes of death other than
cancer. These are discussed at the end of the chapter. In gen-
eral, the committee has summarized papers on cancer inci-
dence, cancer mortality, and noncancer mortality in the LSS
cohort that have been published since BEIR V (NRC 1990).

This chapter is based on published material and does not
include results of analyses conducted by the committee,
which are described in Chapter 12. At the time of this writ-
ing, detailed analyses of mortality data covering the period
1950-1997 and of incidence data covering the period 1958—
1987 had been published. The committee’s analyses were
based on the most recent DS02 dosimetry system, whereas
most of the published analyses described in this chapter were
based on the earlier DS86 dosimetry system (see discussion
of dosimetry below for further comment). Preston and col-
leagues (2004) recently evaluated the impact of changes in
dosimetry on cancer mortality risk estimates using mortality
data through 2000; these results are summarized in the dis-
cussion of dosimetry.

DESCRIPTION OF THE COHORT

The full LSS cohort consists of approximately 120,000
persons who were identified at the time of the 1950 census.
It includes 93,000 persons who were in Hiroshima or
Nagasaki at the time of the bombings and 27,000 subjects
who were in the cities at the time of the census but not at the
time of the bombings. This latter group has been excluded
from most analyses since the early 1970s because of incon-
sistencies between their mortality rates and those for the re-
mainder of the cohort.

Health End Point Data

Data on health end points are obtained from several
sources. Vital status is updated in 3-year cycles through the
legally mandated Japanese family registration system in
which deaths, births, marriages, and divorces are routinely
recorded. This ensures virtually complete ascertainment of
death regardless of where individual subjects reside in Ja-
pan. Death certificates provide data on the cause of death.
The Leukemia Registry has served as a resource for leuke-
mia and related hematological disease (Brill and others 1962;
Ichimaru and others 1978). In the 1990s, it became possible
to link data from both the Hiroshima and the Nagasaki tumor
registries to the LSS cohort, which allows the evaluation of
cancer incidence (Mabuchi and others 1994). An advantage
of the registry data, in addition to the inclusion of nonfatal
cancers, is that diagnostic information is of higher quality
than that based on death certificates. Both tumor registries
employ active approaches for case ascertainment and provide
high-quality data from 1958 onward. Published analyses
based on these data cover the period 1958—1987 (Thompson
and others 1994). Limitations of the incidence data are that
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they are not available before 1958 and do not include sub-
jects who have migrated from Hiroshima or Nagasaki.!

The Adult Health Study (AHS) is a resource for data on
health end points that require clinical data. The AHS cohort
is a 20% subsample of the LSS, oversampled to provide
greater representation of subjects in high-dose categories.
Since 1958, AHS subjects have been invited to participate in
biennial comprehensive health examinations at RERF. The
level of participation has been between 70 and 85% for those
living in the Hiroshima and Nagasaki areas (Ron and others
1995a).

Dosimetry

Most results presented in this chapter were based on the
dosimetry system adopted in 1986 (DS86). The committee’s
analyses, described in Chapter 12, are based on the revised
DSO02 system, adopted in 2004. The DS02 system is the re-
sult of a major international effort to reassess and improve
survivor dose estimates. This effort was initiated because
reports in the early 1990s on thermal neutron activation mea-
sured in exposed material (e.g., Straume and others 1992;
Shizuma and others 1993) were interpreted as suggesting
that the then-current survivor dosimetry system (DS86)
might systematically underestimate neutron doses for
Hiroshima survivors who were more than about 1 km from
the hypocenter. However, the revised estimates of neutron
dose do not differ greatly from the DS86 estimates. The new
dosimetry system also introduces improved methods for the
computation of y-radiation doses and better adjustments for
the effects of external shielding by factory buildings and lo-
cal terrain features.

Preston and colleagues (2004) analyzed mortality data on
solid cancer and on leukemia using both DS86 and DS02
dose estimates. They found that both the risk per sievert for
solid cancer and the curvilinear dose-response for leukemia
were decreased by about 10% by the dosimetry revision.
They also found that parameters quantifying the modifying
effects of gender, age at exposure, attained age, and time
since exposure were changed very little by the revision.

Table 6-1, based on Preston and colleagues (2003), shows
the distribution of survivors in the LSS cohort by their esti-
mated DS86 doses to the colon. The dose to the colon is
taken to be the y-ray absorbed dose to the colon plus the
neutron absorbed dose to the colon times a weighting factor
10. This weighted dose is denoted by d, and its unit sieverts;?
such estimates were available for 86,572 survivors. The

! Analyses of cancer incidence data have included an adjustment of per-
son-years to account for migration (Sposto and Preston 1992).

2Use of the symbol Sv for the unit of d is an extension of the convention
to use sievert as a special name of the unit joules per kilogram (J/kg) with
regard to the effective dose or the equivalent organ doses (i.e., the dose
quantities that contain the radiation weighting factor recommended by ICRP
1991).
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TABLE 6-1 Number of Subjects, Solid Cancer Deaths, and Noncancer Disease Deaths by Radiation Dose

DS86 Weighted Colon Dose (Sv)*

Total 0 (<0.005) 0.005- 0.1 0.1-0.2 0.2-0.5 0.5-1.0 1.0-2.0 2.0
Number of subjects 86,572 37,458 31,650 5,732 6,332 3,299 1,613 488
Solid cancer deaths (1950-1997) 9,335 3,833 3,277 668 763 438 274 82
Noncancer disease deaths (1950-1997) 31,881 13,832 11,633 2163 2,423 1,161 506 163

4These categories are defined using the estimated dose to the colon, obtained as the sum of the y-ray dose to the colon plus 10 times the neutron dose to the

colon.

SOURCE: Based on data from Preston and others (2003).

37,458 survivors (43%) with doses less than 0.005 Sv were
primarily survivors who were located more than 2.5 km from
the hypocenter. Only 2101 (2.4%) had doses exceeding 1 Sv.
Table 6-1 also shows the number of solid cancer deaths and
noncancer disease deaths in the period 1950-1997.

STATISTICAL METHODS

The material in the sections that follow draws heavily on
results presented by Thompson and colleagues (1994) and
Preston and colleagues (1994, 2003). Here, features of the
statistical methods that were used for most analyses in these
papers are described. Readers should consult the source pa-
pers for details. In nearly all cases, analyses were based on
Poisson regression using the AMFIT module of the com-
puter software EPICURE (Preston and others 1991).

Most recent analyses have been based on either excess
relative risk (ERR)3 models, in which the excess risk is ex-
pressed relative to the background risk, or excess absolute
risk (EAR)* models, in which the excess risk is expressed as
the difference in the total risk and the background risk. The
age-specific instantaneous risk is given either by

Me,s,a,b) [1 + ERR(s,e,a,t,d)] (6-1)

or
Me,s,a,b) + EAR(s,e,a,t,d) (6-2)
where A denotes the background rate at zero dose and de-

pends on city (c), sex (s), attained age (a), and birth year (b),
and the excess may depend on sex (s), age at exposure (e),

3The ERR is the rate of disease in an exposed population divided by the
rate of disease in an unexposed population minus 1.0.

4The EAR is the rate of disease in an exposed population minus the rate
of disease in an unexposed population.

attained age (a), and time since exposure (f). Not all vari-
ables are included in all models; in fact, any two of the vari-
ables e, ¢, and a determine the third. Parametric models are
used for the ERR and EAR. The most recent analyses of
solid cancer mortality (Preston and others 2003) have been
based on models of the form

ERR or EAR = p(d) g, exp (Ye) a". (6-3)

Earlier analyses (Thompson and others 1994; Pierce and oth-
ers 1996) were based primarily on ERR models of the form

ERR = p(d) gs EXP (ve). (6-4)

The function p(d) is usually taken to be a linear or linear-
quadratic function of dose, although threshold and categori-
cal (nonparametric) models have also been evaluated. With
the linear function, p(d) = B, and B, is the excess relative
risk per sievert (ERR/Sv), which provides a convenient sum-
mary statistic. The parameters y and 1| measure the depen-
dence of the ERR/Sv on age at exposure and attained age.

Preston and colleagues (2003) and Thompson and col-
leagues (1994) used parametric models for the background
risks. Some past analyses, such as those by Pierce and co-
workers (1996) treated the background risk in ERR models
by including a separate parameter for each category defined
by city, sex, age at risk, and year. Thompson and colleagues
did not fit EAR models; however, average EARs were esti-
mated by dividing the estimated number of excess cancers
by the total person-year-Sv.

Analyses of leukemia are based on bone marrow dose;
analyses of the combined category of all solid cancers are
based on colon dose; and analyses of site-specific cancers
are based on specific organ doses. Dose is expressed in
sieverts and is a weighted dose obtained as the sum of the
dose of y-radiation and 10 times the neutron dose. This ap-
proach is based on the assumption of a constant relative bio-
logical effectiveness (RBE) of 10 for neutrons. In most
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analyses, the kerma> doses are truncated at 4 Gy, equivalent
to truncating organ doses at 3 Gy. Analyses by Preston and
colleagues (2003) and by Pierce and colleagues (1996) were
adjusted for random errors in doses using an approach de-
scribed by Pierce and colleagues (1990) and based on the
assumption of a coefficient of variation of 35% for the error
in individual dose estimates. This adjustment generally in-
creases estimated risk coefficients by about 10%. Earlier
papers, such as analyses by Thompson and