
167 D861 
Projet d'exploitation éventuelle d'une 
mine et d'une usine de niobium à Oka 

Oka 

HEALTH RISKS OF 

RADON 
AND OTHER 

INTERl~ALLY DEPOSITED 
ALPHA-E~IITIERS 

BEIR IV 

Committee on the Biological Effects 
of lonizing Radiations 

Board on Radiation Effects Research 
Commission on Life Sciences 

National Research Council 

NATIONAL ACADEMY PRESS 
Washington, D.C. 1988 

6211-08-002 

( 



1 
National Academy Press • 2101 Constitution Avenue, N.W. • Washington, D. C. 20418 

NOTICE: The projec\ 1h11 ia the oubjecl oC thia report wu a.pproved by the Governing Bo .. ,d 
of the Na.lion&! Reoea.rch Council, who11 a,emben a.re dra.Wll !rom the council1 of Lhe Nation&) 
Aca.demy oC Science,, the Nationa.l Academy oC Engineering, a.nd the ln,titule of Medicine. The 
membera of the committee re1pon1ible for the report were chosen for their special competences 
and with rega.rd Cor appropria.te ba.la.nce. 

Thia report bu been reviewed by a group other than the authors according to procedute1 
a.pproved by a. Report Review Commiltee conai,ting oC memben of the National Aca.demy or 
Sciences, the Na.tional Aca.demy of Engineering, a.nd the lnolitute or Medicine. 

The Na.tiona.l Aca.demy of Science, io a priva.le, nonprofit, aelC-perpetu .. ting aociety oC 
di1tingui1hed ocholan engaged in scientilic and engineering reoearch, dedica.ted to the furtherance 
ol ocience and lechnology and to their uoe Cor the general we!Ca.re. Upon the a.uthority or the 
charter granted to il by the Congreaa in 1863, the Academy bu a mandate tha.t requires il to 
advioe the federal government on 1cien\ilic and technical mallen. Dr. Frank Preu is preaidenl of 
the Nationa.l Academy of Science,. 

The National Academy oC Engineerin1 wu oota.bliahed in 1964, under the chuter oC the 
National Academy of Science,, u a parallel or1~ni1ation of ouhtanding engineera . Ilia aulonomoua 
in it1 admini1tration and in the oelection or ita memben, 1haring with the Nation&) Academy 
of Sciencu the responaibility for advi1ing the federal government. The National Academy oC 
Engineering alao 1ponoon engineering program1 aimed al meeting national need1, encourages 
educa.tion and research, a.nd recogni1e1 the 1uperior achievement1 of engineen,. Dr. Rt>bert M. 
White io preaident of tho National Academy oC En1ineering. 

Tb• lnatitute of Medicine wu eotabliahed in 1970 by the National Academy of Sciences 
to aecure tbe aervicu or eminent memben of appropria.te profea1ion1 in the exaa,ina.tion of 
policy ma.tien pertaining lo the healtb of the public. The lnstitute acta under the respon,ibility 
given to the National Academy or Sciencea by it1 congre11ional charter la be an adv iser te the 
federal 1overnment and, upon io own initiative, to identify iaauea of medica.l care, research, &nd 
educalion. Dr. Samuel O. Tbier is pre1ident of the lnatilute of Medic.ine. 

Tb• National Reaearch Council waa organiaed by tbe Nationa.l Academy of Science, in 
1916 to uoociale the broa.d communily of acience and lechnology with the Academy'1 purpo1e1 
of lurthering knowledge and advising the feder&l governa,ent. Flinctioning in 1ccordance with 
general policiea determined by the Aca.demy, thio Council ha.a become the princip&I operating 
agency oC both the Nationa.l Aca.demy of Sciencea and tbe Nationa.l Aca.demy oC Engineering in 
providing 1ervice1 ta the government, the public , and the 1cientific and engineering communitie,. 
Tba Couocil Îll adminiatered jointly by both Academiea a.nd the lnatitute oC Medicine. Dr. Frank 
Pr111 and Dr. Robert M. White a.re chairman and vice chairman, reapectively, of the Na.tional 
Re1earch Council. 

The atudy 1ummari1ed in this report wu 1upported by the U.S. Environmenta.l Protection 
Agency and the U.S . Nuclear R.egula.tory Commi11ion under Contra.et No. 68-02-3895. 

Llbrary o( CongreH Cataloglng-h1-P11bllcatlon Data 
Hea.lth riak1 of radon and other internally depooited alph1-emithn. 

Thio report wa.o oupported by the U.S. Enviroomental Protection Agency and the U.S. 
Nuclear Regula.tory Commiaoion under Contract No. 68-02-3895. 

lncludes bibliographiea and index. 
1. Alpha raya-Health aspect,. 2. Radioioolopea in the body-Health upects. 3. Radon­

Health aapecls. 4. Hea lth ri1k uoeoament . 1. National Rete&rch Council (U.S .). Committee 
on the Biologic•I Efl'ech of lonising Radiation1. 11. Uni\ed States. Environmental Protection 
Agency. Ill. U.S. Nuclea.r Regulatory Commi11ion. IDNLM: 1. Probnbility. 2. Radiation Effects. 
3. Radioactive Polluta.nts-adverse effecu. 4. Radon-a.dvene effect1. S. Riok WN 620 H434Sj 
RC95.A42H43 1987 e16.91897 87-31280 
ISBN 0-309·03789-1, 10ft cover; ISBN 0-309-03797-2, hard caver 

FRONTISPIECE, Radium m'ai painlcr,. 

Copyright© 1988 by the Nation") Academy of Sciences 

No part oC 1his book may be reproduced by any mechanica.l, photographie, or electronic proceoe, 
or in the Corm of a phonograph ic record ing, nor may it be atored in a retrieva.l ,ystem, tra.n,mitted, 
or otherwise copied for public or private u1e 1 without written perminion from the publither, 
except for the purposes of official use by lhe United Statee Government. 

Prin tec.l in the Unitec.l S1atea oC America 

First Prinling, January 1988 
Second Printin~. June 1988 
Thirù Printing:January 1989 

() 
.... 

COMMITTEE ON THE BIOLOGICAL EFFECTS 
OF IONIZING RADIATIONS 

Jacob I. Fabrikant ( Chairman), Donner Laboratory, University of 
California, Berkeley, California 

William J. Bair { Vice-Chairman), Battelle Pacifie Northwest 
Laboratories, Richland, Washington 

Michael A. Bender, Brookhaven National Laboratory, Upton, New 
York 

Carmia G. Borek, College of Physicians and Surgeons, Columbia 
University, New York, New York 

Peter G. Croer, Ccnter for Epidemiologic Research, Oak Ridge 
Associated Universities, Oak Ridge, Tennessee 

Jay II. Lubin, National Cancer lnstitute, Bethesda, Maryland 
David C. F. Muir, McMaster University, Hamilton, Ontario, Canada 
Donald A. Pierce, Department of Statistics, Oregon State 

University, Corvallis, Oregon 
William C. Roesch, Richland, Washington 
Jonathan M. Samet, University of New Mexico Cancer Center, 

Albuquerque, New Mexico 
Robert A. Schlenker, Argonne National Laboratory, Argonne, 

Illinois 
Richard J. Wa.'Cweiler, Centers for Disea.se Contrai, Atlanta, Ceorgia 

National Research Council Staff 

William H Ellett, Project Director, Board on Radiation Effects 
Research, Commission on Life Sciences 

Raymond D. Cooper, Senior Program Officer, Board on Radiation 
Effects Research, Commission on Life Sci,rnces 

Sponsors' Project Officers 

Neal Nelson, U.S. Environmental Protection Agency 
Shlomo Yaniv, U.S. Nuclear Regulatory Commission 

Ill 



( ( 

Preface 

BACKGROUND 

In June 1984, the Environmental Protection Agency (EPA) 
and the Nuclear Regulatory Commission (NRC) asked the National 
Acaderny of Sciences,to subrnit a proposai in response to EPA Solici­
tation DU-84-CI65 for a study of the "biological effects of internally 
deposited alpha-ernitting radionuclides and their decay products ." 
The proposai constituted an extension of the work of the National 
Research Council's Cornrnittees on the Biological Effects of lonizing 
Radiations (BEIR), which began in the early 1970s and most recently 
culminated in the report The EJ]ects on Populations of Exposure to 
Low Levels of lonizing Radiation: 1980. That report, the so-called 
BEIR III report, dealt rnainly with the effects of radiation of low lin­
ear energy transfer (low LET), primarily external x rays and gamma 
rays. 

At the time of the BEIR III deliberations, the human and animal 
studies on high-LET radiation effects were limited, and epidemiolog­
ical surveys were only beginning ta provide reliable data on potential 
health etîects. The reported epiderniological and laboratory animal 
studies pointed ta a need to extend the series of BEIR reports, ta ap­
praise the state of scientific knowledge concerning the biological and 
health effects of alpha radiation (internally deposited alpha-emitting 
radionuclides and their decay products). This will en able govern­
ment officiais and the public to make decisions about the potential 
cornmunity and workplace health hazards associated with exposure 
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PREFACE 

to internai alpha-emitters, such as those from indoor radon and ura­
nium rnining. 

The task before the current BEIR cornmittee was specifie<l in 
<letail in the contract agreement between the National Academy of 
Sciences and the EPA and NRC signed on October 1, 1084. 

CIIARG E TO THE COMMlTTEE 

In response to the EP A and NRC request, the Committee on the 
Diological Effects of Ionizing Radiations was established within the 
National Research Council's Commission on Life Sciences. This com­
miUce, the fourth in a series originally established in 1969, was asked 
for a comprehensive assessment of available knowledge of the risks 
associated with internally deposited alpha-emitters. Radiobiological 
and animal data were to be reviewed, but relevant epidemiological 
data were also to be used to the greatest possible extent in estimating 
the risks. 

The first phase of the study was to be a review of current knowl­
e<lge of the somatic and genetic effects of internai alpha-emitters, 
including clinical and epidemiological evidence of human eff ects, re­
sults of animal studies, alpha-particle damage at the cellular level, 
metabolic pathways for interna! alpha-emitters, dosimetry and mi­
crodosimetry of alpha-emitters deposited in specific tissues, and the 
possible chemical toxicity of low-specific-activity alpha-emitters. The 
committee was also asked to review the evidence of dependence of 
the biological effects on age, sex, route of entry, dose, dose rate, 
physical and chemical properties of the radioactive materials, and 
similar factors. 

During the second phase of the study, the committee was re­
quested to suggest methods for estirnating the risks to human health, 
with their related uncertainties, associated with internally deposited 
alpha-emitters and then to apply the methods to the principal alpha­
emitters in the environment. This phase was to include the provision 
of formulas and coefficients to estimate individual and population 
risks associated with single and chronic exposure to internal alpha­
emitters and, where appropriate, threshold formulas and coefficients 
for nonstochastic effects. This information was to be applied to esti­
mating numbers of gcnetic effects, risks to unborn children, and risks 
of carcinogenic effects. The comnùttee was asked to describe the 
metabolic models they used and provide examples of the methods to 
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be u.9ed in applying their risk estimates to exposed population.9. Fi­
nally, the commit.tee was asked to discuss the uncertainty in their risk 
estimates and provide recommendations fer further research based 
on the limitations in the data available for a.'3sessing the risks which 
the committee identified. 

The third phase of the committee's work was preparation and 
submission of a report covering the results and findings of the first. 
two phases . 

The committee's review and evaluation of the current epidemi­
ological and basic research involved not only an assessment of the 
relevant research data and their analyses in the scientific literature, 
but also an independent evaluation and analysis cf relevant epidemi­
ological data considered essential to the committee's charge. The 
committee critically reviewed the scientific literature on the biologi­
cal and health effects of internally deposited alpha-emitting radionu­
clides, relying wherever possible on original scientific publications 
and on current data that were generously provided by investigators 
in the United States, Canada, Western Europe, and Japan. 

ORGANIZATION OF THE STUDY 

To carry out the charge, the NRC appointed a commit tee of sci­
entists experienced in radiation epidemiology, radiobiology, genetics, 
biostatistics, metabolism and pharmacokinetics, pathology, radia­
tion dosimetry, inhalation physics, chemistry, biology, radiology and 
nuclear medicine, and mathematical modeling and risk assessment. 
The study was conducted under the general guidance of the Board 
on Radiation Effects Research of the Commission on Life Sciences. 

To facilita.te its work and to augment its expertise so as to 
encompass a wider spectrum of scientific subjects, the committee 
solicited specific contributions from a number of scientific experts 
other than its own members. These experts participated in the 
committee's deliberations throughout the course of its work. 

The commit tee held eight meetings over a period of 24 months­
six in Washington, D.C., one in Berkeley, California, and one in 
Woods Hole, Massachusetts. The second meeting, on May 15, 1985, 
included a public meeting, at which open discussion and contribu­
tions from interested scientists and the public at large were invited. 
Sever al addition al meetings of subgroups of the commit tee were held, 
to plan and outline specific work assignments . 
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PREFA.CE 

The committee organized its work according to the main objec­
tives of the charge and divided the study into the following main 
categories: 

• Genetie, teratogenic, and fetal effects of internally deposited 
alpha-emitting radionuclides. 

• Carcinogenic and other health effects of radon, radium, tho­
rium, polonium, uranium, and the transuranic radionuclides. 

• The scientific basis and mechanisms underlying the biological 
and health effects, including the relevant physics and dosimetry, 
radiobiology, anatomy and physiology, and method of risk analysis. 

The structure, composition, and expertise of the committee, in­
cluding its invited participants, permitted considerable overlapping 
of assignments among the different categories, ensuring the interac­
tion of scientific disciplines. 

The committee also conducted two informai workshops that fo­
cused on radon. These workshops were designed to review with a 
number of investigators the current scientific knowledge with respect 
to uranium-miner epidemiology, lung modeling and dosimetry, and 
risk estimation. 

(_ 

JACOB l. FABRIKANT 
Chairman 
Committee on the Biological Effects 

of lonizing Radiations 

viü 

( 

Ackno\v ledgments 

During this study the committee was aided by many experts 
from the scientific community. Scientific data, advice, and help in 
the preparation of the text were freely offered, and the committee 
wishes to acknowledge this very important assistance. Special thanks 
are due to Richard Hornung, Geoffrey Howe, Jan Muller, and their 
respective government authorities in the United States and Canada, 
and Edward Radford for providing their data tapes on the followup 
of miners exposed to radon progeny for reanalysis by this committee. 
The resulting combined data base of radon effects in uranium miners 
is the largest that has been analyzed. 

The preparation of the report required expertise in many disci­
plines. The comrnittee gratefully acknowledges the help it received 
from Victor P. Bond, Anthony L. Brooks, Fred Cross, Carter Den­
niston, William H. DuMouchel, Marvin Goldman, Douglas Grahn, 
Webster Jee, Robert E. Rowland, Charles L. Sanders, Melvin R. 
Sikov, Newell Stannard, and McDonald E. Wrenn. These invited 
participants provided invaluable aid in the preparation and review 
of specific chapters; they are not responsible for errors that might 
have crept in to the final report. In addition, several other scientists, 
including Bernard Cohen, Richard Cuddihy, Leonard Hamilton, and 
Charles Land, provided useful information on lung dosimetry, epi­
demiological studies, and risk modeling. The analyses of the radon­
exposed cohorts presented in this report were made possible by the 

ix ( 



X ACKNOWLEDGMEN1'S 

use of the AMFIT prograrn developed by Dale Preston and his col­
lcagues at the Radiation Effects Research Foundation, Hiroshima. 

We wish to acknowledge also the help and support of Stephen 
L. Brown and William L. Lappenbusch, formerly of the National Re­
search Council, who were instrumental in gctting this study started. 
Special appreciation is extended ta Colette A. Carmi and Doris E. 
Taylor for handling the myriad administrative details associated with 
this cornmittce's work and for preparing the many drafts of the re­
port. Their patience and good cheer helped the committee over the 
innumcrable difficulties that inevitably arise during the course of its 
work . 

Contents 

1 Overview ......................................................... 1 
2 Radon .......................... .... .................. ... ....... 2-1 

ANNEX 2A The Committee's Analysis of 
Four Cohorts of Miners ........................................ 84 
ANNEX 2B Radon Dosimetry ............................... . 137 

3 Polonium ...................................................... 159 
4 Radium ........................................................ 176 
5 Thorium ....................................................... 245 
6 Uranium ....................................................... 276 
7 Transuranic Elements ....... , ................................. 303 

ANNEX 7 A A Bayesian Methodology for Combining 
Radiation Studies ............................... · .............. 348 

8 Genetie, Teratogenic, and Fetal Effects ...................... 367 

APPENDIXES 

I Dosimetry of Alpha Particles ........................ .... 397 
Il Cellular Radiobiology .................................... 415 

Ill The Eff ects of Ra.don Progeny on 
La.bora.tory Animais ...................... . ........... . 430 

IV Epidemiological Studies of Persans 
Exposed to Radon Progeny ........................... 445 

V Nonmalignant Respiratory and Other 
Diseases Among Miners Exposed to Radon ... .. . .. . .. 489 

VI Lung-Cancer Histopathology ..................... . ... ... 497 

xi 



CONTENTS 

VII The Combined Effects of Radon 
Daughters and Cigarette Smoking ........ .. .......... 504 

VIII Previous Estimates of the Risk due to 
Radon Progeny ........................................ 564 

G lossary ........................................................... 5 77 

Index ............... . ... . ..................... . ........... . ........ 587 

PRINCIPAL TABLES 

1-1 Comparison of Estimates of Lifetime Risk of Lung­
Cancer Mortality due to a Lifetime Exposure to 
Radon Progeny ............................................. 8 

2-1 Factors Influencing the Dose to Target Cells in the 
Respiratory Tract from Radon Exposure ................. 28 

2-2 Lung-Cancer Risk Coefficients, {J, with a Constant-
Relative-Risk Madel ....................................... 40 

2-3 Ail Causes and Lung-Cancer Annual Mortality 
Rates by Sex for U.S. Population, 1980-1984 ............. 54 

2-4 Ratio of Lifetime Risks, Lifetime Risk of 
Lung-Cancer Mortality, and Years of Life Lost for 
Lifetime Exposure ......................................... 56 

2-5 Ratio of Lifetime Risks for Males by 
Age Started and Age Exposure Ends ..................... 62 

2-6 Lifetime Risks for Males by Age Started and Age 
Exposure Ends ......................................... . .. 64 

2-7 Years of Life Lost for Males by Age Started 
Exposure Ends ... . ......................... . ..... . ........ 66 

2-8 Ratio of Lifetime Risks for Females by Age Started 
and Age Exposures Ends .................................. 68 

2-9 Lifetime Risks for Females by Age Started and Age 
Exposures Ends ........................................... 70 

2-10 Years of Life Lost for Females by Age Started and 
Age Exposures Ends ...................................... 72 

2-11 Measures of Efîects of Radon-Daughter Exposure in 
Males Conditional on Known Survival to a 
Specified Age .................. . ............ . .............. 74 

2-12 Measures of Eifects of Radon-Daughter Exposure in 
Females Conditional on Known Survival to a 
Specified Age .............................................. 75 

xü (_ 

CONTENTS 

2-13 Lifetime Risk of Lung-Cancer Mortality due to 
Lifetime Exposure to Radon Progeny ..................... 76 

2A-1 Summary Data for the Four Miner Cohorts . .. . . ........ 106 
2.A-2 Internai Analysis of Relative Risk as a Function of 

Age at Risk, Age at Start of Exposure, Duration, and 
Time Since Exposure ..................................... 109 

2A-3 External Analysis of Relative Risk as a Function of 
Age at Risk, Age at Start of Exposure, Duration, ancl 
Time Since Exposure .................................... 110 

2A-4 Internai Analysis of Combined Data for Four 
Cohorts: Analysis of Joint Effects of Age and Time 
Since Exposure .. .. ....................................... 116 

2A-5 External Analysis of Combined Data for Four 
Cohorts: Analysis of Joint Common Effects of Age 
and Time Since Exposure ................. . .............. 117 

2A-10 Probability of Lung-Cancer Mortality in the 
Presence of Other Causes of Death .......... . ........... 133 

2D-1 Sorne Physical Properties of 222 Rn and Its 
Short-Lived Decay Products ............................. 138 

2B-2 Definition of the Working Level. ....... . ................. 141 

3-1 Selected Polonium Isotopes and Their Alpha 
Emissions ..................................... . ........... 160 

4-1 Locations of Bene Sarcomas among Persans 
Exposed to 226•228 Ra .......... . ....... . .. . .. . ...... .. . .. 186 

4-2 Relative Frequencies for Radium-Induced and 
Naturally Occurring Tumors by Age Croup ............. 187 

4-4 Carcinomas of the Paranasal Sinuses and Mastoid 
Air Cells among Persans Exposed to 226 ·'.J28 Ra .......... 218 

4-5 Incident Leukemia in Located Radium Workers ......... 227 
4-6 Cancer Incidence Rate among Persans 

Exposed to Different Concentrations of Radium 
in Drinking Water ........................................ 233 

4-7 Effect of Single Skeletal Dose of 1 rad Crom 224 Ra 
Received by 1,000,000 U.S. White Males at Age 40 ... . . 235 

5-1 Radioisotopes in the Thorium Series .................... 2·18 
5-2 Mean Annual Alpha--Radiation Dose Following 

Thorotrast Injection ........................ , ............ 252 
5-3 The German Thorotrast Study: Causes of Death 

in Examined and Nonexamined Patients ................ 259 

xiü ( _. 



5-4 

5-5 
5-6 
5-7 

6-1 

6-2 
6-3 

7-1 

7A-6 

8-1 

8-2 
8-3 

8-4 

I-1 

III-1 

III-2 

IV-1 

IV-2 

IV-3 

IV-4 

CONTENTS 

The Japanese Thorotrast Study: Causes of Death 
in Intravascular Thorotrast Croup and in Contrais .... . 264 
Liver Cancer Data from Thorotrast Studies ............ . 268 
Estimated Liver Cancer Risks ........................... 269 
Lifetime Excess Cancer Risks from Thorotrast ........ . . 272 

Distribution of Uranium in Postmortem Tissues 
of a Single Uranium Worker ....... . ............. . ..... . . 282 
Causes of Death after Uranium Dust Exposure ......... 293 
Cumulative Lung Dose Odds Ratios ..................... 294 

Transuranium Nuclides of Potential Biological 
Significance ............................................... 304 
Summary of Posterior Distributions after Combining 
Studies ................................... . ................ 362 

Genetie Effccts of an Average Population Exposure 
to the Gonads of 1 rad of Alpha Particles per 30-yr 
Generation ............................................... 379 
1981 U.S. Age-Specific Population and Births .......... 380 
Live Births by Age of Mother, Ali Races, 
United States, 1981 ...................................... 381 
Genetie Effects of Population Exposure to 1 rad of 
Alpha Particles to the Gonads ........................... 382 

Representative Values of Microdosimetric Parameters 
for a 1 µm Sphere ........ . ............................... 409 

Summary of Tu mors Primary to Lungs of Rats, 
Median Survival Times, and Lung-Tumor Risk 
Coefficients for COGEMA Radon-Daughter 
Exposures ................................................ 434 
Surnmary of Factors Influencing the Tumorigenic 
Efficiency of Radon-Daughter Exposure ......... . .... . .. 442 

Results of Colorado Plateau Study of Male 
Uranium Miners ................. . ........................ 448 
Chronology of Radon and Radon-Daughter 
Measurements in Colorado Plateau Study .. . ........... .449 
Number of Mines Visited and Number of 
Measurements Made in Colorado Plateau Study ........ 450 
Lung-Cancer Deaths by Cumulative WLM in 
White Underground Miners in Colorado 
Plateau Study ................................ . ........... 451 

XIV 

CONTENTS 

IV-5 Data on Nonwhite Male Underground Uranium 
Miners in Colorado Plateau Study ..... . ........ . . .... ... 454 

IV-6 Lung-Cancer Mortality among Czechoslovakian 
Uranium l'vliners .......... . ... . ........................... 457 

IV-7 Lung-Cancer among Czechoslovakian Uranium 
Miners in Relation to Cumulative Ra.don-Daughter 
Exposure ............... . ............... . ....... .. ..... .. . 462 

IV-8 Numbers of Mines and Measurements in Study of 
Ontario Uranium ~'liners . ..... . .......................... 463 

IV-9 Observed and Expected Lung-Cancer Deaths by 
Cumulative WLM among Ontario Uranium Miners .... 463 

IV-10 Numbers of Radon-Daughter and Radon 
Measurements in Eldorado Beaverlodge Uranium 
1\,liner Study ........................ . .............. .. .. . .. 465 

IV-11 Observed and Expected Lung-Cancer Deaths by 
Cumulative WLM, among Eldorado Beaverlodge 
Uranium Miners ................................ . .... . ... 467 

IV-12 Standard Mortality Ratios for Lung Cancer among 
Eldorado Employees ................................ . .... 468 

IV-13 Lung-Cancer Moratality by Cumulative Radiation 
Exposure among Chinese Tin Miners .. . ................. 460 

IV-14 Lung-Cancer Mortality by Cumulative Radiation 
Exposure among Canadian Fluorspar Miners . ..... ..... 471 

IV-15 Lung-Cancer Mortality among Norwegian Niobium 
Mine Workers ..... . .................................. . ... 479 

IV-16 Cause-Specific Risks of Mortality among Miners 
Exposed ta Radon Daughters ............................ 482 

Vl-1 Lung-Cancer Histopathology in Mining Croups 
Exposed to Radon Daughters ............................ 500 

VII-1 Relative Risks from Selected Studies of Cigarette Use, 
Radiation Exposure, and Lung-Cancer Risk ............ 506 

VII-2 Data on Smoking Rate and Radiation Exposure from 
Case Control Study of New Mexico Uranium Miners 
by Various Variables .... . ............. . ......... . ........ 521 

VII-3 Data from Case Contrai Study of New Mexico 
Uranium 1\,1iners .................................. . . . ..... 522 

VII-4 Data on Smoking Rate and Radiation Exposure 
among Japanese A-Bomb Survivors .............. . . ... .. 523 

VII-5 Relative Risks for Radiation Exposure and 
Number of Cigarettes Smoked per Day by Japanese 
A-Bomb Survivors ................................ . . . .... 524 

XV 



CONTENTS 

VII-6 Data on Duration of Cigarette Smoking and 
Radiation among Japanese A-Bomb Survivors ........ . . 525 

VII-7 Relative Risks from Radiation and Years of Cigarette 
Use among Japanese A-Bomb Survivors ................ 525 

VII-8 Results of Fitting Additive and Multiplicative Relative 
Risk Models among Japanese A-Bomb Survivors ....... 526 

VII-9 Observed and Calculated Lung-Cancer Mortality a.sa 
Function of Cumulative Exposure and Cigarette 
Consumption for the Colorado Plateau Miner Cohort .. 528 

VII-10 Relative Risks for Lung Cancer among Colorado 
Plateau Miner's Cohort ...... . .... . ..................... 530 

VII-11 Results for Fitting Various Relative Risk Models to 
Colorado Plateau Miner's Cohort .. . .................. ... 532 

VII-12 Ratio of Lifetime Risks by Age Started and Age 
Exposure Ends for Male Srnokers ................... .. ... 533 

Vll-13 Lifetime Risk by Age Started and Age Exposure 
Ends for Ma.le Smokers ................................... 535 

VII-14 Years of Life Lost, by Age Started and Age Exposure 
Ends for Male Smokers ................................... 537 

VII-15 Ratio of Lifetime Risks, by Age Started and Age 
Exposure Ends for Male Nonsmokers ... . ............... . 539 

VII-16 Lifetime Risk by Age Started and Age Exposure 
Ends for Male Nonsmokers . ............................. 541 

VII-17 Years of Life Lost, by Age Started and Age Exposure 
Ends for Male Nonsmokers .................. . ........... 543 

VII-18 Ratio of Lifetime Risks by Age Started and Age 
Started and Age Exposure Ends for Female Srnokers .. . 545 

VII-19 Lifetime Risk by Age Started and Age Exposure 
Ends for Female Smokers ................................ 547 

Vll-20 Yea.rs of Life Lost by Age Started and Age Exposure 
Ends for Female Smokers . ............................... 549 

VII-21 Ratio of Lifetime Risk by Age Started and Exposure 
Ends for Female Nonsmokers .............. . ....... . ..... 551 

VII-22 Lifetime Risk by Age Started and Age Exposure 
Ends for Female Nonsmokers ........................... . 553 

VIl-23 Years of Life Lost by Age Started and Age Exposure 
Ends for Female Nonsmokers . . ............ . ....... . .. . .. 555 

VII-24 Histologie and Physiologie Changes in the Respiratory 
Tract Associated with Cigarette Smoking ...... ." ........ 557 

VIII-1 Published Risk Coefficients for Exposure of 
Underground Miners to Radon Progeny ................ 565 

xvi 

HEAITH RISKS OF 

RADON 
AND OTHER 

INTERl~ALL Y DEPOSITED 
ALPHA-ErvllTTERS 

BEIR IV 

( 



1 
Overvie,v 

INTRODUCTION 

This report addresses demonstrated and potential health effect.s 
of exposure of hurnan populations to internally deposited alpha­
emitting radionuclides and their decay products. It emphasizes car­
cinogenic effects and, where possible, presents quantitative risk es­
timates for cancer induction. The largest part of the report deals 
with health effects of exposure to radon and its progcny, primarily 
because of a need to characterize the lung-cancer risk associated with 
exposure to radon and its short-lived daughters in indoor domestic 
environments. The report also addresses health effects of exposure 
to other groups of radionuclides and their progeny that emit alpha 
particles-the isotopes of polonium, radium, thorium, uranium, and 
the transuranic elernents. 

Severa! alpha-emitting radionuclides occur naturally in our en­
vironment; others are produced for industrial, military, and medical 
applications. Recent attention has focused on the alpha-emitting ra­
dioisotopes because of their presence in drinking water, in indoor air 
in buildings, and in mines and because of their potential release into 
the environment Crom the nuclear fuel cycle (including radioactive 
waste disposai) and from accidents during space exploration. The 
radionuclides of concern are mainly radon-222 and radium-226 and 
their alpha-emitting daughter products and the transuranic elements 
plutonium-238 and -239. 

1 
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Alpha-emitting radionuclides ca.n be absorbed into the tissues 
of the body and irradiate adjacent cells after inhalation or inges­
tion, after entry through a wound in the skin, or after injection for 
diagnostic or therapeutic purposes. Radiation effects depend not 
only on the physical properties of emitted radiation, but aise on the 
physiology and biochemistry of the exposed persan and the physical 
and chemical characteristics of the radionuclides, which contre! their 
deposition, transport, metabolism, excrction, and reuse in the body. 
The health effects of radiation in humans include cancer induction, 
genetic disease, teratogenesis (induction of developmental abnormal­
ities), and degcnerative changes . The most important target tissues 
for cancer induction and degenerative changes are the respiratory 
tract, bone, li ver, and the reticuloendothelium system. 

Both natural and man-made alpha-emitting radionuclides in our 
environ ment can pose a risk to human health, but the natural sources 
currently make the largest contribution to human exposure. Among 
the natural sources, inhaled radon and radon decay products indoors 
are the largest contributors to population exposure and might be 
responsible for a large number of Jung-cancer deaths each year.3 That 
has led to recommendations, now being implemented, for national 
studies to assess the magnitude of the problem, for adopting remedial 
action levels of radon progeny in the indoor environment, and for 
introducing mitigation procedures to take effect at or below such 
leve\s to reduce population exposures from this source.8•9 

For estimation of risks associated with exposure to the alpha­
emitting radionuclides, the most important human populations ex­
amined are the underground miners who are exposed to widely diff er­
ing concentrations of radon-222 progeny,3 the American radium-dia! 
workers who ingested various amounts of long-lived radium-226 and 
radium-228,6 the German patients who received injections of short­
Jived radium-224 11 with different activities, and the German patients 
who received injections of graded volumes of Thorotrast (colloïdal 
thorium-232 dioxide}. 10 Human data on cancer induction by alpha­
particle irradiation are sparse, but preliminary risk estimates have 
been calculated for some sites and tissues-lung, bone, head sinus 
and mastoid, and liver . 

Ali of these epidemiological surveys are presently in progress, 
none is completed, and the person-years of follow-up are still rela­
tively small, so thâ.t the lifetime carcinogenic risks of alpha-radiation 
;,Zposu·;~ remain uncertain. Sufficient human data are not available 
for assessing the late health effects of the transuranic elements, e.g ., 
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plutonium-239; and here it has been neccsaary to estimate risks from 
these internally deposited alpha-emitters in humans by simplified 
mathematical and dosimetric models 1 or from comparison of efîects 
with other radionuclides, where both direct experimental observation 
in laboratory animais and knowledge of radiation e!Tects in humans 
are available. Complications arise in evaluating such comparisons 
because of such factors as different time patterns of deposition and 
resorption of the various radionuclides, e .g., radium vis à vis pluto­
nium in bone.1 

This report attempts to respond to a broad range of scientific 
questions related to current public health issues. Not ail the ques­
tions can be addressed directly. There is considerable variation in 
the amount of data on each radionuclide from epidemiological stud­
ies and animal investigations. Epidemiological data are available on 
some alpha-emitting radionuclides, such as radon and its daughters, 
radium, and thorium. Little human information is available, how­
ever, on the transuranic elements, so dependence must be placed 
on animal experiments. As in al! experimental animal studies, the 
extcnt to which the results can be extrapolated to humans and the 
confidence that can be placed on such extrapolation are uncertain. 
Even when human data were available, the committee has tried 
to rely on its own studies using newly developed methods for the 
analysis of occupational cohort data rather than relying solely on 
published information. The committee has also used nove! statistical 
methods to analyze interspecies comparisons of the risks associated 
with different radionuclides when human data were insufficient. The 
committee recognizes that these analyses are preliminary and that 
large uncertainties are inherent in such extrapolations. Nevertheless, 
the committee believes that the methods introduced here will help to 
point the wa.y ta more detailed comparisons as additional data from 
epidemiological and animal studies become available. 

This report consists of eight chapters and eight appendixes. The 
remainder of this chapter presents a surnrnary of the committee's 
findings and its recommendations for future research . The next six 
chapters review the epidemiological and experimental evidence of 
the biological and health effects of the internally deposited alpha­
emitting radionuclides and their daughter products. Chapter 8 sum­
marizes the scientific evidence on genetic and fetal eff ects. The eight 
appendixes provide much of the scientific basis for the committee's 
conclusions, dealing primarily with radon and its progeny and with 
molecular and cellular radiobiology. Throughout the committee's 

( 
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deliberations, the sources of uncertainty that should be recognized 
in connection with radiation risk estimation are discussed; they are 
particularly important wit,h regard to the effects of radon and its 
progeny. 

The committee found it necessary, because of constraints on time 
and resources, to narrow its charge to an examination only of alpha­
emitting radionuclides known to induce health effects in exposed 
human populations and to concentra.te its efforts on specific subjects 
in each case. The cornmittee's focus and efforts were strongly in­
fluenccd by the nced to address the health effects of inhaled radon 
progeny, because of the concern over lung-cancer risk associated with 
increased indoor concentrations of radon. When results of epidemio­
logical surveys were available (e.g., on radon, radium, and thorium), 
analysis of hum an data was preferred to analysis of laboratory animal 
data (e.g., on polonium, uranium, and the transuranic elements) for 
quantitative human risk estimation. 

As in earlier reports Crom the Committee on the Biological Effects 
of lonizing Radiations, the so-called BEIR reports, the committee 
cautions that the risk estima.tes derived from epidemiological and 
experimental animal data should not be considered precise. They 
are derived from analyses of incomplete data and involve numerous 
uncertainties. The risk estima.tes presented here will change as new 
information and analytical mcthods become available. 

Finally, the committee notes that it assumes no responsibility 
to address the subject of regulatory guidance on exposure levels or 
societal cost-benefit issues that involve the radionuclides of concern. 
Clearly, such issues are beyond the scope of the committee's task and 
beyond its expertise. 

SUMMARY OF FINDINGS 

Most primordial radionuclides are isotopes of heavy elements 
and belong to the three radioactive series headed by uranium-238, 
thorium-232, and uranium-235. These contribute significantly to the 
general population collective dose equivalent. The relevant radionu­
clides in the body include the isotopes of uranium, radium, radon , 
polonium, bismuth, and lead; these enter the body by inhalation or 
by ingestion of food and water and only rarely through wounds in 
the skin. They follow normal chemical metabolism, and the con­
centrations of the long-lived radionuclides are usually maintained at 
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equilibrium or increase slowly with age. The shorter-lived ra<lion11-
clides disappear by decay, but might be continually replcnished by 
renewed intake. 

The annual dose equivalent to the branchial epithelium Crom 
inhaled alpha-emitting radionuclides and their progeny approaches 
2,500 mrem/yr (25 mSv/yr),3 due almost entirely to the radon 
progeny polonium-218-polonium-214 pair. The important tissue is 
the branchial epithelium, which is the site of most lung cancers 
thought to be induced by radiation. The major contributors are 
the short-lived decay products of radon, measurements of which 
show an apparent log-normal distribution of concentrations in in­
door air. For smokers, the additional exposure ta the lungs from 
naturally occurring radionuclides in tobacco increases the dose to 
the branchial epithelium. 4 For other soft tissues, bone surfaces, and 
bone marrow, the largest con tribu tors to the dose equivalent frorn 
the alpha-emitters are the lead-210-polonium-210 pair in bone. Ex­
posure of the general and worker populations from man-made or 
enhanced sources cornes primarily from consumer products (e.g ., to­
bacco), the nuclear fuel cycle, and emissions Crom government and 
industrial fa.cilities, including those from minera! extraction. In the 
past, enhanced materials produced for medical applications, such as 
colloïdal thorium dioxide, were injected or instilled directly into body 
tissues and resulted in high doses to some organs. 

RADON 

The evaluation of the lung-cancer risk associated with radon and 
its progeny has been the most challenging task of the committee. Nu­
merous studies of underground miners exposed to radon daughters in 
the air of mines have shown an increased risk of lung cancer in com­
parison with nonexposed populations. Laboratory animais exposed 
to radon daughters also develop lung cancer. The abundant epidemi­
ological and experimental data have established the carcinogenicity 
of radon progeny. Those observations are of considerable importance, 
bccausc uranium, from which radon and its progeny arise, is ubiq­
uitous in the earth's crust, and radon in indoor environments can 
reach relatively high concentrations. Although the carcinogenicity of 
radon <laughters is establishcd and the hazards of exposure during 
mining are wcll recognized, the hazards of exposure in other envi­
ronments have not yet been adequately quantified. Risk estimates of 
the health effects of long-term exposures at rela.tively low levels are 
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required, ta address the potential health effects of radon and radon 
daughters in homes and ta refine estima.tes of the risk in occupational 
environments. 

Two approaches are being used to characterize the lung-cancer 
risks associated with radon-daughter exposure: mathematical rep­
resentations of the respira.tory tract that model radiation doses to 
target cells and epidemiological investigation of exposed populations, 
mainly underground miners. The dosimetric approach used by other 
investigators and committees provides an estimate of lung-cancer 
risk related to radon-daughter exposure that is based specifically on 
modcling of the dose ta target cells. The various dosimetric mod­
els all require assumptions, some of which are not subject ta direct 
verification, as ta breathing rates; the deposition of radon daughters 
in the respira.tory tract; and the type, nature, and location of the 
target cells for cancer induction . Accordingly, the committee chose 
not to use dosimetric models for calculating lung-cancer risk esti­
ma.tes in this report. However, the results of dose models were used 
to extrapola.te lung-cancer risks derived from the epidemiological 
studies of underground miners to the general population in indoor 
environments. The lung-cancer risk estima.tes for radon-daughter 
exposure derived by the cornrnittee in this report are based solely on 
epidemiological evidence. 

The commit tee preferred a direct epidemiological approach, be­
cause the studies of radon-daughter-exposed miners provided a direct 
assessment of human health effects . Although each of the epidemi­
ological studies that the committee assessed has limitations, the 
approach of a combined analysis of major data sets permitted a 
comprehensive a.ssessment of the health risks associated with radon­
daughter exposure and of other factors that influence the risk, such 
as age and time since exposure. ln analyzing the data, the committee 
used a descriptive analytical approach, rather than statistical meth­
ods based on conceptual models of carcinogenesis. The committee 
obtained data from four of the principal studies of radon-exposed 
rniners (Ontario uranium miners, Saskatchewan uranium miners, 
Swedish metal miners, and Colorado Plateau uranium miners) and 
developed risk models for lung cancer based on analyses of these 
data. By means of statistical regression techniques appropria.te for 
survival-time data, the commit tee found that the probability of dying 
of lung cancer at age a in the combined cohorts was best described 
by the following expression: 

( .( 
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r(a) = ro(a)[l + 0.025ï(a)(W1 + O.SW2)], ( 1-1) 

where r (a) is the lung-cancer mortality rate at age a; r0 (a) is the 
baseline lung-cancer mortality rate in the 198~1984 U.S. population; 
ï(a) is 1.2 for ages less than 55 yr, 1.0 for ages 55-64 yr, and 0.4 
for age 65 yr or greater; W1 is the cumulative radiation exposure, 
in WLM,* from 5 to 15 yr before age a; and W2 is the cumulative 
exposure, in WLM, 15 yr or more before age a. 

In this mode!, the excess relative risk varies with time since 
exposure, rather than remaining constant, and depends on age at 
risk; the expression, therefore, is a departure from most previous 
risk models, which have assumed that the relative risk is constant 
over bath age and time. ln the committee's modified relative-risk 
mode!, radon exposures more distant in time have a smaller impact 
on the age-specific excess relative risk than more recent exposures. 
Moreover, the age-specific excess relative risk is higher for younger 
persans and declines at higher ages . The cornrnittee's analysis did 
not assume a priori that analysis based on the relative risk was neces­
sarily more appropria.te than alternatives, such as analysis based on 
absolu te risk. However, an absolute-risk mode! would have involved 
a complex power fonction of age. Since it requires fewer variables, 
the relative-risk form adopted by the committee provides a simpler 
description of observed lung-cancer risks in the miner cohorts. 

Recognition that radon and its daughter products can accumu­
late to high concentrations in homes has led to concern about the 
potential lung-cancer risk associated with indoor domestic exposure. 
Although such risks can be estimated with the mathematical expres­
sion in Equation 1-1 for excess relative risks, it must be recognized 
that the committee's rnodel is ba.sed on occupational exposure data. 
Several assumptions are required to transfer risk estimates from an 
occupational setting to the indoor domestic environment. Accord­
ingly, the committee assumed that the epidemiological findings in 
the underground minera could be extended a.cross the entire life 
span, that cigarette smoking and exposure to radon daughters in­
teract multiplicatively, that exposure to radon progeny increases the 
risk of lung cancer in proportion to the sex-specific ambient risk of 
lung cancer associated with other causes, and that., to a reasonable 

•working level month (WLM) is a. unit of exposure to ra.don progeny. It 
is defined in Chapter 2 a.nd in the Glossa.r;. The current occupational limit is 

4 WLM/yr. 

( 
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TABLE 1-1 Comparisons of Estimatcs of Lift!lime Risk of Lung -Cancer 
Mortality tlue lo a Liktimc Exposun: to Radon Prngcny 

5111 ,ty 

BEIR IV (1'187, this report ) 
NCHP 1 l l'lll-ll 
DEIR 111' (1980) 
UN.'iCEAH7 l 11P 7) 

"Sec Chnptcr 2 of this rcpnrl. 

Exccss L1fctimc Lung Ca ncer Mortalily 
(dcaths/1 0" pcrson WLMI 

JS(f 
l.lO 
7JO 
200- 4:,0 

approximation, a WLM yields an equivalent dose to the branchial 
epithelium in bath occupational and environmental settings. This 
la.st assumption is tentative, as it is based on very limited informa­
tion. The comrnittee concluded that more complete specifications of 
aerosol characteristics in nùnes and homes and the relevant physio­
logical parameters are needed to permit quantitative assessment of 
the comparative dosimetry of radon daughters in the occupational 
and environmental settings. 

On the basis of the estimates of excess relative risks per WLM of 
exposure to radon progeny derived from analysis of the four nùner co­
horts examined and the assumptions outlined above, the committee 
projected lung-cancer risks for U .S. males and females. The commit­
tce's risk projections estimate the ratio of lifetime risks relative ta 
baseline risks, the probability of lung-cancer mortality, and average 
years of life lost for various exposure rates and durations of exposure . 
The report includes tables for estimating risks conditional on survival 
to a particular age and for smokers and nonsmokers of either scx. 

The risk projections covcr exposure situations of current public­
health concern. Lifetime exposure to 1 WLM/yr is estimated to 
increase the number of deaths due to lung cancer by a factor of about 
1.5 over the current rate for bath males and females in a population 
having the current prevalence of cigarette smoking. Occupational 
exposure to 4 WLM/year fromages 20 to 40 is projected ta increase 
male lung-cancer deaths by a factor of 1.6 over the current rate in 
this age cohort in the general population. In al! these cases, most of 
the increased risk is in smokcrs in whom the risk is 10 or more times 
greater than that in nonsmokers. 

Comparisons of estima.tes of the lifetime risk of Jung-cancer mor­
tality due to a lifetime exposure to radon progeny in terms of WLM 
made by this and other scientific commit tees yield the data presented 
in Table 1-1. 
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The BEIR IV (this report) committee's modified relative-risk 
model differs from the others, in that it incorporatcs dependence of 
the relative risk of lung-cancer mortality on bath time since exposurc 
and age at risk . Unlike the modified relative-risk model developed by 
this committee, risk estimates by the 1980 BEIR III committee5 were 
based on the assumption of an additive risk of Jung-cancer mortality 
due ta exposure to radon progeny that increased with age. 

Users must be aware of the uncertainties that affect the estima.tes 
of the lung-cancer risk due to exposure to radon progeny given in this 
report. The uncertainties include sampling variation in the primary 
data, random and possibly systematic errors in the original data on 
exposure and lung-cancer occurrence, inappropriate statistical mod­
els for analysis or misspecification of the components of the models, 
and incorrect description of the interaction between radon-daughtcr 
exposure and cigarette smoking. In addition, the actual computed 
lifetime risk and expected life-shortening depend on the age-specific 
disease rates in the referent population-in the comrnittce's exam­
ples, the 1980-1984 U.S. population rnortality rates. Projections 
based on a different referent population would be expected to differ, 
although the ratios of lifetirne risks and years of life lost to baseline 
values are believed ta be more stable across populations. 

In its review and analysis, the committee found gaps in infor­
mation related to some aspects of radiation carcinogenesis by radon 
daughters. The cells of the respiratory tract that give rise to radon­
daughter-a.ssociated lung cancer are still not known. A unique link 
between radon-daughter exposure and small-cell carcinoma of the 
lung wa.s not found; in the studies of underground miners, this histo­
logical type occurred in greatest excess, but other cancer-cell types 
were also increased. 

Review of the literature and the committee's own analyses of the 
relevant data did not lea.d to a conclusive description of the interac­
tion between ra.don daughters and cigarette smoking for the induction 
of lung cancer. Severa! data sets were analyzed, and although the 
committee chose a multiplicative interaction for its risk projections 
on a relative-risk scale, it recognizes that a submultiplicative mode! 
is also consistent with the data analyzed. Neithcr an additive nor a 
subadditive model appears consistent with these data. 

Health effects of exposure to radon daughters other than res­
piratory cancer are also of concern, but the data are sparse and 
associations are weak. Reductions in lung function in some uranium 
miners cannot be attributed directly to radon-daughter exposure. 
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The data on increased occurrence of chromosomal aberrations in 
lymphocytes and on adverse reproductive outcomes in uranium min­
ers are inconclusive. 

Research in the United States and other countries has provided 
data on concentrations of radon and radon progeny in homes. The 
studies have also described the sources of radon and determinants of 
its concentration. A few exploratory epidemiological investigations 
of the lung-cancer risk associated with radon-daughter exposure in 
homes have been carried out, but the study populations have been 
small and the results inconclusive. The committee judged these ex­
ploratory studies to be inadequatc for the purposes of risk estimation. 
lts risk projections for the general population are therefore based on 
the studies of miners. The committee concluded that estimates of 
lung-cancer risks based on studies on miners can be used to estimate 
the potential lung-cancer risk associated with increased concentra­
tions of indoor radon; however, the estimates derived are imprecise. 
The cornmittee recognizes that the differences between risks in min­
ing and dornestic environments and the interaction between smoking 
and exposure to radon progeny remain incompletely resolved. 

POLONIUM 

Polonium isotopes occur in nature; they appear in tissues as a 
result of ingestion in foods, inhalation of tobacco smoke, and decay 
of lead-210 deposiled in bone. Polonium-214 and polonium-218 are 
short-lived daughters of radon-222 and contribute a large fraction of 
the radiation dose from inhaled radon. Extensive work with animais, 
primarily with polonium-210, bas indicated that it does not localize 
appreciably in bone, in contrast with many other alpha-emitters; it 
concentrates instead in the reticuloendothelial system, in kidney, and 
in blood cells. Its effects at higher doses resemble those of generalized 
whole-body radiation and involve a.Il major organ systems. At lower 
doses, soft-tissue tumors, nephrosclerosis, hypertension, cataracts, 
generalized atrophy of the lymphoid system, and nonspecific life­
span shortening occur. 

In laboratory animal experiments, the relative toxicity of poloni­
um-210 is a fonction of duration of exposure and dose. At high 
doses, it is much more taxie than uranium, plutonium, radium, 
or the transplutonic elements . Because of its shorter half-life and 
its toxicity at longer times and lower doses, it is comparable with 
plutonium-239, i.e., about 5 times a.s effective as radium-226; at very 

( 
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low doses and very long times, its effectiveness approaches that of 
radium-226. 

Experimenta.l studies in humans and accidentai exposures have 
indicatcd that metabolism in the human body is similar to that in 
laboratory animals. Only a few cases of effects in humans due directly 
ta exposure to poloniurn-210 have been documented, so carcinogenic 
risk associated with exposure to polonium cannot be estimated di­
rectly. Risks can be estimated indirectly from the experience with 
other internally deposited alpha-particle emitters. 

RADIUM 

The main sources of information on the health effects of ra­
dium deposited in human tissues are the U.S. cases of occupational 
cxposure (mostly in dial painters and radium chemists) and medi­
cal exposure ta radium-226 and radium-228 and the German cases 
of repeated injection of radium-224 into patients for treatment of 
ankylosing spondylitis in adult life or tuberculosis in childhood. Ma­
lignant effects are almost exclusively the induction of skeletal tumors 
and of carcinomas in the paranasal sinuses and mastoid air cella. The 
evidence of induction of leukemia is weak, except at doses far greater 
than those in occupational, environmental, or therapeutic exposures 
currently encountered. 

The dose-response data on bone sarcomas are characterized by 
low-dose regions of zero observed risk. Depending on which isotope 
of radium is being considered, a variety of dose-response relationships 
are consistent with the human data-linear, dose squared, linear with 
correction for dose protraction, dose-squared exponential, linear­
quadratic exponential, 1 minus an exponential, and threshold.6 In 
the dose range in which bone tumors have occurred, the lifetime 
risk associated with radium-224 is estimated to be about 2 x 10- 2 

excess bone sarcomas per persan Gy (200 per million person-rad) 
when a linear fonction is assumed and an apparent increase in risk 
with dose protraction is taken into account . However, analyses that 
take into account competing risks lead ta the rejection of a linear 
dose response on statistical grounds, and the best fit to the data on 
children and adults is found to be linear-quadratic exponential. The 
lifetime probability of excess bene cancer induction per persan Gy to 
bone is then estimated to be approximately {0.0085D + 0.0017 D2) 
exp - 0.025D after an average skeletal dose of less than 1 Gy and a 
25-yr expression period. Tumors are distributed over time, with their 
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freq11ency diminishing with a half-life of about 4 yr after a minimum 
latent period of 5 yr. ln the low-dose range in which no tumors have 
been observed, the uncertainty in the risk estimates for radium-224 
increases monotonically wit.h decreasing dose. 

For radium-226 and radium-228 bone sarcoma induction, a num­
ber of dose-response functions provide statistically acceptable fits to 
the data within the range of doses where tumors have been ob­
served . Ail of these functions predict approximately the same risk 
for a given exposure, but not at lower doses where no tumors have 
been observcd. Below the dose range in which tumors have been 
observed, the uncertainty in the estimate of risk bascd on extrap­
olation of the dose-response function increases monotonically with 
decreasing exposure. Bane sarcomas induced by radium-226 and 
radium-228 have appeared 7 yr after first exposure and continued to 
appear throughout life. The t.ime to tumor appearance apparently 
increases with decreasing dose and dose rate. Below an average skele­
tal dose of about 0.8 Gy, the chance of developing bone cancer from 
radium-226 and radium-228 during a normal lifetime is extremely 
small-possibly zero. 

Carcinomas in the paranasal sinuses and mastoid air cells are 
observed after exposure to radium-226 or to radium-226 in combina­
t.ion with radium-228, but have not yet been observed among persans 
exposed ta radium-224. The working hypothesis in most analyses of 
the data is that raclionuclides other than radium-226 are ineffective 
for the induction of these carcinomas (although such carcinomas have 
occurred at a statistically significant frequency in dogs exposed to 
other radium isotopes and ta the actinides). The tumors occurred 
as early as 10 yr after exposure and continued to occur throughout 
life. A linear dose-response relationship describes the data either as a 
function of average skeletal dose or of radium-226 intake. In terms of 
sysiemic intake, the risk coefficient for these carcinomas is estimated 
as 16 excess cancers per million person-yr at risk per µCi of intake. 
Causation is thought to be associated partly with the generation of 
radon-222 by radium-226 decay and later irradiation of the sinus and 
mastoid epithelial tissues by radon-222 and its progeny. 

The cells at risk of bene cancer induction appear to be proliferat­
ing osteogenic ce lis or their precursors at bone surfa.ces. Identification 
of cell type and location is complicated by the diversity of cells that 
lie within the range of alpha particles emitted from bone surfaces. 
In the mastoids, the cells at risk for carcinoma appear to be the 
epithelial cells in the squamous or cuboidal epithelium of the lining 

OVERVJEW 13 

mucosa. ln the paranasal sinuses, where the epithelial structure is 
more complex, the location and id,mtity of the cell at risk are Jess 
certain. 

THORlUM 

Thorium-232 is a primordial, long-lived, alpha-emitting radionu­
clide; its decay series can be considered as consisting of two steps: 
the formation of radium-224 by successive decays from thorium-232 
and then the decay of radium-224 and its daughters to stable lead. 
The alpha-emitters from radium-224 are biologically the most im­
portant in the dosimetry concerned with the radioactive properties 
of the thorium series. Colloïdal [2

:i
2 Th]thorium dioxide (Thorotrast) 

was used widely as a contrast medium in diagnostic radiology from 
1928 to 1955. Intravascularly injectcd Thorotrast aggregates tend 
ta be incorporated into the tissues of the reticuloendothelial system, 
mainly the liver, the bone rnarrow, and the lymph nodes. The ra­
dioactive daughter products can escape into the bloodstream and 
thus reach the bone and bene marrow; the important bone-seeking 
daughter products are radium-224, radium-228, and thorium-228 . 
Aggregates in the li ver, bone, and bone marrow are often taken up 
by macrophages that are mobile, thereby distributing the radiation 
in relation to the reticuloendothelial, hematopoietic, and endosteal 
cells . The radiation dosimetry is therefore complex and can be fur­
ther complicated by the colloïdal and elemental chemical and physical 
characteristics . 

Epidemiological surveys of Thorotrast patients are in progress 
in Germany, Denmark, and Portugal; additional studies are being 
carried out in Japan and the United States. Approximately 4,000 
patients are being followed . A typical injection of 25 ml of Thorotrast 
would result in an average li ver dose rate of 25 rads/yr (0.25 Gy /yr) 
and an average endosteal bone dose rate of about 16 rads/yr (0.16 
Gy/yr). The la.te effects of Thorotrast incorporated in the body are 
primarily the induction of li ver cancers, bone sarcomas, and myelo­
proliferative disorders, including leukemias. Liver cancers appear in 
excess in ail epidemiological studies. Hemangioendotheliomas in the 
liver occur uniquely after Thorotrast is intravascularly administered; 
it has been described as a Thorotrast-specific liver cancer. 

Risk estimates for thorium-232-induced liver cancer, bone can­
cer, and leukemia have been calculatcd on the basis of Thorotrast 
patients who received injections of colloidal [23:!Th]thorium dioxide 
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and its progeny. For liver cancer, a lifetime risk is estimated to be 
about 3 x 10-:i per persan-Gy (300 excess liver cancers per million 
persan-rad), where the alpha radiation dose is to the liver. For bone 
sarcomas, the lifetime risk is estimated to be about (0.55-1.2) x 10-2 

excess bone sarcomas per persan-Gy (55-120 per million persan-rad), 
where the dose is to the skeleton without bone marrow. For leukemia, 
a lifetime risk of about (0.5-0.6) x 10-2 per persan-Gy (50-60 excess 
leukemia cases per million persan-rad) is estimated. Those estimates 
are uncertain because of the nonuniform deposition of thorium in 
the tissues (which results in high local tissue doses), the chemical 
nature of thorium, the wasted radiation dose in necrotic and fibrotic 
tissues (particularly in the liver), and the incomplete follow-up in the 
epidemiological studies. 

URANIUM 

N atural uranium is of low specific activity and consists mainly of 
uranium-238 (over 99% by weight) with smaller amounts of uranium-
235 and -234_ The latter radionuclides have shorter half-lives than 
uranium-238 and account for about 50% of the radioactivity in nat­
ural uranium. Uranium is ubiquitous in rocks and soil and is a trace 
element in foods, particularly crops or cereals, and in drinking wa­
ter. Wide geographical differences have been noted. Gastrointestinal 
absorption from food or water is the principal source of internally 
deposited uranium in the general population. It is stored mainly in 
bone, where it bas a uniform distribution. Inhalation of aerosols con­
taining uranium is a hazard of industrial exposure, and this uranium 
might consist of depleted or enriched uranium. The distribution and 
retention of uranium in the body after inhalation of an aerosol de­
pends critically on the aerodynamic size of the particles and on their 
solubility in biological fiuids . Inhalation of insoluble compounds is 
associated wiLh uranium retention in lung tissue and hilar lymph 
glands. 

Uranium compounds may induce detrimental health effects due 
to bath chemical toxicity and alpha-radiation damage. Animal ex­
periments have demonstrated a specific taxie effect of uranium on 
the kidney, but with little evidence of taxie effects on other organs. 
There are considerable interspecies differences in sensitivity, possibly 
owing to differences in the acidity of urine. The dog is thought to 
be the animal mode! with greatest similarity ta humans. Uranium of 

\_ 
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high specific activity ( uranium-232 and -233) can cause bone sarco­
mas in mice, and massive doses of uranium oxide have produced lung 
fibrosis and lung cancer in the primates, dogs, and redents. This is 
interpreted as resulting from alpha-particle irradiation of the lung . 

Epidemiological surveys of uranium millers and miners occupa­
tionally exposed ta dusts containing natural uranium at relatively 
high concentrations have not yielded convincing evidence of serious 
renal damage nor ofincreased rates of malignant tumors. Those stud­
ies had limited power ta detect increased rates of disease, and con­
founding factors obscured the interpretations . Emphasis has there­
fore been on animal data concerning renal damage after exposure 
to uranium and on data on animais and humans exposed to other 
alpha-emitting elements, such as radium-226. 

Observations on animals exposed to high-specific-activity ura­
nium suggest that a small excess of bene sarcomas in human pop­
ulations could result from naturally occurring uranium, but that 
the magnitude of the excess depends on which mathematical mode! 
is chosen. If the dose-response relationship is qua.dratic, virtually 
no effect is expected at environmental natural uranium concentra­
tions. If a linear dose-response relationship is chosen, it has been 
estimated that ingestion in water or food at an environmental ra.te 
of 5 pCi/day could be associated with a lifetime risk of 1.5 bone 
sarcomas per million persans. That may be contrasted with about 
750 naturally occurring bone sarcoma.s per million persans in the 
United States. It is concluded, on the basis of present evidence, that 
the general population risk associated with natural uranium is very 
low and might be neg\igible. Higher risks could be associa.ted with 
higher uranium concentrations in local water supplies. 

TRANSURANIC ELEMENTS 

Transuranic elements are members of the actinide series be­
yond uranium; all are artificially produced in nuclear reactors, ac­
celerators, and explosions of nuclear weapons and several include 
alpha-emitting radioisotopes with very long ha.If-lives. Neptunium, 
plutonium, americium, and curium are the most abundant and the 
most extensively used. The tra.nsuranic elements are not rea.dily ab­
sorbed through the skin or from the gastrointestinal tract. Because 
of the short range of alpha radiation in tissues, these elements are 
not of potential health concern unless they enter the body and de­
posit in tissues through wounds or the respira.tory tract. Inhalation 

(_ 
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of airborne particles into the respiratory tract and subsequent de­
position probably represents the most common pathway by which 
transuranic elements might enter the body ta cause alpha irradiation 
of human tissues and eventual health effects. Following deposition 
in the lungs, inhaled aerosol particles are quickly phagocytized by 
alveolar macrophages, and may be transported Crom the lungs, de­
pending on solubility; the target tissues include primarily the lungs, 
liver, bone, bone marrow, and lymph nodes. 

Insoluble transuranic compounds, primarily plutonium oxide, 
are retained in the lungs and thoracic lymph nodes. Other pluto­
nium compounds are more mobile when taken into the body through 
the respiratory tract or through wounds and deposited primarily in 
the li ver, and bone. Distribution within tissues tends to be diffuse 
initially, but the compounds often a.ccumulate or form aggregates 
within cells. Only under conditions of very high deposition would 
there be more than a few percent of the total cells exposed to al­
pha radiation. Nevertheless, an association exists between cancers of 
the lung, bone, and liver and deposition of transuranic elernents in 
these tissues in several animal species under experimental conditions. 
Inhalation of large amounts of transuranic compounds, e.g., pluto­
nium oxide particles, in experimental rodents and dogs results in 
radiation pneumonitis, pulmonary fibrosis, and Jung cancer. Inhaled 
plutonium compounds can also cause an increase in the incidence of 
bone tumors but this has not been observed in experimental animais 
that inhaled highly insoluble 230Pu02 particles. Alpha particles from 
plutonium are considerably more mutagenic and carcinogenic than 
are x rays; the experimental animal data in rats and dogs are ex­
tensive. In the absence of sufficient human surveys to calculate risk 
estimates for cancer induction, the animal data, together with data 
on radium-224 and radium-226 in humans, provide a basis for cancer 
risk estimation. 

Human exposures occur primarily among occupation ail y exposed 
workers in nuclear facilities. The United States Transuranium Reg­
istry and other studies involving several thousand workers who have 
been accidentally exposed, predominately to low levels of transuranic 
elements, have shown that plutonium tends to concentrate in the tra­
cheobronchial lymph nodes, with smaller amounts accumulating in 
the lungs, liver, and bone. The most extensive epidemiologic study 
of plutonium workers found that mortality experience for the entire 
cohort was less than that expected based on U .S . mortality rates . 
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The only significant excess risk was for benign and unspecified neo­
plasms. The analysis showed no elevated risks for cancer in tissues 
with the highest concentrations of plutonium, narnely, Jung, liver, 
and bone. The human data and the alpha-radiation dosimctry alone 
are, at present, inadequate to provide direct calculation of cancer-risk 
coefficients in the radiosensitive organs and tissues. 

Although cancer-risk estimates have been derived from the an­
imal studies, extrapolation of these numerical values ta humans in­
troduces uncertainties and technical difficulties. The experimcntal 
animal data are quite extensive, and the committee has applied 
Bayesian cornponents of variance models to 15 data sets for bone 
sarcoma induction in humans and laboratory animals. The analysis 
yields, for plutonium deposition in human bone, a lifetirne risk esti­
mate of 3 x 10- 2 per persan-Gy (300 excess bene-cancer deaths per 
million persan-rad) to bone. This is consistent with risk estirnates 
based on data from laboratory animals. 

GENETIC AND FETAL EFFECTS 

The genetic disorders that can arise in the progeny of persans 
exposed to alpha radiation are of the same classes as those aris­
ing after expo~ure to low linear energy transfer (LET) radiation: 
single-gene autosomal dominant and X-linked disorders, irregularly 
inherited disorders, recessive disorders, and chromosomal aberra­
tions. Estimates of genetic risk have been made by the BEIR III 
comrnittee5 based on the current incidence of hereditary disorders 
and their estimates of the dose of low-LET radiation required to 
double the mutational frequency. That information was combined 
with relative biological effectiveness (RBE) values for alpha irradia­
tion derived from plutonium-239 experiments in mice- specifically, 
RBEs of 2 .5 for mutations and 15 for chromosomal aberrations-ta 
estimate the risk duc ta internally deposited alpha-particle emitters . 
Numerical estimates of the incidence of genetic effects over a 150-yr 
span (five generations) were made for continuous average population 
gonadal doses of 0.01 Gy (1 rad) per 30 yr reproductive generation, 
0.33-mGy alpha dose/yr. For a stable population of about 1 million 
persans, nearly 200 dominant, X-linked, and translocation genetic 
effects wàuld accumulate over 150 yr. 
· · Altliough· alpha-emitting radion~clides can be transmitted across 
the placenta and incorporated in the body of the developing fetus, 
only the alpha decays that occur during intrau terine life can cause 
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teratogenesis. The teratogenic effects are close1y re1ated to the stage 
of embryonic development at which the radiation dose is received; 
preimplantation is the stage of specific teratogenic effects that can 
occur only during specific, relatively brief periods during intrauterine 
development. Data on radiation effects on the developing embryo and 
fetus in humans are sparse, and risk ~stimates must be based mainly 
on experimental animal data. 

Most of the alpha-emitting radionuclides demonstrate low fe­
tal accretion in laboratory animais, although they vary widely in 
fetoplacental distribution. Developmental studies on internai alpha­
emitters have included radon and its daughters, radium, polonium, 
uranium, and the transuranic elements. Almost al! the teratogenic 
efîects are considered to be due to cell k1lling .' . RBE values for .cell 
·killing by ·alpha particles ·exceed 10, but could be higher for very low 
dose rates. However ,- because alpha irradiation is delivered chron­
ically, most of the total dose accumulated during gestation is not 
effective-only that received during the sensitive interval is effective. 

RECOMMENDATIONS FOR FURTHER RESEARCH 

RADON 

• The committee's rnodel for estimating the lung-cancer risks 
due ta radon exposures is based on the application of multivariate 
statistical procedures ta the data from four major epiderniological 
surveys of underground miners. Severa! current underground-miner 
surveys could provide a more extensive data base with increased 
person-years of follow-up and help ta refine Jung-cancer risk coeffi­
cients; provide more information on the interaction between smoking 
and radon exposure; and, with improved dosimetry, narrow the un­
certainties in the application of lung-cancer risk data derived from 
miners ta the estimation of risk in the general population. Collecting 
and reporting smoking data on these miners should be an essential 
part of the study design. 

• The committee recommends continued epidemiological study, 
with parallel multivariate analysis, of the temporal expression of lung 
cancer in underground miners exposed ta radon progeny. 

• The present need to apply lung-cancer risk projections from 
surveys of underground miners to estimate risk ta the general pop­
ulation associated with indoor radon introduces uncerta.inties and 
technical difficulties. The domestic environment has not been char­
acterized adequately in terms of the variables affecting the dose and 
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risk related to radon progeny. Variations in indoor radon concentra­
tions, alterations of acrosol characteristics, and impacts of smoking­
related risk factors suggest that health consequences of indoor radon 
exposure require more epidemiological study and basic research. Fur­
ther studies of dosimetric rnodeling in the indoor environment and in 
m:nes are necessary to determine the comparability of risk per WLM 
in domestic environments and underground mines. 

• The committee recomrnends continuation of epidemiological 
studies of 1ung cancer and other health outcomes resulting from 
indoor radon exposure; such studies must have sufficient statistical 
power ta quantify any significant differences between the risks in 
environmental and occupational settings. 

POLONIUM 

• The committee recommends that studies continue ta evalu­
ate the role of polonium from tobacco smoke in the production of 
lung cancer, including branchial and Jung dosimetry, identification 
and characterization of target cells, and the role of cofactors and 
mechanisms of the carcinogenic response. 

• The induction of nonstochastic health eff ect3, both acu te and 
long ter~, -partiêuiarly in the renal, cardiovascular, and reproductive 
systéms; requirès further study. 

• The committee recommends that the efîects of small expo­
sures ta polonium on the pathophysiological response in some organs 
and tissues deserve continued study in laboratory animais . 

RADIUM 

• The bone-cancer risk appears ta have been completely ex­
eressed in the· p-~pÛlatiorÏs exposed ta radium-2'.:!4 in the 1940s and 
~'? _l:iav~ l;:>een ne~rly completely e_xp_ressed in the populations exposed 
to radium-226 and radium-228 before 1930. Further analysis of these 
_data should involve reevaluation of the dosimetry. More quantita­
tive information is required for the evaluation of the magnitude of 
the dosimetric uncertainties and their impact on uncertainties of 
quantitative risk estimation. 

• The committee recommends that the bone-cancer risk data 
from the two studies be integrated and analyzed with newer statisti­
cal methods. 

( 
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• The commit.tee recommends that the follow-up studies of 
the lower-dose radium-224 patients exposed since the 1940s now 
in progress in Germany and of similar gro11ps of radium-226 and 
radium-228 patients continue. 

• The discovery of bone cancer or sinus/mastoid cancer after 
exposure at the lower doses and the additional person-years of follow­
up should substantially reduce the uncertainties of risk estimation 
related ta the low doses. 

• The comm.ittee recommends that research should continue on 
the identification of the cclls at risk of bene-cancer induction; on cell 
behavior over time, including where the cells are in the radiation field 
at various stages of thcir life cycles; on modifying factors, such as the 
formation of fibrotic layers that might red uce the radiation that the 
cells receive; and on the time course and distribution of radioactivity 
in bone. 

• The sinus and mastoid carcinomas in persans exposed ta 
radium-226 and radium-228 are produced largely by the action of 
radon-222 and its daughters; continued study might off er insights into 
the effects of occupational and environmental radon. The dosimetry 
of the mastoid air cell system is much simpler than that of the 
branchial tree; the mastoid mucosa might be the only respiratory 
tissues whose epilhelial structure is simple enough ta permit accurate 
dose estimation. 

• The committee recommends that the dosimetry of the mas­
toids should be examined as completely as possible, so that the risk 
per unit of epithelial tissue dose and per unit of cell dose can be 
determined accurately; this might improve the understanding and 
estimation of the carcinogenic risk in the epithelium of the lower 
respiratory tract . 

THORIUM 

• The carcinogenic risk estimates related ta thorium-232 de­
pend primarily on studies of patients who received Thorotrast. These 
studies are incomplete, and except for those of the German patients, 
they have little statistical power to establish with precision the types 
of diseases produced, their in!luence on carcinogenic risks at low 
doses, the effects of dose and dose rate, and the chemical effects of 
the colloidal heavy metal, particularly in the liver. 

• The committee recommends that the data be obtained from 
ail five principal epidemiological studies of Thorotrast-exposed pa-
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tient3, to develop risk moJels for liver anJ other cancers Crom original 
multivariate analyses . 

• The dosimetry of Thorotrast and thorium radionucliJes in 
target organs is pcorly understood. The ra<liation effor.ts dcpend on 
the physical properties of the emitted radiation and on the physical 
anJ chemical characteristics of the radionuclide and its aggrcgation, 
movemcnt, and deposition. 

• The committee recommends further study of the dosimetry 
of thorium radioisotopes at the cellular levcl in the target organs 
or tissues; these proccsses are central ta an understanding of the 
biological effects, notably in liver and bone. 

URANIUM 

• The comrnittee recommends that experimental studics of the 
nephrotoxic effects of uranium should be continued ta <letermine the 
threshold concentration of uranium that is associated with substan­
tial renal tubula.r damage and the animal and metabolic models most 
appropriate for predicting human effects. 

• The committee recommends that cross-sectional and longi­
tudinal epidemiological investigations of o-cëüpational e ·xp-osure to 
'nïituraruraniudi ·b.; ;1goroÜsly- pÜ-rsuëd.- - -· . -
·---;-As;~~;;;;;;~t--orrenal · f~-n~-tfo~ . and other health outcomes 
should be examincd and correlated with environmental mcasure­
ments designed specifically ta estimate individu al exposures. Studies 
of mortality and morbidity might be warranted if stable populations 
of sufficient size can be identified in areas with high concentrations 
of uranium in drinking water or food. 

• The committee recommends that the mechanism of uranium 
deposition and redistribution in bone should be further investigated, 
sà--that the potential ·carcinogenic effect of natural uranium can be 
more reliably predicted from the results obtained with enriched ura­
nium or with other alpha-emitters, such as radium-226 and radium-
228 decay chains. 

TRANSURANIC ELEMENTS 

• \Vhile no health eITects have been associated with such human 
exposures, the results of experimcntal animal studies suggest that ef­
fects may eventually be observed in the highest-exposed worker pop­
ulations. Such studies should emphasize the importance of thorough 
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postmortem e:rnminations of deceased persans whose deaths may 
be related to transuranic element exposures to confirm the cause of 
death and the possible presence of other lesions and to obtain tissue 
samples for radiochemical analysis and cellular-molecular biological 
studies. 

• The committee recommends the continuation of current epi­
demiological studies of worker populations exposed ta transuranic 
elements . 

• Analysis of data from life span experimental animal studies 
using an epidemiological approach will ensure maximum use of this 
invaluable large data base for extrapolating the results of animal 
studies to humans. This should have a high priority because it is 
unlikely that these expensive life-span studies, particularly the dog 
experiments, will be repeated. 

• The cornmittee recomrnends that current life-span studies 
with dogs be completed and reported in a manner that will ensure 
that the maximum information is obtained. 

• lt is important ta expand the effort to correlate the available 
human and experimental animal data on the deposition, transloca­
tion, metabolism, clearance, and excretion of transuranic elements. 
Considerably more work is required with respect to biokinetics and 
ta the development of models that can be applied ta the practice of 
radiation protection, including bioassay procedures and assessment 
of exposures. Additiona.l research is needed to correlate the gross 
and microscopie distribution of transuranic elements within tissues 
and the site of tumor formation to ensure relevant dosimetry. 

• The application of the powerful new tools of modern biology 
to multilevel studies (molecular, cellular, tissue, organ, animal, and 
human) will lea<l to improved understanding of the interactions of 
alpha radiation with biological targets from transuranic elements 
deposited in various tissues. Such studies have the potential for 
detecting potcntial harmful biological effects at low radiation doses, 
identifying persons of special risk to radiation injury, determining 
whether certain disea.ses are attributable to transuranic exposures, 
and directing therapeutic measures ta sites of injury. 

• The committee recommends that the Bayesian methods for 
interspecies extrapolation be developed further and applied to the 
determination of other risk factors in humans. 
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• The committee recommends that investigations continue on 
the retention and cellular distribution of the alpha-emitting radionu­
clides in appropriate chemical forms in the avaries and testes of 
selected primates suitable as surrogates for humans. 
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