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Preface

BACKGROUND a}nd dose-rate effec;tivenc_e;s factor, reIaFive biologic effec-
tiveness, genomic instability, and adaptive responses) and
This is the seventh in a series of reports from the Nationalappropriate methods to develop etiologic models (favoring
Research Council (NRC) prepared to advise the U.S. gov-simple as opposed to complex models) and estimate popula-
ernment on the relationship between exposure to ionizingtion detriment; (4) assess the current status and relevance to
radiation and human health. In 1996 the National Academyrisk models of biologic data and models of carcinogenesis,
of Sciences (NAS) was requested by the U.S. Environmentaiincluding critical assessment of all data that might affect the
Protection Agency to initiate a scoping study preparatory to shape of the response curve at low doses, in particular, evi-
a new review of the health risks from exposure to low levels dence for or against thresholds in dose-response relation-
of ionizing radiations. The main purpose of the new review ships and evidence for or against adaptive responses and ra-
would be to update the Biological Effects of lonizing Radia- diation hormesis; (5) consider, when appropriate, potential
tion V (BEIR V) report (NRC 1990), using new information target cells and problems that might exist in determining dose
from epidemiologic and experimental research that has accuto the target cell; and (6) consider any recent evidence re-
mulated during the 14 years since the 1990 review. Analysisgarding genetic effects not related to cancer. In performing
of those data would help to determine how regulatory bodiesthe above tasks, the committee should consider all relevant
should best characterize risks at the doses and dose ratefata, even if obtained from high radiation exposures or at
experienced by radiation workers and members of the gen-high dose rates.
eral public. BEIR VIINPhase 1 was the preliminary survey With respect to modeling, the committee will (1) develop
to evaluate whether it was appropriate and feasible to con-appropriate risk models for all cancer sites and other out-
duct a BEIR VIINPhase 2 study. The Phase 1 study deter- comes for which there are adequate data to support a quanti-
mined that it was appropriate and feasible to proceed to Phastative estimate of risk, including benign disease and genetic
2. The Phase 1 studidealth Effects of Exposure to Low effects; (2) provide examples of specific risk calculations
Levels of lonizing Radiations: Time for Reassessment? based on the models and explain the appropriate use of the
published in 1998, also provided the basis for the Phase Zisk models; (3) describe and define the limitations and un-

Statement of Task that follows. certainties of the risk models and their results; (4) discuss
the role and effect of modifying factors, including host (such
BEIR V|l PHASE 2 STATEMENT OF TASK as individual susceptibility and variability, age, and sex),

environment (such as altitude and ultraviolet radiation), and

The primary objective of the study is to develop the best life-style (such as smoking history and alcohol consump-

possible risk estimate for exposure to low-dose, low linear tion) factors; and (5) identify critical gaps in knowledge that
energy transfer (LET) radiation in human subjects. In order should be filled by future research.

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 ON THE HEALTH EFFECTS OF LOW LEVELS OF
and establish principles on which quantitative analyses OfLOW-LET IONIZING RADIATION

low-dose and low-dose-rate effects can be based, including
requirements for epidemiologic data and cohort characteris- In the 15 years since the publication of the previous BEIR
tics; (3) consider relevant biologic factors (such as the dosereport on low-LET radiation (BEIR V), much new informa-

WHAT HAS CHANGED SINCE THE LAST BEIR REPORT

Vii
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viii PREFACE

tion has become available on the health effects of ionizingfrom any apparent or potential conflict of interest. The work
radiation. Since the 1990 BEIR V report, substantial new of the committee was conducted with the assistance of the
information on radiation-induced cancer has become avail-Board of Radiation Effects Research of the Division on Earth
able from the Hiroshima and Nagasaki survivors, slightly and Life Sciences.
less than half of whom were alive in 2000. Of special impor-  The committee held 11 meetings over a period of
tance are cancer incidence data from the Hiroshima and.5 years. The long duration of the committee was due
Nagasaki tumor registries. The committee evaluated nearlylargely to a period of reduced activity while awaiting
13,000 incidences of cancer and approximately 10,000 cancompletion of the update of the dosimetry and exposure esti-
cer deaths in contrast to fewer than 6000 cancer deaths availnates to atomic bomb survivors of Hiroshima and Nagasaki,
able to the BEIR V committee. Also, since completion of the Japan (the so-called DS02: Dosimetry System 2002).
1990 report, additional evidence has emerged from studies Six of the meetings included participation of the public
of the Hiroshima and Nagasaki atomic bomb survivors sug-for a portion of the meeting, and five of the meetings were
gesting that other health effects, such as cardiovascular diseonducted exclusively in executive session. Each meeting
ease and stroke, can result from radiation exposure. included extensive deliberations involving the committee as
A major reevaluation of the dosimetry at Hiroshima and a whole; in addition, two major subcommittees were formed
Nagasaki has recently been completed that lends more certhat were termed ObiologyO and Oepidemiology.O Dr. Monson
tainty to dose estimates and provides increased confidenceonvened the epidemiology sessions and Dr. Cleaver con-
in the relationship between radiation exposure and the healtlvened the biology sessions. Also, a number of loosely orga-
effects observed in Japanese A-bomb survivors. Additionalnized and nonpermanent working groups were formed to
new information is also available from radiation worker stud- discuss the many issues before the committee. This enabled
ies, medical radiation exposures, and populations with envi-biologists and nonbiologists to work together and evaluate
ronmental exposures. each otherOs work.
Although the cancer risk estimates have not changed
greatly since the 1990 report, confidence in the estimates ha%JRGANIZATION OF THE REPORT
risen because of the increase in epidemiologic and biologi-
cal data available to the committee. As noted under its STATEMENT OF TASK, the com-
Progress has also been made since the 1990 report in amitteeOs focus was to develop the best possible risk estimate
eas of science that relate to the estimation of genetic (heredifor exposure to low-dose, low-LET radiation in human sub-
tary) effects of radiation. In particular, (1) advances in hu- jects. Accordingly, Chapters 1D4 discuss basic aspects of
man molecular biology have been incorporated into the radiation physics and radiation biology, including the known
conceptual framework of genetic risk estimation, and (2) it interaction between radiation exposure and genetic material,
has become possible to project risks for all classes of geneticellular structures, and whole organisms. Chapters 5D9 dis-
diseasesi., those with more complex as well as simple cuss basic principles of epidemiology as well as substantive
patterns of inheritance). data relating to exposure from the atomic bombs, medical
Advances in cell and molecular biology have also con- radiation, occupational radiation, and environmental radia-
tributed new information on the mechanisms through which tion. Chapters 10012, to the extent possible, integrate the
cells respond to radiation-induced damage and to the closenformation from biology and epidemiology and develop risk
associations between DNA damage response and cancer destimates based on this information. Three summary sec-

velopment. tions provide different levels of description of the report.
Chapter 13 is an overall scientific summary and lays out the
ORGANIZATION OF THE STUDY research needs identified by the committee. The Executive

Summary is an abbreviated and reorganized version of Chap-
The NRC appointed a committee comprised of scientistster 13 that provides an overview of the report. The Public
and educators. Some had particular expertise in conductingsummary addresses the findings of the committee and the
research on ionizing radiation, while others were experi- relevance of the report to public concerns about exposure to
enced in fields relevant to the committeeOs charge. The NR®nizing radiation.
vetted all potential members to ensure that each was free
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Reviewers

This report has been reviewed in draft form by persons Chris G. Whipple, ENVIRON International Corporation,
chosen for their diverse perspectives and technical expertise Emeryville, CA
in accordance with procedures approved by the National
Research CouncilOs Report Review Committee. The pur- Although the reviewers listed above have provided many
poses of this review are to provide candid and critical com- constructive comments and suggestions, they were not asked
ments that will assist the institution in making the published to endorse the conclusions or recommendations, nor did they
report as sound as possible and to ensure that the report meedse the final draft of the report before its release. The review
institutional standards of objectivity, evidence, and respon- of this report was overseen by George M. Hornberger, Ernest
siveness to the study charge. The review comments and draftl. Ern Professor of Environmental Sciences and Associate
manuscript remain confidential to protect the integrity of the Dean for the Sciences, University of Virginia, and John C.
deliberative process. We wish to thank the following for their Bailar Ill, Professor Emeritus, University of Chicago. Ap-
participation in the review of this report: pointed by the National Research Council, they were respon-
sible for making certain that an independent examination of
Seymour Abrahamson, University of Wisconsin, Madison, this report was carried out in accordance with institutional

Wi procedures and that all review comments were carefully con-
John F. Ahearne, Sigma Xi, The Scientific Research sidered. Responsibility for the final content of this report

Society, Research Triangle Park, NC rests entirely with the authoring committee and the National
Allan Balmain, University of California, San Francisco, Research Council.

CA

Michael Cornforth, University of Texas, Galveston, TX

James F. Crow, University of Wisconsin, Madison, WI
John Easton, University of Chicago Hospitals, Chicago, IL GENERAL ACKNOWLEDGMENTS

Eric J. Hall, Columbia University College of Physicians The committee thanks the directors and staff of the Ra-
and Surgeons, New York, NY diation Effects Research Foundation (RERF), Hiroshima,
Richard D. Hichwa, University of lowa, lowa City, IA Japan, for providing the most current Life Span Study data
Hedvig Hricak, Memorial Sloan-Kettering Cancer Center, on the Japanese atomic bomb survivors. These data continue
New York, NY to be the primary source of epidemiologic information on
Glenn F. Knoll, University of Michigan, Ann Arbor, Ml the relationship between exposure to ionizing radiation and
Jack S. Mandel, Emory University Rollins School of its effects on human health. In particular, Dr. Donald Pierce
Public Health, Atlanta, GA was especially helpful in communication between RERF and
John P. Murnane, University of California, San Francisco, the committee; he also added his insightful experience to the
CA work of the committee.
Hooshang Nikjoo, National Aeronautics and Space The committee was aided in the consideration of its
Administration, Houston, TX charge not only by comments from the public but also by
Jonathan M. Samet, Johns Hopkins University, Baltimore, formal presentations by experts from a number of fields. The
MD following presentations were made as part of the public por-

Susan S. Wallace, University of Vermont, Burlington, VT  tion of the meetings (in order of appearance):
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Colorado State University
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John Ward, Ph.D.

University of California, San Diego

Differences between ionizing radiation-induced DNA
damage and endogenous oxidative damage

Antone Brooks, Ph.D.
Washington State University Tri-cities

Overview of projects funded by the Department of Energy

low-dose program

Charles Land, Ph.D.

National Institutes of Health (NIH)

National Cancer InstituteOs update of the 1985 NIH
Radioepidemiologic Tables

L.B. Russell, Ph.D.

Oak Ridge National Laboratory

Early information derived from radiation-induced
mutations in mice

R. Chakraborty, Ph.D.

University of Texas School of Public Health

Mini- and microsatellite mutations and their possible
relevance for genetic risk estimation

Allan Balmain, Ph.D.

University of California, San Francisco

High- and low-penetrance genes involved in cancer
incidence

REVIEWERS

Al Fornace, Ph.D.
Harvard School of Public Health
Functional genomics and informatics approaches to

categorize radiation response

Steve Wing, Ph.D.
University of North Carolina
Relevance of occupational epidemiology to radiation risk

assessment

Edward Calabrese, Ph.D.
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her assistance in the preparation of this manuscript. We thank
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Units Used to Express Radiation Dose

Radiation exposures are measured in terms of the quanthat differs from the quality factor and the radiation weight-
tity absorbed dosevhich equals the ratio of energy imparted ing factor, is employed in these computations. The unit
to the mass of the exposed body or organ. The unit of absievert is likewise used with this quantity.
sorbed dose is joules per kilogram (J/kg). For convenience Whenever the nature of the quantity is apparent from the
this unit has been given the special name gray (Gy). context, the terndoseis used equally in this report fab-

lonizing radiation can consist of electromagnetic radia- sorbed doseequivalent doseeffective doseandweighted
tion, such as X-rays or gamma raysdys), or of subatomic  dose With regard to risk assessment, reference is usually to
particles, such as protons, neutrons, arfghrticles. X- and the equivalent dose¢o specified organs or to thedfective

-rays are said to be sparsely ionizing, because they producdose The unit sievert is then used, although absorbed dose
fast electrons, which cause only a few dozen ionizationsand equivalent dose are equal for low-LET radiation. In ex-
when they traverse a cell. Because the rate of energy transfgserimental radiation biology and radiotherapy, exact speci-
is calledlinear energy transfe(LET), they are also termed fication of absorbed dose is required and the dose values are
low-LETradiation; low-LET radiations are the subject of this frequently larger than in radiation protection considerations.
report. In contrast, the heavier particles are termglotLET With reference to those fields, therefore, use is made of ab-
radiations because they transfer more energy per unit lengttsorbed dose and the unit is gray.

as they traverse the cell. The Public Summary refers to radiation protection, and

Since the high-LET radiations are capable of causingthe dose therefore is given as sieverts throughout that chap-
more damage per unit absorbed dose, a weighted quantityter (for a more complete description of the various dose quan-
equivalent doseor its average over all orgaesfective dose tities and units used in this report, see the Glossary and the
is used for radiation protection purposes. For low-LET ra- table below).
diation,equivalent dosequalsabsorbed dosd-or high-LET
radiationNsuch as neutronsparticles, or heavier ion par-
ticlesN equivalent doser effective dosequals thebsorbed TABLE 1 Units of Dose
dosemultiplied by a factor, theguality factoror theradia-

tion weighting facto(see Glossary), to account for their in- i@ Symbol  Conversion Factors

creased effectiveness. Since the weighting factor for radia-

tion quality is dimensionless, the unit@juivalent dosés Becquerel (SI)  Bq 1 disintegration/s = % 70P11Cj

also joules per kilogram. However, to avoid confusion be- Curie Ci 3.7x 1010 disintegrations/s = 3.% 10'°Bq

ray (SI) Gy 1 J/kg = 100 rads

tween the two dose quantities, the special name sievert (Svgad o 0.01 Gy = 100 erglg

has been introduced for use wituivalent dosendeffec- Sievert (SI) Sv 1 J/kg = 100 rem

tive dose Rem rem 0.01 Sv
Although the BEIR VII report is about low-LET radia-

tion, the committee has had to consider information derivedNOTE: Equivalent dose equals absorbed dose @rgsality factor). Gray

from complex exposuresNespeciaIIy from atomic bomb ra- ?s the special name of the uniF (J/kg) to be used Wit_h absqrbed dose; sievert

diationNthat include a high-LET contribution in addition to is the special name of the unit (J/kg) to be used with equivalent dose.

low-LET radiation. Aweighted dosewith a weight factor dnternational Units are designated SI.

Xi
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Public Summary

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

This summary describes:

The health effects of low levels of ionizing radiation are
important to understand. lonizing radiationNthe sort found
in X-rays or gamma ray#lis 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

) exposure,
due to other causes. These facts are just some of the many ¥ scenarios illustrating how peole miaht be exposed to
that make it difficult to characterize the effects of ionizing 9 peop 9 P

L ionizing radiation above background levels,
radiation at low levels. 4
. . .. ¥ evidence for adverse health effects such as cancer and
Despite these challenges, a great deal about this topic i

well understood. Specifically, substantial evidence exists%ered'tary dlseasez
. ST S ¥ the BEIR VII risk models,
that exposure to high levels of ionizing radiation can cause . . .
. L .~ ¥ what bodies of research the committee reviewed,
illness or death. Further, scientists have long known that in . .
e oo - : ¥ why the committee has not accepted the view that low
addition to cancer, ionizing radiation at high doses causes L . .
o . evels of radiation might be substantially more or less harm-
mental retardation in the children of mothers exposed to ra- S
L . : ful than expected from the model used in this BEIR report,
diation during pregnancy. Recently, data from atomic bomb
) , an
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 oHOW IONIZING RADIATION WAS DISCOVERED
publications from the National Academies concerning radia-
tion health effects, referred to as the Biological Effects of

¥ how ionizing radiation was discovered,

¥ how ionizing radiation is detected,

¥ units used to describe radiation dose,

¥ what is meant by low doses of ionizing radiation,

¥ exposure from natural ObackgroundO radiation,

¥ the contribution of man-made radiation to public

¥ the committeeOs conclusions.

Low levels of ionizing radiation cannot be seen or felt, so
lonizing Radiation (BEIR) reports. This report, BEIR VI, the fact that people are cpnstantly exposed to radiation is not
focuses on the health effects of low levels of low linear en- ysqa_lly app‘f’“e.”t- _SC|ent|sts began to detgct the presence of

ionizing radiation in the 189Csln 1895, Wilhelm Conrad

ergy transfer (LET) ionizing radiation. Low-LET radiation Roentgen was investigating an electrical discharge gener-
deposits less energy in the cell along the radiation path and is 9 gating 9¢ 9

considered less destructive per radiation track than high-LETa.tecj in a paper-wrapped glass tube from which most OT the
o . : . air had been evacuated. The free electrons generated in the
radiation. Examples of low-LET radiation, the subject of this

Ovacuum tube,O which were then called cathode rays, were

IX-rays are man-made and generated by machines, whereas gamma rays———
occur from unstable atomic nuclei. People are continuously exposed to 2Health Physics Society. Figures in Radiation Histotty://www.hps.org.
gamma rays from naturally occurring elements in the earth and outer spaceSeptember 2004.

1
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in themselves a form of radiation. Roentgen noted that whenDally . . .3 Today, radiation is one of the most thoroughly
the electrons were being generated, a fluorescent screen onstudied potential hazards to humans, and regulatory stan-
nearby table began to glow. Roentgen theorized that invis-dards have become increasingly strict over the years in an
ible emissions from the cathode-ray tube were causing theeffort to protect human health.

fluorescent screen to glow, and he termed these invisible

e_missions X-rays. The electrons produced by the eIectric_aIHOW IONIZING RADIATION IS DETECTED

discharge had themselves produced another form of radia- ) o o )

tion, X-rays. The next major discovery occurred when Henri The detection of ionizing radiation has greatly |mpr0ved
Becquerel noted that unexposed photographic plates storedince the days of Roentgen, Becquerel, and the Curies. lon-
in a drawer with uranium ore were fogged. He concluded izations can be detected accurately by Geiger counters and
that the fogging was due to an invisible emission emanatingOther devices. Because the efficiency of the detector is
from the uranium atoms and their decay products. This known, one can determine not only the location of the radia-
turned out to be naturally occurring radiation emanating from tion, but also the amount of radiation present. Other, more
the uranium. Marie and Pierre Curie went on to purify ra- sophisticated detectors can evaluate the OsignatureO energy

dium from uranium ore in BecquerelOs laboratory, and inSPectrum of some radiations and thus identify the type of
subsequent years, many other forms of radiation includingradiation.
neutrons, protons, and other particles were discovered. Thus,
within a period of several years in the 1890s, man-made andJNITS USED TO DESCRIBE RADIATION DOSE
naturally occurring radiation were discovered. - L . .
RoentgenOs discovery of X-rays resulted in the eventual I_on.|2|ng radiation can be in the for_m of electromagnetic
invention of X-ray machines used to image structures in theradlayon, S.UCh as X-rays ofrays, or in the form of SUb.'
human body and to treat health conditions. Adverse healthatomlc parnclgs, such as _proton.s, neutrons, alph.a part|clc_es,
effects of high levels of ionizing radiation exposure became a}nd peta particles. Radlatllon units can be confusing. Radia-
= . : tion is usually measured in dose units called grays (Gy) or
apparent shortly after these initial discoveries. High doses to . : AN
L . ._sieverts (Sv), which are measures of energy deposited in liv-
radiation workers would redden the skin (erythema), and th|sin tissue. X- and-ravs are said to have low LET. Low-LET
rough measure of radiation exposure was called the Oskin g tissue. s are ' .
erythema dose.O The use of very large doses, primitive dor_adlatlon p_roduces |0n|_za_t|ons sparsely throughout a cell; N
simetry (dose measurement) such as the skin e,rythema dOScontrast, high-LET radiation transfers more energy per unit
and the fact that many of these early machines were not Welréngth as it traverses the cell and is more destructive per unit
. : o : ength.
shielded led to high radiation exposures both to the patients . . .
and to the persons administering the treatments. The devel-. Although th|_s BEIR VII report 'S about. low LET rad@
opment of chronic, slow-healing skin lesions on the hands c)ftlon, the committee has considered some information derived
early radiologists and their assistants resulted in the loss o rg¢ ;?(;nfol \(/av)-(LeEXfc;zllJJrr?:Sesth;:ti n;c_:ll-ug_? cr)?c::]ai\)t(lgg :;%T;t:ggg'
extremities in some cases. These incidents were some of th  ~diation from hiah-LET a.nd ?OW—LET sources) are often
first indications that radiation delivered at high doses could described in unitsgknown as sievert. The units for low-LET
have serious health consequences. Subsequent studies inre=".~ . : LT .
cent years have shown that early radiologists had a higherradlat|on can be sievert or gray. For simplicity, all dose units

) - in the Public Summary are reported in sieverts (Sv). For a
mortality rate than other health workers. This increased mor- 0 . )
X . . . . L more complete description of the various units of dose used
tality rate is not seen in radiologists working in later years,

presumably due to vastly improved safety conditions result-"" t.hls report, see OUmts_ Used to Express Radiation DoseO
ing in much lower doses to radiologists. which precedes the Public Summary, as well as the terms

The early indications of health effects after high radiation Gray, Sievert, and Units in the glossary.
exposures are too many to chronicle in this Public Summary,
but the committee notes one frequently cited example. iInWHAT IS MEANT BY LOW DOSES OF IONIZING
1896, Thomas Edison developed a fluoroscope that consiste(RADIATION
of a tapered box with a calcium tungstate screen and a view-  or this report, the committee has defined low dose as

?ng port by which physic?ans CQUM view X-ray images. Dur- goses in the range of near zero up to about 100 mSv (0.1 Sv)
ing the course of these investigations with X-rays, Clarenceof jow-LET radiation. The committee has placed emphasis
Dally, one of EdisonOs assistants, developed a degeneratiyg, the lowest doses where relevant data are available. The

skin disease, that progressed into a carcinoma. In 1904, Dallyannyal worldwide background exposure from natural sources
succumbed to his injuries in what may have been the firstgf |ow-LET radiation is about 1 mSv.

death associated with man-made ionizing radiation in the

United States. Edison halted all of his X-ray research noting

that Othe x rays had affected poisonously my assistant, Mr. sjeaith physics Society. Figures in Radiation Histottg://www.hps.org.
September 2004.
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EXPOSURE FROM NATURAL BACKGROUND natural background radiation that is low LET. Figure PS-1
RADIATION illustrates the approximate sources and relative amounts of

Human beings are exposed to natural background radia_h|gh—LET and low-LET radiations that comprise the natural

tion every day from the ground, building materials, air, food, background exposure worldwide. This figure illustrates the

the universe. and even elements in their own bodies. In therelatlve contributions of three natural sources of high-LET

: i .. Ttadiation and three natural sources of low-LET radiation to
United States, the majority of exposure to background ioniz- ;
ing radiation comes from exposure to radon gas and its de-the global population exposure. The _smaller,_detgched S€g-
. ment of the chart represents the relative contribution of low-
cay products. Radon is a colorless, odorless gas that emg-

nates from the earth and, along with its decay products emitsl-_ET radiation sources o the annual background exposure.
a mixture of high- and low-LET radiation. Radon can be he total average annual population exposure worldwide due

to low-LET radiation would generally be expected to be in

hazardous when accumulated in underground areas such : )
poorly ventilated basements. The National Research Coun{iﬁS1e range of 0.2B1.0 mSv, with 0.9 mSv being the present

cil 1999 report,Health Effects of Exposure to Radon estimate of the central value.

(BEIR V1), reported on the health effects of radon, and there-

fore those health effects are not discussed in this report CONTRIBUTION OF MAN-MADE RADIATION TO
Average annual exposures worldwide to natural radiation PUBLIC EXPOSURE

sources (both high and low LET) would generally be ex-

pected to be in the range of 1010 mSv, with 2.4 mSv bemgalso exposed to low- and high-LET radiation from man-made

the present estimate of the central vall. this amount, .._sources such as X-ray equipment and radioactive materials
about one-half (1.2 mSv per year) comes from radon and 't.sused in medicine, research, and industry. A 1987 &ty
Sheecali?égdsut;ttse'sg\;gg?eh; nﬂ?ar:etr)?gkgrrlcq)g\q/()j dixepasu;?tsté?onizing radiation exposure of the population of the United

. gnhtly hig ' P States estimated that natural background radiation comprised
higher average radon levels. After radon, the next h|ghest82% of the annual U.S. population exposure, while man-

ercentage of natural ionizing radiation exposure comes . . ; .
From cosr%ic rays, followed bygterrestrial souFr)ces and C‘)in—made sources contributed 18% (see Figure PS-2, pie chartin
' : }he lower left portion of the figure).

ternalO emissions. Cosmic rays are particles that trave . L
) ; In Figure PS-2, the man-made radiation component (up-
through the universe. The Sun is a source of some of these

particles. Other particles come from exploding stars called per right portion of the figure) shows the relative contribu-
supernO\'/as tions of the various types of man-made radiation to the U.S.

The amount of terrestrial radiation from rocks and soils population” Medical X-rays and nuclear medicine account

varies geographically. Much of this variation is due to dif- for about 79% of the man-made radiation exposure in the
geograp y: United States. Elements in consumer products, such as to-

ferences in radon levels. OlnternalO emissions come fro . o ;
i . : acco, the domestic water supply, building materials, and to
radioactive isotopes in food and water and from the human .
a lesser extent, smoke detectors, televisions, and computer

body itself. Exposures from eating and drinking are due in ;
) . . o screens, account for another 16%. Occupational exposures,
part to the uranium and thorium series of radioisotopes .
. o : fallout, and the nuclear fuel cycle comprise less than 5% of
present in food and drinking wateAn example of a radio- .
. . : the man-made component and less than 1% of the combined
isotope moving through the food chain would be carbon-14 o
background and man-made component. Additional small

(14C), a substance found in all living thing4C is created .
. : L ; amounts of exposure from background and man-made radia-
when cosmic rays collide with nitrogen atof€ combines : o . . )
tion come from activities such as traveling by jet aircraft

with oxygen to create carbon dioxide gas. Plants absorb . L . X
carbon dioxide during photosynthesis, and animals feed on(cosmlc radiationNadd 0.01 mSv for each 1000 miles trav

those plants. In these way4; accumulates in the food chain Zlc?éjz)’ g\(/)lgg rr:]e;\f)aggif,l'f'rr,iirpgﬁ:r ?Jan;(pg?]tse?;z'ggign_
and contributes to the internal background dose from ioniz- ) ! 9 yluggag P

) L ners (add 0.00002 mSv), or living within 50 miles of a
ing radiation.

As mentioned previously, possible health effects of low- nuclear power plant (add 0.00009 mSv).
dose, low-LET radiation are the focus of this BEIR VII re-
port. Because of the OmixedO nature of many radiation
sources, it is difficult to estimate precisely the percentage of

In addition to natural background radiation, people are

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

4United Nations Scientific Committee on the Effects of Atomic Radia- “National Council on Radiation Protection and Measurements. 1987. lon-
tion (UNSCEAR). 2000. Sources and Effects of lonizing Radiation, Vol- izing Radiation Exposure of the Population of the United States. Washing-
ume 1: Sources. New York: United Nations. Table 31, p. 40. ton, DC: NCRP, No. 93.

SUNSCEAR. 2000. Sources and Effects of lonizing Radiation. Reportto  8National Council on Radiation Protection and Measurements Reports
the General Assembly, with scientific annexes. New York: United Nations. #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 &lhaturales o
background radiation (low and high LET). Because this report evaluates the health effects of low-LET radiation, the lowelrEdT e

pie chart is separated to illustrate the relative contributions of the three major sources of low-LET radiation exposurg: BatdRGm
UNSCEAR 2000a.

There are many ways in which an individualOs exposureof disease among asymptomatic adfit€T examinations
to ionizing radiation could vary from the averages. Factors result in higher organ doses of radiation than conventional
that might increase exposure to ionizing radiation include single-film X-rays. This is because CT scanners rotate
(1) increased uses of radiation for medical purposes, (2) oc-around the body, taking a series of cross-sectional X-rays. A
cupational exposure to radiation, and (3) smoking tobaccocomputer compiles these X-ray slices to produce a three-
products? Factors that might decrease radiation exposure dimensional portrait. According to Brenner and Elliston, who
include living at lower altitudes (less cosmic radiation) and estimated both radiation dose and risks from such proce-
living and working in the higher floors of a building (less dures, a single full-body scan results in a mean effective ra-
radon). diation dose of 12 mSW\. These authors write, OTo put this
(dose) in perspective, a typical mammagra .has an ef-

SCENARIOS ILLUSTRATING HOW PEOPLE MIGHTf ive dose of 0.13 mSvNa factor of almost 100 times less.O

EXPOSED TO IONIZING RADIATION ABOVE ccording to Brenner and EllistonOs calculations, Oa 45-year-
BACKGROUND LEVELS old adult who plans to undergo 30 annual full-body CT ex-

aminations would potentially accrue an estimated lifetime
This section provides three scenarios illustrating how cancer mortality risk of 1.9% (almost 1 in 50). Corre-

some people might be exposed to ionizing radiation abovespondingly, a 60-year-old who plans to undergo 15 annual
background levels. These examples are for illustration pur-full-body CT examinations would potentially accrue an esti-
poses only and are not meant to be inclusive. mated lifetime cancer mortality risk of one in 220.0 Citing a
National Vital Statistics Report, Brenner and Elliston note,
Whole-Body Scans for cc_)mpariso_n that, C‘)th.e Iifetime_ od_ds: that an indi\_/idual

born in the United States in 1999 will die in a traffic accident
There is growing use of whole-body scanning by com-

puted tomography (CT) as a way of screening for early signs————
10Full-Body CT Scans: What You Need to Know (brochure). U.S. De-

partment of Health and Human Services. 2003. Accessednatfda.gov/
9National Council on Radiation Protection and Measurements. 1987. cdrh/ct.

Radiation exposure of the U.S. population from Consumer Products and 1!Brenner, D.J., and C.D. Elliston. 2004. Estimated radiation risks po-

Miscellaneous Sources. Bethesda, MD: NCRP, Report No. 95. tentially associated with full-body CT screening. Radiology 232:735D738.
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Fallout ~_Nuclear
204 Fuel Cycle
1%

Occupational
2%

Medical X-rays
58%

Consumer Products ——
16%

Nuclear Medicine

Man-made
radiation
18%

Natural background
radiation
82%

FIGURE PS-2 The pie chart in the lower left portion of the figure shows the contribution of man-made radiation sourcesa{iv@24) rel
natural background radiation (82%) exposure of the population of the United States. Sources of man-made radiation arehedetgipest
right portion of the pie chart. SOURCE: Data from NCRP 1987.

are estimated to be one in 72.6urther information on  tion, the committee recommends studies of infants who ex-

whole-body scans is available from the U.S. Food and Drugperience diagnostic radiation exposure related to cardiac

Administration web sité3 catheterization and of premature infants who are monitored
with repeated X-rays for pulmonary development.

CT Scans Used in Diagnostic Procedures

The use of CT scans in adults experiencing symptoms ofWorklng near lonizing Radiation

illness or injury is widely accepted, and CT scan use has People who work at medical facilities, in mining or mill-
increased substantially in the last several decades. Théng, or with nuclear weapons are required to take steps to
BEIR VII committee recommends that in the interest of ra- protect themselves from occupational exposures to radiation.
diological protection, there be follow-up studies of cohorts The maximum amount of radiation that workers are allowed
of persons receiving CT scans, especially children. In addi-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
2Hoyert, D. L., E. Arias, B.L. Smith, S.L. Murphy, and K.D. Kochanek. exposure limits for a pregnant worker, once pregnancy is
2001. Deaths: Final data for 1999. National Vital Statistics Report USA declared, are more stringent. In practice the guidelines call
49'1]3‘2]1”1_3‘0 dy CT Scans: What You Need to Know (brochure), U.S. De- for Iimitin_g exposures to as low as is reasonably achievable.
partment of Health and Human Services. 2003. Accessguhatfda.gov/ Combined analyses of data from nuclear workers offer an
cdrh/ct opportunity to increase the sensitivity of such studies and to
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provide direct estimates of the effects of long-term, low- dose of radiation (less than 100 mSyv; the definition of low
dose, low-LET radiation. It should be noted however that dose used by this BEIR VIl report). A dosage of 100 mSv is
even with the increased sensitivity, the combined analysesequivalent to approximately 40 times the average yearly
are compatible with a range of possibilities, from a reduction background radiation exposure worldwide from all sources
of risk at low doses to risks twice those on which current (2.4 mSv) or roughly 100 times the worldwide background
radiation protection recommendations are based. 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.
An example of man-made radiation exposures experi- Excess cancers represent the number of cancers above the
enced by large numbers of people in the past is the experifevels expected in the population. In the casénaditero
ence of the U.S. atomic veterans during and after World Warexposure (exposure of the fetus during pregnancy), excess
II. From 1945 to 1962, about 210,000 military and civilian cancers can be detected at doses as low as 18>R8vthe
personnel were exposed directly at a distance to abovegroundadiation doses at which excess cancers occur in the
atomic bomb tests (about 200 atmospheric weapons testsliroshima and Nagasaki studies, solid cariéeshow an
were conducted in this perio#)in general, these exercises, increasing rate with increasing dose that is consistent with a
conducted in Nevada, New Mexico, and the Pacific, were linear association. In other words, as the level of exposure to
intended to familiarize combat teams with conditions that radiation increased, so did the occurrence of solid cancers.
would be present during a potential war in which atomic ~ Major advances have occurred during the last decade in
weapons might be used. As an example, in the series of fiveseveral key areas that are relevant to the assessment of risks
atmospheric tests conducted during Operation UPSHOT-at low radiation doses. These advances have contributed to
KNOTHOLE, individual battalion combat teams experi- greater insights into the molecular and cellular responses to
enced low-LET -ray doses as low as 0.4 mSyv and as high asionizing radiation and into the nature of the relationship be-
31 mSv. This range of exposures would correspond to thetween radiation exposure and the types of damage that un-
equivalent of about five chest X-rays for the lowest-exposedderlie adverse health outcomes. Also, more data on radia-
combat team to approximately 390 chest X-rays for the high-tion-induced cancers in humans have become available since
est-exposed combat team (by assuming a dose from one chette previous BEIR report on the health effects of low-dose,

Veterans Exposed to Radiation Through Weapons Testing

X-ray to be about 0.08 mSv). low-LET radiation, and those data are evaluated in this
report.

EVIDENCE FOR ADVERSE HEALTH EFFECTS SUCH AS

CANCER AND HEREDITARY DISEASE THE BEIR VII RISK MODELS

The mechanisms that lead to adverse health effects afte
exposure to ionizing radiation are not fully understood. lon-
izing radiation has sufficient energy to change the structure  An important task of the BEIR VII committee was to de-
of molecules, including DNA, within the cells of the human velop Orisk modelsO for estimating the relationship between
body. Some of these molecular changes are so complex thaxposure to low levels of low-LET ionizing radiation and
it may be difficult for the bodyOs repair mechanisms to mencharmful health effects. The committee judged that the linear
them correctly. However, the evidence is that only a very no-threshold model (LNT) provided the most reasonable
small fraction of such changes would be expected to result indescription of the relation between low-dose exposure to ion-
cancer or other health effects. Radiation-induced mutationsizing radiation and the incidence of solid cancers that are
would be expected to occur in the reproductive cells of theinduced by ionizing radiation. This section describes the
human body (sperm and eggs), resulting in heritable disease.NT; the linear-quadratic model, which the committee
The latter risk is sufficiently small that it has not been de- adopted for leukemia; and a hypothetical linear model with a
tected in humans, even in thoroughly studied irradiated popu-threshold. It then gives an example derived from the
lations such as those of Hiroshima and Nagasaki. BEIR VII risk models using a figure with closed circles rep-

As noted above, the most thoroughly studied individuals resenting the frequency of cancers in the general population
for determination of the health effects of ionizing radiation and a star representing estimated cancer incidence from ra-
are the survivors of the Hiroshima and Nagasaki atomic
bombs. Sixty-five percent of these survivors received a low

Estimating Cancer Risk

15Doll, R., and R. Wakeford. 1997. Risk of childhood cancer from foetal
B irradiation. Brit J Radiol 70:130D139.
14National Research Council. 2003. A Review of the Dose Reconstruc-  16Solid cancers are cellular growths in organs such as the breast or pros-
tion Program of the Defense Threat Reduction Agency. Washington, DC: tate as contrasted with leukemia, a cancer of the blood and blood-forming
National Academies Predstp://www.nap.edu/catalog/10697.html organs.
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FIGURE PS-3 The committee finds the linear no-threshold (LNT) model to be a computationally convenient starting pointsidctual ri
estimates improve upon this simplified model by using a dose and dose-rate effectiveness factor (DDREF), which is aiveudiifjlisat

ment that results in downward estimation of risk and is roughly equivalent to using the line labeled OLinear No-Threskoktr gim)

The latter is the zero-dose tangent of the linear-quadratic model. While it would be possible to use the linear-quadrdiieathypdile
DDREF adjustment to the linear model is used to conform with historical precedent dictated in part by simplicity of caldul&tiefow-

dose range of interest, there is essentially no difference between the two. Source: Modified from Brenner and tblleagues.

diation exposure using the BEIR VII risk models. Next, tf
section explains how the absence of evidence for indus Q Q O Q Q Q Q O Q Q
adverse heritable effects in the children of survivors
atomic bombs is consistent with the genetic risk estima O Q Q O Q Q Q O Q Q
through the use of the doubling dose method in this repc

At doses less than 40 times the average yearly backgro Q Q Q Q Q O O Q Q O

exposure (100 mSv), st.atistical limitations make it. difficg

gy san s e oot ;. OO OO OOOOOO

ok o st e mhon ever ozt OO OO 0O0O00 00

termed the Oinear no-treshatd model6 see fers O O OO 000 0 @ @
The BEIR VII committee has developed and presented

Chapter 12 the committeeOs best risk estimates for expc ‘ ‘ ' ‘ ‘ ‘ ' ‘ ‘ ‘

to low-dose, low-LET radiation.in human subjects. Aq e

ptietsnmiopamenell X X X XX X X X X
iy tssidonrvolll ¥ X X X X X X X X
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17Brenner, D.J., R. Doll, D.T. Goodhead, E.J. Hall, C.E. Land, J.B. Little, FIGURE PS-4 In a lifetime, approximately 42 (solid circles) of
J.H. Lubin, D.L. Preston, R.J. Preston, J.S. Puskin, E. Ron, R.K. Sachs,loo people will be diagnosed with cancer (calculated from
J.M. Samet, R.B. Setlow, and M. Zaider. 2003. Cancer risks attributable to T able 12-4 of this report). Calculations in this report suggest that
low doses of ionizing radiation: Assessing what we really know. P Natl @pproximately one cancer (star) per 100 people could result from a
Acad Sci USA 100:13761D13766. 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 thatveapons over Hiroshima and Nagasaki in World War 1I.
of the entire U.S. population, the BEIR VII lifetime risk Extensive research programs to examine the adverse genetic
model predicts that approximately 1 person in 100 would beeffects of radiation in the children of A-bomb survivors were
expected to develop cancer (solid cancer or leukemia) fromsoon launched. Other studies focusing on mammals that
a dose of 0.1 Sv above background, while approximately 42could be bred in the laboratoryNprimarily the mouseNwere
of the 100 individuals would be expected to develop solid also initiated in different research centers around the world.
cancer or leukemia from other causes. Lower doses would The aim of the early human genetic studies carried out in
produce proportionally lower risks. For example, the com- Japan was to obtaird&rectmeasure of adverse effects in the
mittee predicts that approximately one individual per thou- children of A-bomb survivors. The indicators that were used
sand would develop cancer from an exposure to 0.01 Sv. Asncluded adverse pregnancy outcomies, (stillbirths, early
another example, approximately one individual per hundredneonatal deaths, congenital abnormalities); deaths among
would be expected to develop cancer from a lifetime (70- live-born infants over a follow-up period of about 26 years;
year) exposure to low-LET, natural background radiation growth and development of the children; chromosomal ab-
(excluding radon and other high-LET radiation). Because of normalities; and specific types of mutations. Specific genetic
limitations in the data used to develop risk models, risk esti-diseases weraot used as indicators of risk, because not
mates are uncertain, and estimates that are a factor of two cgnough was known about them when the studies began.
three larger or smaller cannot be excluded. Theinitial 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
In addition to cancer, radiation exposure has been dem+esponses to radiation-induced mutations. As it turned out,
onstrated to increase the risk of other diseases, particularlynowever, the continuing scarcity of data on radiation-in-
cardiovascular disease, in persons exposed to high therapewtuced mutations in humans and the compelling need for
tic doses and also in A-bomb survivors exposed to morequantitative estimates of genetic risk to formulate adequate
modest doses. However, there is no direct evidence of in-measures for radiological protection necessitated the use of
creased risk of noncancer diseases at low doses, and data amouse data for indirect prediction of genetic risks in hu-
inadequate to quantify this risk if it exists. Radiation expo- mans.
sure has also been shown to increase risks of some benign As in previous BEIR reports, a method termed the Odou-
tumors, but data are inadequate to quantify this risk. bling dose method,O 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
Naturally occurring genetic.€., hereditary) diseases con- those occurring spontaneouslydne generationThe dou-
tribute substantially to illness and death in human popula-bling dose is expressed as a rationaftation rates|t is
tions. These diseases arise as a result of alterations (mutasalculated as a ratio of the average spontaneous and induced
tions) occurring in the genetic material (DNA) contained in mutation rates in a set of genes. A large DD indicates small
the germ cells (sperm and ova) and are heritaleledan be relative mutation risk, and a small doubling dose indicates a
transmitted to offspring and subsequent generations). Amondarge relative mutation risk. The DD used in the present re-
the diseases are those that show simple predictable patterrmort is 1 Sv (1 Gy and derives from human data on spon-
of inheritance (which are rare), such as cystic fibrosis, andtaneous mutation rates of disease-causing genes and mouse
those with complex patterns (which are common), such asdata on induced mutation raf#sTherefore, if three muta-
diabetes mellitus. Diseases in the latter group originate fromtions occur spontaneously in 1 million people in one genera-
interactions among multiple genetic and environmental tion, six mutations will occur per generation if 1 million
factors. people are each exposed to 1 Sv of ionizing radiation, and
Early in the twentieth century, it was demonstrated that three of these six mutations would be attributed to the radia-
ionizing radiation could induce mutations in the germ cells tion exposure.
of fruit flies. These findings were subsequently extended to  More than four decades have elapsed since the genetic
a number of other organisms including mice, establishing studies in Japan were initiated. In 1990, the final results of
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 huma 18For the purposes of this report, when low-LET radiation is considered
populations to ionizing radiation would cause an increase in, 72 equisakfm oLy e :
the frequency of genetic diseases. This concern moved t0 13yNSCEAR. 2001. Hereditary Effects of Radiation. Report to the Gen-
center stage in the aftermath of the detonation of atomiceral Assembly. New York: United Nations.

Health Effects Other Than Cancer

Estimating Risks to Children of Parents Exposed to
lonizing Radiation


http://www.nap.edu/11340

PUBLIC SUMMARY 9

those studies were published. They show (as earlier reportshyroid cancer drew directly on medical studies. Further in-
published from time to time over the intervening years formation was gathered in open sessions of the committee
showed) that there are no statistically significant adverse ef-held at meetings in Washington, D.C., and Irvine, Califor-
fects detectable in the children of exposed survivors, indi- nia. Questions and concerns raised in open sessions were
cating that at the relatively low doses sustained by survivorsconsidered by committee members in writing this report.
(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 stqdlt_as of the ghlldren of those Doses Are Substantially More Harmful Than Estimated by
exposed to high doses of radiation for radiotherapy of can- ;
) ; the Linear No-Threshold Model?

cers have also shown no detectable increases in the frequen-
cies of genetic diseases. Some of the materials the committee reviewed included

During the past 10 years, major advances have occurrecarguments that low doses of radiation are more harmful than
in our understanding of the molecular nature and mecha-a LNT model of effects would suggest. The BEIR VII com-
nisms underlying naturally occurring genetic diseases andmittee has concluded that radiation health effects research,
radiation-induced mutations in experimental organisms in- taken as a whole, does not support this view. In essence, the
cluding the mouse. These advances have shed light on theommittee concludes that the higher the dose, the greater is
relationships between spontaneous mutations and naturallyhe risk; the lower the dose, the lower is the likelihood of
occurring genetic diseases and have provided a firmer scienharm to human health. There are several intuitive ways to
tific basis for inferences on the relationships between in- think about the reasons for this conclusion. First, any single
duced mutations and diseases. The risk estimates presentdhck of ionizing radiation has the potential to cause cellular
in this report have incorporated all of these advances. Theydamage. However, if only one ionizing particle passes
show that at low or chronic doses of low-LET irradiation, through a cell®s DNA, the chances of damage to the cellOs
the genetic risks are very small compared to the baselineDNA are proportionately lower than if there are 10, 100, or
frequencies of genetic diseases in the population. Addition-1000 such ionizing particles passing through it. There is no
ally, they are consistent with the lack of significant adverse reason to expect a greater effect at lower doses from the
effects in the Japanese studies based on about 30,000 chiphysical interaction of the radiation with the cellOs DNA.
dren of exposed survivors. In other words, given the New evidence from biology suggests that cells do not
BEIR VII estimates, one would not expect to see an excesmecessarily have to be hit directly by a radiation track for the
of adverse hereditary effects in a sample of about 30,000cell to be affected. Some speculate that hit cells communi-
children (the number of children evaluated in Hiroshima and cate with nonhit cells by chemical signals or other means. To
Nagasaki). One reason that genetic risks are low is that onlysome, this suggests that at very low radiation doses, where
those genetic changes compatible with embryonic develop-all of the cells in the body are not hit, ObystanderO cells may
ment and viability will be recovered in live births. be adversely affected, resulting in a greater health effect at

low doses than would be predicted by extrapolating the ob-
RESEARCH REVIEWED BY THE COMMITTEE served response at high doses. Others believe tha_t increased
cell death caused by so-called bystander effects might lower

The committee and staff ensured that the conclusions ofthe risk of cancer by eliminating cells at risk for cancer from
this report were informed by a thorough review of published, the irradiated cell population. Although additional research
peer-reviewed materials relevant to the committeeOs formabn this subject is needed, it is unclear at this time whether the
Statement of Task. Specifically, the sponsors of this studybystander effect would have a net positive or net negative
asked for a comprehensive review of all relevant epidemio-effect on the health of an irradiated person.
logic data {.e., data from studies of disease in populations)  In sum, the total body of relevant research for the assess-
related to health effects of low doses of ionizing radiation. In ment of radiation health effects provides compelling reasons
addition, the committee was asked to review all relevant bio-to believe that the risks associated with low doses of low-
logical information important to the understanding or mod- LET radiation are no greater than expected on the basis of
eling of those health effects. Along with the review of these the LNT model.
bodies of literature and drawing on the accumulated knowl-

edge of _|t_s members, t.he committee gnd staff also ConSId_\/Vhy Has the Committee Not Accepted the View That Low
ered mailings, publications, and e-mails sent to them. Dat

on cancer mortality and incidence from the Life Span Stud ‘Doses Are Substantially Less Harmful Than Estimated by

y ; N s
cohort of atomic bomb survivors in Hiroshima and Nagasaki, the Linear No-Threshold Model’

based on improved dose estimates, were used by the com- In contrast to the previous sectionOs subject, some materi-
mittee. The committee also considered radiation risk infor- als provided to the committee suggest that the LNT model
mation from studies of persons exposed for medical, occu-exaggerates the health effects of low levels of ionizing radia-
pational, and environmental reasons. Models for breast andion. They say that the risks are lower than predicted by the

‘Why Has the Committee Not Accepted the View That Low
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LNT, that they are nonexistent, or that low doses of radiationthe cancer rate among children up to [age] 25Tis in-
may even be beneficial. The committee also does not acceptrease was detected at radiation doses in the range of 10 to
this hypothesis. Instead, the committee concludes that the20 mSv.
preponderance of information indicates that there will be  There is also compelling support for the linearity view of
some risk, even at low doses. As the simple risk calculationshow cancers form. Studies in radiation biology show that Oa
in this Public Summary show, the risk at low doses will be single radiation track (resulting in the lowest exposure pos-
small. Nevertheless, the committeeOs principal risk modekible) traversing the nucleus of an appropriate target cell has
for solid tumors predicts a linear decrease in cancer inci-a low but finite probability of damaging the cellOs DNA.O
dence with decreasing dose. Subsets of this damage, such as ionization OspursO that can

Before coming to this conclusion, the committee reviewed cause multiple damage in a short length of DNA, may be
articles arguing that a threshold or decrease in effect doedlifficult for the cell to repair or may be repaired incorrectly.
exist at low doses. Those reports claimed that at very lowThe committee has concluded that there is no compelling
doses, ionizing radiation does not harm human health or mayevidence to indicate a dose threshold below which the risk of
even be beneficial. The reports were found either to be basedumor induction is zero.
on ecologic studies or to cite findings not representative of
theEc;\(/)(Iacr)a[l body_of data. _ . gONCLUSIONS

gic studies assess broad regional associations, an

in some cases, such studies have suggested that the incidence Despite the challenges associated with understanding the
of cancer is much higher or lower than the numbers observedealth effects of low doses of low-LET radiation, current
with more precise epidemiologic studies. When the com- knowledge allows several conclusions. The BEIR VII com-
plete body of research on this question is considered, a conmittee concludes that current scientific evidence is consis-
sensus view emerges. This view says that the health risks ofent with the hypothesis that there is a linear dose-response
ionizing radiation, although small at low doses, are a func- relationship between exposure to ionizing radiation and the
tion of dose. development of radiation-induced solid cancers in humans.

Both the epidemiologic data and the biological data are The committee further judges it unlikely that a threshold
consistent with a linear model at doses where associationgxists for the induction of cancers but notes that the occur-
can be measured. The main studies establishing the healthence of radiation-induced cancers at low doses will be small.
effects of ionizing radiation are those analyzing survivors of The committee maintains that other health effects (such as
the Hiroshima and Nagasaki atomic bombings in 1945. heart disease and stroke) occur at high radiation doses, but
Sixty-five percent of these survivors received a low dose of additional data must be gathered before an assessment can
radiation, that is, low according to the definition used in this be made of any possible connection between low doses of
report (equal to or less than 100 mSv). The arguments forradiation and noncancer health effects. Additionally, the
thresholds or beneficial health effects are not supported bycommittee concludes that although adverse health effects in
these data. Other work in epidemiology also supports thechildren of exposed parents (attributable to radiation-induced
view that the harmfulness of ionizing radiation is a function mutations) have not been found, there are extensive data on
of dose. Further, studies of cancer in children following ex- radiation-induced transmissible mutations in mice and other
posurdn uteroor in early life indicate that radiation-induced organisms. Thus, there is no reason to believe that humans
cancers can occur at low doses. For example, the Oxfordvould be immune to this sort of harm.
Survey of Childhood Cancer found a 040 percent increase in

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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Executive Summary

INTRODUCTION and more limited human data are consistent with the induc-

This report, prepared by the National Research Councilf)gon of a multistage process of cancer development. This pro-

Committee on the Biological Effects of lonizing Radiation cess does not appear to differ from that_ Whlch.apphes 0
(BEIR), is the seventh in a series that addresses the healt pontaneous cancer or to cancers associated with exposure

. 0 other carcinogens.
effects of exposure of human populations to low-dose, low- . : L
. J P - Animal data support the view that low-dose radiation acts
LET (linear energy transfer) ionizing radiation. The current

report focuses on new information available since the 1990&?“;_'32!2 :?fngsi?]r=§tsetf§tzs g; Eu:r;?:llgjt?gszlrs (r'gltlraet;?g'n)
BEIR V report on low-dose, low-LET health effects. 9 ges (p prog

lonizing radiation arises from both natural and man-made are also likely. Although data are limited, the loss of specific

. : enes whose absence might result in animal tumor initiation
sources and at very high doses can produce damaging effec%

oo . S as been demonstrated in irradiated animals and cells.
in tissues that can be evident within days after exposure. At . .

. Adaptation, low-dose hypersensitivity, bystander effect,
the low-dose exposures that are the focus of this report, sos

called late effects, such as cancer, are produced many year%ormeSIS’ and genomic instability are based mainly on phe-

after the initial exposure. In this report, the commitiee has nomenological data with little mechanistic information. The

defined low doses as those in the range of near 0 up to abouqata suggest enhancement or reduction in radiation effects

100 milligray (mGy) of low-LET radiation, with emphasis and in some cases appear to be restricted to special experi-
. } mental circumstances.
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 ratesRadiation-Induced Cancer: Mechanisms, Quantitative
below 0.1 mGy/min, irrespective of total dose, are thought Experimental Studies, and the Role of Molecular Genetics
to be most relevant. Medium doses are defined as doses in -, . . L
excess of 100 MGy up to 1 Gy, and high doses encompass A critical conclusion about mechanisms of radiation tum-
' origenesis is that the data reviewed greatly strengthen the

doses of 1 Gy or more, including the very high total doses . - . i
used in radiotherapy (of the order of 20 to 60 Gy). view that there are intimate links between the dose-dependent

Well-demonstrated late effects of radiation exposure in- induction of DNA damage in cells, the appearance of gene

clude the induction of cancer and some degenerative dis>" chromosomal mutations through DNA damage misrepair,

. : . . and the development of cancer. Although less well estab-
easesd.g, cataracts). Also, the induction of mutations in the . . ;
. ._ lished, the available data point toward a single-cell (mono-
DNA of germ cells that, when transmitted, have the potential - . .
. . clonal) origin of induced tumors. These data also provide
to cause adverse health effects in offspring has been demon= . . o . .
; . . some evidence on candidate radiation-associated mutations
strated in animal studies. . . . .
in tumors. These mutations include loss-of-function DNA
deletions, some of which have been shown to be multigene
EVIDENCE FROM BIOLOGY deletions. Certain point mutat!ons a}n(_j gene ampllflcanons
have also been characterized in radiation-associated tumors,
There is an intimate relationship between responses taout their origins and status are uncertain.
DNA damage, the appearance of gene or chromosomal mu- One mechanistic caveat explored was that novel forms of
tations, and multistage cancer development. Molecular andcellular damage response, collectively termed induced ge-

cytogenetic studies of radiation-associated animal cancersiomic instability, might contribute significantly to radiation

11
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cancer risk. The cellular data reviewed in this report identi- radiation cancer risk would be the most likely source of ma-
fied uncertainties and some inconsistencies in the expresior interindividual differences in radiation response.

sion of this multifaceted phenomenon. However, telomere-
associated mechanishdid provide a coherent explanation
for somein vitro manifestations of induced genomic insta-
bility. The data did not reveal consistent evidence for the

ESTIMATION OF HERITABLE GENETIC EFFECTS OF
RADIATION IN HUMAN POPULATIONS

involvement of induced genomic instability in radiation tu- In addition to the induction of cancers in humans by ra-
morigenesis, although telomere-associated processes magliation, there is evidence for the heritable genetic effects of
account for some tumorigenic phenotypes. radiation from animal experiments. It is now possible to es-

Quantitative animal data on dose-response relationshipgimate risks for all classes of genetic diseases. The advances
provide a complex picture of low-LET radiation, with some that deserve particular attention are the following: (1) intro-
tumor types showing linear or linear-quadratic relationships, duction of a conceptual change for calculating the doubling
while studies of other tumor types are suggestive of a low-dose (from the use of mouse datalioth spontaneous and
dose threshold, particularly for thymic lymphoma and ova- induced mutation rates in 1990 to the use of human data on
rian cancer. However, the induction or development of thesespontaneous mutation rates and mouse data on induced mu-
two cancer types is believed to proceed via atypical mecha+tation rates now; the latter was the procedure used in the
nisms involving cell killing; therefore it was judged that the 1972 BEIR report); (2) elaboration of methods to estimate
threshold-like responses observed should not be generalizednutation component.€., the relative increase in disease fre-
Adaptive responses for radiation tumorigenesis have beerguency per unit relative increase in mutation rate) and use of
investigated in quantitative animal studies, and recent infor-estimates obtained through these methods to assess the im-
mation is suggestive of adaptive processes that increase tupact of induced mutations on the incidence of Mendelian
mor latency but do not affect lifetime risk. and chronic multifactorial diseases; (3) introduction of an

The review of cellular, animal, and epidemiologic or clini- additional factor, the Opotential recoverability correction fac-
cal studies of the role of genetic factors in radiation tumori- tor,0 in the risk equation to bridge the gap between the rates
genesis suggest that many of the known, strongly expressef radiation-induced mutations estimated from mouse data
ing, cancer-prone human genetic disorders are likely to showand the predicted risk of radiation-inducible heritable dis-
an elevated risk of radiation-induced cancer, probably with aeases in humans, and (4) introduction of the concept that
high degree of organ specificity. Cellular and animal studies multisystem developmental abnormalities are likely to be
suggest that the molecular mechanisms that underlie thesamong the principal phenotypes of radiation-induced genetic
genetically determined radiation effects largely mirror those damage in humans.
that apply to spontaneous tumorigenesis and are consistent The risk estimates presented in this report incorporate all
with the knowledge of somatic mechanisms of tumorigen- of the above advances. They show that at low or chronic
esis. In particular, evidence has been obtained that majodoses of low-LET irradiation, the genetic risks are very small
deficiencies in DNA damage response and tumor-supprescompared to the baseline frequencies of genetic diseases in
sor-type genes can serve to elevate radiation cancer risk. the population.

A major theme developing in the study of cancer genetics  The total risk forll classes of genetic diseases estimated
is the interaction and potential impact of more weakly ex- in this report is about 3000 to 4700 cases per million first-
pressing variant cancer genes that may be relatively com-generation progeny per gray. These figures are about 0.4 to
mon in human populations. Knowledge of such gene-gene0.6% of the baseline risk of 738,000 cases per million (of
and gene-environment interactions, although at an earlywhich chronic diseases constitute the predominant compo-
stage, is developing rapidly. The animal genetic data providenentNnamely, 650,000 cases per million). The BEIR V risk
proof-of-principle evidence of how such variant genes with estimates (which did not include chronic diseases) were
functional polymorphisms can influence cancer risk, includ- <2400 to 5300 cases per million first-generation progeny per
ing limited data on radiation tumorigenesis. gray. Those figures were about 5 to 14% of the baseline risk

Given that the functional gene polymorphisms associatedof 37,300 to 47,300 cases per million.
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 polymorph|sms o_f Studies of Atomic Bomb Survivors
DNA damage response genes associated with organ-wide

EVIDENCE FROM EPIDEMIOLOGY

The Life Span Study (LSS) cohort of survivors of the
atomic bombings in Hiroshima and Nagasaki continues to
IMechanisms associated with the structure and function of telomeres,serve as a major source of information for evaluating health

which are the terminal regions of a chromosome that include characteristicliSKS from exposure to ionizing radiation and particularly for
DNA repeats and associated proteins. developing quantitative estimates of risk. The advantages of
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this population include its large size (slightly less than half posures are statistically compatible and in the range 0.190.4
of the survivors were alive in 2000); the inclusion of both per Gy. For breast cancer, both the ERR and the excess abso-
sexes and all ages; a wide range of doses that have bednte risk (EAR) appear to be quite variable across studies. A
estimated for individual subjects; and high-quality mortality pooled analysis of A-bomb survivors and selected medically
and cancer incidence data. In addition, the whole-body ex-exposed cohorts indicated that the EAR for breast cancer
posure received by this cohort offers the opportunity to as-was similar (about 10 per 4person-years ([PY]) per gray
sess risks for cancers of a large number of specific sites anat age 50) following acute and fractionated moderate to high-
to evaluate the comparability of site-specific risks. Special dose-rate exposure despite differences in baseline risks and
studies of subgroups of the LSS have provided clinical data,dose rate. Women treated for benign breast conditions ap-
biological measurements, and information on potential con-peared to be at higher risk, whereas the risk was lower fol-
founders or modifiers. lowing protracted low-dose-rate exposures in hemangioma
Mortality data for the period 195001997 have been evalu-cohorts.
ated in detail. Importantly, cancer incidence data from both  For thyroid cancer, all of the studies providing quantita-
the Hiroshima and the Nagasaki tumor registries becametive information about risks are studies of children who re-
available for the first time in the 1990s. These data not onlyceived radiotherapy for benign conditions. For subjects ex-
include nonfatal cancers, but also offer diagnostic informa- posed below the age of 15, a linear dose-response was seen,
tion that is of higher quality than that based on death certifi- with a leveling or decrease in risk at the higher doses used
cates, which is especially important when evaluating site-for cancer therapy (10+ Gy). An ERR of 7.7 per gray and an
specific cancers. The more extensive data on solid canceEAR of 4.4 per 1OPY per gray were derived from pooled
that are now available have allowed more detailed evalua-analyses of data from medical exposures and atomic bomb
tion of several issues pertinent to radiation risk assessmentsurvivors. Both estimates were significantly affected by age
Analyses evaluating the shape of the dose-response and faat exposure, with a strong decrease in risk with increasing
cusing on the large number of survivors with relatively low age at exposure and little apparent risk for exposures after
doses (less than 0.5 Sv) generally confirm the appropriate-age 20. The ERR appeared to decline over time about
ness of linear functions to describe solid cancer risks. Both30 years after exposure but was still elevated at 40 years.
excess relative risk and excess absolute risk models havtittle information on thyroid cancer risk in relation to medi-
been used to evaluate the modifying effects of sex, age atal iodine-131 1) exposure in childhood was available.
exposure, and attained age. Studies of the effects 84 exposure later in life provide
Health end points other than cancer have been linked withlittle evidence of an increased risk of thyroid cancer.
radiation exposure in the LSS cohort. Of particular note, a For leukemia, ERR estimates from studies with average
dose-response relationship to mortality from nonneoplasticdoses ranging from 0.1 to 2 Gy are relatively close, in the
disease has been demonstrated with statistically significantange 1.9 to 5 per gray, and are statistically compatible. Es-
associations for the categories of heart disease; stroke; antimates of EAR are also similar across studies, ranging from
diseases of the digestive, respiratory, and hematopoietic sysi to 2.6 per 1OPY per gray. Little information is available
tems. However, noncancer risks at the low doses of interesbn the effects of age at exposure or of exposure protraction.
for this report are especially uncertain, and the committee For stomach cancer, the estimates of ERR per gray range
has not modeled the dose-response for nonneoplastic disfrom negative to 1.3. The confidence intervals are wide how-
eases, or developed risk estimates for these diseases. ever, and they all overlap, indicating that these estimates are
statistically compatible. Finally, studies of patients having
undergone radiotherapy for HodgkinOs disease or breast
cancer suggest that there may be some risk of cardiovascular
Published studies on the health effects of medical expo-morbidity and mortality for very high doses and high-dose-
sures were reviewed to identify those that provide informa- rate exposures. The magnitude of the radiation risk and the
tion for quantitative risk estimation. Particular attention was shape of the dose-response curve for these outcomes are
focused on estimating risks of leukemia and of lung, breast,uncertain.
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 (ER#R®) gray Numerous studies have considered the mortality and inci-
from the studies of acute or fractionated high dose-rate ex-dence of cancer among various occupationally exposed
groups in the medical, manufacturing, nuclear, research, and
2The ERR is (the rate of disease in an‘expos_ed population divid_ed by theaw?::gnn:g(sj?isr:;:)er;ative studies are those of nuclear indus-
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 unextty Workers (including the workers of Mayak in the former
posed population. Soviet Union), for whom individual real-time estimates of

Medical Radiation Studies

Occupational Radiation Studies
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doses have been collected over time with the use of personal ¥ Current knowledge of cellular or molecular mecha-
dosimeters. More than 1 million workers have been em- nisms of radiation tumorigenesis tends to support the appli-
ployed in this industry since its beginning in the early 1940s. cation of models that incorporate the excess relative risk pro-
Studies of individual worker cohorts are limited, however, jection over time.
in their ability to estimate precisely the potentially smallrisks ¥ The choice of models for the transport of cancer risk
associated with low levels of exposure. from Japanese A-bomb survivors to the U.S. population is
Combined analyses of data from multiple cohorts offer an influenced by mechanistic knowledge and information on
opportunity to increase the sensitivity of such studies andthe etiology of different cancer types.
provide direct estimates of the effects of long-term, low- ¥ Acombined Bayesian analysis of A-bomb epidemio-
dose, low-LET radiation. The most comprehensive and pre-logic information and experimental data has been developed
cise estimates to date are those derived from the UK Na-o provide an estimation of the dose and dose-rate effective-
tional Registry of Radiation Workers and the Three-Country ness factor (DDREF) for cancer risk estimates reported in
Study (Canada-United Kingdom-United States), which have this study.
provided estimates of leukemia and all cancer risks. In these ¥ Knowledge of adaptive responses, genomic instability,
studies, the leukemia risk estimates are intermediate betweeand bystander signaling among cells that may act to alter
those derived using linear and linear-quadratic extrapolationsradiation cancer risk was judged to be insufficient to be in-
from the A-bomb survivorsO study. The estimate for all corporated in a meaningful way into the modeling of epide-
cancers is smaller, but the confidence intervals are wide andniologic data.
consistent both with no risk and with risks up to twice the ¥ Genetic variation in the population is a potentially im-
linear extrapolation from atomic bomb survivors. portant factor in the estimation of radiation cancer risk. Mod-
Because of the remaining uncertainty in occupational risk eling studies suggest that strongly expressing mutations that
estimates and the fact that errors in doses have not formallypredispose humans to cancer are too rare to distort apprecia-
been taken into account in these studies, the committee conbly population-based estimates of risk, but are a significant
cluded that the risk estimates from occupational studies, al-issue in some medical radiation settings.
though directly relevant to the estimation of effects of low- ¥ Estimation of the heritable effects of radiation takes
dose protracted exposures, are not sufficiently precise toadvantage of new information on human genetic disease and

form the sole basis for radiation risk estimates. on mechanisms of radiation-induced germline mutation. The
application of a new approach to genetic risk estimation leads
Environmental Studies the committee to conclude that low-dose induced genetic
risks are very small when compared to baseline risks in the

Ecological studies of populations living around nuclear
facilities and of other environmentally exposed populations

do not contain individual estimates of radiation dose or _ . : : . . .
epidemiologic, animal, and mechanistic studies tends to fa-

provide a direct quantitative estimate of risk in relation to . : . .
A . . vor a simple proportionate relationship at low doses between
dose. This limits the interpretation of such data. Several co- _.” ° : RS o
radiation dose and cancer risk. Uncertainties in this judg-

hort studies have reported health outcomes among persons .
. - . ment are recognized and noted.

exposed to environmental radiation. No consistent or gener-

alizable information is contained in these studies. Each of the above points contributes to refining earlier
Results from environmental exposures3¥ have been risk estimates, but none leads to a major change in the over-

inconsistent. The most informative findings are from studies all evaluation of the relation between exposure to ionizing

of individuals exposed to radiation after the Chernobyl acci- radiation and human health effects.

dent. Recent evidence indicates that exposure to radiation

from Chernobyl is associated with an increased risk of thy- ESTIMATING CANCER RISKS

roid cancer and that the relationship is dose dependent. The

i . . o As in past risk assessments, the LSS cohort of survivors
guantitative estimate of excess thyroid cancer risk is gener- . . L . .
) . . o of the atomic bombings in Hiroshima and Nagasaki plays a
ally consistent with estimates from other radiation-exposed

populations and is observed in both males and females. IO_principal role in the committeeOs development of cancer risk

dine deficiency appears to be an important modifier of risk estimates. Risk models were developed primarily from can-
. y app . P . ... ' cer incidence data for the period 195801998 and based on
enhancing the risk of thyroid cancer following radiation

DS02 (Dosimetry System 2002) dosimetry, the result of a
exposure. o : 4 .
major international effort to reassess and improve survivor
INTEGRATION OF BIOLOGY AND EPIDEMIOLOGY dose e;tlmates. Data from studies involving medical anq
occupational exposure were also evaluated. Models for esti-
The principal conclusions from this work are the mating risks of breast and thyroid cancer were based on
following: pooled analyses that included data on both the LSS cohort
and medically exposed persons.

population.
¥ The committee judges that the balance of evidence from
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To use models developed primarily from the LSS cohort  As an illustration, Figure ES-1 shows estimated excess
for the estimation of lifetime risks for the U.S. population, it relative risks of solid cancer versus dose (averaged over sex
was necessary to make several assumptions that involve urand standardized to represent individuals exposed at age 30
certainty. Two important sources of uncertainty are (1) the who have attained age 60) for atomic bomb survivors, with
possible reduction in risk for exposure at low doses and doseloses in each of 10 dose intervals less than 2.0 Sv. The fig-
rates (.e., the DDREF) and (2) the use of risk estimates basedure in the insert represents the ERR versus dose for leuke-
on Japanese atomic bomb survivors for estimating risks formia. This plot conveys the overall dose-response relation-
the U.S. population. ship for the LSS cohort and its role in low-dose risk

The committee has developed and presented its best posestimation. It is important to note that the difference between
sible risk estimates for exposure to low-dose, low-LET ra- the linear and linear-quadratic models in the low-dose ranges
diation in human subjects. As an example, Table ES-1 showds small relative to the error bars; therefore, the difference
the estimated number of incident cancer cases and deathisetween these models is small relative to the uncertainty in
that would be expected to result if each individual in a popu- the risk estimates produced from them. For solid cancer
lation of 100,000 persons with an age distribution similar to incidence the linear-quadratic model did not offer a statisti-
that of the entire U.S. population was exposed to a singlecally significant improvement in fit, so the linear model was
dose of 0.1 Gy, and also shows the numbers that would baused. For leukemia, a linear-quadratic model (insert in
expected in the absence of exposure. Results for solid cancerSigure ES-1) was used since it fitted the data significantly
are based on linear models and reduced by a DDREF of 1.5better than the linear model.

Results for leukemia are based on a linear-quadratic model.

The_estimatgs are accompanied by _95% subjective Conﬁ_CONCLUSION
dence intervalsi.g., random as well as judgmental) that re-
flect the most important sources of uncertaintyNnamely, sta-  The committee concludes that current scientific evidence
tistical variation, uncertainty in the factor used to adjust risk is consistent with the hypothesis that there is a linear, no-
estimates for exposure at low doses and dose rates, and uthreshold dose-response relationship between exposure to
certainty in the method of transport. In this report the com- ionizing radiation and the development of cancer in humans.
mittee also presents example estimates for each of several
specific cancer sites and other exposure scenarios, althougP—&ECOMMENDED RESEARCH NEEDS
they are not shown here.

In general the magnitude of estimated risks for total can- A more detailed listing of the BEIR VII recommended
cer mortality or leukemia has not changed greatly from esti-research needs can be found at the end of Chapter 13.
mates in past reports such as BEIR V and recent reports of
the United Nations Scientific Committee on the Effects of Research Need 1: Determination of the level of various
Atomic Radiation and the International Commission on molecular markers of DNA damage as a function of low-
Radiological Protection. New data and analyses havedose ionizing radiation
reduced sampling uncertainty, but uncertainties related to Currently identified molecular markers of DNA damage
estimating risk for exposure at low doses and dose rates andnd other biomarkers that can be identified in the future
to transporting risks from Japanese A-bomb survivors to theshould be used to quantify low levels of DNA damage and to
U.S. population remain large. Uncertainties in estimating identify the chemical nature and repair characteristics of the
risks of site-specific cancers are especially large. damage to the DNA molecule.

TABLE ES-1 The CommitteeOs 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.

395% 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 excedsrelati
solid cancer incidence (averaged over sex and standardized to represent individuals exposed at age 30 who have attéinedcagie 60)
bomb survivors, with doses in each of 10 dose intervals, plotted above the midpoints of the dose interehlss th&®@ge-specific
instantaneous risk at some dakehen theexcess relative risit dosed is [R(d) B 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 ardtateamqdels

for excess relative risk, estimated from all subjects with doses in the range 0 to 1.5 Sv (not estimated from the poimtshélifétimes
and doses of individual survivors, using statistical methods discussed in Chapter 6). A linear-quadratic model will healadibetter
than a linear model, since the linear model is a restricted special case with the quadratic coefficient equal to zet@aReesaticidence
however, there is nstatistically significanimprovement 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% caefidaiscd e
insert shows the fit of a linear-quadratic model for leukemia to illustrate the greater degree of curvature observedrfoethat ¢

Research Need 2: Determination of DNA repair fidelity, Research Need 3: Evaluation of the relevance of adap-
especially with regard to double and multiple strand tation, low-dose hypersensitivity, bystander effect,
breaks at low doses, and whether repair capacity is inde- hormesis, and genomic instability for radiation car-
pendent of dose cinogenesis

Repair capacity at low levels of damage should be inves- Mechanistic data are needed to establish the relevance of
tigated, especially in light of conflicting evidence for stimu- these processes to low-dose radiation exposueg (
lation of repair at low doses. In these studies the accuracy 0100 mGy). Relevant end points should include not only
DNA sequences rejoined by these pathways must be deterehromosomal aberrations and mutations but also genomic
mined, and the mechanisms of error-prone repair of radia-instability and induction of cancen vitro andin vivo data
tion lesions have to be elucidated. 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-interest include BRCA1, BRCA2, ATM, CHEK2, NBS1,
sures. The cumulative effect of multiple low doses of less XRCC1, and XRCC3.
than 10 mGy delivered over extended periods has to be ex- Of concern for radiological protection is the increasing
plored further. The development iof vitro transformation use of computed tomography (CT) scans and diagnostic X-
assays utilizing nontransformed human diploid cells is rays. Epidemiologic studies of the following exposed popu-
judged to be of special importance. lations, if feasible, would be particularly useful: (1) follow-
up studies of persons receiving CT scans, especially children;
Research Need 4: Identification of molecular mecha- and (2) studies of infants who experience diagnostic expo-
nisms for postulated hormetic effects at low doses sures related to cardiac catheterization, those who have re-
Definitive experiments that identify molecular mecha- cyrrent exposures to follow their clinical status, and prema-
nisms are necessary to establish whether hormetic effectgyre pabies monitored for pulmonary development with
exist for radiation-induced carcinogenesis. repeated X-rays.
L . There is a need to organize worldwide consortia that
Research Need 5: T_umorlgenlc mechamsms . would use similar methods in data collection and follow-up.
Further cytogenetic and molec_ula_lr genetic studies aré NeC+rpage consortia should record delivered doses and technical
essary tq reduce cgrrent uncgrt.amtleS abput thg specific rOI(?:iata from all X-ray or isotope-based imaging approaches
of radiation in multistage radiation tumorigenesis. including CT, positron emission tomography, and single

Research Need 6: Genetic factors in radiation cancer risk photon emission computed tomography.

Further work is needed in humans and mice on gene mu-

tations and functional polymorphisms that influence radia- Re;ea(;ph Nfeed 9 thurelocggpgtlonal rad|at|on StUd'?S |
tion response and cancer risk. tudies of occupational radiation exposures, in particular

among nuclear industry workers, including nuclear power

Research Need 7: Heritable genetic effects of radiation plant workers, are well suited for direct assessment of the

Further work should be done to establish (1) the potentialcarcinogenic effects of long-term, low-level radiation expo-
roles of DNA double-strand break repair processes in thesure in humans. Ideally, studies of occupational radiation
origin of deletions in irradiated stem cell spermatogonia and should be prospective in nature and rely on individual real-
oocytes (the germ cell stages of importance in risk estima-time estimates of radiation doses. Where possible, national
tion) in mice and humans and (2) the extent to which largeregistries of radiation exposure of workers should be estab-
radiation-induced deletions in mice are associated with lished and updated as additional radiation exposure is accu-
multisystem development defects. In humans, the problemmulated and as workers change employers. These registries
can be explored using genomic databases and knowledge gihould include at least annual estimates of whole-body ra-
mechanisms of origin of radiation-induced deletions to pre- diation dose from external photon exposure. These exposure
dict regions that may be particularly prone to radiation- registries should be linked with mortality registries and,
inducible deletions. where they exist, national tumor (and other disease) regis-

With respect to epidemiology, studies on the genetic ef- tries. It is also important to continue follow-up of workers
fects of radiotherapy for childhood cancer should be encour-exposed to relatively high doses, that is, workers at the
aged, especially when they can be coupled with modernMayak nuclear facility and workers involved in the Cher-
molecular techniques (such as array-based comparative ge20by! cleanup.

nomic hybridization).
Research Need 10: Future environmental radiation studies

Research Need 8: Future medical radiation studies In general, additional ecological studies of persons ex-

Most studies of medical radiation should rely on expo- posed to low levels of radiation from environmental sources
sure information collected prospectively, including cohort are not recommended. However, if there are disasters in
studies as well as nested case-control studies. Future studieghich a local population is exposed to unusually high levels
should continue to include individual dose estimation for the of radiation, it is important that there be a rapid response not
site of interest, as well as an evaluation of the uncertainty inonly for the prevention of further exposure but also for sci-
dose estimation. entific evaluation of possible effects of the exposure. The

Studies of populations with high- and moderate-dose data collected should include basic demographic informa-
medical exposures are particularly important for the study oftion on individuals, estimates of acute and possible continu-
modifiers of radiation risks. Because of the high level of ing exposure, the nature of the ionizing radiation, and the
radiation exposure in these populations, they are also ideallymeans of following these individuals for many years. The
suited to study the effects of gene-radiation interactions, possibility of enrolling a comparable nonexposed popula-
which may render particular subsets of the population moretion should be considered. Studies of persons exposed envi-
sensitive to radiation-induced cancer. Genes of particularronmentally as a result of the Chernobyl disaster or as a re-
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Background Information

This report focuses on the health effects of low-dose, low- Once an interaction with one of the electrons in the material
LET (low linear energy transfer) radiation. In this chapter occurs, part or all of the photon energy is transferred to the
the committee provides background information relating to electron. The energetic electrons released in this way pro-
the physical and chemical aspects of radiation and the interduce the bulk of ionizations. X- anerays are accordingly
action of radiation with the target molecule DNA. The com- termed Oindirectly ionizingO radiation. This term is also ap-
mittee discusses contributions of normal oxidative DNA plied to fast neutrons, because they too traverse large dis-
damage relative to radiation-induced DNA damage and de-tances in tissue without interaction but can, in occasional
scribes the DNA repair mechanisms that mammalian cellscollisions, transfer much of their energy to atomic nuclei
have developed to cope with such damage. Finally, this chapthat in turn produce the main part of the ionizations.
ter introduces a special subject, the physical characteristics In addition to the distinction between indirectly ionizing
that determine the relative biological effectiveness (RBE) of and directly ionizingi(e., uncharged and charged radiation)
neutrons, estimates of which are required in the derivation ofa distinction is made between sparsely ionizing, or low-LET,
low-LET radiation risk estimates from atomic bomb and densely ionizing, or high-LET, radiation. The (unre-
survivors. stricted) LET of an ionizing charged particle is defined as
the average energy lost by the particle due to electronic in-
PHYSICAL ASPECTS OF RADIATION tgractions per unit Iengt.h of its trajectory; it i§ expressed in

kiloelectronvolts per micrometer (keiwh).! High-energy

The central question that must be resolved when consid-electromagnetic radiations, such as X-rays -oays, are
ering the physical and biological effects of low-dose ioniz- sparsely ionizing since, in tissue, they release fast electrons
ing radiation is whether the effects of ionizing radiation and that have low LET. Neutrons are densely ionizing because in
the effects of the free radicals and oxidative reaction prod-tissue they release fast protons and heavier atomic nuclei
ucts generated in normal cellular metabolism are the same othat have high LET.
different. Is ionizing radiation a unique insult to cells, orare  Figure 1-1 gives the LET of electrons as a function of
its effects lost in the ocean of naturally occurring metabolic their kinetic energy and compares it to the considerably
reaction products? Can cells detect and respond to low dosekigher LET of protons. It is seen that electrons are generally
of ionizing radiation because of detectable qualitative andsparsely ionizing while protons are, at moderate energies,
guantitative differences from endogenous reaction productsdensely ionizing. However it is also noted that very ener-
getic protons, as they occur in altitudes relevant to aviation
Different Types of lonizing Radiation and in space, are sufficiently fast to be sparsely ionizing.

lonizing radiation, by definition, contains enough energy
to displace electrons and break chemical bonds. Charged 1Restrictedinear energy transfet, , results when, within the charged
particles, such as high-energy electrons, protoiarticles, particle tracks, secondary electronsdys) with energies in excess oéire
or fast heavy ions, are termelitectly ionizingbecause, followed separately. It is important to distinguish betwgack average
while they traverse the cell, they ionize numerous molecules-ET anddose average LETDose average LET represents more realisti-

. .. . . . _ cally the_ hl_gh local energy densities that can occur in a track even for low-
b_y ‘?"rea collisions with their eIECtrO_nS' Electromagnetic ra LET radiation, and it therefore can assume larger values. For example, the
diations, such as X- andrays, consist of photons that can track average of, for cobalt-60 -rays is 0.23 ke\{im, and the dose
travel relatively large distances in tissue without interaction. average is 5.5 keyim (ICRU 1970).

19
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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 particled.€., protons and  atom releasing photons of discrete energy. Conventional X-
heavier ions) are outside the scope of this report. Howeveryrays, used for diagnostic radiology, are commonly produced
neutrons and their high relative biological effectiveness mustwith accelerating voltages of about 200 kV. For mammogra-
be considered in the context of low-LET risk estimates de- phy, where high contrast is sought and only a moderate thick-
rived from the observations on delayed health effects amongness of tissue must be traversed by the X-rays, the low accel-
A-bomb survivors. The reason is that a small fraction of the eration voltage of 29 kV is usually employed.
absorbed dose to A-bomb survivors was due not to the pre- There are three different types of energy-transfer pro-
dominant high-energy-rays, but to fast neutrons. Because cesses whereby photons of sufficient energy eject electrons
of the greater effectiveness of these fast neutrons, this smalfirom an atom, which can then interact with other atoms and
dose component must be taken into consideration. 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

The absorption and scattering of photons depends on theidominates in tissue. A photon interacts with and ejects an
energy. The -rays from radioactive decay consist of electron from one of the inner shells of an atom. The photon
monoenergetic photons that do not exceed several millionis extinguished, and most of its energy is imparted to the
electronvolts (MeV) in energy;-rays that result from the ejected electron as kinetic energy.
fission of uranium or plutonium have a spectrum of energies At medium photon energies (about 0.593.5 MeV),
with a maximum of 2 MeV. Higher-energyrays, up to Compton scattering is the most probable event. Compton
7 MeV, can be generated by inelastic scattering, as occurredcattering occurs when an incoming photonOs energy greatly
in the neutron-nitrogen interaction from the atomic bomb exceeds the electron-binding energy of the affected atom. In
explosions in Hiroshima and Nagasaki. this case the energy of the incoming photon is converted into

Artificially produced X-rays have a wide spectrum of the kinetic energy of an ejected electron and a secondary
energies resulting from the deceleration of electrons as theyOscatteredO photon. The scattered photon has less energy than
traverse high-atomic-number materials. A continuous distri- the primary photon and can undergo further Compton scat-
bution of photon energies is generated, with a mean energyering until its energy is sufficiently degraded for the photo-
of about one-third the maximal energy of the acceleratedelectric process to occur.
electrons. Added filtration selectively removes the OsoftO At energies greater than 1.02 MeV, pair production can
(i.e. less energetic) photon component and, thus, hardensccur. A photon interacts with an atomic nucleus, and the
the X-rays. Discrete energy OspikesO also occur in the X-raghoton energy is converted into a positron and an electron.
spectrum; these spikes originate in the ejection of electronsThe photon energy above 1.02 MeV is converted into the
from atoms of the affected element, which is followed by the kinetic energy of the newly created particles. The electron
transition of electrons from outer shells to inner shells of the and the positron interact with and can ionize other molecules.

Photon Spectral Distributions
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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 sparsely ionizing) radiation. There are, nevertheless, differ-
this results in an OannihilationO event in which the mass ignces in effectiveness and possibly also differences in the
extinguished and two 0.51 MeV photons are emitted in op- risk for late effects due to these radiations.

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  The passage of fast electrons through tissue creates a track
undergoes an interaction). To compare the penetration deptlof excited and ionized molecules that are relatively far apart.
of photon radiation with that of electron radiation, the mean X- and -rays produce electrons with relatively low linear
range of electrons of specified energy is given in the sameenergytransfer, (i.e., energy loss per unit track length) and
diagram. It is seen that the electrons released by photons arare considered low-LET radiation. For example, the track
always considerably less penetrating than the photons themaverage of unrestricted LET of the electrons liberated by
selves. cobalt-60 $9Co) gamma rays is about 0.25 ke, which

Figure 1-3 compares in terms of the distributions of pho- can be contrasted with an average LET of about 180 keV/
ton energy fluence therays from the A-bomb explosions um for a 2 MeV -particle, a high-LET radiation. LET is an
with the distributions of photon energy for orthovoltage X- important measure in the evaluation of relative biological
rays and low-energy mammography X-rays. These differenteffectiveness (ICRU 1970; Engels and Wambersie 1998) of
electromagnetic radiations are all classified as low-LEET, ( a given kind of radiation.

Track Structure
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FIGURE 1-3 Distributions of photon energy fluence for mammography X-rays, orthovoltage X-rayaraspsdfrom the atomic bomb
explosion in Hiroshima. The distributions of the energy fluence relative to the logarithmic scale of energy are plottedhegaapsesent
roughly the fractional contribution of incident photons of specified energy to the dose absorbed by a person. SOURCE :Seataitam

and others (1979) and Roesch (1987).

Different Effectiveness oiRays and X-Rays

LET and Related Parameters of Radiation Quality

While arays 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 relate
microdosimetric parameter dose-averaged linear engrgy,

Figure 1-4 gives the dose average LET values for the elec;ljles increase strongly, but these ultrasoft X-rays are of little

trons released by monoenergetic photons (solid curves) an

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.p,  Of the restricted LETL  The restricted LET
treats the6rays beyond the specified cutoff ener@yas
separate tracks. This accounts in an approximate way for th
increased local energies due@oays and therefore provides

larger values that are more meaningful than those of unre-

stricted LET.

High-energy photons(g, 6°Co arays) release Compton
electrons of comparatively high energy and correspondingly
low LET. Photons of less energg.g, conventional 200 kV

e

X-rays) produce less energetic Compton electrons with
higher LET. This explains the substantial difference between
the mean LET of high-energgrays and conventional X-
rays. For lower-energy X-rays the photon energy is further
reduced, and the photo effece( the total transfer of pho-
ton energy to electrons) begins to dominate. Accordingly,
the average energy of the electrons begins to increase again,
hich explains the relatively small difference in average
ET between 200 kV X-rays and soft X-rays. At very low
photon energies.€., less than about 20 keV) the LET val-

concern in radiation protection because of their very limited
penetration depth.

The dose averagky, , of the restricted LET is a param-
eter that correlates with the low dose effectiveness of photon
or electron radiation. With a cutoff valug= 1 keV, the nu-
merical values of, jare consistent with a low-dose RBE of
about 2 for conventional X-rays versagays. A similar de-
pendence on photon energy is seen in the related micro-
dosimetric parameter dose lineal energywhich 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) ithe 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 monoenergeticepteotyns of
Eone The dots and squares give the values for the 29 kVp and the 200 kVp X-rays. They are plotted at the weighted photohteeetgies
ray spectra. SOURCE: Data from Kellerer (2002).
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FIGURE 1-5 Measured dose average lineal ensrgyfor monoenergetic photons and for different simulated site diamet&§®URCE:
Data from Kliauga and Dvorak (1978).
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dose averaggy, as measured by Kliauga and Dvorak (1978) from synchrotron radiation. The lower panel gives analo-
for various photon radiations and for different simulated site gous data obtained by Schmid and others (2002).
diametersg. The diagram demonstrates that there is a substantial de-

The -rays from the atomic bomb explosions had average crease of the yield of dicentrics from conventional X-rays to
energies between 2 and 5 MeV at the relevant distances-rays. The photon energies below 20 keV are of special in-
(Straume 1996). Figures 1-4 and 1-5 do not extend to theséerest with regard to biophysical consideration, but are less
energies; however, it is apparent from Figures 1-4 and 1-5relevant to exposure situations in radiation protection. They
that the mean values of the restricted LET or the lineal en-are included here to show the full trend of the energy depen-
ergy do not decrease substantially beyond a photon energygence.

of 1 MeV. There is, thus, little indication that the hangys It is seen that the low-dose RBE for dicentrics for moder-

from the atomic bombs should have an RBE substantiallyately filtered 200 kV X-rays is about 2D3 relative ‘@ys,

less than unity compared to conventioffalo -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.

Information from In Vitro Studies The data for dicentrics in Figures 1-6 are reasonably con-

It has long been recognized in experimental radiobiology sistent with the LET values in Figure 1-4 for a cutoff value
that lowLET radiations do not all have the same effective- in excess of 1 keV. The difference by a factor of 2D3 in the
ness at low doses. With regard to mutationsradescantia low-dose effectiveness of conventional X-rays anays has
aberrations in human lymphocytes, and killing of mouse been known and, even if it should apply equally to radiation-
oocytes (Bond and others 1978), conventional 200 kV X- induced late effects, would not necessarily require a depar-
rays have been found to be about twice as effective at lowture from the current convention for radiation protection,
doses as high-energyrays. Fast electrons may be even less which assigns the radiation weighting factor unity to all pho-
effective than -rays. These differences are most clearly ton radiations. However, the difference has to be noted when-
documented in cell studies and, especially, in studies onever risk estimates are derived from exposures&ys and
chromosome aberrations (Sinclair 1985; ICRU 1986). The then applied to X-rays.
most reliable and detailed data on photon RBE exist for chro-  Apart from these considerations it is uncertain whether
mosome aberrations in human lymphocytes. Edwards andhe marked dependence of the low-dose RBE on photon en-
others (1982) have obtained the data for dicentrics in humarergy for chromosome aberrations also is representative for
lymphocytes listed in Table 1-1 for 15 MeV electroi¥€o late radiation effects in man. The dependence of RBE on

-rays, and 250 kV X-rays. New data have since confirmedphoton energy for dicentric chromosomes reflects the fact
these substantial differences of effectiveness for differentthat the dose dependencies have large curvatuféCor -
types of penetrating low-LET radiations. rays (/ =0.2 Gy in the data reported by Schmid and oth-

Sasaki and colleagues (1989; Sasaki 1991) have deterers 2002), but little curvature for 29 kV X-rays/( =
mined the yields of dicentrics in human lymphocytes over a 1.9 Gy). If there were no curvature below 1 Gy in the dose
broad range of photon energies. The upper panel of Figure 1relations for chromosome aberrations, the low-dose RBE of
6 gives the linear coefficients (and standard errors) from lin- 29 kV X-rays would be only 1.65 comparedf®@o -rays.
ear-quadratic fits to the dose dependencies. The closedince the dose dependence for solid tumors among A-bomb
circles relate to -rays and to broad X-ray spectra; the survivors indicates little curvature, the dependence of risk
squares, to characteristic X-rays and monoenergetic photonsn 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.

TABLE 1-1 Low-Dose Coefficients (and standard errors) nformation from Radioepidemiology
for Induction of Chromosome Aberrations in Human

Lymphocytes by Low-LET Penetrating Radiation Numerous epi(_jemiologic studi_e§ on me_dical cohort_s have
provided risk estimates that exhibit considerable variation.

Radiation Type Dicentrics per Cell per Gray Many of these studies on patients relate to X-ray exposures,
but there is no consistent epidemiologic evidence for higher

25 MeV electrons 0.0055 (+ 0.011) risk factors from X-rays than fromrays. In fact, while the

°Co -rays 0.0157 (+ 0.003) risk estimates from medical studies are not inconsistent with

250 kV X-rays 0.0476 (x 0.005)

those for atomic bomb survivors, they tend to be, as a whole,
NOTE: The low-dose coefficients represent the linear component of a lin- §0mewhqt lower (UNSCEAR_ZOOOb)' The radiation-related
ear-quadratic fit to the data. SOURCE: Data from Edwards and othersinNCrease in breast cancer incidence can serve as an example
(1982). 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 chromosomesiiipherabn p
blood lymphocytes. Squares are for monoenergetic photons; circles are X-ray spardys of he two data points in the lower panel labeled
220 kV both had 220 kV generating voltage, but the filtration was different. SOUB@er panel:Data from Sasaki and others (1989;
Sasaki 1991).ower panel:Data from Schmid and others (2002).

Figure 1-7 gives risk estimates from major studies on ra- The uncertainties are large, and the risk estimates vary
diation-induced breast cancer. The estimated risk coeffi-widely because the patient treatment regimes differed not
cients (and 90% confidence intervals) are expressed in termgnly in the type of radiation but also in the various exposure
of the excess relative risk (ERR) per gray and the excessnodalities, such as acute, fractionated, or protracted expo-
absolute risk (EAR) per gray per 10,000 person-years (PY).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. Thelgpavpan

the excess relative risk per gray, the lower panel, the absolute risk per 10,000 person-years per gray. (For the désdividical sfudies,

see UNSCEAR 2000b and Preston and others 2002a.) The confidence limit for the study of cervical carcinoma patientstesirecalcula
Cohorts:LSS: Life Span Study of atomic bomb survivors; MasTh: Massachusetts tuberculosis patients; PPMast: New York postpartum
mastits patients; SwBBD: Swedish benign breast disease patients; CervCa: cervical cancer patients (case-control studg); RochThy
Rochester infants with thymic enlargement; SwHem: Swedish infants with skin hemangioma.

magnitude of the exposure. Furthermore, there are ethnides and biophysical considerations suggest a low-dose RBE
differences, including those related to life-style, that are as-for conventional X-rays versus hardays of about 2D3, this
sociated with greatly different background rates of breastdifference cannot be confirmed at present through epidemio-
cancer. Populations with low spontaneous rates tend to exiogic investigations.
hibit comparatively high ERR, while their EAR tends to be
!OW' Th.'s comphca}es the comparison of risk estimates, SINC€ Ettocts of Radiation on DNA, Genes, and Chromosomes
it remains uncertain whether relative or absolute excess inci-
dence is the more relevant measure of risk. The probability that a low-LET primary electron will in-
The various exposed cohorts also differ considerably interact with a DNA molecule along its track is low, but a
the duration of follow-up and, especially, the age at expo-direct interaction of this sort is possible (Nikjoo and others
sure. The last two studies (RochThym, SwHem) relate t02002). Along the primary electron track, secondary electrons
exposures in childhood, while the remainder refer to expo-with lower energies are also formed, producing clusters of
sures at intermediate or higher ages. The last factor is espdenizations (see Figure 1-8, panel A). If such an ionization
cially critical, because both ERR and lifetime integrated cluster occurs near a DNA molecule, multiple damages can
EAR decrease substantially with increasing age at exposureoccur in a very localized segment of the DNA (Figure 1-8,
The dominant influence of the various modifying factors panel B). These clusters have been referred to as as clus-
makes it impossible on the basis of epidemiologic data totered-damage or locally multiply damaged sites (LMDS)
confirm the difference in effectiveness betweerays and (Ward and others 1985; Goodhead 1994).
X-rays or the difference between X-rays of different ener-  Figure 1-8 illustrates two typical structures of electron
gies. Studies related to other types of cancer are even furthetracks produced by low-LET photons.g, -rays). The
removed from providing an answer. Thus, although cell stud-wavy lines outside the sphere represent primary and second-
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