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On the cover are the images of ten men who have worked with plutonium 

and now carry measurable body burdens of this radioactive element. 

Some of those individuals were at Los Alamos during the days of the. 

Manhattan Project, and some of them are here today. In this volume on 

radiation protection and the human radiation experiments, these men 

share their experiences with plutonium, the stories of their accidents, and 

their perspectives on the human plutonium injection experiments. We 

thank them for their generosity. No doubt their stories will help others 

who come into similar circumstances. 

As much as the plutonium injection experiments were flawed from an 

ethical standpoint, they did provide the bulk of the data that are now used 

to estimate the 'seriousness of an accidental intake of plutonium. Those 

data relate the amount of plutonium excreted In the urine to the amount 

retained In the body. The graph (above rlght) shows data points for the 

amount of plutonium in the urine versus time for one individual. The fit 

to that data made using the maximum-entropy method is shown In red. 

Fifty-year committed doses in rem are calculated from the urine results 

using biokinetic models of the time-dependent distribution of plutonium in 

the body. Those models are based on data gathered from the piutonlum 

injectees as well as from the tissues of deceased plutonium workers. 

Because plutonium is an ongoing responsibility of this Laboratory, the 

protection of those who handle that dangerous material is also our ongo- 

ing responsibility. This volume is dedicated to openness and to the 

proper handling of our role in plutonium work. 
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Ionizing Radiation-It's Everywhere! 1 There are a varieg of myths and misconceptions about the ionizing rudia- 

tion that surrounds und penetrates us all. Dispel a few of these bv taking 

a leisurely tour of radiation and its properties, of the natural and tnan- 

made sources of ionizing radiation. and of the way doses ure caltulated. 

End Four tour bx estimating your own annirul dose. 

Roger Eckhardt 

Radiation, Cell Cycle, and Cancer 50 Bv damaging DNA and inducing generic mutations. 
ionizing radiation can potentially initiate a cell on the 

road to cancer. We review, what is currently-knorvn 
about regulation of celluiar reproduction. DNA damage und 
repair, cellular defense mechanisms, and the spec@ "can- 

cer-causing " genes that are susceptible to ionizing radiation. 

Richard J. Reynolds and Jay A. Schecker 

Radiation and Risk: A Hard Look at the Data YO This rapid sunlev of the data on radiation cffecfs 

in humans shows that high radiation doses increase 

the risk ofcancer, whereas the effects of low 
Mario E. Schillaci 

A Bfief History of Radiation Protection Standards 16 doses ure very difficult io detecr. The h!porhetical 

risks at low doses, which areestimated from the 

atomic-bomb survivors, are compared to the Ion- 

dose data so that the reader can assess the wesent 

William C. Inkret, John C. Taschner, 

and Charles B. Meinhold 

level of uncertaino. 

11. On the Front Lines-A Roundtable with Los Marnos Plutonium \Forkers Past and Present 124 

The Participants 

Setting the Stage in Chicago 

Working with Plutonium 

The Early Years--1944-1946 in D Building 

Middle Years--1952- I978 at DP Site 

Modem Times-I 980 to the Present at TA-55 

Accidents with Plutonium 

Follow-up Studies, Expert Opinions, and Future Prospects 

Opinions about the Plutonium Injection Experiments 

As part of the openness initiative, ten 

individuals who have worked with plutonium 

during various periods in the Laboratop's his- 

tory were asked ro share their experiences in- 

cluding their accidental intakes. Their frank- 

ness, their courage, and their pride in their 

accomplishments are an example for all of US. 

The histor?, and prognosis of people who have 

had plutonium exposures is discussed by the 

Laboratory's leading epidemiologist. 

Plutonium Metal: The First Gram 162 In 1944, two particpants in the roundtable above made the first plicto- 

nium sample large enough to be analyzed for its physical properties. Ed Hammel 

The Future of Plutonium Technology 168 Activities at TA-55, the Luboratory 's plutonium facilig. are 

more challenging than ever even though the cold war is o\.er. Dana Christensen 
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ments pelformed? How dangerous were the? to 

the people who were injected with plutonium? 

Was consent obtainc:l? How was the informa- 

tion used? How is it being used today? 

The charge of “bodysnatching ” is here refuted 

by the leader of the tissue analysis program. 

The author also explains how the distribution of 

plutonium in deceased plutonium workers has 

supplemented the data from the human injection 

experiments and improved the estimation of risks 

jrom plutonium intakes. 
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Between I950 and 1967, radioactive 

tracers were used in biological and 

medical human experiments at Los 

Alamos. About 130 people volun- 

teered in these experiments. Read 

about the experiments themselves, 

the volunteers, and their doses. 

The Final Report of President 
Clinton‘s Advisory Committee on 
Human Radiation Experiments is 

reviewed herein with an emphasis on 
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Comments from 

t is with pleasure that I introduce this vol- 

ume of Los Akimos Science. The volume I culminates a two-year effort by our Labora- 

tory's Human Studies Project Team. The team 

was formed to address question. mcerning the 

ethics and conduct of human radidrion experi- 

ments that were carried out by Los Alamos re- 

searchers from the Manhattan Project days 

through the 1960s. The credibility and forth- 

rightness of the team's effort has a very special 

meaning in the context of today's mission and 

tomorrow's challenges. This Laboratory con- 

tinues to be the steward of nuclear weapons 

technology. As the world tries to roll back-the 

number of nuclear weapons and reduce their 

impact on the community of nations, it is our 

job to help make that possible by maintaining a 

credible nuclear weapons technology base in 

the absence of testing and by developing the 

specific technologies needed to safeguard nuclear materials and retire them penna- 

nently. Working with plutonium and other radioactive materials while limiting ra- 

diation exposures thus remains at the heart of our mission just as it was during the 

Manhattan Project. Concurrently, maintaining public trust regarding environmen- 

tal, health, and safety issues has become ever more important to the success of our 

mission. The Human Studies Project Team's review of past work on radiation 

protection and the human experiments as well as their examination of the current 

state of knowledge regarding radiation and risk are presented in this volume and 

represent a major effort by our Laboratory toward achieving public trust through 

the sharing of experiences and information. 

The need for the team became evident in late 1993, when our credibility and in- 

tegrity were put in question by the widespread publicity regarding the plutonium 

injection experiments and other human radiation experiments. Challenged by De- 

partment of Energy Secretary Hazel O'Leary's openness initiative and encouraged 

by Dr. Tara O'Toole, the DOE Assistant Secretary for Environment, Safety, and 

Health, we decided to try to turn the negativity that gripped the media, the public. 

and many of the Laboratory's employees into a positive force. In my editorial of 

January 28, 1994, I encouraged all employees to keep open minds because I was 

certain that the Laboratory and the nation would gain perspective from a thorough 

review of both the science and the ethics of the human radiation experiments. 

Our initial responsibility was to participate in the Department of Energy's open- 

ness initiative by gathering information for the agency and for President Clinton's 

Advisory Committee on Human Radiation Experiments. To that end the Human 

Studies Project Team, sponsored by the Laboratory's Environment, Safety. and 

Health Division. was charged with combing the archives and other sources for 

anything and everything related to human radiation experiments. The team includ- 
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ej scientists. physicians. lau yers. ethicists. archivists, and others. some from the 

LJboratory. some from locai universities. and a few representatives from 'itate gov- 

ernment. At the beginning there was tension between the retiree experts on the 
team. u ho had participated in the radioactive tracer studies done at Los Alamos 

during the 1950s and here outraged that their mentors Wright Langham and Louis 

Hempelmann were being maligned by the public, and the younger generation on 

the team. who had less reverence for the past. But everyone wanted the truth to 

,urface and the team soon became a smoothly functioning body. The documents 

that *ere found were reviewed on a weekly basis, decisions were made about re- 

moving material that was conhdential under the privacy act. and the material was 

released to the public. That process continued for over 15 months until the entire 

team was satisfied that all existing documents had come to light. Over 500.0()0 

pages of historical documents were reviewed. and the relevant ones here released 

with no editing and no editorial comment. It was for the public and President 

Clinton's Advisory Committee to decide the value and judge the ethics of what 

had been done. In total. the team released over 1,600 documents. The members 

ah responded to hundreds of specific requests for information from the Presi- 

dent's Advisory Committee and from individuals who were concerned about their 

own exposures. All in all it was an extraordinary accomplishment. 

However. there remains a second ongoing job. It concerns our own evaluation of 

what happened in the past and our efforts to learn from that past. This volume. 

uritten by members of Human Studies Project Team in collaboration with the Los 

,-1kittio.s Science staff. is dedicated to educating ourselves and the public about ra- 

diation. about the human experiments, and about the real consequences of expo- 

sure to plutonium. It's also dedicated to saying things as they are. Some of the 

facts about the plutonium injection experiments are difficult to accept, especially 

for those of us who take pnde in the accomplishments of our Laboratory. We 

know in retrospect that hospitalized patients were injected with plutonium, and 

there is no documented evidence that any of them fully comprehended what was 

being done to them. Most of the eighteen subjects received five micrograms of 

plutonium, a tracer amount, but nevertheless five times greater than the limit set 

for workers in the Manhattan Project immediately following the results from the 

tirst three injectees and about ten times the amount that we allow today. In gener- 

al. the health of the injected patients was not followed after the main study was 

complete even though it was apparent from the experiments that most of the pluto- 

nium would remain in their bodies for the rest of their lives. Also, even after the 

wbject of plutonium became declassified, the injectees were apparently never told 

uhat was done to them even though a few were called back'so additional plutoni- 

um excretion data could be gathered. That is not a pretty picture. The President's 

Advisory Committee came to the conclusion that the injectees and their families 

had been ethically wronged. We don't believe there are many among us who 

would disagree with that conclusion, and certainly today. those experiments could 

not and would not be done in that manner. 

But there are mitigating facts. The pressure to gather data for interpreting the re- 

jUlts of accidental intakes of plutonium was enormous and immediate. The choice 



of the five-microgram injection dose was not an arbitrary one; it was at the limit 

of detection for the analytical techniques then available. Before the experiments 

were done. careful work with animals had shown that the injected dose would not 

be acutely toxic. Also the risk of delayed effects. in particular cancer, were ex- 

pected to be quite small: The experiences. for example. of the radium-dial 

painters (many of whom had ingested large quantities of radium, another alpha- 

emitting radioactive element like plutonium) had shown that only when very large 

internal doses of radium were present would bone cancers be induced. Thus the 

researchers at Los Alamos who planned and analyzed the experiments at Oak 

Ridge and the University of Rochester did not expect the injectees to suffer from 

their intakes although they admitted to some uncertainty. Fortunately. there is no 

evidence that plutonium caused harm to any of the patients. 

That’s an important finding. The press often wrongly states that the tiniest amount 

of plutonium can kill you. To the contrary, we know from our own plutonium 

workers that individuals carrying accidental intakes comparable to the amount 

given to the injectees have lived healthy. vital, and productive lives, some for over 

50 years from the time of intake. As part of the effort to educate ourselves. and 

especially for this volume, the Human Studies Project Team sponsored an informal 

workshop with ten of those folks and some of our experts in health physics. ‘:On 

the Front Lines” presents the rather remarkable stones and comments that were 

shared at the workshop. What may not come across in the telling is the talent and 

ability of those individuals-many are said to have ”golden hands”-and we, and 

our nation, owe them a debt of gratitude for their skill, their courage, and their 

dedication in handling very difficult work in the safest and most expeditious fash- 

ion. We also hope that their stones will increase our awareness and our respect 

for each other and for the jobs that we do. 

At the end of the workshop. some of the Laboratory experts summarized the safety 

record in the area of plutonium work as well as the present understanding of the 

dangers of plutonium exposure. As far as we know, among the thousands of indi- 

viuals who have worked with plutonium, there are only about 50 people in the 

United States who have plutonium body burdens greater than the maximum per- 

missible level. Of those, there is only one case in which plutonium may have been 

implicated in the cause of death. That death involved a bone sarcoma in the 

sacrum. an unusual place to get bone cancer but an area that tends to concentrate 

plutonium. The exposure records are admittedly incomplete. Nevertheless, it ap- 

pears that the worker protection standards and the adherence to them have served 

us well. Remarkably, those standards and the means to implement them were and 

still are based on the information gathered from the early plutonium injection stud- 

ies. Those data are used both to calibrate the techniques for monitoring workers 

and to interpret the amount of accidental intake so that an individual can be taken 

off the job before the internal body burden becomes dangerous. The article enti- 

tled ‘The Human Plutonium Injection Experiments” presents a definitive review of 

the motivations, implementation, aftermath, and scientific impact of those experi- 

ments. The set of raw data gathered from the injectees, although a rather meager 

set. constitutes the main source of information on plutonium metabolism in hu- 

mans. Because it is so important. it has been analyzed and re-analyzed over the 

years. The article reviews that work and then presents a brand new analysis per- 

formed by one of the authors. The new analysis puts to rest many of the ambigui- 

ties that have plagued the interpretation of the original data and is yet another ac- 

complishment to emerge from the Human Studies Project. 

“Tracer Studies at Los Alamos and the Birth of Nuclear Medicine” adds another 
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dimension to this story-one for which we can be very proud. The doses involved 

in the tracer studies were extremely small, the volunteers were appropnately in- 

famed. and the studies were important both for radiation protection and nuclear 

medicine. A most exciting spinoff from the radiotracer work was the invention of 
new tyx of radiation detector made from a liquid scintillator. The device was 

developed in Wright Langham’s Radiobiology Group for the detection of low-en- 

uy beta particles from tritium so that the metabolism of .-itium in the body could ere. 
be studied. But word got out. and Fred Reines and Clyde Cowan. Jr.. then at our 

Laboratory. came to the Radiobiology Group for help in designing and building a 
\.try large liquid-scintillation detector for neutrinos. Naturally, they got the help 

they needed from the very talented scientists whom Langham had recruited. and 

the resulting detector was used to make the first observation of the neutrino. Fred 

Reines was awarded the 1995 Nobel Prize in Physics for that discovery. In a to- 

tally different vein, that large detector became the forerunner of the whole-body 

counter for in viw monitoring of radioactive fallout from nuclear testing. 

This volume is filled with history. It also surveys our present understanding of ra- 

diation and the risks associated with radiation exposure. When the story of the 

human radiation experiments reached the media in the fall of 1993, all kinds of 

numbers were being quoted to describe the events-picocuries of radioactive iron, 

1o@millirem doses of iodine-13 1. microgram quantities of plutonium. Only the 

experts knew what those numbers meant, and everyone else was baffled. Were 

those numbers big or small? What radiation exposures are considered acceptable, 

and how are they measured? What are the known risks from radiation exposures. 

and how do they depend on the level of exposure? Perhaps the most valuable 

contribution of the present volume is a three-part primer summarizing what we 

know about radiation and risk. The first part, “Ionizing Radiation-It’s Every- 

where!.” introduces the physical properties of radiation in a way that should be en- 

gaging even to young students and describes various sources of natural back- 

ground radiation, of which many of us are mostly unaware. The second part, 

”Radiation. Cell Cycle, and Cancer,” presents the latest knowledge regarding the 

molecular mechanisms of cancer, the mechanisms of radiation-induced cancer, and 

the body’s natural molecular and cellular defenses against radiation damage and 

cancer induction. That area of research is evolving very rapidly, and the story re- 

searched and written especially for this volume has not been told anywhere else at 

the same level of accessibility. The last part of the primer is a review of all the 

epidemiological data on radiation effects in humans. The article is entitled “Radi- 

ation and Risk-A Hard Look at the Data,” and it is just that. We see data for the 

Japanese atomic-bomb survivors that form the basis for estimating the risk of radi- 

ation-induced cancer. we learn the hypothetical risks derived by extrapolating the 

high-dose risk factors to low doses, and we learn about the epidemiological data 

that have been gathered at low doses. The data are clearly presented so that any- 

one can make their own judgement about what is known and where the uncertain- 

ties lie concerning the effects of low-level exposures. We hope this volume will 

take its place OR the shelf beside two important reports on the human radiation ex- 

periments: the Department of Energy’s “Roadmap to the Stoj and the Records” 

and the “Final Report” of the President’s Advisory Committee on Human Radia- 

tion Experiments. 

Tars O’Toole helped us to get on this path. Despite considerable discomfort, the 

Human Studies Project Team took on the task of assessing the science and the 

ethics of the human radiation experiments. Their openness and commitment can 

$ewe as an example for all of us in the Laboratory and elsewhere. It is now up to 
us to continue. 

.- 
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! It’s Everywhere! 
i. 

b 

e are surrounded and permeated by radiation-sunlight, 

radio and television wai’es. medical ,Y rays. infrared 

radiation. and the vibrant colors of the rainbow. to name 

a few. SunlpQ drives the wind and ocean currents and sustains life. 

Infrared radiation 

lehsion broadcasts inform and entertain us. X rays 

needed for medical diagnosis. 

back into space not only the energy brought 

but also the entropy produced by life and 

A11 societies, from the most primitive to 

technological. depend on these various fluxes of natural and 

artificial radiation. 

The dictionary defines radiation as “the emission and propagation of 

waves or particles,” or as ”the propagating waves or particles them- 

selves. such as light. sound, radiant heat. or the particles emitted by 

radioactivity.“ Such definitions neglect one of the most important - 

characteristics of radiation. its energy. Ultimately, the energy camed 

by radiation is what makes it so useful to life and civilization. 

Because much of the radiation we encounter has relatively low 

energy, its effect on our bodies is benign. For example, radio waves 

IzADlAT\W 
K€€?OW! 

% pass through us with no perceptible effects to our health. However, 

& 

\i 
for many people, the word radiation has a negative connotation-it’s 

linked strongly with danger to life. This association comes from 

focusing on the so-called nuclear radiations, which are highly 

energetic. md especially on those generated by the radioactive 

materials of nuclear weapons and nuclear power plants. It’s not 

always remembered that similarly energetic radiation is generated 

uithin the x-ray tubes at hospitals and at particle accelerators in 

physics laboratories. These radiations are used for medical 

diagnostics and as a primary therapy for the treatment of cancer. 

They are thus responsible for helping save many lives every year. 

The dual nature of energetic radiation, as both a killing and a healing 

agent. i5 sometimes difficult to keep in mind. 



Ionizing Radiation--lr ‘s Evenwhere! 

In this article. we‘ll attempt to sort through much of the confusion about radiation. 

We’ll use two radiation experts. Irene and Carl. to introduce many of the topics, 

and they’ll illustrate some of the ideas with imagi::..ry experiments. In 

fact, here are Carl and Irene now. “What are you two up to?” you ask. 

”We’re repeating Becquerel’s experiment with uranium minerals in 

which he discovered radioactivity,” Carl answers. “Except we’re using 

modem film-high-speed PolaroidTbf.” 

Irene removes the film from under the uranium ore, where it’s been sit- 

ting overnight. and pulls it through a roller to develop it. A minute 

later, we see the ”picture”-a fuzzy white area with about the same di- 

ameter as the lump of ore. There’s a blurry outline of a paper clip and 

a dark. round circle in the middle. 

“It worked!” exclaims Carl. ”The radiation from the uranium passed 

into the film except where it was partly blocked by the metal paper 

clip and the nickel we‘d put between the lump of ore and the film.” 

“Do you know where the radiation is coming from?” asks Irene. 

“From atomic nuclei!” Carl answers before you can reply. ”From 

the tiny centers of lots of the uranium atoms.” 

2 

Radiation emitted by radioactive materials is born deep within atoms-in unstable 

nuclei undergoing changes that involve strong nuclear forces. As a result. the ra- 

diatinn has very high energies, thousands or mllions of times higher than radiation 

proc. 

thousands of ions and molecular fragments by tearing loose electrons from neutral 

atoms or molecules. Hence, the name. ionizing radiation. In Carl and Irene’s ex- 

periment, ionizing damage to the film emulsion created the “exposure.” 

by typical atomic processes. Such energetic radiation can create many 

When ionizing radiation traverses living cells, it leaves 

behind a trail of ions and uncharged molecular frag- 

ments, called free radicals, which are highly reactive and 

can damage other molecules in the vicinity. Such dam- 

age disrupts cellular mechanisms and can lead to the 

death of cells. If the exposure is very high, it will destroy 

the cells of the immune system and lead to illness and possl- 

bly death by infection. Even more massive exposures lull cells 

hf -a ! 
IMf RAREP 

in the central nervous system and can cause death within hours 

or days. 

At the lower exposures typically encountered by radiation work- 

’&@en or the general public, the body is able to replace the dead cells 

with new ones without degradation of bodily functions. The potential 

danger at those lower levels is mutation, which is damage to the DNA 

molecules, the genetic material of the cell. Usually the damage is kept to a 

minimum through DNA repair mechanisms or self-checks that direct the cell 

to die. However, if the mutation has occurred in the regulatory genes, the cell 

may survive the self-checks and develop the runaway growth we know as cancer. 

Finally, a mutation may occur in a germ cell and be passed on to future genera- 

tions, but the probability of a successful passage is so small that the inheritance of 

such mutations has not been observed in human populations. 

ow,! 
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Ionizing Radiation-it 's E1,en;nherrl 

Because of the very specific 

effects of ionizing radiation. 

it's helpful to split the sub- 

ject of radiation into two 

broad categories-ionizing 

and non-ionizing. In both 

cases. the radiation interacts 

with matter by transfemng 

its energy to molecules and 

atoms. thrusting them into 

excited states. However, 

ionizing radiation breaks 

chemical bonds: non-ioniz- 

ing radiation usually only 

heats the molecules-a more 

benign process. 

In addition to being either 

ionizing or non-ionizing, ra- 

diation has other properties 

that we should know about. 

For example, most of the ra- 

diation we encounter in 

everyday life, such as visible 

llght and radio waves, con- 

sists of electromagnetic 

waves traveling at the speed 

of light. Other radiation 

consists of massive particles 

with a variety of masses, 

The Electron Volt and Ion Pairs 

One of the most important defining characteristics of radiation is energy, so we 

need a convenient measure of energy to facilitate comparisons. For ionizing radia- 

tion, a common unit is the electron volt-the kinetic energy a free electron acquires 

when it's accelerated across an electric potential of one volt. (If you're familiar with 

mks units, an electron volt is 1.60 x 1 0-19 joules.) 

When ionizing radiation ejects an 

electron from a neutral molecule, 

a fragment with a plus charge is 

left behind and the electron with 

its negative charge speeds off, 

lev 
entities are called an ion pair. On 

the average, it takes about 25 

electron volts (25 eV) to create an ion pair in water, although the minimum energy 

needed is only 12.6 eV. Thus, the electron volt is a very appropriate unit of energy 

for ionizing radiation. 

Visible light has energies of the order of only an electron volt, and so it is non-ioniz- 

ing. On the other hand, the radiation emitted by radioactive materials has energies 

of the order of thousands of electron volts (keV, or kilo-electron volts) or millions of 

electron volts (MeV, or mega-electron volts). Such radiation is capable of generat- 

ing thousands of ion pairs. 

charges. and energies. We need to be clear about these differences if a whole 

range of misunderstandings is to be avoided. 

As you can see. the term "radiation" encompasses a variety of emissions, all of 

which carry energy. The main purpose of this article is to discuss the ionizing ra- 

diations emitted by radioactive materials and to explain the physical properties that 

determine their effects on the body. We'll also explain how radiation doses are 

ca1~ lated, and then survey the ordinary sources that we're all exposed to. Finally. 

you 11 find a guide to help you estimate your own annual dose. But before we 
tackle ionizing radiation, we'll begin with the more familiar. lower-energy radia- 

tions and gradually move to those of higher energies. 

Electromagnetic Radiation 

The most illuminating of radiation-light!-is a tiny portion of what's called the 

electromagnetic spectrum. The rest of this spectrum consists of a broad range of 

similar. but invisible, radiations-from radio waves through infrared and ultravi- 

olet to gamma radiation. All these radiations are waves of fluctuating electric 

and magnetic fields that travel through space at the speed of light and that can be 

classified solely in terms of a single parameter. such as the frequency of the 

wave or its wavelength. The arrangement of the different types of electromag- 

netic radiation along a frequency (or wavelength or energy) scale is called the 

electromagnetic spectrum. 
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Ionizing Radiation-It 's Evenwhere! 

Einstein established that light actually has a dual nature-it behaves both as an 

electromagnetic wave and as particles. or quanta. called photons. The wave parti- 

cle-duality is captured in the equation: 
E = hv. 

where E is the quantum energy of the photon. v is the frequency of the corre- 

sponding wave. and h is called Planck's constant. Because energy is directly pro- 

portional to frequency, the electromagnetic spectrum becomes a visual guide to the 

relative quantum energies of the various types of electromagnetic radiation. The 

energy per photon can be anywhere between zero and infinity. In terms of our 

unit of energy, the electron volt (eV), some examples are 

the AM broadcast band. 2 eV for a photon of visible light, and on the order of 

MeVs for a nuclear gamma-ray photon. 

eV for a photon in 

Non-Ionizing Radiation. What happens when electromagnetic radiation interacts 

with matter? It can be absorbed, reflected, or transmitted-usually a combination 

of -all three. The extent of these interactions depends on the type of material and 

the frequency of the radiation. For example, glass is transparent to visible fre- 

quencies; these photons mainly pass through unaffected, although some are reflect- 

ed at the surface and a few are absorbed or scattered. On the other hand, glass ab- 

sorbs ultraviolet wavelengths heavily so that very few of these higher-energy 

photons penetrate appreciable thicknesses of glass. 

What causes such behavior'? The wave nature of light helps explain many features 

of the interaction.between electromagnetic radiation and matter. Atoms are made up 

of a tiny, inner nucleus that's heavy and positively charged and an extended, outer 

cloud of very light, negatively charged electrons. The total charge of the electrons is 

exactly the negative of the charge on the nucleus, so the atom as a whole is un- 

charged. However, the electrons are in constant motion and create fluctuations in 

the electric charge and localized currents. The electric and magnetic fields of the ra- 

diation can interact with these fluctuations and transfer energy to the atom. If the 

electromagnetic waves happen to be oscillating in resonance with the atom, that is. if 

their frequency is close to a natural frequency of the atom, they'll transfer energy 
more efficiently. We see the same thing pushing a child on a swing-you transfer 

energy most efficiently if you match the natural rhythm of the swing. 
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Ionizing Radiation-it's E\~nwhere.' 

Wavelength, Frequency, or Energy? 

in vacuum, all electromagnetic radiation travels at the speed of light. As a 

result, there is a one-to-one relationship between the frequency and the 

wavelength of the electromagnetic waves: 

Av = e, 

where h is the wavelength of the oscillation, v is the frequency, and c is the 

speed of light (c = 3.0 x lo8 meters per second). 

The choice of parameter characterizing electromagnetic radiation can, thus, 

as easily be wavelength as frequency. In fact, because radio waves have 

wavelengths of the order of meters and microwaves have wavelengths of the 

order of millimeters (milli = los3), these radiations are often identified with 

their wavelengths rather than their frequencies. Similarly, visible light may 

be characterized by its wavelength, generally in nanometers (nano = 1 O-9). 

I 

At the upper end of the spectrum, very short wavelengths and very high fre- I 
quencies make both frequency and wavelength cumbersome. It's easier to 

identify the radiation with the quantum energy of its photons. 

This wave description of radiation is useful for explaining a variety of macroscop- 

ic interactions between radiation and matter. For example. waves can help us un- 

drrstand how a metal antenna picks up a radio broadcast. Some of the electrons in 

metals move easily-after all. metals are good conductors-and the electrons os- 

cillate with the incoming radio waves. The resulting current flow through the 

radio is detected. amplified. and finally converted by the speaker into the sounds 

we hear. 

What about the dual nature of light? What does it mean for a photon, which is a 

particle. to be in resonance with an atom or molecule? Electrons bound in an 

atom or molecule occupy a set of discrete energy levels, which means they can't 

have energies in between the allowed levels. When a photon collides with the 

atom or molecule. .it can be absorbed if its quantum energy matches the energy 

difference needed to excite an electron from one level to a higher one. If the pho- 

ton energy doesn't match any of the energy transitions and is not high enough to 

cause ionization. then the photon will continue through the material unimpeded. 

The frequency dependence of the interaction of photons with matter is responsible 

for a variety of things. For example, microwave ovens operate at a frequency cho- 

sen to be in resonance with an energy transition of the water-molecule. Thus, mi- 

crowave energy is effecfively absorbed by most foods. If the radiation were "out 

of sync." it would simply pass through without losing intensity or heating the food. 

Certain regions of the spectrum are absorbed by the atmosphere, whereas other re- 

gions penetrate to the surface of the earth. The sky is blue because blue light is 

more effectively scattered out of the direct path from the sun than other colors. 

Plants appear green because chlorophyll selectively absorbs in the red and blue 

Portions of the spectrum, leaving the green light to be scattered. The energy of the 

absorbed light is used by the plant in photosynthesis. thereby converting electro- 

magnetic energy to stored chemical energy. 

' 
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Ionizing Radiation-Ws Everywhere! 

Some Health Effects of Common Radiations 

Characterizing radiation by the quan- 

tum energy it carries can help make 

its potential effects less mysterious. 

We'll illustrate with examples of 

common forms of electromagnetic 

radiation. 

Much of the public is apprehensive 

about the harmful effects of mi- 

crowaves. In fact, many people say 

"Let's nuke it!" when they put food in 

the microwave. Although colorful 

and expressive, the phrase is mislead- 

ing because the energy of microwave 

photons (about 0.001 eV) is even 

lower than those of infrared heat 

radiation or visible light. Thus, mi- 

crowaves are non-ionizing and have 

nothing to do with the radiation of nu- 

clear weapons. The occasional explo- 

sion of hot-dogs in a microwave oven 

from trapped steam may have some- 

thing to do with the genesis of the 

phrase. 

The real danger of microwave radia- 

tion lies in its efficient heating of tis- 

sue. The frequencies generated by 

microwave ovens match the rotational 

frequencies of water molecules, spin- 

ning them up like little tops. Because 

water is the most common substance 

in cells, the microwave energy is 

quickly absorbed and converted to 

heat energy as spinning molecules 

collide randomly with their neighbors. 

Possible health effects of d;rect expe 

sure to microwave radiation range 

from "cooking" of tissue to changes in 

cardiac rhythm, damage to nervous 

systems, and cataracts. Microwave 

ovens are generally well shielded, 

and proper use results in minimal ex- 
posures. However, each of us should 

take mental note of the real dangers 

when we "nuke" our next meal. 

Most people are much better in- 

formed about ultraviolet radiation (3 

to 124 eV). The widespread use of 

sun block to prevent skin cancer is a 

rational response to the danger of 

the damaging effects of ultraviolet ra- 

diation. Such protection is even 

more important now that there's evi- 

dence of a thinning ozone layer in 

the upper atmosphere. The ozone 

layer serves as "nature's sun block," 

absorbing much of the ultraviolet ra- 

diation before it reaches the surface 

of the Earth. 

The public's concern about the num- 

ber and extent of medical x-ray expo- 

sures is also well-founded. X rays 

are of higher energy (tenths to hun- 

dreds of keV) than ultraviolet, and 

are definitely ionizing. They quite 

readily penetrate soft tissue, which is 

made mostly of light atoms, but are 

absorbed more efficiently by material 

containing heavier elements, such as 

the calcium in bone or most metals. 

This property makes x rays useful for 

examining the human skeleton or 

luggage in airports. There is also 

more absorption in denser soft tis- 

sue, making x rays useful for detect- 

ing tumors and tuberculosis. The 

danger, of course, is the possibility 

that the ionizing properties of the 

x rays can damage the exposed 

cellular material. 

The health dangers of x rays are very 

real and well documented. Early scien- 

tists in the field quickly seized on obvi- 

ous clinical and scientific applications of 

x rays but only gradually understood the. 

full health implications of x-ray exp 

sures. Researchers were carried away 

by the excitement of what the rays could 

reveal and frequently ignored warning 

signs from high exposures, including loss 

of hair, inflammation, and skin bums. 

Although these visible effects were usu- 

ally only temporary, the massive ioniza- 

tion damage of frequent exposures over- 

whelmed normal cellular repair 

mechanisms. The long-term effects of 

the practice were numerous cases of 

cancer and radiation-induced diseases 

among the researchers. Several hun- 

dred people died before safety practices 

became prevalent. 

These early experiences taught us that 

the more frequent and intense the expo- 

sures, the higher the probability of lasting 

damage. Also, cells undergoing rapid 

growth-such as those in the fetus-are 

more susceptible to permanent damage. 

Modern guidelines for the safe use of x 
rays stress the lowest practical dose per 

exposure, exposures administered infre- 

quently and only when needed, and 

avoidance of exposures for pregnant 

women. Damage under such 

circumstances is minimal and usually is 

repaired easily by the cells. Our society 

has decided that, in most cases, the 

benefits from such us8 of ionizing radia- 

tion outweigh the hazards. (See the next 

two articles, "Radiation and Risk" and 

"Radiation, The Cell Cycle, and Cancer," 

for detailed dis- 

cussions of the 

risks and bic- 

logical effects 

of ionizing 

radiation.) 
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Ionizing Radiation-Zt’s Evetyherel 

Ionizing Radiation. 
tromagnetic radiation first become ionizing ?’ 

“But now.” you ask. “where in the spectrum does elec- 

-Well. the dlLidlng point IS a blt fuzzy. but we can use what we know about 

[he \pectrum to sort it out.” Cdrl sugge\ts 

hs we move up the frequency scale. we reach a point at which the energy per 

is sufficient to break molecular bonds-a few electron volts. Ultraviolet 

light ot; this energy is responsible for skin aging and cancers. for example. Far- 

ther up the scale near 10 eV. an ultraviolet photon has enough energy to eject 

an electron from a molecule and leave behind a positively charged ion. It takes 

an energy of at least I2 eV to ionize water or oxygen molecules. or 15 rV to 

ionize nitrogen. Thus, radio waves, microwaves. infra-red radiation. visible 

light. and low-energy ultraviolet light are all non-ionizing. High-energy ultravi- 

olet, x-rays. and gamma-rays and beyond are ionizing. 

r\t photon energies of thousands of electron volts (lulovolts. or keV) and high- 

er. the ejected electron itself may have enough kinetic energy to damage molecular 

bonds along its track by colliding and knocking free additional electrons. When 

this happens, a region of ionization damage is created, not just a single ion pair. . 

for non-ionizing radiation. The number of unscattered 

photons drops off exponentially (as for non-ionizing ra- 

diation). but because the photons continue with reduced 

energy. energy deposition by ionizing photons must be 

treated as an exponential drop-off times a “build up fac- 

tor.” which. typically, has a value of one to ten. 

What is the source of the high quantum energy of ioniz- 

ing radiation’? At the turn of the century, when Becque- 

re1 discovered that uranium ores were radioactive-that 

they emitted ionizing radiation in the absence of any ex- 

ternal energy source-this question was the great mys- 

tery. How could radioactive materials, such as uranium 

and radium, continually emit quantities of energetic radi- 

ation with no apparent diminishment? Why didn’t they 

“burn up?’ Was radioactivity a violation of the conser- 

vation of energy? Well, as we’ll see, they do in fact 

bum up. Becquerel just happened to be dealing with ma- 

rerials that took such a long time to do so that he could 

not detect the gradual decrease in radiation being emitted 

by the source. 

1 

Q 
,../ 

What happens to the photon in this process’? When the photon has just enough en- 

ergy to eject an electron, it’s almost always completely absorbed. At higher quan- 

tum energies. such as the hundreds of eVs for x-rays. 

the photon is more likely to lose only part of its energy 

to the ejected electron and then continue on as a lower- 

energy photon until it collides again. Each such colli- 

son creates another region of ionization until either the 

photon passes out of the material of interest or ap- 

proaches the threshold energy, ejects one last electron, 

and is completely absorbed. Because usually not all the 

energy of the photon is lost in a single scattering, the 

pattern of energy deposition is more complicated than 
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Ionizing Radiation-It 's EveTwhere.' 

Radioactivity-What Is It? 

Now, imagine yourself in a room with your new friend and radiation expert. Irene. 

Also, imagine very relaxed safety standards. The two of you are standing next to 

a table that holds a round lump of silver-gray metal. a small beaker of colorless 

solution. and a large. clear glass bottle closed at the top with a valve. The only 

thing that alerts you 

magenta and yellow 

to the fact that these are not ordinary materials is the standard 

trefoil symbol for radiation. 

Irene tells you that the metal is plutonium. a heavy, radioactive element and one 

of the last in the periodic table. More specifically, Irene says the metal is called 

plutonium-239-the same kind used to power two of the first three nuclear explo- 

sions in 1945-the one at Trinity Site and the NagasaIu bomb. 

Next, Irene explains that the glass jar contains a special form of hydrogen, called 

tritium, or hydrogen-3. Hydrogen is a colorless ,gas, and a very light element-in 

Plutonium Metat 

Miurn is a soft, silvery metal that's highly reactive. It oxidizes so 

easily that a fine powder of the pure metal will burn in air spontaneously. 

Such h@ chemical reactivity is one of the reasons plutonium is difficult 

to work with. ' 

In real lie, the lump of plutonium you're looking at would probably have 

been coated with something, perhaps a thin layer of platinum-Miurn 

alloy. This coating would seal out oxygen and allow you to handle the 
plutonium without getting radioactive particles of the metal on your skin. 

The coating would also absorb most of the radiation. 

8 



Ionizing Radiation--lr'v &L,enrc iierej 

fact, it's the first. or lightest element. The tritium form of hydrogen is radioactive 

and is one of the important ingredients of the hydro, oen bomb. 

The liquid in the beaker is a dilute zolutjon of sodium iodide. In this cax. the io- 

dine, called iodine-] 3 I. ia radioactiLe. This type of iodine can be uhed for thyroid 

treatments. It's also of concern ah a radiation hazard in nuclear power piant acci- 

dent5 or with fallout from atmospheric weapons testing. 

Irene apologizes about the glassware-for safety purposes. she should be using un- 

breakable metal containers. You remind her that this is only a thought experiment. 

,O it doesn't matter. She grumbles anyway. tiguring rhe'll have to till out a sheaf 

imaginary safety report forms later. 

vow. what physical evidence is there that these radioactive elements are emitting 

Lontinuous streams of highly energetic ionizing radiation'? Is there anything that 

LOU can see. hear, smell. or feel'? After much inspection. you find no evidence. 

Then you pick up the plutonium-it's warm! This warmth is the only thing that 

\rem> unusual. but when you feel the jar of tritium and the beaker of solution, 

they're at room temperature. 

Irene brings out a radiation detector, which immediately starts flashing and click- 

ing. demonstrating that ionizing radiation IS present. Presumably. the radiation has 

been present all this time. and the only hint was the warmth of the plutonium. 

The invisibility of ionizing radiation is one of the reasons people fear it so much. 

You cannot sense ionizing radiation directly. You need instruments to detect 

it. Even the warmth you feel in the plutonium is an effect-the metal is being 

heated by its own radiation. i 

To assure yourself about the source of the radiation. you move around the 

room with the detector. The readings increase as you approach the iodine so- 

lution and drop off as you move away. Is it the only source'? Why doesn't 

the same thing happen when you move toward the glass jar of tritium or the 

lump of metal'? 

Then you happen to move the window of the detector right next to the plutonium, 

and the counts skyrocket! As you pull the counter back slowly, the buzzing sound 

holds steady until. just a few inches from the surface. the counts suddenly drop. 
CLW 

CLICK 
There seems to be a limit to how far the radiation from plutonium can go. But up 

close it's very active. 

You bring the detector back next to the plutonium, and Irene slips a piece of paper 

between the metal and the detector window. Again the counts drop precipitously. 

Most of the radiation from plutonium is stopped by paper! 

You now realize that the glass jar may be blocking radiation from the tritium. 

Irene brings out a special detector called a tritium sniffer, similar to a Geiger- 

Muller counter except gas can flow directly through it. She releases some of the 

tritium gas into the counter. and this time there's a strong response. 

Apparently. the 

nations behave so differently. To understand what's happening we need to look 

more closely at the structure of the three radioactive atoms. We'll start with the 
plutonium. 

three materials emit different types of radiation because the ema- 
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The Alpha Emitters. As we pointed out earlier, atoms consist of a positively 

charged nucleus surrounded by a cloud of negatively charged electrons. One of 

the implications of this structure is a neat division between chemistry and nuclear 

physics. All chemistry is a direct consequence of the electrons on the outside. 

These light. speedy particles 

are the "hooks" that enable 

atoms to bind together and 

form molecules. 

Radioactivity. on the other 

hand, comes from deep within 3 4 
the atom-it's the emission of 

radiation due to changes in 

the nucleus. Radioactive 

properties are nearly indepen- K ' & k 
dent of chemical properties. 

Many of the atoms that are 

radioactive-uranium, pluto- 

nium. thorium, radium. 

radon-are located at the bot- 

tom end of the periodic table. 

These are all heavy atoms. 

In fact, all the elements heav- 

ier than bismuth are radioac- 

tive. Have the nuclei of these 

atoms grown too big for their 

own good? 

The Geiger-MClller Counter 

A common radiation detector is the Geiger-Mirller 

counter, which has a long, narrow tube containing a gas 

that's easily ionized. The tube has a wire down its cen- 

ter, and a voltage drop is created between-the wire and 

the sides of the tube. Whenever radiation penetrates the 

tube and ionizes some of the gas. the voltage causes 

positive ions to be pulled toward the walls and negative 

electrons to accelerate toward the wire, creating an elm- 

trical discharge-a minipture lightning bdt. The resulting 

current pulse in the dradt is registered by the counter. 
GflGER-bftkLER 

TUB€ 

Sometimes radiation may not be counted by the detector 

because it's blocked by 'the wall of the tube or it passes through the tube without ionizing any of the gas. So to 

understand your measurements fully, you need to know the type of radiation you're trying to measure and the effi- 

ciency of the counter for detecting that radiation. 

Still, a Geiger-Mirller counter with a thin mica window on one end of the tube (to let some of the weakly penetrat- 

ing radiations into the gas) is a good all-around tool for detecting most types of ionizing radiation. You can learn a 

lot about your environment and your own exposures taking measurements with a simple hand-held Geiger-Molter 

counter. There are several such counters available today in the $250 to $350 price range. 
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one of the favorite ways for these atoms to decay is by ejecting a charged particle 

from the nucleus called an alpha particle. Why do they do this'? We'll need to 

decay. 

[f gart by looking closely at a plutonium atom. we'd see that 
it has 91 negatively charged electrons on the outside. 'balancing 

9-1 positively charged protons in the small volume of the nucleus. 

The number of electrons in an atom is called the atomic number 

because it determines the atom's chemical properties and its place 

in the periodic table. Plutonium is the 94th element. 

 ut that's not all. Besides the 94 protons in the nucleus. there's 

many of a second particle, called the neutron. squeezed in as 

 ell. The mass of the neutron is about the same as a proton (an 
atomic mass unit). and the proton and the neutron icalled nude- 

o~s) constitute more than 99.95 per cent of the mass of any given 

115 neutrons. giving it a total of 239 nucleons (94 protons plus 145 neutrons). 

Thus. 239 is both the approximate atomic mass of plutonium and its nucleon num- 

kr. We now know why the lump of metal is called plutonium-239. 

nuclei and their forces before we can understand this type of radioactive 

RhioM 
NwIeus 

F?Az3; 

N~ch &doer 
94 

t 
atom. Looking again at the plutonium atom, we see that it has hmic Nuwtber 

Isotopes 

If two atoms have the same number of proto: 5, they have the same num- 

ber of electrons, making them chemically identical, or the same element. 

But chemically identical atoms can have different numbers of neutrons. 

Changing the number of neutrons changes the nucleon number and the 

nuclear properties. Such atoms (with the same number of protons but dif- 

ferent numbers of neutrons) are called isotopes of that element. 

We identify different isotopes by appending the total number of nucleons 

to the name of the element, as we did when we called the metal plutoni- 

um-239. There is, in 

fact, a whole series of 

plutonium isotopes, rang- 

ing from plutonium-232 

to plutonium-246. Each 

of these isotopes has 94 

protons but different 

numbers of neutrons, 

ranging from 138 to 152. 

The isotope used in the 

atomic bombs, plutoni- 

Ftl-245 

um-239, was chosen be- 

cause its particular mix WIOM FPMILY m\T 
of neutrons and protons 

give it nuclear properties suitable for a rapid and efficient-explosive!- 

release of its nuclear energy. 
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Ionizing Radiation--lf ‘s Evepwhere.’ 

To understand how the neutrons and protons are held together in the nucleus, we 

need to examine the forces between the particles. First. there are rhe electrical 

forces. We can experiment with these. for example, by rubbing a balloon against 

our hair-creatinp a slight imbaiance of charge on the two materials-and then 

noticing that the balloon attracts our hair. Because of electrical forces. particles 

with opposite charge are attracted to each other. whereas those with the same 

charge are repelled from each other. Thus. a proton and an electron attract each . 
other. whereas two protons or two electrons repel each other. Neutrons. with no 

charge, are unaffected by slectrical forces. In fact. we can picture them helping to 

mediate the electrical forces trying to push the charged protons apart. 

If there were only electncal forces. the protons would 4eparate. each would attract 

an electron. there would be only one kind of atom. md chemistry would be very 

dull. Too dull in fact to sustain life Nuclei as we know them are formed because 

of very strong nuclear forces that attract nucleons to one another. 

The nuclear forces have a very short range. If you were able to push a neutron to- 

ward a nucleus you’d feel no force until you were very close to the nuclear sur- 

face. at which point strong nuclear forces would suck the neutron into the nucleus. 

The sensation would resemble pushing a marble along a level surface until-it sud- 

denly rolled ‘into a deep basin. 

If you were to do the same experiment with a proton, there’d be a major differ- 

ence. This time the sensation would be more like pushing a marble up an incline 

that grew steadily steeper until the top where, once again, the marble would sud- 

denly roll into a deep basin. In other words. you‘d begin to feel electrical repul- 

sion at very long range and the repulsion would increase in strength. making it 

more and more difficult to get the proton next to the nucleus. But once you did 

manage to get it there. attractive forces like those the neutron experienced. forces 

stronger than the electrical repulsion. would also suck the proton into the nucleus. 

Such are the forces that hold nuclei together. Now we need to look at what makes 

the nuclei of large atoms fall apart. or decay. To do that requires an idea from 

quantum mechanics-the idea of tunneling. In our macroscopic world, an object 

rolling back and forth in a basin can’t get out unless it has enough energy to roll 

up-over the top edge. In the atomic world of quantum mechanics, a particle that 

doesn’t have enough energy to get over the barrier can occasionally “tunnel“ out 

through the sides, especially if the walls aren’t too thick. 

A nucleus resembles a basin with finite walls in the sense that the dominant force 

inside is attractive (the nuclear force holding the energetic nucleons together). but 

just outside the dominant force is repulsive (the electrical force that will expel par- 

ticles that manage to break free). As discussed in more detail in ”Alpha Decay of 

Heavy Nuclei,” the heaviest nuclei have the thinnest barriers, making it more like- 

ly that particles can escape by tunneling. 

Even so, individual nucleons can’t escape because they have too little energy. But 

when a group of four nucleons, two protons and two neutrons, come together, the 

energy they gain from binding allows them to make it. This group of nucleons, 

called the alpha particle, is the most likely particle to tunnel out of a heavy nucle- 

us. If we look at the periodic table, we see that an alpha particle is identical to the 

nucleus of a helium atom (atomic number 2). the lightest of the rare gases (or 

more exact1y;it’s the nucleus of helium-4, the most comon isotope of helium). 

conrinrred on page IJ 
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Ionizing Radiation-It ’s Evevwhere! 

Alpha Decay of Heavy Nuclei 

TO understand in more detail why heavy nu- 

clei undergo alpha decay in which an alpha 

pafilcle ‘runnels Out,” we need to discuss the 

characterlStiCS Of the forces inside nuclei. 

TO start with, the volume of a nucleus is pro- 

portional to the number of nucleons it con- 

tains,.]USt as a Water drop has a volume pro- 

Dofiional to the amount of water it contains 

Nthough two nUCleOnS attract one another 

very strongly when they get very close, at 

even shorter distances they repel even more 

strongly. This “repulsive core” keeps the density 

of nucleons from rising indefinitely. The repulsive 

core and the shod range of nuclear forces means that a nucleon in the center of 

any but the Smallest nuclei is attracted by about the same amount. 

A useful analogy here is to think of the nucleus as the crater of a volcano with the 

basin and inner walls being the attractive potential of these nuclear forces and the 

outer walls being the repulsive potential of the electrical forces between protons. 

What happens to the shape of the volcano as we go to heavier atoms? Increasing 

the total number of nucleons makes the nucleus bigger and increases the diameter 

of the basin. Increasing the number of protons increases the charge, making the 

slope of the repulsive potential steeper-the flanks of the volcano are steeper and 

higher at a given radius. These effects combine to increase the height of the 

caldera nm and to make the walls thinner as you move below the rim. Also, the 

attractive force between nucleons is constant, so the drop from the rim to the 

crater floor stays constant. 

’ 

Inside the crater, we may imagine a lava lake, representing the range of kinetic en- 

ergies of the nucleons. In general, the top of the lava lake is below the level of the 

far away “plane,” making tunneling impossible, or forbidden, for nucleons. Howev- 

er, every now and then, as the nucleons move about in the nucleus, they come to- 

gether to form an alpha particle. The shape of the potential-energy volcano for an 

alpha particle is qualitatively the same as for-individual nucle- 

ons. The major difference is that the binding energy gained in 

forming the alpha.particle puts it at a level above the outside 

plane, and tunneling can take place. 

As we already pointed out, the walls of heavy nuclei are thinner 

(for a given height above the floor) than the walls of light nu- 

clei. Thinner walls makes tunneling more probable, so heavy 

nuclei decay frequently by ejection of an alpha particle, where- 
- 

as light nuclei do not. When tunneling does occur and the . 

alpha particle finds itself, outside the walls, the repulsive electri- 

cal forces push it away from the nucleus (in our analogy, it careens down the side 

of the volcano). The released particles achieve high velocities and kinetic energies 

of several MeV. rn 
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continued from paqe I2 

The alpha particles emitted by plutonium-239 all have essentially 5 MeV of kinet- 

ic energy. a typical energy for alpha decay. But as particles. they’re relatively 

heavy, relatively slow, and possess a double charge, so they expend their energy 

quickly by creating a short. lev dense trail of ion pairs. In air. they travel only 

an inch or two. This is why the detector in our experiment registered counts only 

when it was close to the lump of plutonium metal. 

When alpha particles hit denser matter they stop almost dead in their tracks. 

They have such weak penetration abilities they can be blocked by a piece of paper 

or the dead. outer layers of our skin. While they are losing their energy. they 

each pick up two electrons. become neutral helium atoms. and float away. 

Essentially all the radiation from our lump of plutonium consists of alpha parti- 

cles. Each particle removes two protons from a nucleus, which means the atomic 

number of the atom is reduced to 92. Likewise, the alpha particle removes four 

nucleons, reducing the nucleon number to 235. Thus. when a plutonium atom 

emits an alpha particle, it becomes uranium-235, an isotope of the 92nd element 

in the periodic table. 

Alpha particles, or alpha rays, are one of the primary types of radiation associated 

with radioactivity. They are the least penetrating but create dense ionization trails. 

As a result, the prime danger of an alpha emitter, such as plutonium, comes from 

having it inside your body. If you inhale or ingest plutonium, or have it pass into 

your blood stream through a puncture wound, much of the element can end up 

lodged in various organs, especially the lung, liver, and bones. The plutonium 

atoms, and their daughters, sit there, emitting alpha radiation and damaging the 

immediate surrounding tissue. 

Of course, other alpha emitters, such as uranium and radium, are already pepper- 

ing your insides. You take in these substances in the food you eat or. the dust you 

inhale. but the amounts are small and minimal damage is done. In this vein, lim- 

its have been established, called permissible body burdens, for the people who 

work with plutonium and other radioactive materials. The idea is to remove peo- 

ple from such work before they’ve ingested amounts of these materials that have 

been shown to be dangerous. 

Lus Alamos Science Number 23 1995 



F" 
The Plutonium Alpha Particle 

Ionizing Radiation--If 's Everywhere! 

Initially, the alpha Particles emitted by plutonium-239 have about 5 MeV of kinetic 

energy and are moving at a Spet 

cent of the speed of light). This relatively slow speed and the particle's double 

charge create a characteristic ionization trail that's short and thick. Usually, 

of the alpha particles from a given radioactive material have about the 

Same energy, SO all the trails are essentially the same length. 

In air, the 5-MeV alpha particles from plutonium-239 generate about 44.000 ion 

pairs per Centimeter (Cent1 = lo-'). As a result, they travel 3.5 centimeters (1.4 

inches) before their 5 MeV of energy is depleted, and they generate a total of 

Jf about 1.5 x 1 O7 meters per second (5 per 

about 150,000 ion pairs. Am?Aa 

In denser matter, such as human tissue or paper, the path length of the 5-MeV lR9CI(sFm 
alpha particles Will only be 32 micrometers (micro = lo6). This distance is less 

than the thinnest part Of the epidermis, the dead layer of external skin cells, and 
A sNe w- 

less than the 100-micrometer thickness of an average piece of paper. 

With the shorter path length in dense matter, the density of ions pairs increases to 

62,000,000 per centimeter, which is what makes alpha emitters dangerous when 

present in sufficient quantity. The damage is more of a shotgun blast than a rifle 

shot. 
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Beta Emitters. 
We're at the opposite end of the periodic table-the smallest atom--so it isn't ra- 

dioactive because of its size! As it turns out. there's another reason-the ritio of 

neutrons to protons in the nucleus of particular isotopes can be out of balance. 

Now let's look at the .-.;tiurn gas to see what's going on there. 

Balance in the nucleus is determined by three things. First. the proton is more Fta- 

ble than the neutron. On that account. stable nuclei would have more protons than 

neutrons. Second, there's a quantum mechanical principle-called the exclusion 

principle-that requires identical particles to be in different states. Consequently. 

if you have more of one kind of nucleon than of the other. the excess of the more 

common kind end up in higher energy states. On that account. the most stable nu- 

clei would have equal numbers of neutrons and protons. Third. the electrical 

forces repel protons and not neutrons. which favors neutrons over protons. The 

nucleus that's actually the most stable for a given element depends on a competi- 

tion between these three effects. 

- 
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Now let's examine hydrogen. which has three isotopes-hydrogen- I, hydrogen-' 

(deuterium), and hydrogen-3 (tritium). The first two isotopes are stable (hydrogen- 

1 with a single proton and hydrogen-2 with a proton and a neutron). but the thud 

isotope IS radioactive. Why'.' 
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For nuclei with three nucleons. the fact that protons are more stable than neutrons 

is the key, factor. Thus, tritium (2 neutrons and a proton) is not stable and is ra- 

dioactive, whereas helium-3 (2 protons and a neutron) is stable. Hydrogen- I and 

helium-3 are the only two nuclei where stability favors more protons than neu- 

trons. All other stable isotopes have as many or more neutrons than protons be- 

cause of the second and third effects. As the size of the nucleus grows, propor- 

tionately more neutrons are required as the third effect (electrical repulsion 

between protons) becomes dominant. 

Nature has provided a way for nuclei such as tritium to change their charge with- 

out changing the number of nucleons, that is, without a large change in their mass. 

This process. called beta decay, can happen in two ways. In the case of tritium 

and other nuclei that have too many neutrons to be stable, a neutron decays to a 

proton while emitting an electron and another particle, called a neutrino. 

The neutrino has no charge, negligible mass, and interacts with matter only 

through what's called the weak force, the force responsible for beta decay. In 

ict, the force is so weak that a neutrino passes through our radiation detector or 

,ur bodies with almost no chance of causing any ionization. Only the electron. or 

I 
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Mass, Energy, and Stability 

why does the neutron decay into a proton rather than something else? 

First, the neutron is a bit heavier than the proton. Einstein's equiva- 

lence of mass and energy (E = m6) says that a heavier particle has 

more energy. Systems wlth higher energy tend to be unstable and 

decay to lower energy states by emitting photons or other particles that 

carry off the extra energy. However, such decays must still conserve 

energy, charge, and a few other things that remain constant in isolated 

systems. One of those things is a nuclear quantity called baryon num- 

ber-hich is one for nucleons but zero for lighter particles, such as 

electrons, photons, and neutrinos. Thus, ejection of a negative electron 

10 beta decay means a plus charge must remain behind. In addition, 

the neutron decays into a proton rather than into gamma rays or neutri- 

nos alone because the baryron number must be conserved. 

. beta ray. creates significant ionization in matter. Thus. when radioactive nuclei 

undergo beta decay, only the electron is detected and only the electron generates 

biological effects in our bodies. 

In another type of beta decay. a proton changes to a neutron while emitting a 

positron and a neutrino. The positron is the anti-particle of the electron and is just 

the same except that its charge is positive rather than negarive. Beta decay with 

emission of an electron increases the atomic number by 01 -. beta decay with emis- 

sion of a positron decreases the atomic number by one. 

In both types of beta decay, two particles are emitted. the electron (or positron) 

and the neutrino. and the available energy can be shared between them in a some- 

what arbitrary way. As a result, beta particles emitted from a single source have a 

continuous distribution of energies rather than all the particles having essentially 

*he same energy, as is the case for alpha rays. 

Typical energies for beta particles are hundreds of keVs (a factor of ten lower than 

tor alpha particles). although some radioisotopes emit beta particles with energies 

(weral MeV) that range higher than alpha particles. However, the fact that elec- 

trons are almost 8000 times lighter than alpha particles means that the beta parti- 

cle~ travel much faster. 

Electron Capture 

Another process that reduces 

the number of protons in the 

nucleus is one in which a pro- 

ton captures one of the elec- 

trons surrounding the nucleus, 

turns into a neutron, and emits 

a neutrino. This process is 

called electron capture and is 

related to beta decay because 

it involves the weak force and 

the same four particles, the 

electron, neutron, proton, and 

neutrino. 
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The beta particles ejected in the tritium decay have the lowest energy (an average 

of 5 keV) of any beta decay. This low energy is why the beta rays from the tri- 

tium gas did not even penetrate the glass walls of our container. On the average. 

the tritium beta particle travels a shorter distance in water or tissue than the pluto- 

nium-239 alpha particle. We'll meet stronger beta rays in our next example. 

The Tritium Beta Particle 

The beta particle emitted by tritium atoms has an average energy of 5 

keV (and a maximum of 18 keV), a thousand times less energy than the 

5 MeV for the plutonium alpha particle. In fact, this beta particle is so 

low in energy it travels much less than half a centimeter in air, and it 

won't penetrate mylar, glass, or the thin window on the Geiger-Muller 

counter. It takes a special detector-the tritium snifferjust to record its 

presence. 

The tritium beta is neither a shotgun blast nor a rifle shot: rather it's a 

bee-bee from an air gun. An average beta particle from tritium would, at 

the most, generate around 150 ion pairs in water. Of course, as with all 

radiation sources, tritium can be dangerous in the right place and at high 

enough concentrations. If tritium gets in the body, it can go everywhere 

!after all, it's hydrogen). Sufficient concentrations can then do immense 

damage throughout all the cells of the body. 

Decay Chains. Now that we know 

about both alpha and beta decay and 

before we discuss the sodium-iodide 

solution that Irene put out for us. let's 

return briefly to the decay of heavy el- 

ements. such as plutonium. The iso- 

tope that results from a decay. called a 

daughter, does not necessarily have a 

stable nucleus. It may undergo a 

whole series of further decays. called a 

decay chain. The chain for plutonium. 

illustrated here, begins with two alpha 

decays but then includes a beta decay. 

another alpha decay, a beta decay. and 

so forth. The end result for plutonium, 

as well as for other heavy radioactive 

elements, is a stable isotope, usually of 

lead. But it can take billions of years 

for a radioactive atom at the top of a 

decay chain to undergo all the decays 

and reach its final stable configuration. 
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Radioisotopes. 
j,& solution'? The solution was actually, the most interesting be- 

L;lllse our detector was registering significant counts from the 

beaker even several feet away. What bort of radiation is the iodine 

What can we say about the beaker of sodium-io- 

ing off? 

EIerq' element in the periodic table can have a range of isotopes, 

,erne gable. others unstable and radioactive. The latter are called 

rJdioisotopes. Many of these radioisotopes emit more than one 

hind of radiation. Such is the case with iodine- 13 I. In the period- 

ic table. iodine is roughly halfway between plutonium and hydro- 

Cen-it's the 53rd element. All the natural iodine found in nature 

is iodine- 127. which is stable and non-radioactive. The iodine- I3 1 

radioisotope has 4 more neutrons than iodine- 127. and this excess 

makes it unstable. It has to be produced artificially-in nuclear 

reactors. in the explosions of nuclear weapons. or at accelerators. 

With its extra neutrons. iodine-131 gains stability by emitting a 

beta particle. Once again. the decay converts a neutron to a pro- 

ton. increasing the atomic number by one-the isotope changes to xenon-131. 

So far. this is similar to tritium. except the betas are more energetic and leave 

longer ionization tracks. 

'L' 

'1 

> -- c 

The Iodine131 Beta Particle 

Iodine-I 31 emits beta particles with energies up to 81 0 keV and an average 

energy of 180 keV, considerably more than the energy of the beta particles 

from tritium. The average iodine-131 beta particle is traveling very fast47 

per cent of the speed of light!-which is much more typical of beta particles. 

In air, the single charge and high speed of the average beta result in a 

sparse ionization track-about 250 ion pairs per centimeter (compared to 

50,000 or so for an alpha particle), and the track is much straighter and 

longer (about 30 centimeters) than thatfrom a tritium beta particle. In water 
or tissue, the density of ion pairs rises to 180,000 per 

centimeter, and the range drops to 0.04 centimeter, or 

400 micrometers. 

Thus, despite the higher energies, most of the betas 

never get out of the iodine solution or through the 

glass walls of the beaker. Some of the betas emitted 

at the water surface escape, traveling up to ten feet 

through the air. But placing an aluminum sheet that's. 

2 millimeters thick over the beaker will easily block all 

of them, even the most energetic. 

1 
QpIRTIe 

The main threat from beta radiation occurs, once again, from ingestion. In 
fact, since iodine likes to concentrate in the thyroid, iodine-131 can be used 

to help kill cells in a hyperactive thyroid. With the beta particles traveling 

from 0.01 to 0.3 centimeter, the radiation is confined primarily to the thyroid, 

resulting in an efficient treatment of hyperthyroid disorder. 
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Another major difference between iodine- 13 1 and tritium is that the beta decay of 

iodine- 13 I leaves the nucleus in an excited state. The newly formed xenon- 13 1 

atom has a balance of nucleons that make it stable, but the nucleus needs to rid it- 

self of extra energy. Most of the time it does this by quickly emitting one or more 

pmma-ray photons. Photons have no charge and no mass. so after the gamma- 

ray emission. the xenon-I31 remains just that-xenon-131. Except now it‘s happy 

and relaxed. In fact. xenon IS one of the rare gases. so it diffuses out of the solu- 

tion and floats away. 

E%a F#RncE 
w. 

lODINE-\31 xENW131 ;’ m=l3l 

Almost all the radiation we measured in our thought experiment with the Geiger- 

Muller counter was gamma radiation from the iodine. Gamma rays are electro- 

magnetic rather than charged-particle radiation. so they are highly penetrating. 

They pass through the solution, the glass beaker. the air. and our bodies. 

Gamma rays are penetrating because. as we described earlier. photons lose energy 

randomly in “collisions” with atoms, knocking electrons free to create local re- 

20 

The Gamma Rays of Iodine-131 

We speak of the gamma rays of iodine-131 even though the real source of 

the gamma rays is the daughter nucleus, xenon-1 31. One or more gamma 

rays with energies ranging from 80 keV to 723 keV follow each beta decay. 

By far the most common gamma ray, accompanying 81 per cent of the de- 

cays, has an energy of 364 keV. Furthermore, the total gamma ray energy 

emitted (sometimes in the form of several gamma rays) is 364 keV in 89 

per cent of the cases. To simplify our discussions, we will always speak as 

if all the decays of iodine-131 emit a single 364-keV photon. 

In water or tissue, it takes 6.4 centimeters (2.5 inches) to reduce the intensi- 

ty of 364-keV photons in half. Thus, although the beta radiation from io- 

dine-131 in hyperthyroid treatments is limited to the thyroid, the gamma ra- 

diation deposits energy more diffusely throughout the body. 

i 255 I 

gions of ionization. For a given 

thickness of material, only a fraction 

of the photons, and a smaller fraction 

of the energy, are absorbed. For ex- 

ample, a centimeter of water will 

scatter about 10 per cent of the inci- 

dent photons from iodine- 13 I. and in 

the process. absorb about 3 per cent 

of the incident energy. Doubling the 

thickness of water wiil scatter anoth- 

er 10 per cent of the remaining un- 
scattered photons, but to calculate the 

absorbed energy, we’d have to take 

into account that 7 per cent of the in- 

cident energy is traveling through the 

water in the form of reduced-energy 

photons. In general, alpha and bet3 

radiation have finite ranges: gamma 

radiation falls off continuously, never 

quite reaching zero. 

The following table summarizes information about the interaction with water of the 

three primary forms of ionizing radiation emitted by radioactive sources. We use 
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Alpha, Beta, and Gamma Radiation 

RadioisOtOV Radiation Energy (MeV) Range or Mean-Free Path in 

water or tissue (millimeters) 

uranium-238 Alpha 4.2 Range: 0.027 

polonium-21 0 Alpha 5.3 Range: 0.037 

Carbon-1 4 Beta 0.154 maximum Maximum range: 0.29 

phosphorous-32 Beta 1.71 maximum 

Iodine-1 25 Gamma 0.035 Average distance to collision: 33 

Colbalt-60 Gamma 1.33 Average distance to collision: 164 

Maximum range: 8 

,,[her t.mmples than the Ones we've already discussed. In particular. alpha radiation 

produces short. dense ionization tracks: beta radiation produces sparse tracks that are 

longer: and the highly penetrating gamma radiation leaves scattered. local regions of 

,(Jnization where the photons have knocked electrons free of their atoms. These 

]oca1 regions have the same type of ion density as the tracks from beta particles. 

It the radiation source is external to the body. then only gamma radiation poses a 

[hrejt Alpha and beta radiation do not penetrate far enough to be kery dangerous 
Houeber. if the alpha and beta sources have somehow been deposited in the body 

become internal sources, they may be kery dangerous 

Radiation Doses 

you LOU turn to your friend, Irene. and say, "This is more complicated than I 

thought. I'm beginning to realize why health physicists always seem to hedge 

ithen they're asked to explain how they calculate radiation doses. They can't give 

a 4rnple answer." 

"Exactly." Irene answers. "There are many factors that go into the calculation in- 

cluding the type of radiation emitted by the source and the circumstances of the 

txposure. Let's discuss these for our three radioactive materials." 

The most important. thing to know, of course, is how much energy carried by the 

ionizing radiation is actually deposited in your body, because biological damage 

increases with the energy absorbed by the cells. Thus. absorbed energy is the 

hahis for several quantities that health physicists call dose. 

When the tritium gas is inside the bottle, figuring the dose is easy-there's none! 

Likewise. as long as you keep the plutonium a few inches away. your dose from it 

is zero. (Actually. the plutonium is emitting a small amount of gamma and x radi- 

ation. but we'll ignore this.) The energy of the beta particles from the tritium is 

absorbed in the glass jar and the energy of the alpha particles from the plutonium 

is absorbed in air immediately surrounding the metal. (In both cases. much of the 

energy is absorbed in the materials themselves, and the radiation never escapes.) 

WW - 
No- 

If you hold the lump of plutonium in your hand, your body absorbs energy from 

the alphas-but the energy is deposited in dead skin tissue, where it's relatively 

harmless. If you kept the plutonium against your skin for a length of time. it 

would eventually lead to skin burns. 

-- 
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Now. say you lean over the beaker of sodium-iodide solution. What sort of expo- 

sure are you getting'? Beta radiation would hit your face. but it only penetrates a 

short ways (about ten times farther than the plutonium alpha particles). And if you 

happen to be webng glasses. the lenses would block the betas and none of the ra- 

diation would reach your eyes. At the same time, however, the gamma radiation is 

passing through the beaker. the table. your glasses, and exposing your entire i- !y, 

Of course. all this changes if the sources are internal. If you made water using tri- 

tium gas rather than hydrogen and then drank it. there'd be a beta dose every- 

where. in all your organs and cells. In that case, it's the source that would have 

penetrated the body, not the radiation. 

If you drank the sodium iodide solution. you'd need to calculate two doses. The 

first is a concentrated dose to the thyroid. because that's where the iodine ends up 

and deposits its beta rays. The second is a diffuse dose of gamma rays that travel 

out from the thyroid and deposit energy throughout the body (to be accurate, you 

should also add in doses from the small fraction of iodine outside the thyroid). 

If you breathed plutonium dust, the particles would initially be deposited in your 

lungs. You would then need to know the eventual distribution of the plutonium. 

that is, what fraction ends up in each organ or tissue type'and what fraction works 

its way out of your body. A significant fraction, for example, can be coughed up, 

swallowed, and passed on though the gastrointestinal tract. On the other hand. if 

.he plutonium is in a soluble form. say a plutonium salt. it can move quickly to 

Jious organs, such as the bones. and be deposited there. Only with such infor- 

mation could you calculate an accurate dose. 

Calculating the Dose. So far we've been talking qualitatively about whether the 

radiation ever reaches you and where it deposits its energy. But to calculate the 

size of the dose we first need to know the amount of energy emanating from the 

source. The amount of energy depends on two factors: the activity of the source, 

that is, the number of radiation particles being emitted each second, and the ener- 

gy per particle. The product of these two factors is the power of the source, or the 

total energy being emitted per second. 

How much of the emitted energy is finally deposited in your body depends on 

your distance from the source. the amount of time you're exposed to it, the 

attenuation of the radiation on its way to you by the air or by shielding, and the 
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penetrating power of the radiation once it reaches you. For example. if you dou- 

ble how long you stand beside an external source with constant activity. you dou- 

ble ,our dose because twice as much energy gets deposited. Many of these factors 

ea,ily be ocerlooked in discussions of radiation exposures. 

\+'hat about distance'? Radiation from a localized source spreads outward as it 

trLLiel~, For example. the intensity of gamma or x radiation falls off with the in- 

square of the distance. Absorption in air reduces the intensity .still further. 

,o doubling your distance from a gamma-ray source reduces your dose by a factor 

more than four. 

In the case of alpha and beta radiation, the range is what's important. Staying be- 

yond this distance keeps the dose from those charged particles at zero. If you're 

,\lthin the range. you still need to subtract the energy lost to the air before the par- 

ticles reach YOU as well as to account for any spreading of the beam. 

Common Radiation Units. Irene suggests that to understand dose calculations 

\ou need to become familiar with several radiation units. The three most impor- 

[Jnt are ncrilie. absorbed dose, and dose-equivalent. We've already explained 

that activity. A. is a measure of the number of decays per second. The typical unit 

for activity is curies. The quantity that health physicists call the absorbed dose, D. 

the energy absorbed per gram of tissue in the body, which is frequently given in 

unit called the rad. Finally, the dose-equivalent. H. is the absorbed dose multi- 

plied by a biological effectiveness factor and is typically expressed in rem. The 

most relevant quantity for determining an individual's risk from a radiation expo- 

we is the dose-equivalent. H. but its calculation requires knowledge of the other 

tuo. We'll now explore these units more fully. 

.ktivity. The activity, A. of a radioactive source is equal to the number of atoms 

decaying every second in the material. The more material that's present. the high- 

sr the activity because there are more atoms to decay and emit radiation. The 

higher the activity. the higher the dose you receive in a given amount of time. 

,A common unit of activity is the curie, which is 3.7 X IOio disintegrations. or ra- 

dioactive decays. per second. The curie was originally defined in terms of radium, 

the second radioactive element discovered and-isolated by Marie and Pierre Curie 

(the tiist was polonium). One gram of radium-226, the isotope the Curies had 

found. has an activity of 1 curie, that is, 3.7 X loLo atoms decay per second. 

Since there are 2.7 X 10" atoms of radium per gram, it takes a long time for the 

radium to disappear ( I 1,000 years for more than 99 per cent to decay). 

The spec& actitir?: is the number of curies per gram of material and measures the 

rate of decay in one material relative to rate of decay in radium ( 1 curie per gram). 

The specific activity of plutonium-239 is 0.06. In other words, plutonium-239 has 6 

per cent as many decays per.unit time as an equal mass of radium-226. We can thus 
calculate that one gram of plutonium-239 emits 2.2 X lo9 alpha particles per second. 

T2 I5ram $h& 
lzadiUuM 
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Two radioactive substances can have considerably different specific activities. An 

I5otope with a very high specific activity, such as iodine- 13 1. has a significant 

fraction of its atoms decaying every second. As a result, such isotopes don't hang 

around very long. We say they have short halflives. 

Many of the radioactive sources discovered at the turn of the century-such as 

uranium and radium-have low specific activities and long half lives. Only a 
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The Radioactive Half-Life 

01 I 

I 4 a* da at.PlnT-7- 

Biological life is a series of progressive stages from birth 

through aging to death. When you met Irene, you knew with- 

out asking that she wasn’t two or even ten years old, and you 

probably could make a pretty good guess as to whether she 

was closer to 30 or 60. The life expectancy at birth in the U.S. 

is around 75 years, at age 75 it is around 11 more years, and 

hardly anyone lives to 150 years. The probability of death per 
year genersily increases with age. Radioactivity is very differ- 

ent. There s no way to tell how long ago a radioactive atom 

was created. A nucleus of uranium-235 created yesterday by 

the decay of plutonium-239 is identical to one that has been 

on Earth Since the planet was formed. One aspect of this in- 

distinguishability is that the “life expectancies” are the same. 

So, if half of a set of identical nuclei decays in a set time, half 

of the remainder will decay in the next equal time interval, etc. 

The time interval needed for half the atoms to decay is a 

commonly used parameter, called the half-life. For example, 

dine-131 has a half-life of 8 days. If we start with, say, le3 

atoms of iodine-131, one-hatf (5 x lo22 atoms) will remain 

after 8 days, one-fourth (2.5 x 1022 atoms) after sixteen days, 

one-eighth (1.25 x 1G2 atoms) after 24 days, and so forth. An important rule of 

thumb in radiation protection is that after seven half lives less than one per cent of 

the radioisotope will remain ((l/2)’ = 1/128). Radioactive decay thus 

follows an exponential decay law: 

N = Noe~~6~ VT 

small fraction of the atoms actually decay every second, so those sources 

appear to have a constant activity. This is why the materials appeared to 

have been sources of endless energy and to have violated the conservation of 

energy laws. 

Absorbed Dose. The absorbed dose, D, is the energy deposited in an organ or a 

mass of tissue per unit muss of irradiated tissue. A common unit for absorbed 

dose is the rad, which is 100 ergs per gram of material. 

Note that absorbed dose is not the total energy deposited in an organism, organ, 

or mass of tissue. However, to calculate absorbed dose you usually calculate the 

total absorbed energy first. You use the activity of the source and’the energy of 
the radiation to calculate the total amount of energy that arrives at the surface 

of your body (by taking into account such factors as the fraction of the radiation 

from the source that’s moving in the right direction, the distance between the 

source and your body, the length of time for the exposure, and attenuation from 

any shielding or the air). You then use tissue absorption coefficients or particle 

ranges to calculate the total energy absorbed in the body. 
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where No is the initial number of atoms at time t = 0. N is the re- 

maining number Of atoms at time t, and Tis the half-life expressed 

the same units as .t. 

We can use this formula to show, for example, that the fraction of 

plutonium-239 (with a half-life of 2.4 x lo4 years) that remains 

after 8 days is N/N, = 0.999999rlonly 6 atoms out of ten million 

have decayed! Quite a few less than the five million out of ten mil- 

lion for iodine-l 31. 

AS these examples illustrate, the half-life of a radioisotope is an im- 

podant indicator of the material's radiological activity-the shorter 

the half-life, the more atoms disintegrate per unit time. The specif- 

I~ activity (curies per gram) of a particular radioisotope is inversely 

proportionately to the isotope's half-life and its atomic weight. The 

half-life of iodine-131 is about lo6 times shorter than that of pluto- 

nium-239, and each atom weighs about half as much. As a result, 

lodine-131 is 2 X lo6 times more radioactive per gram. Let's hope 

our solution of radioactive sodium iodide was pretty dilute! 

The first measurement of radioactive half-life was made by Ruther- 

ford in 1900, about four years after Becquerel discovered radioac- 

tivity. Rutherford measured the half-life of raaon-220, or "thorium 

emanation," which is 55 seconds. With such a short half-life, the 

substance is quite active but also obviously disappears rapidly, in 

contrast to its original parent in the decay chain, thorium-232, with 

a half-life of 1.4 x lOI4 years. 

The last step is to calculate the absorbed enerh. per unit 

mass. which requires a decision on what mass of tissue to 

use-the mass of the whole body or just the mass of the irra- 

diated tissue. When energy is deposited primarily in a single 

organ (such as the beta radiation of iodine-I31 in the thyroid), 

one usually calculates the actual dose to that organ-after all, 

that's where the damage occurs. When energy is deposited 

throughout the body (such as from an external gamma-ray 

\owe). the mass of the whole body is obviously appropriate. 

However. comparisons between different kinds of exposures 

are facilitated if the doses are all put on the same basis. To 

Tiw 

t=O 

t= me 
Mlife 

do this. organ-specific doses can be recalculated using the mass of the entire body 

to yield the rc~hole-body dose. This dose is much lower than the organ-specific 

dose and. in one sense. is a rather artificial contrivance. In effect. we've spread 

the energy over the entire body. However, the adjusted value is more suitable as 

a measure of risk to the entire organism. and it can be added or compared to other 

whole-body doses. 

'5 
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I 

Radiation-Weightlng Factors 

Type of Radiation Q 

Alpha particles 20 

Beta particles 1 

Gamma radiation 1 

Protons, Fast neutrons 20 

Slow (thermal) neutrons 5 

Dose-equivalent. A key factor that the absorbed dose doesn‘t take into account is 

the density of the ionization created by the radiation. For example, alpha radiation 

leaves an ion track that’s several hundred times more dense than that of a beta 

particle. This means that if an alpha particle and a beta particle penetrate tissue. 

the deposition of energy for the alpha particle is several hundred times more fo- 

cused. The alpha won’t cross through as many cells (possibly only one or wo), 
but the effectiveness at creating lasting damage in the cells it does hit is higher per 

unit energy deposited. Generally, one rad of alpha radiation is about twenty times 

more effective at causing cellular damage-and thus cancer-than one rad of 

gamma or beta radiation. 

Health physicists account for these differences using a radiation-~eighring~actor, 

Q. that represents the effectiveness of each type of radiation to cause biological 

damage. The factors are determined by measuring the occurrence of various bio- 

logical effects for equal absorbed doses of different radiations. 

The product of the radiation weighting factor and the dose (Q X D) is a more di- 

rect measure of the biological risk and is called the dose-equivalent, H. The idea 

is that equal dose-equivalents generate equivalent amounts of biological damage. 

The common unit for dose-equivalent is the rem. 

Looking at the table. you ask. ”Why does gamma radiation have the same weight- 

ing factor as beta particles‘? After all, gamma radiation deposits its energy in a 

very diffuse manner.” 

What you say is correct. For example. less than half the energy of 5-MeV gamma- 

ray photons is absorbed as they pass horizontally through your torso. However. the 

energy that’s deposited is from electrons that have been knocked loose. The ion- 

ization tracks generated at these points by the ejected electrons have the same ion 

density as beta particles, despite the fact the regions are scattered throughout the 

material. Thus, beta and gamma radiation delivering the same dose-equivalent cre- 

ate the same density of ionization in the cells per gram of tissue. 

Irene shows you some calculations about possible doses a person might receive 

from the radioactive materials on the table. For example, a tenth of a microgram 

.of plutonium-239 spread in a thin coating on your skin over an area about 5 cen- 

timeters in diameter would give a localized dose-equivalent to the skin tissue of 

about 3 millirem per second. After an hour, the total dose-equivalent would be I1 

rem. It takes about 4000 rem of alpha radiation to the skin before you start to see 

hair falling out and more than 6000 rem before a skin bum appears. 

If the same mass of iodine- 13 1 (a tenth of a microgram) were present in the 

beaker (a very dilute solution) and you were standing so that your midsection was 

about a foot away, you’d receive a much smaller dose-an average of about 1.3 

microrem per Second-except now the entire body is exposed, not just a small 

amount of tissue in the palm of your hand. Your head and feet, which are further- 

most from the beaker, will. of course, receive less than 1.3 microrem per second; 

your midsection wilI receive more. On the average, however, every’ gram of tissue 

in your body receives 1.3 microrem per second. not just a small amount of tissue in 

your hand as was the case for the plutonium. 

These examples can help emphasize that the doses are based on energy per unit 

mass! The iodine- 13 1 delivers a total energy to the body that’s ten-thousand times 

more than the total energy from the plutonium-239. But the energy of the gamma 
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important Units of Radiation and Dose 

~ype of Unit 

Activity, A 

Absorbed 
Dose, D 

Dose- 
Equivalent, H 

Type of Unit 

Effective Dose, 

"E 

Explanation 

The number of radio- 
active decays per unit 
time occurring in a 
given source. 

The energy absorbed 
from the radiation per 
unit mass of exposed 
tissue. 

Absorbed dose weighted 
for the effectivness of 
the radiation for causing 
biological damage. 

WholeBody Dose, 

"W 

Collective 

Effective Dose, 

CED 

Explanation 

Basic Units 

Older Unit Newer SI Unit Conversion 

curie (Ci) becquerel (Bq) 
3.7 x 1Olo decays 
per second 

1 decay per second 1 Ci = 3.7 x 1O'O Bq 

rad gray (GY) 
100 ergs per gram 1 joule per kilogram 1 Gy = 100 rad 

rem sievert (Sv) 
H (rems) = Q x D (rads) H (Sv) = 0 x D (Gy) 
(0 = radiation-weighting (0 = radiation-weighting 1 Sv = 100 rem 

factor) factor) 

Other Derived Units 

Equation 

A dose calculated for the whole body in which 

the dose-equivalents for various organs are 

weighted to account for different sensitivities of 

the organs to the radiation. 

Dose-equivalent, H, for an exposure that irrad- 

iates the entire body uniformly, or the effective 

dose, HF when the exposure irradiates the body 

non-uniformly and different organs experience 

different doses. 

A measure of total risk to an exposed population 

based on the average effective dose, <HE>. 

and the number of people being exposed. 

radiation is dispersed. and no one cell receives a large amount. The energy of the 

alpha radiation is concentrated. and each gram of irradiated tissue receives 100 

times more energy from the plutonium than from the iodine-131. This fact, com- 

bined with the radiation-weighting factor of 20 for alpha particles. makes the dose- 

equivalent 7000 times larger for the alpha particles than for the gamma radiation. 

It's the difference between focused and diffuse energy deposition. But that's an 

important difference when it comes to the effects of radiation damage on tissue 
and cells! 

HE=2 w~H, 

where wT is the tissue-weighting 

factor and the summation is over 

all organs. 

H,= H(for uniform dose to body) 

H, = HE (for non-uniform dose) 

CED = <HE> N, 

where N = number of people in the 

exposed population. 
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Irene’s Calculations 

Say you have 0.1 microgram of plu- 

tonium-239 coating the palm of your 

hand in a 5centimeter diameter 

area. What dose do you receive 

from the 5-MeV alpha particles? 

As a rough estimate, we assume 

that half the alpha radiation pene- 

trates your hand and the other half 

goes into the air. Earlier, we‘d 

shown that the activity of plutonium- 

239 is such that one gram of Pluto- 

nium emits 2.2 x lo9 alpha particles 

per second. Thus, from gram, 

the skin would absorb the energy of 

110 alpha particles per second, or 

’since there are 1.6 x loa erg per 

MeV and 5 MeV per particle) about 

0.0009 erg per second. 

The alpha particles penetrate 30 mi- 

crometers into the skin, so the ener- 

gy is deposited in a disc of tissue 

with a volume of about 0.06 cubic 

centimeter. Using 

gamma rays of iodine-131? The 

activity of iodine-131 is 1.24 x lo5 
curies per gram, about two million 

times larger than that of plutonium. 

If there is 0.1 microgram of ra- 

dioactive iodine in the solution, it 

will be emitting about 4.6 x 108 

gamma rays in all directions every 

second. As we discussed earlier in 

the main article, we’ll simplify by 

assuming each decay leads to a 

single 364-keV gamma-ray photon 

and calculate that there are 270 

ergs per second of gamma-ray en- 

ergy being emitted in all directions. 

How much of this energy is ab- 

sorbed in the body, say, of a six- 

foot, 180-pound person standing so 

his or her midsection is about one 

foot away? A bit of simplified 

geometry indicates that the body is 

intercepting about 6 per cent of the 

rays. A 364-keV gamma ray is at- 

numbers, we calculate that 11 ergs 

are being absorbed by the entire 

body every second. 

Next, we divide by the mass of the 

body-180 pounds or 8.2 x lo4 
grams to arrive at about 1.3 x 
erg per second per gram, or 1.3 x 

lo6 rad per second. With a radia- 

tion-weighting factor of l for 

gamma rays, the body is receiving 

1.3 x 10” rem per second as well. 

Standing next to the solution for an 

hour gives a whole-body dose 

equivalent of 5 millirem. 

If we compare the two examples, 

the body receives about ten thou- 

sand times more total energy from 

iodine-131 than from plutonium. 

However, each gram of skin tisue 

irradiated by the plutonium absorbs 

about a hundred times more ener- 

gy (0.015 erg per second) than that 

a density for tis- 

sue mately of approxi- 1 gram per - (mW ”.‘(*.($3iEEw))t(a)(y&f) 
cubic centimeter, 

we find that 

0.015 erg per -&& w15wUrg 
F’acbr, 4 second are 

being absorbed 

by each gram 

of exposed skin tlsrw, which gives 

an absorbed dosq nte d 1.5 x lo4 
rad per second Iu$&$cin tissue. 

If we apply the radldm weighting 

factor for alpha partick of 20, we 

get a dose-equivalent iate of 3 mil- 

lirem per second. If you go an hour 

before scrubbing off the plutonium, 

the dose-equivalent to the irradiated 

skin is 11 rem, not enough to cause 

observable skin damage. 

What about the dose from the 

tenuated, that is scatters, with a 
mean free path of about 10 an- 

timeters in water, but only about a 

third of its energy is lost in this 

scatter. This begs for the uwof 

the build-up factor defined earlier. 

However, for absorption in water at 

these energies, it’s not too bad an 
approximation to assume that ener- 

gy deposition is constant, 1130th of 

the initial energy in each centime 

ter, or about 2/3rds of the energy in 

the 20-centimeter thickness of an 

average torso. Combining these 

absorbed by each gram of body 

tissue from the iodine1 31 (0.00013 

erg per second). When the radia- 

tion-weighting factor of 20 for alpha 

particles (versus 1 for gamma rays) 

is included, the doseequivalent 

rate to skin tissue from plutonium is 

about 2000 times higher than the 

dose-equivalent rate for the iodine- 

131. 8 
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I 
Sources of Natural Background Radiation 

..These numbers are 311 very nlce." )ou say. "but I'Le nothing to compare them 

\$lth '. 

Just then. Carl enters the room: "What you need is a tour of natural sources of 

iuniLing radiation. If we look at the types of doses everyone is receiving every 

jav. >ou'll have a much better feeling for what we're talking about." 

-TO give you a reference point." says Irene. "the average person in the United 

States receives about 360 millirem of ionizing radiation every year. Eighty-two 

per cent of that-about 300 millirem per >ear-is from natural sources." 

Medicine 

@J 

So the three of you grab radiation detectors and head outside to start measuring. 

.-\long the way. Carl and Irene discuss the major sources of natural background ra- 

diation. They exptain that most people are not aware they're constantly being 

bombarded with ionizing radiation. This radiation is directed at us from the soil 
beneath our feet, from the heavens above our heads, and even from within our 

own bodies. Carl suggests we start with the star matter at our feet, and picks up a 

piece of granite rock to measure its activity. 

The Soil. 
elements. Many of these. including a variety of radioisotopes, were trapped in the 

Earth's crust. Where did this cloud of debris come from? 

Our planet was formed from a cloud of dust containing all the natural 

Astronomers believe that the first stars were formed when only very light elements 

were present. In stars, many of the lighter elements are fused from hydrogen. 

Some of these fiery crucibles will become unstable and explode as supernovas. 

forming many of the other elements and spewing their material outward. New 
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i Ionizing Radiation--lr 's Everywhere! 

stars eventually form from these clouds and from additional hydrogen, but they 

now include the heavier elements produced by the previous generation of stars. 

As the stars form. they may leave behind some matter which coalesces into pian- 

ets, which have all the elements necessary for life. We are the stuff of stars. 

Initially, the ejected clouds of matter contain a broad distribution of stable and un- 
stable isotopes. but the short-lived isotopes decay to stable daughters long before 

the matter condenses into a solar system. The isotopes with very long half lives, 

such as uranium-238 (4.5 X IO9 years) and thorium-232 (1.4 X 1O'O years). remain 

to become part of the Earth's crust. Uranium, thorium, and their daughters are es- 

pecially plentiful in igneous rock. such as granite (about 4 parts per million urani- 

um), as well as in bituminous shale (50 to 80 parts per million) and phosphate 

rock (20 to 30 parts per million). In Florida, the phosphate rock has uranium con- 

centrations of about 120 parts per million! Thus, we breathe radioactive dust, we 

fertilize our gardens with radioactive materials. and we pour thousands of tons of 

radioactive atoms into the air every year from the smokestacks of coal-fired power 

plants. 

The average person receives an dose-equivalent of about 46 millirem per year 

from terrestrial gamma rays. This is only about 1.5 nanorem (nano = 

second. loo0 times less per second than what we were receiving standing next to 

the iodine-131 solution. But we only stood next to the solution, say, for an hour 

(6 millirem total), whereas we receive the dose from the soil every second for 

most of our life. We can get away from it only on boats (although sea water is 

slightly radioactive also) or in airplanes (but then we get more cosmic rays) or in 

specially shielded rooms! The yearly accumulative dose-equivalent from the soil 

(46 millirem) is about nine times more than our one-hour exposure (6 millirem) 

from the iodine- 13 1 solution. 

per 

I 

Radon. Uranium and thorium both undergo a long chain of radioactive decays- 

the daughters are themselves unstable and continue releasing additional alpha. 

beta. and gamma radiation until a stable isotope of lead is finally reached. Urani- 

um-238 undergoes eight alpha decays and six beta decays before it reaches the 
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,table lead-206 isotope. Thorium-232 undergoes six alpha decays and four beta 

decays before it reaches the stable lead-208 isotope. 

>lidway through the decay chains for uranium and thorium, radon isotopes are 

formed. Because this element is one of the rare gases. the type of radiation expo- 

sure changes from an external dose to a significant internal dose. Isotopes before 

radon on the decay chain remain in the soil. Radon, however. can diffuse out of 

the soil and accumulate in the air we breathe. The most common radon isotope- 

radon-722-k a member of the uranium-238 decay chain and has a half-life of 3.8 

days. The radon isotopes in the other decay chains (thorium-232 and uranium- 

235) have short half-lives (55 and 4 seconds, respectively), so these radon isotopes 

typically decay before they can percolate out of the soil. 

On the average. more than half of your total exposure to ionizing radiation is due 

to radon and its daughters (200 millirem per year). Radon itself is not the main 

culprit-if you breathe the gas in. you mostly just breathe it back out again. How- 

ever. when the radon decays. the daughter atoms are charged and so stick to dust 

particles. These daughters can then be 

breathed in and deposited on the lungs. 

Once in the lungs, they continue down 

the decay chain. releasing alpha. beta, 

and gamma radiation to the tissue. 

Water is another major source of radon. 

This source wasn't accounted for until 

recently, so the estimates of our average 

exposure to radon have increased. 

Water obtained from surface sources, 

such as lakes and reservoirs, is low in 

radon because very little of the gas re- 

mains dissolved. However, water 

pumped from wells can have relatively 

high concentrations of the gas that are 

released after the water comes from the 

tap. Your highest exposure to radon 

may actually come while you're taking a 

shower! 

It's estimated that five to ten thousand 

cases of lung cancer annually are due to 

radon (6 to 12 per cent of the total num- 

ber of cases). Many uncertainties make 

Effective Dose, HE : 
Weighting the Sensitivity of Organs 

55% 

The average annual dose from radon is usually cited as 200 millirem (55 

per cent of a person's average total dose) even though the actual dose- 

equivalent to lung tissue is estimated to be 2,400 millirem per year. 

What's going on here? 

The 2,400-millirem dose-equivalent is a direct measure of potential dam- 

age to lung tissue. But what is the potential risk to the entire body? To 

calculate that type of dose, we need to account for the different sensitivi- 

ties of organs or tissue types and we need to change the basis from an 

organ-specific dose to a whole-body dose. 

A new factor, called the tissue weighting factor is applied. For lung tissue 

exposed to the radiation of radon daughters, this factor is estimated to be 

0.08, a combination of the radiation sensitivrty of lung tissue and the frac- 

tion of total body weight for lungs. Our new dose is then 2,400 x 0.08, or 

200 millirem. When tissue weighting factors have been applied, the dose 

is called the effecrIve dose, HE, and it still has units of rem. 
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these estimates highly provisional. and a great deal of controversy surrounds the 

issue of radon. However, a linear relationship between radon exposure and inci- 

dence of lung cancer has been observed among uranium miners. where exposures 

to radon are hundreds of times greater than the average exposures in homes. 

Home Radon Measurements 

Many hardware stores carry radon measurement devices. These are usually 

of two types-charcoal canisters and alpha-track monitors. The charcoal 

canister is opened for several days, allowing the radon daughters to be ab- 

sorbed on the charcoal. The canister is then sealed and returned to the lab, 

where the gamma radiation is measured. This type of device is especially 

good for initial screening tests, but atypical conditions during the measure 

ment period could lead to an unrealistic value for the radon level. 

The alpha-track monitor provides a better measurement of average exposure 

because it can be hung on a wall for months before it's returned to the lab 

for analysis. The device is called an alpha-track monitor because the alpha 

radiation from the radon daughters creates damage tracks in a piece of plas- 

tic. An etching procesil at the laboratory makes these tracks visible so they 

can be counted. The density of tracks is a direct measure of the amount of 

daughters that had been deposited next to the plastic. 

The propensity of the radon daughters 

to stick to a charged surface is so great 

that racquetballs and handballs have 

been found to acquire easily measur- 

able radioactivity after being slammed 

around an enclosed court during a 

game. If you're not a handball or rac- 

quetball fan, a similar experiment is to 

blow up a balloon, charge its surface 

by rubbing it on a wool sweater or in 

your hair, and then walk around the 

room you want to sample for 10 min- 

utes. Radon concentrations close to 4 

picocuries per liter of air (the level at 

which the EPA recommends remedial 

action) increases the background counts 

on a simple Geiger-Muller counter held 

near the collapsed balloon by a factor 

of 10 or 20. You can even plot the 

decay rate and see the composite half- 

life for the radon daughters of about 

45 minutes. 

A more accurate way to measure radon levels is to take a series of measurements 

with EPA-approved radon devices. A series, or a long-term measurement, is nec- 

essary because there are. many variables that influence radon levels, including the 

time of day, the season, the geology of the soil, home construction, barometric 

pressure, humidity, moisture in the soil, rate of ventilation in the home, and so 
forth. As a result of so many variables, two similar houses built on adjacent lots 

may show vastly. different concentrations of radon. 
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/ 
Cosmic Radiation. The 

h2avens contribute further to 

WlMAW CEWC background with L~osmic /\ 
R4c1 ,.~,L~~~,f;o~l. In outer space. such i 

r,,d,ation c:onhirts of the com- 

plete ,pectmm of photons from 

tnsrg\ gammas as well 
? sscucl&q 

Shower 

/ m:~.,,\\ .,i --- 

./\ frequencies to ultra-hish- ',/ 

.I 

/' ,; 
,' \' 

" \i, 
h,$,-eflergy particles (protons . I- 

,,j other atoms stripped of '1 

> -- / 
electrons). On their way / 

moon. the Apollo astro- 'i 

)\, '/' ' , 
ndUtS literally "5aw" this last 

), hen rheir eyes were closed. 

[hey *odd occasionally notice 

tiny flashes of light as ener- 

getic heavy nuclei hit their 

.. '. 
t! pe of cosmic radiation- 

,\ 

.1 
_. 

,-- 
. -. 

-,> - eyeball. 
I, 

bombarding our atmosphere. ___ - 

-f+---,A 
-1 

- -- . 
\_- -, - - 

-/ / - 
Cosmic radiation is constantly .--- 

- 
b 

This radiation has a very wide _- --- - -_2_ 

range of energies. but on the 

aterage. it's about 1000 times 

more energetic than that emit- 

red by radioisotopes. Fortunately. the high-energy primary radiation is degraded 

by the upper atmosphere in collisions with atoms and molecules that generate a 

shower of lower-energy secondary radiation. 

By the time the shower reaches the lower atmosphere, it has undergone many 

transformations and now consists of electrons, gamma rays, and more exotic but 

highly penetrating particles, some of which travel deep into the Earth. Roughly 20 

particles per square centimeter arrive each second at the top of the atmosphere, but 

cven with the many-particle showers occurring, only one particle per square cen- 

rirneter per second remains at sea level. 

Occasionally, an ultra-high-energy cosmic ray hits the atmosphere. generating a 

shower of millions of particles that spreads over several square kilometers of the 

Earth's surface. The initial particles have energies up to IOJ3 times that of noma1 

radioactivity. but they hit the upper atmosphere with a frequency much less than 

one per square kilometer per year. 

cwrc 
EADUWW 8% 

On the average. your dose-equivalent from cosmic radiation is about 39 millirem 

per year. People li\)ing at sea level receive the least--26 millirem. People living 

in a mile-high city receive 55 millirem, adding about 7 percent to theu total 

annual dose. 

Traveling -2000 miles in a jet airliner, adds another 2 millirem. A Geiger-Muller 

counter that reads about IO to 15 counts per minute at sea level. will record about 

400 counts per minute at 40,000 feet. It has been estimated that airline pilots and 

crew members receive a higher occupational radiation exposure than x-ray techni- 

Clans or nuclear power plant workers! 
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Geiger-Muller readings in counts per 

minute collected by Irene and Carl at 

various elevations whlle in a boat on a 

lake (lowest elevations), in a small 

plane with an altimeter (9OOO to 17,OOO 

feet), or during commercial flights 

while on business or vaction (above 

20,000 feet) with the elevations an- 

nounced by the pilot. 

40,000 feet 
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Internal Exposures. 
raj,oibotopes in our own bodies! In fact. about I1 per cent of our total annual 

L,i,sd of -79 millirem per year. 

There art: two main SOUTCTS Of these radioisotoprs-long-li~,ed primordia] elements 

,,1~ radioisotope5 generated by cosmic rays. The most important example of the 

ir4t t\pr is potassium-40. which has half-life of 1.3 x IO9 years. Potassium is a 

,l,LIJor skment in the biochemistry of life and is distributed throughout our bodies. 
pJrticularly in muscle. Potassium-40 constitutes only I17 parts per million of nat- 

Smough for a 70-kilogram person to have 

,,lore than 4000 beta disintegration5 % .:rring in his or her body every becond! 

This ihotope is by far the predominant radioactive component in normal foods and 

Because we are the stuff of stars. we alco have long-lived 

of ionizing radiation is from internal sxposures. This amounts to Jn effective 

PaQsSum-40 
CadM~I-lu 
mirlm-w 
mum-232 

wiw-226 
potassium. but this small amour 

human tissues. 

We also ingest uranium. radium, and thorium in the food we eat. For example, the 

skeleton of an average person is estimated to contain about 25 micrograms of urani- 

um. which translates to about 0.3 disintegration per sec- 

ond (or one every three seconds). Thorium is the least 

active and least soluble of these three elements. so its 

contribution to our internal dose is small compared to 

uranium and radium. 

Radium-236 and its daughters are responsible for a 

major fraction of the internal dose we each receive. An 
isotope a third of the way down the uranium-238 decay 

chain just before radon. radium-226 is present in both 

soil and water. It's chemically similar to calcium and 

barium. so it passes easily into the food chain. Although 
most foods. especially cereals. have radium in them, 

brazil nuts. which concentrate barium, have been found 

to have radium concentrations a thousand times greater 

though this sounds large. it's still hard to detect with an 

ordinary Geiger-Muller counter and is not a particularly 

good reason to stop eating brazil nuts). 

than those in the foods making up the average diet (al- 

- 
.--i3@ 

- 
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Eighty percent of the radium that stays in the body ends up in the bone. It has 

been estimated that the average adult skeletm receives several disintegrations per 

second from radium and even more disintegrations per second from its daughters, 

all of which emit mainly alpha particles. The original estimates for the health haz. 

ards of plutonium were based on knowledge about the effects of radium. because 

it was suspected that plutonium would also migrate to the skeleton. 

A radioisotope that's a product of cosmic radiation is carbon-14. This isotope is 

generated when a neutron collides with a nitrogen-I4 atom in the atmosphere and 

a proton is ejected. converting the atom to carbon. Carbon-I4 has a half-life of 

5730 years and so can circulate through the atmosphere and become incorporated 

in growing plants, trees. and other life. Such incorporation stops when the organ- 

ism dies. Measuring the remaining concentration of the isotope in organic debris 

is a standard method for determining the age of archeological discoveries when the 

age is of the order of hundreds to tens of thousands of years. 

7 

; 

~ 

A typical adult has enough carbon-14 to have about 4000 beta decays per second, 

the same as potassium-40. However. in this case, the energy of the beta is very 

low ( 155 keV compared to the 1.3 1 MeV betas and 1.46 MeV gammas of potassi- 

um-40). so the ionization energy deposited in the tissue is about a factofof 8 less. 

Variations in Background. The choice of where you live is a major factor in 

your day-to-day exposure to ionizing radiation. Living in the Rocky Mountain \ 
states. such as Colorado, Wyoming, or New Mexico. can more than double your 

average exposure from environmental sources over the national average. This in- 

crease is due to both the geology (adding 65 millirem per year) and the mile-high 1 
altitude of the region (adding 28 millirem per year of solar radiation). On the 

other hand, living in the gulf region. such as Texas and Louisiana. an area close to 

sea level with a sedimentary geology, can reduce your average exposure from the 

national average by 6 or more millirem per year. 

: 

: 

Several locations in the world are unique in 

having very high concentrations of thorium 

and thorium daughters in the soil that give 

rise to high external radiation exposures. 

For example, areas along the Brazilian coast 

and in the State of Kerala in India have 

monazite sands or soils containing thorium 

concentrations that can be as high as 10 per 

cent. Measurements on the black-sand 

beaches in Brazil, for example, show exter- 

nal dose rates that are a thousand times larg- 

er than the average terrestrial exposure (5 
millirem per hour versus the normal 3 mi- 

crorem per hour). 

People living in these areas do not. of 

course, spend most of their tipe directly on 

the beach but may, nevertheless. receive an- 

nual exposures higher than the maximum 

permissible occupational exposure to ioniz- 

ing radiation in the United States (5 rem per year). Studies have tried to measure 

whether or not such continually high levels of radiation have caused detectable bi- 

ological effects on populations in these areas, but so far they've been inconclusive. 
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ib.hsre.s [he best place to minimize the natural background radiation'? One potsi- 

is to lice in a mine shaft that's been drilled i'im a thick layer of .;ai[ several 

ri,ousdn~ feet below the ground! The salt will cor ..n very little uranium. and the 
i.Jrrt, ,v,ll shield out most of the cosmic radiation. In this environment. a Geiger- 

\lullsr cUUnter uodd record. say, about 2 counts per minute. rather than 10 to ?(), 

koae\er. only physicists trying to do experiments in an environment free of radia- 

iL),,h,&r ,pending much time in such a habitat. If you continued eating noma1 

t;,o~. >~u'd be the most radioactive object down there! 

,Uch as detecting the highly penetrating exotic particles in cosmic radiation. 

tongue-in-cheek recommendation is that it's better for you and your companion 

However. at high elevations. it might be preferable to sleep close together 

Io ,leep in twin beds SO as not to receive additional radi,..:on from each other's 

,o that your bodies provide a degree of mutual shielding from cosmic rays! 

\ .------ 

Man-Made Sources of Ionizing Radiation 

"Well." you say, "What about our highly technological society'? Aren't we adding 

JII sorts of radiation sources?' 

"Let's find out'?" Irene says, and the three of you expand your search by exploring 

man-made sources of ionizing radiation. These sources include medical diagnostic 

procedures and treatments. consumer products, such as video displays and anti-sta- 

tic devices. life-style choices. such as airline travel and smoking, occupational ex- 

posures, such as mining and the nuclear-power industry, and world-wide exposures 

to the public. such as the fallout from atmospheric weapons testing (which peaked 

In the mid-sixties) and radiation leaks from nuclear facilities. 

Medical Exposures. The greatest man-made exposures to average individuals 

are from medical procedures. For example. a typical diagnostic chest x ray in- 

creases a person's annual dose by about three per cent ( 10 millirem), a thyroid 
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. i'/ f 

ccan using radioactive iodine may double the dose (adding another 300 or 100 

millirem), and dental x rdy may only add I percent (1 millirem). 

The purpose of diagnostic exposures is to see if a medical problem exists. As a 

result. there's a need to balance the potential benetit of learning about a serious 

but treatable problem LL- !nst the damage that the radiation itself may do. The 

controversy over the use of Y rays for detection of breast cancer in women. for ox- 

ample. is essentially a social exercise in deciding how to weigh the benetits 

against the costs. How often should wch exams be given'? At what age should 

they be started? What role should factors such as the latency period or the genetic 

predisposition to breast cancer play'? The frequency of breast cancer in young 

women is so low that. for this age group. the risk of x rays generating damage or 

even the economic cost may outweigh the infrequent benetit of detecting an early 

tumor. 

Advances in technology (such as more sensitive x-ray film) allow medical'facili- 

ties to use lower exposures to gain the same information. Also, longer-lived ra- 

dioisotopes that emit particle radiation are being replaced with shorter-lived ra- 

dioisotopes that do not emit particle radiation. Iodine- 13 1 has an %day half-life 

and emits beta particles, whereas iodine-123 has a 13-hour half-life and decays 

\ /\bide MW(CIt4E cIoh 
Viqno3Gc Emmb: 
.eOur\B 

'cidef 

6 nym4 
0 

0 

without emitting particle radiation, yet either can be used to examine the thyroid 

(if the patient is not so far from where the iodine-123 is produced that the isotope 

decays to too low an activity before it arrives). 

In general, diagnostics that increase one's exposure to ionizing radiation by a frac- 

tion of the annual background appear to be a risk that the public finds acceptable. 

When other symptoms indicate the presence of a serious problem. higher expo- 

sures become acceptable. 

Besides diagnostics, ionizing radiation can be used for medical treatment. Fre- 

quently, the purpose of the radiation is to kill a life-threatening cancerous growth. 

and exposure levels jump by orders of magnitude. Cancer patients undergoing ra- 

diotherapy receive many thousands of times their annual exposure to natural 

sources. Once again, though. advances in nuclear and accelerator technology are 

helping to make the radiation for certain therapies more site-specific. using the ion- 

izing energy to kill the targeted cells with less collateral damage to healthy tissue. 
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Products. 
ask. Where am I most lik,ely to be exposed to ionizing radiation 

“What if I manase to stay out of my doctor’s and dentist’s 

L,fticrj’i** 
irom man-made ‘soiirces !” 

CJtrl anj~bers that it depends on life style and choice of consumer products. He 

,,d JiscLlsS several examples to show the wide range of possible sources. 

Bsfore and during World War 11. radioluminous paint containing radium was used 

(,,, markers. instrument dials. and clocks and watches to make the numbers 
Jn~ marks visible in the dark. After the war and into the seventies, millions of ra- 

j,uluminous timepieces were sold annually. Gradually. though. radium was re- 

placed by other radioisotopes. such as tritium and promethium-147. both of which 

rnllt relatively low-energy betas that. unlike the gamma radiation of radium and its 

jauphters, can be stopped by the watch or clock a’ ?. The average annual expo- 

,ure to radioluminescent sources is now probablj ~5s than 10 microrem. 

\Iany moke detectors use an alpha source of americium-241 to detect smoke. 

HOW does this work’? In the detector, a continuous current flow is created by 

u3inp a voltage on a metal plate to accelerate and capture the alpha particles and 
the ions they create as they travel through the air. 

Taxlcco 

%ddiy Ma%ri& 
+Ja.tUm bas - 

smoke &?!tec&5 The distance between the 
0 

a 
wurce and the metal Plate is about an inch, just at the edge of the noma] range of 

the alpha particles. If smoke particles float into this stream. they alter the current 

How. and the alarm goes off. 

1s the smoke detector a significant source of radiation exposure to the public? The 

metal plate and the plastic case of the detector easily block the alpha rays and only 

a tjny amount of gamma radiation (from impurities and the neptunium daughters) 

escapes. Even with a radiation detector placed against the case of the smoke de- 

tector. radiation above 

normal background is dif- 

ticult to detect. The main 

rposures from the ameri- 

cium-741 are to workers 

asbembling the devices. 

.Another concern. of 
course. is the possible 

leakage of the radioiso- 

tope into the environment 

uhen the detectors are 

discarded. 

One of the most radioac- 

tive of consumer devices 

is the static eliminator, 

wch as certain brushes 

used to clean negatives 

and CDs. These devices also take advantage of the ionizing power of alpha parti- 

cles-in this case. reducing electrical-charge buildup. The brush is constructed so 

that the range of the alpha particles in air is about the distance from the source to 

the surface being cleaned. Generally, these devices use polonium-2 10 and are ex- 

tremely active when you first buy them. However, the half-life of polonium-’ IO is 

only 138 days. so after seven half lives (2.5 years). the ionizing ability of the de- 

vice will be a hundredth of what it was when purchased. If the brush has been 

used regularly for that long, the bristles will be dirty anyway. 
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In past years. a source of ionizing radiation in the home was certain types of ce- 
ramic dinnerware. Manufacturers would mix uranium oxides or sodium uranite in 

their glazes to render colors of black, brown. green. and the spectrum from yellow 

to red. Such tableware can add 

tiny amounts to a person’s annual 

- tposure. More important. though. 

is ingestion of uranium if the glaze 

is cracked or hasn‘t been applied 

properly. Also. in some cases. the 

uranium can be leached from the 

glaze. The main hazard. however. 

is the Of the 

nium (and lead) rather than the ra- 

diation. But it’s interesting to 

check your ceramic dinnerware. 

such as the older. red-orange Fi- 

estai’.jre. with a Geiger-Muller 

counter to see if it’s radioactive. 

Experimenting with Alpha Sources 

You can use the alpha source from a smoke detector or an anti-static brush to 
illustrate the limited range of alpha particles in air. Holding the source close to 

the mica window of a Geiger-Muller counter will give tens to hundreds of thou- 

sands of counts per minute and a sound that’s close to a steady buzz. 

As you move the source away from the window slowly, the buu dcreases slight- 

ly because the beam of alpha particles is spreading. But at an inch or so from 

the tube, the buzz suddenly disappears. This drop in activity happens because 

you’ve reached the end of the range of the alpha particles-they’re losing all 

their energy ionizing the air and no longer reach the counter. 

Other surprising sources of small but steady exposures (tenths of a rem per year) 

to ionizing radiation are dental products and eyeglasses. Uranium has commonly 

been used in porcelain teeth and crowns to add whiteness and tluorescence- 

sparkling white! Certain ophthalmic glasses used for lenses and eyeglasses con- 

tain oxides of thorium and rare earths that make them radioactive. Rose-tinted 

glasses that have had thorium salts added as the tinting compound are especially 

bad. With increased 

h 

i 

f 

1 
f 

f 
F 

t 
h 

6 

5 
8 

regulation and the greater use of plastic lenses. this type of f 

exposure to the public is being reduced. However. you may find that some of 

your camera lenses are radioactive because of thorium that has been added to in- 

crease the index of refraction. 

Life Choices. 
people is cigarette smoking. The large tobacco leaf-like the absorbing surface ot 

charcoal in a radon test device-provides an excellent surface for collecting the 

Potentially one of the most serious radiation exposures for many 
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daughters of airborne radon. As a result. tobacco has above-average 

ioncentrations of lead-210 and polonium-210. .A 1987 report by the National 

Council on Radiation Protection and Measurements states that "tobacco products 

probably contribute the highest dose to the U.S. population of all consumer 

products." 

,~~h~ugh external exposures to people from these radioisotopes is minute. smok- 

e the tobacco Creates large exposures to the lungs. The compounds of poloni- 
In- 
um-210 are generally volatile and are probably just breathed in and out. However. 

,n,oluble particles of lead-210 may concentrate in "hot spots" where the bronchi 

divide. leading to the growth there of the polonium-210 daughter and high local 

zuposures. Small portions of the lungs receive annual dose equivalents that are 

huge ( 16.W millirem) compared to the dose other cells in the body are getting 

from natural background radiation (360 millirem). This estimated dose equivalent 

is 8 times larger than that to lung cells from radon (2.400 millirem). 

It's suspected that such radiation. may be one of the major causes of lung cancer 

for smokers. In fact, certain studies of radon exposures show a synergistic rela- 

tionship between smoking and radon-the combined risk appears to be greater 

than simply an additive effect of the two risks. 

Another life choice that affects your annual exposure to ionizing radiation is the 

type of buildings you live and work in. For example, a masonry home, such as 

brick. stone. concrete. or adobe, can add another 2 per cent (7 millirem) to your 

annual exposure from radioisotopes in the building materials. This exposure is in 

addition to any effects the type of construction has on radon accumulation in the 

building. 

Occupational Exposures. "But what about the people who have to work with 

this stuff?" you ask. "Aren't there problems for radiation workers?' 

Indeed. one of the major ways people can be exposed to ionizing radiation at lev- 

els significant compared to the natural background is through the workplace. The 

medical application of x rays, industrial radiography, and work at nuclear power 

plants or for nuclear-weapons defense contractors obviously have the potential to 
expose workers to significant doses. Such meupations are carefully regulated and 

the workers are continuously or frequently monitored. Other workers, such as 

I 
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mining or airline personnel can also receive significant exposures. 

32 

The 1987 report by the biational Council on Radiation Protection and Measure- 

ments estimates that about 1.6 million workers were potentially exposed occupa- 

tionally to ionizing radiation in 1980, but only about half of those received mea- 

surable doses. The average effective dose to those in the latter group added about 

60 per cent to their annual dose (3-10 millirem). 

Exposures within certain groups were. of course, higher than the average. Ex- 

posed workers involved with the nuclear fuel cycle. on the average. added 600 
millirem to their annual effective dose of ionizing radiation, almost tripling their 

total. The annual limit established by national standards for people in this group 

is 5 rem per year. 14 times larger than the national annual average. 

Underground miners. on the average, tripled their annual effective doses (an addi- 

tional 700 millirem), chiefly because of the alpha radiation of radon daughters. 

This type of exposure is minimized by using proper safeguards; such as adequate 

ventilation or filtered breathing devices. During World War 11, such provisions 

were not used with the uranium miners in the southwest, resulting in high numbers 

of lung cancers among the miners. 

Flight personnel on airlines flying at altitudes around 20.000 or 30.000 feet. re- 

ceive. on the average, about 100 millirem per year (the same as ten diagnostic 

chest x rays. except the exposure during flight is to the whole body, not just the 

chest). This example illustrates the importance of the time of exposure. because 

everyone, including the passengers, receive only 0.2 millirem per hour, but the 

flight personnel are in the air about 500 hours a year. 

Exposures to the General Public. “But how much of the radiation from these 

occupational sources leaks out to the public,” you ask next. 
conrinued on page 14 
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The heaviest nuclei, those of plutonium and uranium for instance, may break into two 

large fragments, a Process called fission. Sometimes fission may occur in the undis- 

turbed nucleus (spontaneous fission), and sometimes energy has to be added to the 

nucleus, perhaps by the collision of a slow neutron (slow, or thermal fission) or perhaps 

by the collision of a more energetic neutron (fast neutron fission). Usually, several en- 

ergetic neutrons fly Out in addition to the two large fragments. If these neutrons collide 

with other unstable nuclei, further fissions can take place. Thus, each fission increases 

the number of neutrons available to generate more fissions, which is the basis of the 

chain reaction that powers nuclear reactors and the nuclear-fission bombs. 

An example of a neutron-induced fission is: 

on’ + 92U238 + 56Ba139 + 36K$7 + 3 on1 

where the subscript on the left gives the atomic number, the superscript on the right is 

the nucleon number, and ,,nl stands for a neutron. Note that the total number of pro- 

tons (92) and the total nucleon number (239) is conserved in the reaction. 

The two main fission fragments are typically unstable and, thus, subject to further 

decay and release of radiation. Neutron-induced fissioning of uranium or plutonium 

creates a large distribution of such fragments, typically ranging in nucleon number from 

80 to 160. The most unstable of these decay rapidly. Others, including daughters of 

the short-lived fragments, are more stable with longer lives. 

In any fission chain reaction, large numbers of neutrons are flying around. Because 

neutrons are neutral, they’re not repelled by the nucleus and are frequently absorbed 

by the nuclei of other atoms, creating new radioisotopes. This process is called neu- 

tron activation. (It should be noted that when materials are exposed to alpha, beta, 

gamma, or x rays, any similar activation processes only occur at much, much lower 

levels. Thus, irradiating strawberries with gamma rays to kill bacteria does not make 

them radioactive.) 

Much of the radioactive fallout of atmospheric weapons testing is a result of neutron 

activation of ground debris and materials in the air. Likewise, one of the main design 

considerations with nuclear reactors is to minimize production of radioisotopes by 

choosing structural materials and coolants that are low neutron absorbers. It’s equally 

important to eliminate corrosion products and other impurities that can be activated as 

they circulate through the core. 

The radioactive waste that the nuclear power industry is struggling to figure out how to 

store or eliminate consists of both fission fragments and neutron-activated radioiso- 

topes. The main concern in accidental releases from reactors are the more volatile fis- 

sion fragments present in the core. However, much of the neutron-activated material is 

present in aqueous waste, which can leak into the environment over long periods. 

It‘s been estimated that on the first day of a nuclear power plant accident around 83 

per cent of the dose received by people downwind is from iodine-1 31. The major con- 

tributor to the dose integrated over several years is from another radionuclide, cesium- 

137, which emits beta and gamma radiation and has a thirty-year half-life. 
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continued from pa,qe 42 

I “Actually. very little.” Irene answers. “For example, it’s estimated that the U.S. 

population receives only an average of about 0.4 millirem, or 0.1 per cent of their 

average total annual dose. from all operations related to nuclear power generation;? f 
1 

“From all operations?” t 

“Yes. That includes mining, milling. and enrichment of the ores, fabrication of 

fuel elements, releases by nuclear power plants, waste storage, and transportation. 

Of course, these numbers have been averaged over the entire U.S. population.” 

“What about someone living right next to one of the sites?’ 

The 1987 report by the National Council on Radiation Protection and Measure- 

ments estimates that the “maximally exposed individual member of the public” re- 

ceives only 0.6 millirem per year from pressurized water reactors and 0.1 millirem 

People living close.to other types of operations can receive higher doses. For ex- 

ample, the maximum effective dose from airborne effluents might be 260 millirem 

per year from certain milling operations and 61 millirem from certain underground 

mining operations. In both cases, these numbers were based on the assumption 

that the exposures were at the maximum allowed levels. In practice, much lower 

exposures are usually experienced, and many operations have lower maximum Val- 

ues than the ones given here (some milling operations are as low as 0.4 millirem 

1 

per year from boiling water reactors, the two common types of reactors in the U.S. J 
i 
; 
; 

I 
per year). t 

“That’s fine for normal operations, but what if there’s an accident?’ 

Certainly, the potential doses to the U.S. population from a major nuclear power 

plant accident could be very significant. The worst accident to date in the U.S. oc- 

curred at the Three Mile Island Nuclear Plant on March 28, 1979. The maximum 

individual effective dose to the public from that accident was less than 100 mil- 

lirem, and the average dose to people living within a IO-mile radius of the plant 

was 8 millirem. 

The Chernobyl accident in Russia on April 26, 1986, was much worse. Thirty-one 

people (firemen and workers at the plant, who received exposures up to 1600 rem) 

died from the accident. and 135,000 people in the region were permanently evacu- 

ated. Reports by the Russians to the International Atomic Energy Agency (IAEA) 

give the average dose to the evacuees as 12 rem-1500 times greater than the av- 

erage dose to people around the Three Mile Island plant. 

The distribution pattern of exposures around Chernobyl was very uneven, so that 

ceived a dose of up to 800 times their annual background in only a few days!). A 

dose of 100 rem‘to an adult normally produces clinical signs of radiation sickness 

and requires hospitalization. These total doses included external gamma radiation, 

beta radiation to the skin, and internal doses to the thyroid from iodine-131. 

I 
F 

i 
1 
$ 

! 
t 

doses to the public ranged from 0.4 to 300 rem (which means some people re- 

In the first year after the accident, it has been estimated that residents of seven 

western European countries received doses that, for adults, ranged from 130 mil- 

lirem in Switzerland to 11 millirem in southern England. Adults in Poland received 

up to 95 millirem. 

’ 

Pripyat is now a radiation ghost town. Nearly 3 million acres of agricultural land 
continlied on page 47 
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The Collective Effectlve Dose: Looking at Popubtim 

Absorbed dose, doseequivalent, and effective dose all apply to proportional to dose and independent of dose rate!. 

individuals-or at the most, to an average individual. How does high doses to a small group of people are assumed 

one estimate the risk of exposures to various populations? to the same number of cancers as low doses to a pro 

tionately larger group of people. Likewise, a one-rem 

To start with, we calculate the average effective dose for the from a short, single exposure is assumed to create th 

people being exposed and then multiply by the number of same harm as a one-rem dose from a slow, continuous 

people who have been exposed. The resulting value, the col- exposure. 

lective effective dose in units of person-rem (or person-siev- 

erts), is a measure of the expected cancer risk in the exposed Now what is the increased risk to the entire U.S. popula- 

population. tion of people cooking with natural gas or of other people 

working in nuclear 

Let’s compare two dras- power plants? We di- 

tically different expo- vide the collective ef. 

sures to see how this fective dose by the 

might work. The NCRP entire US. population 

reported that in 1980 (230 million in 1980) 

nuclear-fuel-cycle work- to obtain the average 

ers received an average effective dose per 

effective dose of about capita. In other 

600 millirem. There words, the dose has 
were 91,000 people in been spread out ovw 

the exposed group, so the entire population. 

their collective effective 

dose was 54,600 per- With 54 per cent of 

son-rem. The NCRP 

also estimated that peo- 

pie using natural gas 

cooking ranges received 

(from radon in the gas) 

an average effective 

dose of about 0.37 millirem-I600 times lower per person 
than what the nuclear workers receNed. However, 125 mil- 

lion people were exposed to natural gas cooking ranges, so 

their collective effective dose was about 48,200 person-rem, 

almost the same as the nuclear workers. This means that 

about as many cancers should result fm the use of natural 

gas for cooking as ~IWI workers involved with the nuclear fuel 

cycle. 

Do you believe this? Remember, estimates enter the calcuh- 
tions in at lea9 two pkes. First, radsatiorr weighbng factofs are 
used so that the nudear wcwkers irradiated with neutron and 

gamma irradiation can be compared with people using gas 
ranges irradiated with the alpha and beta radiation of tadon 

daughters. Second, tissue weighting factors are used to corn 
pare the whole-body irradiation of nuclear workers to the lung-tis- 

sue irradiation from deposited radon daughters. 

A key assumption in all such calculations is that risk is linearly 

doseis 0.2 millir 

0.37 millirem per 

son exposed to gas-range cooking. With the nuclear 

em, however, the annual dose is 0.2 millirem per pe 

the U.S. compared to the very large original dose per ex- 

posed worker of 600mlirern. 

In many ways, of cwrse, the average effective dose per 

person in the U.S. is highly amial, especially when the 

group of people actually exposed is small. But this dose i 

a measure of the expected increase in cancers in the U.S. 
due to the particular aMi. Such a number is the basis 

of statements you may read in the newspaper (at least, it 

should be the basis) that cite the additional cases of can- 

cer that may occur in the U.S. if, for example, the number 

of nuclear power plants is doubled. 

Of course, the people most likely to contract those cancers 

are the individuals in the ‘exposed” population, and going 

further, those individuals within the group who received 

doses well above the group average. 
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,on~rnueci,+r~m page '' 
in he region have been lost for decades because of contamination with tission- 

iamage from nuclear power plant accidents is very serious. 

roduct radioisotopes and plutonium. As this single accident shows, the potential 

How Much Do I Get? 

As our discussion of natural and man-made radiation sources makes evident. the 

place. from person to person. The pie chart we've been using (page 29) sum- 

marizes the averages for people living in the United States based on the average 

and amounts of exposures to ionizing radiation vary considerably from place 

effective doses. 

we've shown, doses from natural sources, including radon, account for 82 per 

of the average dose. Radon by itself..including radon in water pumped from 

accounts for 55 per cent-the largest single factor. Cosmic and ter- 

restrial sources each add another 8 per cent. Internal sources, such as potassium- 

$0. make up the final 11 per cent for doses from natural sources. 

Man-made sources account for 18 per cent of the dose. the largest being 11 per 

cent from medical x rays. Consumer products add another 3 per cent. Occupa- 

tional exposures and exposures to the public from nuclear power plants and the 

fallout from weapons testing add less than 1 per cent. 

Does our chart represent fair comparisons'? For example, the internal dose and the 

medical x ray dose are both 11 per cent. You might say your own body is irradi- 

ating you from inside to the same extent that you're being irradiated from the out- 

side by medical x rays. Of course, the internal dose is a slow, continuous bom- 

bardment; medical x rays are occasional. relatively intense doses. Furthermore. 
the dose given here is averaged over the entire U.S. population, an average based 

on the collective effective dose (see previous page). Clearly, actual individual 

doses may have large variations about this average. This is especially true for 

such exposures as medical x rays where many people have no x rays during the 

year and others may have several. 

Why is such averaging useful? If the response to dose is linear, then the averages 

allocate the damage among the various sources, and suggest, for example that me- 

dial x rays and internal dose lead to the same number of cancers nationwide. It 
says nothing about individual risk, and it's certainly not correct if the dose re- 

5ponse is nonlinear. Nevertheless, the average collective effective dose remains 

one of the more useful ways to draw risk comparisons between apples and or- 

anges-r rather, between cosmic rays and thoriated camera lenses. 

The table that follows (next page) is an attempt to help readers make a more 

satisfactory assessment of their own annual radiation doses. Remember. the 

average annual dose of ionizing radiation per person in the United States is about 

360 millirem per year. 

As you can see, we live in a sea of ionizing radiation, most of which has been 

here from the birth of the planet. Man's ability to manipulate radioactive materi- 

als and to create new sources of radiation is adding to the amount of ionizing radi- 

ation we receive each year. 
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Personal Radiation Dose Chart 

(Adapted from Personal Radiation Dose, American Nuclear Suciety, 1990 
with further data from NCRP Report No. 93 and NCRP Report No. 95.) 

Estimate your average annual effective dose in millirem by adding the numbers in the right column, 
including the numbers you choose for each category with a blank space. 

Where you live: 
Cosmic radiation at sea level 
For your elevation in feet: 
500-1000 ft: 2 1000-2000ft: 5 2000-3000ft: 9 
3000-4000 ft: 15 4000-5000 ft: 21 5oooO-6000ft: 29 

40 7000-8000ft: 53 8000-9000ft: 70 6000-7000 ft: 
9000-10,Ooo ft: 107 

Terrestrial: 
Live in state bordering the Gulf or Atlantic from Texas east and north: 23 
Live in Colorado Plateau or Rocky Mountain State: 90 
Live anywhere else in the United States: 46 

Internal: 
What you eat and drink 
Radon: Insert a value equal to your average radon level (in picocuries per liter x 100) 

or use the U.S. average of 200 

Lib Choices: 
Live in a stone, brick, concrete, or adobe building: 7 
Live within 50 miles of a coal-fired electric utility plant: 0.03 
Live within 50 miles of a nuclear reactor: 0.01 
Jet airline travel - each lo00 miles traveled annually: 1 
Smoke cigarettes - multiply packs per day by 870 (high degree of uncertainty) 
Use a typical distribution of modem consumer products (US. average): 10 
Cook and heat with natural gas: 2 
Work with commercial fertilizer products (e.g., farming): 1 

Medical Expum: 
Received a diagnostic x-ray (U.S. average): 40 
Received a thyroid scan: 5'sO 
Wear a plutonium-powered cardiac pacemaker: 100 
Received other medical radiation exposure (ask physician): 

0ccupatl0crcr): 
If you wrk with radiation sources, add your annual dose in millirems, or select 
the 1980 average value for exposed workers in you occupation: 
Air ftightcmw: 670 Nuclear fuel cycle: so0 
Industry: 240 DOE Contractor: 180 
Government: 120 U.S. Public Health Service: 47 
Open-pit uranium mining: 115 Unkrground mining: 700 

Public Ex~osure8 from Nuclear Age:, 
Transportation of radioactive materials: 0.6 
Fallout from atmospheric testing: 0.5 

Your Annual Effective Dose (milllrom): Sum the numbers in the right column: 
(U.S. Average: 360 millirem) 

Medicine: 150 
Well logger: 420 

26 

-. 

40 

48 
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Ionizing Radiation-4'~ Erepwhere!. 

,,,,,,,ur~from PW -17 

I of the new radiation sources are highly beneficial to man and society as .- 
,ourcej of energy. as research tools. and ~s diagnostic and therapeutic tools for 
,,,eJ,c-ine. but eadh source presents additional risks as well. Other sources of ion- 

radiation are an incidental result of our consumer goods and life styles. 
IL111, 

For 

J3nc 

lL,ng radiation. Reaching 5uch understanding certainly requires more effort. but in 

[he long run. such effort Will certainly Serve our society. We will be much more 

iltpuble of tinding the most satisfactory balance between the risks and the benehts 

(,, ,onizing radiation. 

I 

society to use radiation wisely. it's necessary to understand the specific 
oers of individual sources rather than to bring wholesale condemnation to ion- 
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We have seen the enemy, and he is us! 

-Churchv LeFernrne, aka Walt Kelly 

Richard J. Reynolds and Jay A. Schecker 

e live in remarkable times. The DNA within our 

cells-the entire human genome-is steadfastly 

being mapped and deciphered. That work combined 

with new results from molecular and cellular biology are en- 

abling researchers to reconstruct the inner workings of cells in 

unprecedented detail. We are beginning to build a holistic 

framework for understanding the human organism, one that in- 

tegrates the distinct yet interrelated roles of DNA, genes, the 

cell, the body, and the environment. With it comes a better un- 

derstanding of the cellular origins of many diseases, including 

the origins of cancer. 

fie insights are timely. Cancer is one of the great scourges of 

modern civilization, for roughly one in five people in 

. the industrialized nations of North America, west- 

em Europe. and Asia will die of it. It is a dis- 

ease of the cell that develops because of fail- 

ures in the mechanisms that regulate cell 

. 

growth. An individual cell multiplies with- 

out restraint until it and its progeny eventu- 

ally overwhelm tissues and organs. What 

initiates this process and how it progresses 
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has been the subject of theoretical and experimental investigation almost since the 

start of medical research. It has led to the identification of various cancer-causlng 

substances, or carcinogens, in our diet and within our environment. 

Ionizing radiation* is,one of those carcinogens, and its ability to induce cancer is not 

in doubt. The tragic experiences of the radium-dial painters during the early part of 

this century and the sobering epidemiological studies of the tomic-bomb survivors 

of Hiroshima and Nagasah bear witness to the fact that ionizing radiation can insti- 

gate a variety of cancer types. The bomb survivors. for example. display a small but 
statistically significant increase in the level of several cancers. including leukemia. 

breast, thyroid. and skin cancer. Radiation and cancer definitely correlate. 

How does ionizing radiation cause cancer? How can a brief interaction with invis- 

ible particles smaller than an atom or the transient passage of massless electromag. 

netic waves cause a smoothly functioning, exceptionally well-organized cell to spi- 

ral chaotically out of control'? Our cells for the most part are stable and 

predictable entities, yet exposing them to levels of radiation well below the lethal 

dose can induce behavior that will eventually lead to the death of an entire organ. 

ism. How does this happen'? 

Answering these questions has proven to be extraordinarily difficult. Even 

today, the causes of cancer and the many ways the disease can progress are not 

completely understood. In the absence of a complete understanding. it has not 

been possible to determine the exact role that ionizing radiation plays in cancer in- 

duction. Nevertheless, a basic understanding does exist. Ionizing radiation can 

damage the DNA of chromosomes and potentially mutate the genes that reside on 

those chromosomes. Because genes ultimately dictate cell function and behavior, 

ionizing radiation, through its capacity to induce genetic mutations. can bring 

about a change in the basic nature of the cell. The cell becomes transformed, 

meaning that it is aberrant and is slowly evolving into a cancerous state. 

52 
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Although this picture is correct, it is somewhat superficial. It does not take into 

account the rate of DNA damage or the particular type of damage that ionizing ra- 

diation induces, nor does it account for the powerful DNA repair mechanisms that 

help maintain the genome. It does not reveal that healthy cells have "defenses." or 

-cellular responses, that can limit excess proliferation and prevent cancer from de- 

veloping. Augmenting the basic picture and elucidating what is known specifical- 

ly about radiation and oncogenesis (the causes of tumor formation) is the main ob- 

jective of this primer. In attaining that goal. we will spend a considerable amount 

of time building concepts and vocabulary. beginning with genes and qene e.rpres- 

sion. We will relate gene expression to cell function and then expand upon the 

nature of cell regulatory processes. We will learn that once a cell has become 

transformed by some random, initial event, its progression towards cancer will be 

driven by the abnormal behavior or removal of specific, critical proteins. We will 

learn that within that set of "cancer-causing" genes, some are specifically correlat- 

ed with DNA damage induced by ionizing radiation. 

*We will restrict our attention to ioni:inp rudirurion in this primer. that is. only nuclear emission\ ~hd 

x rays. Effects due to lower-energy electromagnetic radiations. such as ultraviolet radiation 2nd emis- 

sions from power lines. will not be considered. 
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Genes and Gene Expression 

%re are what we are because of our genes. This notion. along with the realization 

[hat DNA is the molecuiar carrier of heredity. are two of the seminal discoveries 

(,f modern science. It has been discovered that a gene is composed of a specific 

DNA sequence. and gene sequences are distributed throughout our chromosomes 

--DNA. Genes. and Protein Synthesis”). Each chromosome is a single. long 
\- 

DNA molecule that is woven around a complex protein 

,Iructure. Every person inherits a set of 23 chromo- 

,omes from each parent, and for every chromosome 

passed to us by our mother. there is a corresponding 

chromosome contributed to us by our father. The 36 

that compose the human genome can be 

Jrdnged into 72 pairs of matching, or homologous. 

chromosomes. plus one pair of sex chromosomes-the 

.y and Y chromosomes. Females possess an XX pair, 

whereas males possess an XY pair (Figure 1). Because 

each chromosome in a homologous pair contains the 

hame set of genes. our cells have two copies, or alleles, 

of every gene. The DNA sequences of two alleles are 

usually very similar but not identical-each contains in- 

formation from one of the two parents. What happens 

when a cell makes use of dissimilar gene copies? 

This question relates to gene expression, which was first 

hystematically investigated by Gregor Johann Mendel 

( 1822- 1884). the “father” of modem genetics. Over the 

course of eight years, Mendel manipulated the breeding 

of several purebred strains of garden pea plants. He 
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I noted the manifestation of certain characteristics of the plants, say flower color or 
pea texture. and how often those traits appeared in each successive generation. 

From his observations, he was able to deduce the statistical laws of inheritance, 

using as a hypothesis the existence of two inherited “units” for each trait. 

(Mendel’s units of heredity are what we now call genes. He used the word 

“Merkmale” to describe the units of heredity. The word gene was coined by the 

Dutch botanist Wilhelm Ludwig Johannsen t1857-1927).) Mendel was also able 

to deduce when certain traits would be observed, or expressed. 

Take for example the trait flower color. Mendel found that a pea plant has a 

“gene” that dictates flower color. and that the gene has two “alleles,” one for vio- 

let flowers and one for white flowers. He also found that the violet allele had a 

tlominunt mode of gene expression. that is, only one violet allele had to be present 

for the flowers to be violet. In contrast, the white allele had a recessive mode of 

expression. that is. both flower-color alleles had to be white for the flowers to be 
white. 

; 

i 
1 
j 

~ 

I 

Mendel’s basic concepts about gene expression have been greatly expanded. The 

term “gene expression” is now used to describe the manifestation of traits at the 

molecular and cellular level. Expression begins with the processes of gene trun- 

scription and trunslution in which the DNA sequence that makes up a gene is used 

as a template to synthesize a protein (see “DNA, Genes, and Protein Synthesis”). 

That protein then produces certain observable characteristics in the cell. Thus a 

gene is said to be “expressed’ when the protein that it specifies is actually synthe- 

sized and functianing in the cell. 
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Figure 1. The Human Genome 

The human chromosomes in this pho- 

tograph were arranged to show the 22 

pairs of .homologous chromosomes, 

plus the one pair of sex chromosomes 

(lower right). The original photo was 

taken when the chromosomes had as- 

sumed their most condensed state. 

(For most of the life of a cell, a chromo- 

some is in a very loose, threadlike 

form.) The chromosomes shown above 

were treated with a dye (Giemsa stain) 

that preferentially stains certain regions 

and thereby produces the unique band- 

ing patterns that are used to identify 

each chromosome. Because the two 

sex chromosomes are different (X and 

Y), or not homologous, the genome 

shown is that of a male, namely the 

well-known cytogeneticist T. C. Hsu of 

the University of Texas System Cancer 

Center. (Photo courtesy of T. C. Hsu.) 
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DNA, Genes, and Protein Synthesis 

Figure A. Basic Components of the 

Cell 

Cell membrane Ribosome 

Nuclear ' 
membrane 

Homologous 
chromosome 
pair 

i The cell is a marvelous ensemble of proteins, organic molecules, and organelles. 

Although it is on the order of ten microns or so in diameter, a cell is an incredible i 
chemical factory with the capability to synthesize more than 10,000 different pro. 1 
teins and enzymes and the ability to oversee thousands of simultaneous chemical 

reactions. Figure A is a simple depiction of a mammalian cell in which we've se- C 
lectively drawn only a few basic components (not to scale). The cell boundary IS 1 
defined by an outer, bilayer lipid membrane. The cell interior is filled with an aque. 1 
ous colloidal fluid called the cytoplasm. Floating within the cytoplasm are thou- 

sands of proteins and large, macromolecular structures. We've indicated a ribo- 

some, which is a protein complex required for the synthesis of proteins. We've 

also conspicuously highlighted the cell nucleus, which houses all of the nuclear 

DNA (our genome). 

t 
I 
< 

If the DNA molecules found in a human cell were laid end to end and stretched 

out, the resulting line, though only 2 billionths of a meter wide, would be about two 
meters long, or about 200,000 times longer than the cell itself. Therefore, our DNA 

is packaged into dense constructs called chromosomes, each of which consists of 

a single, linear DNA molecule containing millions of base pairs. The DNA is twist- 

ed and packed around proteins called histones, and that swucture is itself twisted 

into a secondary packing structure. There are at least four levels of twisting and 

packing, but the degree of packing and the chromosome appearance can vary, de- 

pending upon both transcriptional activity (described below) and the stage of the 

i 
t 

i 

i 
i 
1 

cell's reproductive cycle. z 

# 
Human beings have a total of 46 chromosomes. Two of those chromosomes, 

called X and Y, determine the sex of the person. All males have an XY combina- 

tion, whereas all females carry an XX combination. The other 44 chromosomes 

can be grouped into 22 pairs of "homologous" chromosomes. The individual mem- 

bers of each pair are very similar, but one is inherited from the mother and the 

other is inherited from the father (see Figure A and main article). For simplicity, we 

have depicted only four chromosomes, representing two homologous pairs. 

As shown in Figure 6, the double-stranded DNA that makes up a chromosome 

cmsists of two single-stranded molecules that are intertwined to form a double 

helix. The backbone of each single strand is a long chain consisting of repeating 

sugar-phosphate subunits. The sugars appear as pentagon-shaped rings in Figure 

B. (DNA is an acronym for deoxyribose nucleic acid. Deoxyribose is the particular 

type of sugar.) The sugar portion contains five carbon atoms, labeled 1' to 5', and 

the backbone is constructed by linking, through a phosphodiester bond, the 5' car- 

bon of one sugar to the 3' carbon of the next. Because of the asymmetry in the 

phosphodiester linkage, the phosphodiester backbone, as it is often called, can be 

assigned an orientation, either 5' to 3' or 3' to 5'. The two strands of the DNA dou- 

ble helix actually have opposite orientations. One strand can be said to move "up," 

whereas the other moves "down." Many proteins that interact with DNA are sensi- 
! 
1 
: 
i 

tive to this orientation and can distinguish one strand from the other. 

Attached to each sugar unit is one of four different nucleic acid bases: adenine (A), 

cytosine (C), guanine (G), and thymine (T). The bases can be further classified as 

purines (A and G) or pyrimidines (C and T). In forming the double helix, the bases 

will line up between the two DNA backbones, a base in one strand pairing with an 

opposing base in the complementary strand. The base pairs are chemically linked 

by hydrogen bonds. In the standard Watson-Crick base pairing, each pair must be 
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comprised of a purine coupled to a pyrimidine. Furthermore, the purine A can only 

pair with the pyrimidine T, and the purine G can only pair with the pyrimidine C. 

Thus, the sequence of bases along one strand dictates a unique sequence of 

bases along the second complementary strand. Together, the two strands incorpo- 

rate a level of information redundancy into the double-stranded DNA molecule, be- 

cause each strand can act as a template for synthesizing the other. Template-di- 

rected copying of each DNA strand is called replication. DNA Bases 

The information encoded within the DNA molecule enables the cell to synthesize 

proteins. A gene, depicted schematically in Figure C, is that segment of DNA that 

codes for a single protein, and our genome contains roughly 50,000 to 100.000 

genes dispersed among the 46 chromosomes. Because the overwhelming majority 

of cell processes are carried out by proteins, a cell goes to great lengths to ensure 

that the integrity of the base sequence is maintained. This is the primary role of 

DNA repair mechanisms (see "DNA Repair" on page 78). 

To translate the information encoded by DNA into a protein product, the cell must 

go through a multistep process. First, the coding region of a gene is read, or tran- 

scribed, into a copy of the DNA sequence. The copy takes the form of a molecule 

of RNA, which is similar, with a few differences, to a single-strand of DNA. After 

some processing, the RNA will leave the nucleus and enter the cell's cytoplasm. 

The information contained in the RNA will be translated by a ribosome, a large 

macromolecule that guides the assembly of amino acids into the protein product. 

Gene segments range from thousands to millions of base pairs in length. There- 

fore, Figure C depicts the DNA as a solid bar containing different subregions. We 

have indicated the coding region, which contains the actual sequence used for 

Protein synthesis, and two regulatory DNA sequences that are used to control the 
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Regulatory factors Transcription complex 

Transcriotion factor RNA Dolvmerase II _. 
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Figure C. Gene Structure and Transcription 

rate and frequency of transcription. The double helix is actually a fairly open struc. 
ture that permits access to the chemical groups of the DNA bases. Proteins calla 

regulatory factors will recognize these groups and selectively bind to specific DNA 

sequences. By physically distorting the helix (bending and folding the DNA 

strands) or by promoting protein-protein interactions, the regulatory factors can ei- 

ther facilitate or inhibit transcription. The regulatory regions may be far removed 

from the coding region and may even be located "downstream." 

Transcription of the DNA sequence into an RNA copy is initiated at the promoter re- 

gion, which also contains a specific DNA sequence (TATA) that is recognized by a 

transcription factor. This factor is a protein that binds to the DNA and initiates the 

self-assembly of a transcription complex consisting of perhaps 10 or more proteins, 

including RNA polymerase I1 (RNA Pol 11). The RNA Pol II complex will transcribe 

the DNA coding sequence. Thus, the initial step in creating a protein is tied to the 

presence (or sometimes the absence) of 'transcription factors and regulatory pre 

teins. That is one way the cell has of regulating the expression of a gene. 

As depicted in Figure D, RNA.Pol I1 instigates the unwinding of the DNA double 

helix, which enables it to "read" and transcribe one of the two DNA strands. Be- 

cause of the Watson-Crick base-pairing rules, the RNA molecule that is produced 

contains all of the information that was originally encoded in the DNA strand. As 

RNA Pol I1 moves along, the relaxed strands of previously transcribed DNA sec- 

tions rewind. After the gene has been completely transcribed, RNA Pol II will leave 

-the DNA and some processing of the RNA molecule occurs. The resulting RNA 

strand (now called messenger RNA, or mRNA) leaves the cell nucleus and will be 

used as the template for protein synthesis. 

Figure D. Transcription of DNA to RNA 
RNA polymerase II 

RNA ,script DNA template RNA precursors 
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The process of converting the mRNA template into an actual protein is called trans- 

lation, as shown in Figure E. Translation takes place at the ribosome. The se- 

quence of RNA bases contained in the mRNA transcript is interpreted as a series 

of "words." or codons, consisting of three consecutive RNA bases. With some ex- 

ceptions. each codon corresponds to a specific amino acid. These are the small 

molecules from which proteins are constructed. For example, the DNA base se- 

quence GCC codes for the amino acid alanine. The exceptions are three stop 
codons (TAA, TAG, TGA) that are used as punctuation and indicate the termination 

of an amino-acid sequence. 

A molecule called transfer RNA (tRNA) is the actual link between a codon and an 

amino acid. One end of the tRNA has an "anticodon" that pairs according to 

Watson-Crick rules with a codon in the mRNA template. The other end of the 

tRNA is bound to an amino acid that corresponds to that codon in the mRNA tem- 

plate. The top of Figure E shows the reaction that places the correct amino acid 

onto the corresponding tRNA. That reaction is catalyzed by a family of specific 

enzymes called the aminoacyl-tRNA synthetases. The ribosome facilitates the pair- 

ing of the anticodon region of a tRNA molecule to the mRNA codon and catalyzes 

the transfer of the amino acid to the growing protein chain. The ribosome steps 

along the mRNA molecule, adding an amino acid to the chain .at each step, until it 

reaches a stop codon. At.that point, the protein product is finished, and the ribo- 

some detaches. Numerous ribosomes will often attach to the same mRNA, so that 

many copies of the same protein are produced for each DNA transcription event. 

It is clear, then, that DNA plays a critical role in protein synthesis. A single gene 

Can get transcribed many times, and each time it is transcribed, many identical 

Proteins are produced. If a gene coding for a major regulatory protein becomes 

mutated, then that single mutation can mean the difference between a normal and 

a dysfunctional cell. 
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continued from pu,w 53 

But a question remains. We have approximately 50.000 to 100.~ genes. Doe$ 

every cell make use of all the genes that are encoded in its genome'? The ansNer 

is no. and the reason has to do with a much more fundamental concept of gene ex- 

pression-the notion of regulation. A gene embodies not only DNA sequences 

that code directly for protein construction but also regulatory sequences that con- 

trol various aspects of the transcription process. Regulatory sequences include the 
promofer resion. where transcription is initiated. and regions that control the rate 

and frequency of transcription. Those regulatory regions are recognized by regu. 

hton ,hcror,Y, which are a class of proteins that bind to certain DNA sequences 

and either directly or indirectly (by attracting other proteins) inhibit or enhance 

transcription. 

Therefore, the mere presence of a gene within our genome does not guarantee that 

it will be expressed. Instead. the production of a protein from the gene is depen- 

dent upon a very complicated relationship between DNA, regulatory proteins. and 

protein synthesis. In fact. the cell has at least six levels of control on gene expres. 

sion. beginning with regulation of the promoter region and ending with the break- 

down and removal of the protein product. Once prkluced, however. many pro- 

teins must first be activated by other proteins, form a complex, or both. before 

being able to play a part in cell processes. Protein activation and participation in 

protein complexes are but two examples of how a gene product can be regulated. 

The expression of a particular gene and the behavior of its protein product can 

therefore change due to a number of factors. Abnormal behavior Can certainly be 

the direct result of a DNA mutation. but it may be expressed through a type of 

domino effect that links the action of one protein to the function of another. 

Cell Differentiation 

Cancer is a disease of cells. and human beings have lots of them. We are com- 

posed of approximately IOJ3 to 10I4 individual cells, most of which are not identi- 

cal. Instead, they have differentiated inid. roughly 350 types. Differentiation 

means that a cell has become specializecl in function and structure and has com- 

promised its independence and some of its capabilities in favor of being a cooper- 

ative member of a tissue and organism. Our cells. for the most part. are immobile. 

- and therefore. the specialized cells in any given tissue depend heavily on other tis- 

sues to provide nutrients and basic resources, to remove waste, to create environ- 

mental stability, and to provide protection. 

58 

This interdependence is distinct from a ringle-cell organism. A free living cell is 

self-sufficient and behaves in a manner [!,..: best aids its own survival. Certainly. 

one survival mechanism is proliferative advantage. For example, the rod-shaped 

bacteria Escherichia coli can divide and produce two new bacteria every 30 min- 

utes. In principle, then. E. coli has the reproductive capacity to produce well over 

200 trillion progeny in just 24 hours!' 

Clearly, the differentiated cells of a multicellular organism cannot exhibit this typ 

of proliferative behavior, nor can they be insensitive to the needs of other cells. 

Instead. everything about a differentiated cell, including when it reproduces. its 

shape and size, and the chemicals and proteins it synthesizes, is essentially deter- 

mined by the needs of the tissue and the organism of which that cell is a part. EX- 

*This number is a theoretlcal crtrqolation 

limited by the availability ot rrwurce\ and by the ncceswy to remove heat and wdbte b\ produLf\ 

The actual number ot bactena that uould be gcnerdted I) 
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,, influence through a multitude of intricate. intercellular controls. the body 4nz 
urt'b gns 

,,irJ~~ health of the organism. This paradigm of specialization is obviously a suc- 

'. ,,,ful one that imparts survivability tu dl the cells of the body and to the entire 

irf pi m. 

Hou cells differentiate'? The process is only beginning to be understood. It is 
not ,imply that each 5pecialized cell has a different set of genes. because all the 

itlls of the body are genetic clones and possess the same genome. Nor does dif- 

i,pntiation result from a change in the information content of the DNA or the 

of DNA present. Rather. specialization comes about because only a par- 

t,culu set of genes are expressed. Those expressed genes determine it' the cell 

ulll be 3. nerve cell or a skin cell. if it is mobile within tissue (such as a 

,n3crophage), or if it grows slowly or rapidly. In one sense. the genome is analo- 

c!c)us to a library that contains books on all subjects. When we wish to specialize 

area of interest. we select from the library only those books that are appropri- 

ate for our needs and leave the other books undisturbed. 

the behavior of individual cells it, directed towards sustaining the 

LL 

;\n epigenetic change within the genome-one that modifies gene expression with- 

out changing the information content of the DNA-appears to be the mode by 

nhich cells differentiate. Many differentiated cells pass their traits on to their 

progeny: that is, a liver cell begets a liver cell, which implies that the epigenetic 

changes to the genome are conferred to daughter cells. The transmission is be- 

lieied to happen through a chemical modification of DNA sequences known as 

methylation. The methylation patterni are maintained during DNA replication. but 

the way in which they are originally i :.ablished and the way they become modi- 

tied is not fully understood. 

However. not all cells are descendants of fully differentiated cells. Instead, the 

specialized cells of many tissues and organs originate from a class of relatively un- 

differentiated cells called stem cells. The successive progeny of stem cells display 

increasing degrees of specialization, and that process may continue for several cell 

generations. The stem cells are highly unusual. Their specific role in the tissue is 

to renew lost or damaged cells, but at the same time, they must maintain their own 

population. As illustrated in Figure 2, stem cells have the peculiar property of 

generating dissimilar progeny. One of the cells that is produced remains a stem 

cell, whereas the other cell begins to specialize in response to external signals. 

Those signals evidently help trigger the epigenetic changes. But each type of stem 

cell is slightly different, and the pathway of specialization that their progeny fol- 

low is also distinct. Thus, basal cells are ultimately the source of epithelial cells 

(those cells that make up the skin layers and the lining of the intestinal and respi- 

ratory tracts), whereas the hemopoietic stem cells are the precursors of about ten 

or more different cell types that make up the blood and the immune system. 

As the progenitor of many tissue cells, the stem cells perform a function that high- 

ly differentiated cells have relinquished, namely repeated cell division. The termi- 

nally differentiated cells of the skin or the hemopoietic system are so specialized 

that they rarely divide. Stem cells renew those nondividing cells. and therefore, 

the role of the stem cells within the scheme of the organism is that of prolifera- 

tion. Unlike E. coli, however, the reproductive potential of a stem cell is strictly 

regulated (as it is for all other types of cells). Cells will only multiply as a conse- 

quence of having received numerous extracellular signals. Growth factors, or mi- 
togens, are positive regulators that stimulate proliferation. Other signals will in- 
hibit growth and are considered to be negative regulators. Normally. cellular 
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Figure 2. Cell Differentiation and 

Stem Cells 

The hemopoietic stem cells are respon- 

sible for generating about e dozen dif- 

ferent types of cells, including the vari- 

ous kinds of blood cells and the cell 

types that make up the immune system. 

The figure illustrates the generation of 

a highly specialized cell, the 

macrophage (a cell that lives within tis- 

sue and is descended from a white 

blood cell), from a relatively undifferen- 

tiated stem cell. The process of differ- 

entiation takes place over several cell 

generations, and it occurs because of 

the expression of different genes. 

When a stem cell divides into two cells, 

one of them will remain a stem cell. 

The other, in response to external sig- 

nals, begins to specialize. This daugh- 

ter expresses new genes (colored seg- 

ments on the chromosomes) that are 

transcribed and translated into proteins 

(colored shapes in the cytoplasm). The 

new proteins modify the cell's function 

and appearance. The process of spa 

cialization continues through several 

more generations until finally a cell 

type reaches a terminal stage of differ- 

entiation. If a macrophage divides, 

both of its progeny will remain as 

macrophages. Because stem cells and 

their partially differentiated progeny di- 

vide frequently, cancers otten emerge 

from those cell types. 
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proliferation is controlled by the cell's interpretation and response to these recipro- 

cal types of regulation. 

One of the major differences between a normal cell and a cancer cell is that the 

latter responds in an unbalanced manner to regulatory signals and proliferates at 

inappropriate times. A precancerous, or neoplastic cell. might undergo changes in 
the way it responds to regulatory signals, and it might divide independently of the 

needs of the tissue. If the modified behavior results in a proliferative advantage 

for a cell line. the uncontrolled growth can ultimately lead to the disruption of tis- 

sue function, Because stem cells rue the most rapidly and frequently dividing cells 

in our body, they rue in one sense "primed' to express proliferative advantages. 

Most cancers originate from the various types of stem cells or from the partially 
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; d,iferrnt,ated progeny of Stern cells. Because different sets of genes are expressed 
those Stem cell variants. the cancers that develop also differ from each other. 

I” 
present different characteristics and have altogether different conse- The:\. mi= 

4 utnces 

Proteins and Signal Transduction 

have stressed that cancer is a distortion of cell behavior and that a cancer cell 

J,(fers from a normal cell largely because of malfunctions in processes that control 
Ltiiulu proliferation. From a mechanistic point of view. this translates into the 

ill,lure of proteins to properly regulate what is called the cell cxcle. which is the 

,tqurnce of stages that a cell passes though 

$,hen it undergoes reproduction. But the initia- 

[ion md regulation of the cell cycle cannot be 

L,ppreciated without a better understanding of 

hob4 proteins work and how they can act as cat- 

Jl).\b. 

4 protein consists of a chain of amino acids 

together like beads on a string. There 

jre 70 common amino acids. which are distin- 

.ulshed from each other by a unique chemical 

,i& chain that is attached tn 3 “core“ carbon 

.Itom. Interactions between ihe various side 
chains will fold a protein molecule into a con- 

i oluted. three-dimensional shape. That shape is 

3 critical feature that is central to a protein’s 

function. for it affects the accessibility and posi- 

tion of individual amino acids. Typically, most 

ut’ (he protein merely serves as a means to con- 

hgure a small subset of amino acids into a 

uniquely contoured region. That region. which is often in the form of a cavity or 

mall protrusion, is called a binding site. Because of its unique shape, and be- 

muse the amino acids that compose it have specific sizes, affinities, and chemical 

properties. the binding site allows only a select gmup of target molecules. called 

li,rtrricls. to interact and bind to the protein at that area. A ligand can be any type 

of ion or organic molecule, including proteins. 

The binding site of a protein can simply allow the protein to adhere to its target 

molecule. For example. the binding site of a regulatory factor has an affinity for 

the exposed chemical groups of specific DNA sequences and thereby enables the 

factor to bind selectively to those particular segments of DNA. But a binding site 

often plays another. more ubiquitous role. It can hold a ligand within close prox- 

imity to another small molecule (a cofactor) for the sole purpose of facilitating, or 

catalyzing. a chemical reaction between those two molecules. Any protein catalyst 

is called an enzyme. Figure is a computer-generated rendering of an enzyme. in 
this case. the protein Cdkl. I his protein is one of several that are at the heart of 
cell-cycle regulation. Cdk2 is shown holding a molecule of ATP (the cofactor) 

uithin its binding site. ATP contains three phosphate groups. and Cdk2 will cat- 

alyze the transfer of one of those phosphate groups to a ligand that binds to Cdk2. 

The transfer and covalent attachment of a phosphate group to a target protein is 

called pho.sphor+uion. and the enzymes that catalyze phosphorylation are called 

kijla.ses. Thus Cdk? is an example of a kinase. 

Figure 3. Cdk2 Protein 

The cyclln-dependent kinases, or Cdk, 

are a major class of regulatory proteins 

of the cell cycle. This representatlon of 

Cdk2 shows, not atomic detail, but the 

amino-acid chain as a continuous rib- 

bon. That depiction gives a feel for the 

protein’s three-dimensional structure, 

which can provide insight into the pro- 

tein’s function. The catalytic binding 

site of the Cdk lies at the center of the 

protein. The cofactor, a molecule of 

ATP (yellow pentagon with branches), 

already lies within that binding pocket. 

A llgand will also bind to that site, and 

one of the phosphate groups making up 

ATP will be transferred to the ligand, 

thus bringing about its modification. 

Photo courtesy of Prof. Sung-Hou Kim, 

UC Berkeley. Reprinted with permis- 

sion from Nature 363: 595-602 (@ 1993, 

Macmillan Magazines Limited). 
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Figure 4. Activation of a 

Cyclin-Cdk Complex 

The Cdk protein has a potential kinase 

activity that enables it to phosphorylate 

other proteins. To become an active kl- 

nase, the Cdk protein must first com- 

plex with a cyclin molecule. The bind- 

ing initiates a structural change that 

enhances accessibiilty to the Cdk bind- 

ing site and to the ATP cofactor that 

lies within that site. Once the complex 

has formed, activation still requires that 

the Cdk protein itself become phospho- 

rylated. Cdk activity may also be regu- 

lated through phosphorylation at yet 

another site (not shown in the figure). 

Activation would then require removal 

of the inhibitory phosphate (dephos- 

phorylation). The thme separate steps 

of complex formation, phoiphorylatlon, 

and dephosphorylatbn are the means 

by which Cdk is regulated. In reference 

to Figure 3, the cyclln bind8 to the Cdk 

along the blue ribbon area on the left 

side of the image. 

Phosphorylation is a very common means of activating (or inhibiting) the function 

of a protein. Kinases, therefore. can play a regulatory role within the cell by help- 

ing to turn target proteins functionally on or off. The kinase itself may be regulat- 

ed in that some type of protein interaction is required to activate its enzymatic ca- 

pability. For example. Cdk? is a cyclin-dependent kinase, which means it must 

couple to a cyciin protein before it can catalyze phophorylation. (The cyclin fami. 
ly of proteins. like the Cdk. are major components of cell-cycle regulation. The 

cyclins will be discussed in the following section.) The joining with a cyclin mod. 

ifies the Cdk protein and allows access to the Cdk’s binding site (also called its 

binding pocket). But complex formation with a cyclin is only a required first step in 
activating the kmase activity of a Cdk. The states of phosphorylation at two distinct 

sites are also involved. The phophate group at one site keeps the binding pocket 

“open,“ whereas the phosphate group at the other site is an inhibitor of the Cdk’s ki- 

nase activity. Thus, Cdk activation requires cyclin binding, phosphorylation at one 

site, and the absence of a phosphate group at a second site. A cyclin-Cdk complex 

and its activation are illustrated in Figure 4. 

Proteins play equally important roles in the link between extracellular conditions 

and the cell-cycle control elements. When a cell initiates a new reproductive 

cycle, it is usually in response to external growth signals. These signals are re- 

layed into the nucleus through a chain of interacting proteins that form a signal 

rransducrion cascade. The chain will convert the growth stimulus, which may be 

in the form of a hormone or a mitogen, into an action that is carried out by the 

cell. Often, this action is manifested through the transcription and expression of 
specific genes. Figure 5 shows a simplified version of one such cascade, in which 

a cell in a tissue has been stimulated to grow by a mitogenic signal. The mitogen 

may have been excreted into the extracellular medium by other cells of the tissue 

or else may have been released from distant organs and transported to the tissue 

by way of the circulatory system. In either case. the signaling molecule will bind 

to protein structures embedded in the cell membrane called receptors. 

A fairly common class of receptors, the tyrosine kinase-linked receptors, exert 

their influence through the phosphorylation of specific tyrosine amino acids on tar- 

get proteins. These receptors have two functional regions. One region protrudes 

through the cell membrane and is exposed to the extracellular medium, whereas 

the other remains inside the cell’s cytoplasm and carries a latent kinase activity. 

Once a mitogen has bound to the receptor, the cytosolic (or intracellular) part of 
the receptor becomes enzymatically active. It will phosphorylate its target, which 

will then go on to activate additional proteins. 

What follows is a deliciously complicated series of chemical reactions-a multi- 

plexed chain of events mediated principally by phosphorylation events-that pill 

sequentially activate (or inhibit) subsequent proteins in the cascade. In our figure, 

we’ve indicated one such protein, pRas, which is a participant in many different 

cascades and is important for the induction of several types of cancer. What is 

important for our discussion now, however, is that our representative cascade ter- 

minates in the cell nucleus. There, the activation of one or more transcription fac- 

tors will stimulate the transcription of their respective target genes. The proteins 

produced from those genes will then effect some sort of trait, which in our exam- 

ple would be the formation of protein complexes that herald the start of a new re- 

productive cycle. 

A similar chain of events can occur when the cell intercepts an inhibitory signal, 

one that prevents growth and cell division. That signal might initiate a signal- 
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Figure 5. Signal-Transduction Cascade 

Signal-transduction cascades relay external signals from the tissue or from other parts of the body into the cell. The one we've 

shown here is representative of a cascade that might stimulate an epithelial cell to grow and divide. The cascade starts with the 

binding of a signaling molecule, in this case a mitogen, to the extracellular part of a receptor. The part of the receptor that lies in- 

side the cell then becomes enzymatically active and can initiate a cascade of protein phosphorylation events. In this diagram, the 

signal passes through pRas, a critical enzyme that is involved in many cascades. The message continues to be propagated by other 

Proteins until it is eventually relayed into the cell nucleus. Them a transcriptlon factor becomes activated that will initiate the pro- 

duction of other transcription factors. We've indicated the production of serum response factor, which can then go on to help tram 

scribe the cyclin-D gene. As a major regulatory protein of the cell cycle, the presence of cyclin-D protein withln the nucleus is net- 

esSary to initiate cell division. Although the signaling pathways may proceed through any of several routes, oflen those different 

routes are channeled through one or two critical proteins. Improper expression of those proteins can therefore lead to an abnormal 

response to external signals and erratic cell behavior. 
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transduction cascade that could conclude in any number of ways. such as the 

bloclung of a second cascade that is transmitting a positive growth signal. The 

cascade might terminate by blocking the transcription of a positively regulated 

gene. It might result in the production of a protein that will ultimately cap Out 

some regulatory function through a direct interaction with another protein. AI- 

though the surface receptors. specific proteins, and endpoints of various Cascades 

may all be different. most pathways use similar mechanisms to transmit signals 

from the external environment to some intracellular target. 

Figure 5 and our description greatly understates the complexity of signal transdue. 

tion. It is a far more intricate process than we have indicated, with many enzymes 

often participating in multiple pathways. A particular enzyme may be positively 

regulated in one pathway and thus help stimulate growth, whereas it may be nega. 
tively regulated in another pathway. Proteins can be activated not only by the ad- 

dition of phosphate groups but also by their removal. A protein may further be in- 

hibited by either of those methods. The cell employs all mechanisms. and it is n@ 

unusual to tind several different modes of activation or inhibition acting within the 

same protein. The complexity of the cascades and the myriad interconnections 

are. in one sense, both an asset and a liability. Like a massive government bu- 

reaucracy, the redundancy tends to make a cascade fairly robust and insensitive to 

minor breakdowns. There is almost always a way to get around a dysfunctional 

part of the system. Likewise. however, it also means that there are many ways in 
which the system can break down. 

The Cell Cycle and Basic Cell-Cycle Control 

Both the body and the tissue tell the cell when to begin a new cell cycle. They do 

so through various growth-stimulating factors that instigate signal-transduction 

cascades. The cascades relay the information into the cell body or into the cell 

nucleus where processes that help coordinate and cany out cell division will be 

initiated. Coordination is essential because cellular reproduction is an enormous 

undertaking. The entire volume of the cell must double so that cells can divide re- 

peatedly without decreasing in size, and all cellular substructures and organelles 

must be reproduced. The cell’s genome must be exactly duplicated. which, for a 

human cell, entails the faithful replication of some 6 billion nucleic-acid bases and 

the synthesis of 46 new chromosomes. Eventually, new nuclear and cellular mem- 

branes must form as the Darent cell cleaves itself in half. 

- 

Cell growth takes place more or less continuously as the cell cycle progresses. 

The overall protein and organelle content of the cell also tends to increase at a 

fairly uniform rate. In contrast to that continuous and nondistinct growth are the 

discrete events of DNA replication, chromosome separation. and the actual divi- 

sion of the cell. Those events occur at particular times and permit the cell cycle to 

be partitioned into four phases. As illustrated in Figure 6, those phases are termed 

G,, S. G,. and M. Newly generated cells are born into G, phase. and it is there 

that slowly dividing cells will typically spend the majority of their lives. In partlc- 

ular. a nondividing cell may enter a resting state often referred to as Go. Dump 

Go, the cell-cycle machinery is partially dismantled, and the cell may acquire spe- 

cialized characteristics or may differentiate. Under the proper conditions. a Go 

cell can re-enter G, and. thus. continue cycling. 

During S phase (for DNA synthesis). DNA replication duplicates the entire 

Lor Alarnos Science Number 3 1995 



Radiation, Cell Cycle. and Cancer 
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M Phase. The cell's chromosomes 
condense and the duplicated 
chromosomes are separated. At 
the end of mitosis, the cell divides 
into two daughter cells. 

eenome and produces two copies of each chromosome. During G, phase, the cell 

continues to grow as it prepares for mitosis. or division of the cell nucleus. Dur- 

ing the cell-division, or M (for mitotic), phase, the duplicated chromosomes will 

condense to their most compact form. align themselves along a central axis, and 

@it into single chromosomes, which are then segregated to opposite sides of the 

cell. Next. new nuclear membranes form. creating two nuclei, and at the end of M 
phase. the cell divides into two cells. Each new cell is complete, and each has re- 

ceived an entire copy of the genome. The steps involved in mitosis are illustrated 

in Figure 7. If these steps are not carried out in a proper, sequential fashion, or if 
DNA replication or other cellular activities are not duly coordinated, one, or possi- 

bly both. daughter cells may be born incomplete. By necessity then. the entire 

cell-division process is extremely well regulated. That regulation is carried out by 

3 series of protein-protein interactions and protein modifications. 

b 

I 
1 

Starting within the G, phase, and then again at distinct times during the cell cycle. 

the concentrations of specific cyclins increase within the nucleus. These cyclins 

associate with an appropriate Cdk to form a cyclin-Cdk complex. Recall that 

complex formation is a necessary step in the ability of a Cdk to act as a kinase 

I Figure 1) and that by controlling phosphorylation, kinases can regulate other pro- 

teins. Cyclin-Cdk complexes are the main control elements that regulate the pro- 

gression and ,activity of each phase of the cell cycle. 

Cyclins are actually a family of closely related proteins, and io date, eight general 

types. cyclin A through H. have been identified. (Some types-for example. cy- 

din D-are themselves families consisting of several related proteins.) With the 

Important exception of cyclin D, each type of cyclin is synthesized during a 

unique and relatively discrete period of the cell cycle. Each is also degraded at a 

second, relatively discrete point. The cyclin concentration. therefore, varies over 

time. and as it changes. new cyclin-Cdk complexes are formed, thereby activating 

the Cdk. Each time a different kinase becomes active, the cell moves through a 

given phase or initiates some process. as indicated in the .center of Figure 6. For 

example. cyclin-D-Cdk4. cyclin-D-Cdk6. and cyclin-E-Cdk2 all control the pro- 

S phase. The cell synthesizes 
or replicates. all its DNA and 
thereby produces two identical 
copies of each chromosome. 

G2 Phase. The cell continues 
to grow, checks that DNA synthesis 
is complete, and prepares itself 
for cell division, or M phase. 

Figure 6. The Cell Cycle 
The stages of cell division are collec- 

tively called the cell cycle. A newly cre- 

ated cell is "born" into G, phase. Cell 

differentiation will emerge from G, 

phase. Also from G,, a cell can enter a 

nonreproductive state, called Go, from 

which it will perform its usual functions. 

When new cell growth is called for, the 

cell will re-enter G, to begin a new cell 

cycle. The cell will begin to produce cy- 

clin D and cyclin E and form active cy- 

clinCdk complexes. Those will help ad- 

vance the cell to S phase. The various 

activated cyclinCdk complexes that will 

regulate the progression of the cell 

cycle from one phase to the next are in- 

dicated in the center of the diagram. 

The cycle is completed after M phase 

with the cell dividing into two new cells. 
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M phase 

Prophase. The chromosomes 

condense into microscopically 

visible threads Microtubules ra- 
diating from the two centrosomes 

collectively compose the mitotic 

soindle 

Prometaphase. The centro- 

somes migrate to opposite sides 
of the cell. The nuclear mem- 

brane disintegrates so that the 
microtubules can bind to each 

chromosome at the centromere. 

Metaphase. The chromosomes 
have assumed their most con- 
densed state. The X shape is a 
result of the two identical chro- 

mosomes being joined at the 
centromere. Each chromosome 

is aligned along the midplane of 

the cell. 

Anaphase. The bond joining the 
chromosome breaks, and each 
moves towards opposite sides of 
the cell. The cell begins to elon- 
gate and narrow at the midplane. 

Generating cell 

)some 

Microtubule f-1 

Telophase. A new nuclear 

membrane forms around each 
segregated set of chrorhosomes. 

the chromosomes begin to de- 
condense, and the cell begins to 

divide. 

G, phase. The cell has cleaved 

into two cells. The chromosomes 

decondense to their normal ex- 

tended state for the resumption 
of normal cell activities. 

Figure 7. Mitosis and the Birth of Cells 

Mitosis is the process whereby a nucleated cell segregates, partitions its already 

duplicated genome, and divides in two. The result is a set of chromosomes, 

identical to those initially possessed by the generating cell, being transmitted to 

each of the progeny cells. 

gression of the cell cycle through G, and 

transition into S phase. whereas cyc1in-A. 

Cdkl is necessary for progress through s 
pha5e. Typically, a phase or process will 
end when the cyclin is degraded. (In mlto. 
genically stimulated cells the regulation of 

cych D comes about through the control 

over its subcellular localization and degrada- 

tion rate.) 

It has been learned that many of the proteins 

that operate within G, phase facilitate cancer 

development when they fail to function prop. 

erly. We will therefore describe the G,-to-S. 

phase transition in some detail. Also. many 

cellular responses to DNA damage are trig- 

gered from a point in G, called the G, 

checkpoint, and thus a section describing 

checkpoint control will follow. Although- 

necessarily simplified, our description high- 

lights those elements that are important for 

our later discussion of radiation-induced 

DNA damage and oncogenesis. 

A new cell cycle and the progression through 

G, into S begins when a cell is stimulated to 

divide by mitogenic signals. Among other 

things, this initiates the positive regulation. 01 

enhanced transcription, of cyclin D and cyclir 

E. Loosely associated with this transcrip- 

tional activity is a point in G, called R (for 

restriction point). Prior to R. cell-cycle pro- 

gression remains sensitive to a variety of nee 

ative regulatory signals that can counter the 

effects of mitogenic signals. The cell can 

either return to Go or else begin to differenti- 

ate. Once past R, however. the cell is com- 

mitted to continuing with the rest of the 

cycle. 

Much of the metabolic activity that occurs 

during G, is directed towards preparing the 

cell for S phase. It is during S phase that th 

entire genome is duplicated, and so a sub- 

stantial number of proteins and nucleotide 

precursors must be synthesized. The start o 
S phase, therefore. involves a significant 

amount of transcriptional activity, much of 

which is promoted by a transcription factor 

called E2F. (E2F is actually a family of 

transcription factors. E2F- I. E2F-2. and SO 

on. Our discussion will be limited to EIF-1 

If E2F is available, transcription and. hence. 

S phase can begin. But the availability of 
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8. G1-to-S Phase Transition 
Figure 

Activation of cyclin D-Cdk 4/6 

DNA replication requires the production of numerous proteins, including 

thymidylate synthetase, which is necessary for producing nucleotides, DNA 

polymerase a, which is needed to replicate DNA, and cyclin A, which will reg- 

ulate processes occurring during S phase. Collectively, we've called the 

genes that produce those proteins S-phase genes. We've shown the regula- 

tion of a key step involved in the transcripton of S-phase genes: the release 

of the transcription factor E2F. As the central arrow indicates (E2F activa- 

tion), E2F is normally complexed with pRb protein and is therefore inactive. 

To release the transcription factor, pRb must undergo successive phosphory- 

lation steps, a process that is catalyzed by activated cyclin-Cdk complexes. 

The side arrows show the steps involved in bringing Cdk to an active state. 

The start of S phase therefore involves several layers of regulation. First, cy- 

clins that will bind to Cdk, activating it, are manufactured: then pRb can be 

phosphorylated, leading to the release of E2F. The subsequent transcription 

of S-phase genes advances the cell cycle into S phase. (Figure adapted from 

C. She and J. M. Roberts, 1995, Genes end Development 9:1149-1163 (@ 1995, 

Cold Spring Harbor Laboratory Press), Figure 1 .) 

Actlvation of cyclln E-Cdk 2 

E2F is carefully regulated by several mechanisms. Early in GI phase. E2F is 

bound to and inactivated by a protein called pRb. This inactivation prevents the 

premature transcription of S-phase genes. As illustrated in Figure 8, E2F is re- 

leased only after pRb undergoes a structural modification caused by a series of 

phosphorylation events that are mediated by none other than the activated cyclin- 

Cdk complexes discussed earlier. 

In fici. the cyclins may be considered the ultimate regulators of the transition from 

G, to S phase. Without them, Cdk would not become active, and the release of 

EIF from pRb would not occur. Conversely, if the cyclins were overexpressed or 

overly active, they could phosphorylate pRb prematurely and cause the early re- 

lease of E2F and an abnormal progression through GI into S phase. The entire 

chain of events involving the cyclins D and E, the Cdk's. pRb. and E2F must 

function properly to regulate the transcription and expression of S-phase genes. If 

mutations to the genes that produce those proteins cause some of them to malfunc- 

tion. the cell cycle may be compromised or it may simply break down. Thus. we 

have returned to our basic picture. Gene mutations that affect the function of cer- 

tain proteins can lead to erratic or even deranged cell growth and cell behavior. 

Transcription of S-phase genes 
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All other phases of the cell cycle behave in a manner similar to the G,-to-S-phase 

transition. They are controlled by cyclin-Cdk complexes that. once formed. are 

able to activate proteins that can initiate a chain of subsequent events. The chores 

of a specitic phase pet carried out. and the cell advances to the next stnee of its re- 

productive cycle. But ths cell is not a simple. ngidly behaving automaion.. The 

progression of the cell qcle and the advancement to each new phase can be regu- 

lated in response to environmental signals or internal triggers. The entire repro. 

ductive process can even be arrested. The decision to suspend cell-cycle progres. 

sion is made at what are called the cril-c.\cle c7heckpninfs. 

Checkpoints and the GI-Checkpoint Response 

The only goal of cell division is to generate two viable cells, each inheriting an 
exact replica of the parent cell's genome. Given the potential consequences of 

transmitting incorrect genetic information. it should not be surprising to tind that 

the status of the cell's DNA is internally monitored :it the various checkpoints 10- 

cated within each phase of the cell cycle. If abnot-&lities in DNA structure or 

conditions that might affect DNA integrity are detected, then a checkpoint may 

slow the cell-cycle progression SO as to allow time for the damage to t5e repaired. 

Through checkpoint control. the cell can prevent complitations that result from at- 

tempts to replicate or segregate damaged DNA. and a cell can thereby minimize 

the consequences of the initial damage. Alternatively, a checkpoint may also re- 

spond to external signals. thus permitting the cell to halt reproduction if. for exam. 

ple, it detects that the tissue is not providing a favorable environment. 

Checkpoints in G, and throughout S phase safeguard against damage in the DNA 

template. The G, checkpoint also controls the entry into S phase. A L'xckpoint 

in G, monitors the completion of DNA replication and the absence of chromo- 

some damage, and it regulates the entry into M phase. A final checkpoint in M 

phase arrests mitosis if chromosomes are not properly aligned along the mitotic 

spindle (Figure 7: Mitosis). Thus, each checkpoint monitors different aspects of 

DNA replication and chromosome segregation, and each regulates a different 

phase of the cell cycle. Each is also sensitive to various environmental influences. 

As a DNA damaging agent. ionizing radiation triggers checkpoints in G,. S. and 

G,. - But all of the checkpoints save GI are located beyond R, the cell-cycle com- 

mitment point. They can. therefore, only suspend the cycle's progression. without 

stopping it. Only the GI checkpoint can permanently bring the cell cycle to a halt. 

Thus. the G, checkpoint seems to play the most important role in cell-cycle deci- 

sion making. It is at the GI checkpoint that a cell can respond in any of several 

ways. depending on the nature of the damage or the environmental trigger. One 

response is to enter an arrested state that. like the G, arrest, suspends the repro- 

ductive cycle. Another cell response is rrpoproszs. This is in reality cellular sui- 

cide, or a metabolically activated form of cell death. Apoptosis can apparently be 

triggered from almost any phase of the cell cycle and by a variety of signals. It is 
a process that leads to the rapid elimination of the affected cell. Apoptosis ap- 

pears to respond to the abnormal accumulation of cells that is characteristic of ma- 
lignantly transformed cells and. thus. might help limit excess proliferation. It is 

further thought to respond to the loss of genetic integrity and to serve as a means 

of eliminating cells that have sustained unusually high levels of DNA damage. 

A third cellular response is called cell sene.scmce. which refers to a permanent 

quiescent state that is triggered after a cell has undergone a tinite number of divi- 
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The entire cell line simply stops dividing. First observed in cell cultures of 

normal physiological conditions as well. Senescence can be thought of 

doubling5 and hence the number of progeny. cell sene4cence bill also 

.ions. 
human-skin tibroblasts. it is generally believed that this phenomenon applies to 

, &I1 

~, 
hzT df 

internal constraint on'the life-span of a cell line. By limiting the total num- 

IC. 

L,,n,tr~in the etfects that any 

,,,jIk~&d cell can exert on 
,he of the tl\+Ul. 

These three cellular end- 

pL,lnt+-the GI arrest. apop- 

and cell senescence 

I -;\poptosis" and 

-Senescence and Immortali- 
[,")-can be viewed as de- 

fense mechanisms that are 

,u,m~oned to prevent the 

propagation of an altered 

cell. The tirst two are in- 

Laked in response to a broad 

range of insults. from DNA 

Jamage to nutritional depri- 

{ation. whereas senescence 

I, more of a fail-safe method 

for limiting an excessive 

nsrnber of cell divisions. 

However. some cell types, 

especially those that are not 

prone to apoptosis, appear to 

Cell senescence: 
Limits number of 
cell divisions 

2 
GI checkpoint 
(associated with R): 
Monitors external 
environment, cell 
growth; checks 
DNA damage 

J 
Apoptosis: 
Programmed cell death; 
self-elimination of 
cell from tissue 

become prematurely senescent following exposure to ionizing radiation. Those 

cells seem to use senescence more as a defensive response. Figure 9 summarizes 
the points just made concerning checkpoints and the GI-checkpoint responses. 

Each of those responses involves a critical protein called p53. This protein is a 

rr~iristic'tii~ating protein, which means that it initiates the transcription of other 

series. In the case of the GI arrest. p53 will induce the production of negative 

regulators that inactivate G ,-cyclin-Cdk complexes. As stressed in the previous 

wction. those complexes are the major control proteins .of the cell cycle, and their 

deactivation prevents a cell from advancing to the ensuing phase. Specifically, the 

G, arrest is actuated by preventing the cyclin-D and cyclin-E complexes from in- 

teracting with the E2F-activation pathway. As in most cell processes, this happens 

in a somewhat convoluted manner. 

DNA damage triggers a GI arreqt through its effects on the stability of p53 pro- 

tein. Lnder normal conditions. ; :.3 is synthesized continuously throughout the cell 

cycle. Its concentration is controlled by its relatively rapid rate of degradation. In 

the presence of DNA damage. however, the protein is modified in a manner that 

makes it more resistant to degradation. This has the net effect of increasing its 

overall concentration and. thus. increasing its transactivating potential. The exact 

.iteps involved in going from DNA damage to this structural modification are 

presently unknown. although one possible mechanism is presented in "DNA Re- 

pair" on page 78. 

The stabilized p53 protein is a positive regulator for the transcription of 5everal 
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S-phase Checkpoint: 
1 ?\ yamnf for DNA 

G2 checkpoint: 
Monitors for completion 
of S Phase, cell growth; 

chromosomes 

Checkpolnt: 
proper checks for breaks in 

chromosome 
segregation 

Figure 9. Cell-Cycle Defenses 

against DNA Damage 

Checkpoints regulate the progression 

of the cell cycle. Both the G, and G, 

checkpoints are sensitive to environ- 

mental signals, such as nutritional sta- 

tus or tissue requirements, and will 

suspend the advancement to the next 

phase if DNA damage or a chromo- 

some abnormality is detected. Faced 

with DNA damage, the G, checkpoint 

can trigger a cell-cycle arrest. It can 

also trigger an apoptotic response, 

which is a form of cell death. An ex- 

cessive number of transits through the 

cell cycle can trigger cell Senescence, 

which is thought to arise from the G, 

checkpoint. The checkpoint in M 

phase is triggered by faulty chromo- 

some segregation, which is a severe 

breakdown of normal mitosis. The cell 

typically dies before passing this ab- 

normality onto its progeny. 
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Apoptosis 

Figure 1. Apoptotlc Nucleus 

A DNA-binding fluorochrome was used 

to stain the cell’s chromosomes, and a 

series of optical images, using a fluo- 

rescence, laser-scanning confocal mi- 

croscope, were taken at dlfferent 

depths within the cell. The images 

were then used to reconstruct a three- 

dimensional image of the chromosomes 

within the nucleus. The top flgure of a 

normal human lymphocyte shows that 

the chromosomes am uniformly distrib- 

uted throughout the roughly spherical 

nuclear volume. The bottom picture 

shows an apoptotic cell. .The chromo- 

somes and the nucleus have fragment- 

ed and collapsed into small vessiclw 

(apoptotic bodies). The cell will induce 

its own death by attracting a macro- 

phage that will engulf and destroy the 

cell. (Photos courtesy of 6. L. Marrone, 

Los Alamos National Laboratory.) 

Apoptosis is a metabolically triggered form of cell death that is defined by progress 

sive, cytologically observable changes in cell structure. It can occur in any one of 

,everal different situations, including the normal developmental process of eliminate 

ing unwanted tissue, such as webbing between fingers and toes, the Physiological 

response to excess cellular division (hyperplasia), and the suicidal response to ex- 

cessive damage to cellular DNA. Apoptosis also appears to respond to the abnor- 

mal accumulation of cells characteristic of malignantly transformed cells and may 

be inactivated in tumorigenic cells. Each of these individual processes meets the 

cytological criteria for apoptosis, and as a group, they appear to share biochemical 

features. To what extent they are actually mediated by the same or similar molec. 

ular processes, however, remains unclear. 

The induction of apoptosis by DNA-damaging agents shares many features with 1 
the induction of G, arrest (see main article). Not only are both triggered by DNA i 

damage, but both also appear to depend upon the transactivation of the p27 and 1 
gadd45 genes by the p53 protein. Apoptosis and G, arrest are mutually exclusive { 
responses. The exact mechanisms regulating which response actually takes place 

have not been elucidated, but it is believed to depend, at least in part, Upon the 

ratio of p21 to Gadd45 proteins. Irradiation of mitogenically stimulated cells favors 

the induction of G1 arrest over apoptosis. Irradiation of unstimulated cells favors 

apoptosis. Mitogenic signals are positive regulators of p21 synthesis but have no 

effect on the synthesis of Gadd45 and, therefore, act to increase the p21 to 

Gadd45 ratio. The p53 protein, the levels of which rise in response to p53 stabi- 

lization in irradiated cells, probably induces both p21 and Gadd45 to similar ex- 

tents. It is therefore believed that mitogenic signals act through their influence on 

the levels of p21 and that a high p21 to Gadd45 ratio favors G, arrest over apopto- 

sis, whereas a low ratio favors apoptosis. 

i 

Apoptosis is also responsive to a second set of regulatory proteins, Bcl-2 and Bax. 

As with p21 and Gadd45, the ratio of Bcl-2 to Bax seems to be important. In this 

case, Bcl-2 acts to inhibit apoptosis. However, Bcl-2 can become complexed with 

Bax, and in this form, it is no longer able to inhibit apoptosis. What controls the 

relative levels of Bax and Bcl-2? Both Bax and Bcl-2 are regulated at the tran- 

scriptional level by p53. The p53 protein stimulates the transcription of the baw 

gene while it represses synthesis of the bcl-2 gene. . Under normal conditions, Bcl- 

2 is continuously present and apoptosis is repressed. When p53 concentrations in- 

crease, as they do after cellular exposure to ionizing radiation, then the concentra- 

tion of Bax increases relative to Bcl-2, and apoptosis is favored. 

At this time, the relationship between regulation by p21-Gadd45 and Bcl-2-Bax sys- 

tems is unclear. It is not known if these are sequential switches in a common 

pathway or if they represent parallel responses. Furthermore, it is not known if 

these switches are in some way linked to each other or if they are regulated by 

systems that are- totally independent of each other. But it is clear that apoptosis is 

an important response for cells that have sustained DNA damage and, in this role, 

may act to eliminate severely damaged cells. It is also clear that apoptosis is im- 

portant for maintaining the appropriate density of cells, such as 6-lymphocytes, and 

that a breakdown in this process initiates a hyperplastic state that can progress into 

leukemia. 
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Senescence and Immortalization 

Senescence is a nonproliferative state that normal cells grown in culture will enter 

after a finite number of cell doublings Senescent cells will no longer enter S 

phase, even under mitogenic stimulation, and they will no longer undergo cell divi- 

sion Cells can be transformed such that senescence is abrogated and the number 

of cell doublings is extended This extended life-span is usually accompanied by an 

escalating accumulation of chromosomal aberrations with each new cell division and 

an increased likelihood of cell death Eventually, at a stage termed crisis, nearly all - 
cells die. Under the appropriate conditions, 

however, a few transformed cells survive crisis 

and divide indefinitely. These cells acquire im- 

mortality. It is believed that to generate life- 

threatening tumors, a tumor cell must first es- 

cape the proliferative controls imposed by 

Senescence and then must acquire immortality. 

In many ways, senescent cells resemble cells 

arrested at the G, checkpoint (Table 1). This 

suggests that the mechanisms mediating these 

NO cellular responses may also be similar. A 

model has been proposed in which senescence 

is viewed as a specialized form of the G, 

Checkpoint response, only triggered by a natu- 

rally occurring chromosome instability. Each 

end of chromosomal DNA terminates in a spe- 

cialized repeating structure, the telomere. In 

normal cells, the number of repeats forming a 

telomere gradually decreases with each popula- 

tion doubling. Maintenance of telomere length 

would normally be the responsibility of an en- 

Table 1. Similarities Between G1 Arrest and Cell Senecence 

Can enter S-phase? 

DNA content 

Gene Expression 

cyclin Dl 
cyclin E 

Cdk activity 

P2 1 

PRb 
cyclin A 

cyclin B 

cdc2 

metabolically active 

G1 arrest 

Yes 
diploid 

high 

high 

low 

elevated 

hypo-P 
absent 

absent 

absent 

Yes 

Cell Senescence 

no 

diploid 

high 

high 

low 

elevated 

hypo-P 
absent 

absent 

absent 

zyme called telomerase, but the synthesis of telomerase is apparently terminated 

early in embtyonic development. Thus, the absence of telomerase activity in adult 

cells results in the gradual erosion of telomere length. 

It has been proposed that, at some point, one or more telomeres become too short 

to perform their normal function of masking DNA termini. Unmasked termini may 

be recognized as DNA lesions and trigger a G, arrest. This is the senescer- state. 

It has been demonstrated, however, that transformed cells with inactive forms of 

p53 lose the ability to initiate a G,-checkpoint response (which is also required for 

the maintenance of the senescent state) and would, therefore, be expected to con- 

tinue cell-cycle progression even in the presence of DNA damage. Those cells, by 

continuing their proliferation, would further reduce the telomere length of their chro- 

mosomes and accumulate additional DNA damage in the form of nonfunctional 

telomere units. This predicted.accumulation of DNA damage is. consistent with the 

increasing amounts of genomic instability associated with extended life-span prolif- 

eration. Protection from the continued loss of telomere function and the resulting 

accumulation of DNA damage is provided by the restoration of telomerase activity. 

This is apparently a rare event that may arise as a result of the genomic instability 

manifested during extended life-span proliferation. The restoration of telomerase 

activity would lead to restoration of missing telomeres and to the stabilization of 

telomere length during DNA replication. With the loss of checkpoint controls and 

the restoration of telomere stability, crisis would be avoided, and the surviving cells 

would presumably be able to grow indefinitely and, therefore, be immortal. u 
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p53 protein p53 accumulation 

continued from pqe 69 

genes. including the p2l gene.* The p2l gene is an important player in check- 

point responses, and the central role of this protein can be appreciated from the va- 

riety of ways in which the gene encoding this protein has been cloned. For exam- 

ple. p21 has been cloned as cipl (for cyclin-dependent-kinase inhibiting protein I) 

by a group that was seeking negative regulators of cyclin-dependent kinases. It 

was also cloned as wuf1 (an acronym for wild-type p53-activatedfactor 1) by a 

second group of investigators that was looking for genes that might be responsive 

to changes in p53 levels. Finally, p21 was cloned as sdil (which stands for sce- 

nescent-cell derived inhibitor 1) by a third group that was attempting to isolate 

genes that mediated the cell-senescence response. It is now known that each of 

these genes codes for the same 21-kilodalton protein, referred to simply as p21.** 

That protein binds to and is a negative regulator of several GI proteins, including 

cyclin-D-Cdk and cyclin-E-Cdk2 complexes. 

I 

As illustrated in Figure 10, the p21 protein blocks the kinase activity of the cyclin- 

Cdk complex. It does so through a protein-protein interaction, although the exact 

mechanism is not known. (Other than p2 1, a class of proteins called the cyclin-de- 

pendent kinase inhibitors (CKI's) can regulate the activity of a cyclin-Cdk complex. 

This interaction is not shown in the figure. The p21 protein is also considered to be 

a CKI.) The end result is that the cyclin-Cdk complexes are prevented from phos- 

phorylating pRb. and thus. the E2F transcription factor is not released. The S-phase 

proteins necessary for the GI-to-S transition are not synthesized, and the cell cycle 

cannot advance into S phase. Instead, the cell remains in an arrested state in GI. 

*We will designate the name of a gene in italics. md the protein product of that gene in normal type: 
for example. pZI gene and p21 protein. 

c 

**The full name is p21c1Pj'"~1'J'~d'/: throughout this article. it will be shortened to pZ1 
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Figure 10. G1-Checkpoint Re- 
sponses to DNA Damage 
Ionizing radiation can create a DNA le- 

sion known as a double-strand break 

that cleaves the DNA molecule in two. 

That type of damage can trigger an ar- 

rest of the cellcycle progression and . 

Activation of cyclin-E-Cdk 2 

Figure IO also shows that the stabilized p53 protein induces the expression of at 

least two more genes. Gadd45 protein is believed to play a role in the G, check- 

point and apoptotic responses to DNA damage. In particular, the relative concen- 

trations of Gadd45 to p21 protein might be important in determining which re- 

\pome is triggered (see “Xpoptosis”). Another interesting pathway in the figure 

involves the protein product of the third gene transcribed. Mdm2. It acts to bloch 

the ability of p53 to transactivate its normal target genes. By negatively regulating 

its own enhancer, Mdm2 effectively establishes a negative feedback loop on the 

mire transactivation pathway. That is one established way that the GI arrest itself 

ih regulated and controlled. and it is potentially the means by which the cell will 

\hut off the blocking mechanism so that it can continue with a new cell cycle. 

Once again, a mutati-on in any of the genes involved in the GI checkpoint. includ- 

ing pS3. p21, and rndm2, could result in abnormal cell-cycle regulation. In fact. 

the importance of a mutated p53 in carcinogenesis is underscored by the fact that 

more than tifty per cent of human tumors have cells containing mutations in this 

protein. But it must be noted that the checkpoints. by providing time to repair cor- 

rupted DNA. also help maintain the fidelity of the genome. Thus, a mutation that 

inactivates p53 may allow some cells to advance into S phase and replicate DNA 

tven in the presence of DNA damage. That damage can potentially lead to more 

mutations that can then be passed to the cell’s progeny. A genomic insrabilic. or 

progressive accumulation of chromosome abnormalities, is very characteristic of 

cancer cells. So is a variability in chromosome number, which would indicate a 

breakdown in either chromosome segregation controls (G, or M-phase checkpoint 

responsibility) or possibly a dysfunction in DNA-replicatkn controls. A cell that 

incorrectly expresses some of its cell-cycle regulatory proteins therefore establishes 

within itself a positively reinforced mechanism that is destined to bring about the 

improper expression of even more genes. The slightly transformed. aberrant cell 

can become the seed of cancer within our bodies. 

prevent a cell from leaving G,. The 

damage somehow leads to stabilization 

and accumulation of p53 protein (the 

steps leading to p53 stabilization are 

not known). The p53 protein promotes 

transcription of several genes, including 

the three shown here. The p21 protein 

is the key protein involved in the arrest. 

It can block the kinase activity of cyclin- 

Cdk complexes. Those enzymes are no 

longer able to phosphorylate pRb, and 

the crucial transcription factor (E2F) 

that will transcribe S-phase genes is not 

released. The cell cannot begin S 

phase and remains in an arrested state 

within G,. The p53 protein also initiates 

transcription of the mdm2 gene which 

produces a protein that can inhibit the 

transcriptional activity of p53. Thus, the 

mdm2 gene becomes part of a negative 

feedback loop that limits the duration of 

the G, arrest. The third gene shown 

here to be transcribed by p53 is gadd45. 

In conjunction with p21, the protein 

product of this gene helps to trigger the 

apoptotic response. Whether DNA dam- 

age results in a G 1 arrest or apoptosis 

depends in large part upon other fac- 

tors. In either case, by triggering one of 

these two responses, the cell minimizes 

the potential consequences of attempt- 

ing to replicate a damaged genome. 
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Cancer 

Figure 11. Cancer Progression 

This series of drawings depicts several 

stages typical of a cancer that initiates 

in an epithelial layer (such as cervical 

or colon cancer). (Figure adapted with 

permission from Alberts, et ai., 1994, 

Molecular Biology of the Cell, third 

edition, New York and London: Gar- 

land Publishing, Inc., Figures 24-10 

and 24-16.) 
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(a) Normal tissue. 
Basal cells (an epidermal stem cell) are 
normally the only cells of the epithelium 
that undergo mitosis. They produce the 
differentiated cells that lie above. 

Cancer is a gross distortion of cell behavior caused by numerous gene mutations 

and numerous abnormalities in the production and functioning of proteins. The 

specific abnormalities vary greatly. depending on the type of cancer as well as the 

type of tissue from which the cancer originated. Thus. there is not a single de- 

scription of cancer or oncogenesis. because cancer is not a single disease. It is re- 

ally a class of diseases all pertaining to unlimited cell growth that is potentially 

fatal to the organism. Broadly speaking though. carcinomas are cancers of epithe. 

liaI cells. sarcomas are cancers of connective tissue or muscle cells. and leukemia 
are cancers of the blood and lymph systems. In the normal human population. 

over 90 per cent of all human cancers are carcinomas. 

A substantial body of evidence now suggests that cancer initiates from a single 

cell that has besi transformed due to a particular change in its DNA. Some event, 

such as exposure to radiation or exposure to a chemical carcinogen. creates a 

change in the genome. This may be a DNA mutation. or an epigenetic modifica- 

tion. Then, either through direct action or indirectly through a complex web of in. 

teracting proteins. the mutation changes the overall expression of some of the 

cell's genes. The cell continues to function, albeit slightly differently: Typically, 

the initial behavioral modification may be difficult to detect. but the functional 

change is passed on to future cell generations. 

In general. a precancerous. transformed cell progresses through the characteristic 

stages and changes that are discussed in Figure 11. In comparison with a normal 

cell, a neoplastic cell is hyperresponsive to growth factors, underresponsive to 
growth inhibitors, and has an increase in metabolic transport capabilities. A can- 

cer cell tends to have an irregular shape. an abnormally appearing nucleus. is more 
mobile, is invasive, and generally shows a genomic instability. Thus. cancer cells 

(b) Cell initiation. (c) Dysplasia. 
Some Initiating event, perhaps an inter- 
action with ionizing radiation, creates a 
mutation in one of the basal cells. The 
mutation causes a slight alteration in cell 

More DNA mutations have occured, either 
as a consequence of the initial mutation 
or due to other, random events The 
initiated cell has been transformed and . 

Separating the basal cells from the con- - 
nective tissue is the basal lamina, a mat- 
like sheet of proteins that serves (among 
other things) as a support structure 

behavior, although outwardly, the cell 
appears to be normal 

has gained proliferative advantages 
Relatively undifferentiated, rapidly 
dividing cells begin to accumulate within 
the epithelium. 

z >Differentiated cell layer: 

Initiating event - 
-- 

(DNA mutations?) 

A 

Approximately 
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,c,ok different. grow excessively. and behave abnormally. The time scale needed 

lr2,t5 is typically decades. but for certain leukemias. it may be as shon as a few 

,<,rs 

sufficient genetic damage to produce these derangements in cellular 

in ,utonornously growing. solid mass of cells like that shown in Figure I Id is 

,,lp~ II tumor. or a neoplasm. (Not all neoplasias form tumors. Leukemias are a 

it of Jn unregulated increase in white blood cells. but these cells continue to 
rN 
.Iriulate as individual cells within our bodies.) By necessity. a tumor requ~res an 

:"hanced blood supply to provide nutrients and to remove waste. Called angio- 

,,,.nesl~. tumor cells will help stimulate the production of blood vessels that help 

the grow. By the time it is visible to the naked eye. a tumor may con- 
of wer a billion cells. both normal and transformed. 

~~t 2 tumor is not necessarily cancerous.. Cell senescence may still limit the pro- 

Ilferative potential of each cell and. thus limit. the size of the growing cell mass. 

In that case. the mass may have little physiological effect. A tumor may also be 

/,rtl;gr~. which simply means that the neoplasm remains as a well defined cluster 

[hat doe5 not spread into neighboring cells. Benign tumors in humans can often 

hr identified and removed surgically with generally favorable results. . 

be diagnosed as cancer. a tumor must become malignanr (Figure I le). It must 
cain the capacity to invade the surrounding tissue. This necessitates that individual 

cells acquire the ability to destroy or disrupt the proteins responsible for holding 

adjacent cells together. The disruption of intercellular adhesion enables invasive 
tumor cells to insert themselves between cells in the surrounding tissue and to mi- 

crate. Those cells can then disperse themselves throughout healthy tissue and form 

1 

i 
i 

I 
I new growths. 

i 

i 

(d) Benign tumor 
More changes within the genome of the 
proliferating cell line leads to full tumor 
development All layers of the epi- 
thelium contain undifferentiated cells 

(e) Malignant tumor 
The tumor breaks through the basal 
lamina This increased mobility and in- 
vasive property is characteristic of the 
malignant tumor The cells are typically 

-irregularly shaped, with an enlarged 
and irregularly shaped nucleus, have a 
noticeable genomic instability. and the 
cell line is immortal 

--?--- 
mutations?) 

+ 
(DNA 

(f) Tumor metatasizes 
Cancer cells break through the wall of a 
lymphatic vessel or blood capillary. The 
cells can now migrate throughout the 
body and potentially seed new tumors 
in different organs. 

, mutations?) 

d 

30 years 
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Base alteration 
\ 

Abasic site 

Single-strand 

Figure 12. DNA Damage I: Base 

Alterations and Single-Strand 

Breaks 

DNA bases consist of either one or two 

ring-like structures that contain both 

nitrogen and carbon atoms. A base al- 

teration occurs when additional bonds 

between atoms are formed or broken 

or new chemical groups attach to the 

base. All of those situatlons result in a 

modified base structure that must be 

repaired. An abasic site occurs when 

a base separates from the sugar, leav- 

ing behind an unpaired base. Single- 

strand breaks in the phosphodiester 

backbone arise largely from hydroxyt 

radical attack at sugar units compris- 

ing the backbone. A gap opens in the 

normally intact DNA. All three of these 

general types of lesions are repaired 

with only a slight risk of genetic 

change. 

(Figure 1 If). w8hich means that the tumor cells will leave the original tissue. trave, 

The disease develops. Plagued with many growing tumors that are difficult to 

eradicate. the tissue gradually loses its ability to can?, Out its normal functions, I 

resources are diverted to feed the growing cancer. The cancer may metastasize 

by way ot the circulatory or lymph system. and invade other organs. As it spre 
throughout the body. the tumor can invade and destroy tissue until one or 

oy. 
pans becomes so compromised that death ensues. 

ads ;i 
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I Radiation and DNA damage 

t This primer is about radiation and how radiation can act as a carcinogen to in& 
cancer. So far. we have only hinted at that relationship by stating that ionizing ra- 

diation can damage DNA and that DNA damage can lead to cancer. In reality, 

those are two separate statements and two separate research areas that must be 

decades. The remainder of this primer will examine each piece and discuss what 

f 
f 

linked together. Establishing that link. however. has plagued researchers for 

is currently known about the link. 

i 

0 
i 

Radiation is everywhere. It‘s invis; and penetrating. Radiation emanates from 

the soil, seeps as radon into the basements of our homes, and can be a product of 

the atomic bomb. Much is often assumed about exposing our bodies to radiation, 

but what does happen when an ionizing particle or photon passes through our 

cells? The radiation deposits energy in that aqueous environment and so creates 

reactive chemical species. In particular, radiation will produce a highly reactive 

species known as the hydroxyl free radical (OH’). This radical can easily break 

chemical bonds. An attack on the sugar to which a nucleic-acid base is attached 

can result in a single-strand break because all or nearly all of the sugar is typically 

lost. In that case, the break is actually a one-base-wide gap in the DNA backbone. 

Ionizing radiation can also cause simple modifications to individual DNA bases, 

creating numerous types of base alterations. An entire base can also become sep- 

arated from the sugar. creating what is called an abasic site. Figure 13 illustrates 

some of the above mentioned DNA lesions. 

Although ionizing radiation can lead to the creation of single-strand breaks, the rate 
at which it does so is negligible compared to a cell’s normal metabolic processes. 

The latter produces copious amounts of hydroxyl radicals. It is estimated that for 
every single-strand break induced by background radiation, there are about ten mil- 

lion breaks induced by radicals generated during normal cellular metabolism. How- 
ever, even though the total rate of single-strand breaks from such processes is high. 

the consequences of single-strand breaks are usually minimal. A cell possesses ef- 

ficient and accurate mechanisms for rapidly repairing single-strand breaks (see 

“DNA Repair”). The repair makes use of the information redundancy built into the 

double-stranded DNA molecule and uses the undamaged complementary strand to 

restore the DNA to its original state. The vast majority of single-strand breaks are 

repaired without loss of information and with only a slight risk of genetic mutation. 

Although single-strand breaks might be lethal lesions to a cell if they are present 

during DNA replication. the result of DNA repair is that those particular circum- 

stances are typically avoided. 

Base alterations and abasic sites, on the other hand, can result in single base 

changes to the DNA strand known as point mutations. Damaged bases must be re- 

paired, because they might possess altered or ambiguous Watson-Crick pairing 

properties. As for an abasic site, the DNA structure is compromised due to the in- 
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prone. potentially resulting in changes in the nucleotide sequence of the newly 

iflo 
,,,,thrjized strand. Because the change in base sequence can affect the amino-acid 

,;IzIcIur~ and. hence. the protein structure. point mutations might alter the activity 

1,1 regulation of the gene‘s protein product. Like single-strand break damage. how- 

sier. pwation of base alterations and abasic sites within the genome are dominat- 

td by processes other than ionizing radiation. and the repair of those lesions is 

,Imil& rapid and ..---cient. Probably as a consequence of that repair. ionizing ra- 

jj;ttion is a relative 

i;lrcinogenS. 

form hydrogen bonds between the complementary DKA strands. In both 
dj. however. the DNA backbone is intact. and during S phase. DNA replication 

Il,f [hose lesions’ will be attempted. The lesions can cause the replication to be 

‘oor inducer of point mutations compared with most chemical 

,4lthough single-strand breaks, abasic sites. and base alterazions are induced by 

both ionizing radiation and normal metabolic processes. one particularly dangerous 

[Vpe of DNA lesion. the double-strand break. is induced preferentially by I( ;:izing 

&ation. This is due to the manner in which radiation creates radical species 

ithin the cell. versus that of metabolic processes. Normal metabolism generates 

radicals one at a time and at essentially random locations throughout the cell vol- 

ume. DNA lesions resulting from metabolically derived radicals. therefore. tend to 

occur at relatively isolated positions along the DNA molecule. Ionizing radiation. 
in contrast. deposits energy unevenly along the narrow track that is traversed by 

the ionizing photon or particle. As a result. many radical species are formed in a 

relatively limited area and tend to form clusters of radicals. If a radical cluster of 

this type envelops a DNA molecule. then multiple independent lesions might be 

induced within a localized region of the DNA and both DNA strands might be- 

come damaged. broken, or both. Not surprisingly. ionizing radiation can induce 
bery complex lesions comprised of abasic sites and base alterations in addition to 

strand breaks, as illustrated in Figure 13. 

The probability of a double-strand break occumng in any given cell is actually 

quite low. Thermal diffusion and chemical annihilation will quickly reduce the 

free-radical density within a radiation track. It has been estimated from Monte 

Carlo simulations that if the track passes at a distance greater than 2 nanometers 

from the DNA strand, the probability for DNA damage is slight. It has been esti- 

mated from cell-culture studies that approximately twenty to forty double-strand 

breaks occur per genome at 100 rad of exposure. At that rate, exposures equiva- 

lent to ordinary background radiation (typically about 0.3 rad per year) should pro- 

duce only one double-strand break per ten cells per year! 

A double-strand break is usually a mess, and repairing it can be problematic. 

Even a fairly clean double-strand break, wherein the two backbones are broken di- 

rectly opposite from each other, results in at least a one-base-pair deletion and a 

disruption of the linkage between the two DNA segments. The passage of densely 

ionizipg particles. such as alpha particles or neutrons. may break several proximal 

DNA molecules and cause base damage within each strand that can span several 

nanometers. or fifteen to twenty base pairs. Not surprisingly, the damaged bases 
are often excised as the free DNA ends are made ready for repair. The excision 

*ermanently removes bases. Simple rejoining of the exposed DNA ends is proba- 
biy the major mechanism for the repair of double-strand breaks. but this mecha- 

nism would result in a loss of genetic information. Remarkably. another mecha- 

nism. called homologoits recombination. exists within the cell that can restore 

missing information while repairing double-strand breaks discussed in detail in 

“DNA Repair”). At present, it is not clear what fraction of double-strand breaks 
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Figure 13. DNA Damage II: 

Doublestrand Breaks 

Doublestrand breaks result from two 

singlestrand breaks that are induced at 

closely opposed positions in the com- 

plementary strands. Simple double- 

strand breaks (upper red box) can often 

be repaired by a simple end-joining 

procedure. Ionizing radiation often in- 

duces a complex lesion (lower red box) 

with base alterations and base dele- 

tions accompanying the breaks. 
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Figure 1. Base-Excision Repair 

An altered base (slanted red line) re- 

sults in a minor disruption of the DNA 

structure. 

The lesion is recognized by a class of 

enzymes known as DNA glycosylases, 

which release the damaged base, leav- 

ing behind an abasic site. 

An incision is made to the 5'-side of the 

abasic site by an Ap-endonuclease and 

the remaining sugar is released by a 

deoxyribo phosphodiesterase. 

~ 

The resulting onebase gap is filled by 

a DNA polymerase. Watson-Crick base 

pairing will dictate which base is used 

for the repair. The polymerase leaves a 

nick in the DNA backbone. 

The repair is completed when a DNA 

ligase seals the nick. The DNA has 

been repaired with no loss of genetic 

information. 

DNA Repair 

ionizing radiation induces four major types of DNA lesions. These are nucle;c-acid 

base alterations. abasic sites, single-strand breaks, and double-strand breaks, Se 

vere DNA damage might involve combinations of all three different lesions. 

Most DNA base alterations are repaired by an enzymatic mechanism referred to as 
base-excision repair. This is a generalized repair mechanisr- -at fixes many of 

the base alterations that are induced by ionizing radiation. The steps are outlined 

in Figure 1, Briefly, the damaged base and its associated sugar are removed frohl 

the DNA helix in a two-step process that leaves a one-base deletion. The missing 

base is replaced, using the undamaged Complementary strand to ensure that the 

gap is filled with the correct base. Abasic sites are repaired in a Slmllar manner, 

Repair of both base alterations and abasic sites by base excision restores the ongk 

nai nucleotide sequence. 
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le-strand breaks. which are lesions in the DNA backbone, frequently result 
Sing 
from hydroxyl radical (OH') attack on the deoxyribose sugar unit The radical at- 

tats 
luclelc-acld base and most of the sugar unit from the DNA molecule. The result IS 

mall, single-strand deletion. which is also repaired in a manner similar to base- 
3s 

phosphate group on the 5' side of the sugar. The resulting gap is filled by a DNA 

polymerase, agaln using the complementary strand as a template, and closure of 

the remaining single-strand nick is catalyzed by a DNA ligase. 

the rupture Of the sugar unit. leading to the release of the attached 

repair. An exonuclease removes any sugar remnants, along with the 

Because there IS an intact com- 

plementary DNA strand that is 

used in both base-excision repair 

and single-strand-break repair, 

these lesions pose little or no risk 

Centromere 

--";., -% 
tx of permanent genetic change. . . .. .. 

Track of 
ionizing radiation 

This IS not the Case with double- 

strand breaks, which can be 

thought of as individual single- 

strand breaks that occur in oppo- 

I 

I 

I 
! 

f 

I 
I 

i 

I 

I 
I 

Site strands and within several 

bases of each other The DNA molecule is completely broken in two. This type of 
damage usually results from severe insult to the DNA and is sometimes accompa- 

nied by significant base alterations in both strands. Thus, there may be no com- 

plementary strand immediately available with which to initiate repair 

Double-strand breaks are often rapidly repaired by the simple mechanism of joining 

free ends, and this is likely to be a significant source of DNA mutations. In nonho- 

mologous recombination, the free ends of broken DNA molecules are brought to- 

gether and joined without reference to an intact partner. There are several mecha- 

nisms by which this can occur, the simplest employing a DNA ligase that ligates 

the two ends together. DNA topoisomerases I and II have also been identified as 

mediating the untemplated fusion of two DNA molecules. Although these mecha- 

nisms serve to rescue parts of a broken chromosome, they do so at the risk of in- 

troducing mutational. changes and random genetic rearrangements. 

Because end-joining reactions do not employ templates to guide the rejoining 

process, there is no means to replace missing information. Recall that each single- 

strand break is actually a one-base deletion. Joining the free ends of two single- 

strand breaks that are immediately opposite each other (creating a very simple 

type of double-strand break) will still result in the deletion of one entire base pair, 

and the formation of a deletion mutation. Furthermore, without a template, simple 

end-joining cannot even ensure that the ends being joined were from the same ini- 

tial break. A chromosome deletion can occur if two or more double-strand breaks 

occur within the same chromosome, as illustrated in Figure 2. Because this delet- 
ed section is not associated with a centromere, the section (called an acentric frag- 

ment) is often lost when chromosomes are segregated during mitosis. This de- 

prives a cell of a fraction of its genetic heritage. 

A direct interaction between ionizing radiation and a cell's genome, however, can 

Produce many proximal double-strand breaks. Joining of unrelated ends from 
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Acentric 
fragment 

Figure 2. 

Chromosome Deletions 
Chromosomal deletions can arise if two 

double-strand breaks occur within the 

same chromosome, creating a DNA 

molecule that is broken into three 

pieces. If two of the end pieces are re 

joined, such that the middle section of 

DNA is unattached, it is no longer asso- 

ciated with a centromere. This free 

floating piece, called an acentric frag- 

ment, may be lost during mitosis. 
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Figure 3. Chromosomal 

Translocation 

A translocation occurs when large see 

tions of genetic material are swapped 

between two or more chromosomes. In 

the illustration on the upper right, ioniz- 

ing radiation creates double-strand 

breaks in two different chromosomes. 

The ends interchange when they are 

spliced back together. 

The photo directly above of metaphase 

chromosomes from a human lympho- 

cye shows a translocation between 

chromosome 1 and chromosome 8. 

Three chromosome pairs (1, 4, and 8) 

were labeled with colored markers that 

are specific for certain chromosomes. 

The two orange-colored chromosomes 

at the top of the photo are both chro- 

mosome 4. Chromosome 1 also ap 

pears orange. Chromosome 8 is 

marked with green. The orangegreen 

chromosome is a trandocatlon. A por- 

tion of chromosome 1 (center of photo) 

apparently became reattached to chro- 

mosome 8. It is not clear whether chro- 

mosome 8 remained intact or whether a 

portion was l05t because.of the translo- 

cation. (Photo courtesy of L. Gayle Lit- 

tlefleld, Ph.D, Oak Ridge Institute for 

Science and Education) 
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breaks in different molecules can result in genetic recombination, which is ex- 

pressed at the chromosome level as chromosomal rearrangements and transloca. 

tions. Figure 3 shows one such trans’ :ation. 

Remarkably, there is a mechanism that is thought to be active in human cells that 

allows for the restoration of missing information. Called homologous recombination, 

it requires that a second, intact version of the DNA sequence be present in the cell, 

This can potentially be found on a homologous chromosome. The intact version is 

used as a template on which the fragments of the broken DNA molecule can be 

aligned in proper register. Figure 4 describes homologous recombinatibn. 

Recently, V(D)J recombination, which is the process that mediates the development 

of antibodies as part of the normal immune response, has been linked with the re- 

pair of double-strand breaks in DNA molecules. As such, it may provide an intrigu- 

ing possible link between ionizing-radiation-induced DNA damage, p53 stabilization, 

and cell-cycle control. 

An antibody “gene” is assembled from three different genetic elements, referred to 

as the variable (V), diversity (D) and joining (J) regions. Constructing the gene re- 

quires that v, D, and J sequences be selected from the collection of those available 

and that the selected sequences be joined to form the final antibody gene. The 

V( D)J-recombination system does this by inducing its own double-strand breaks and 

providing for their subsequent repair. Several different components of the V(D)J re 

combinase (the collection of proteins that mediate V(D)J recombination) have been 

identified and partially characterized. Two enzymes, RAG1 (recombination activat- 

ing gene 1) and RAG2, are necessary and probably sufficient for introducing the 

site-specific cleavages. The resulting double-strand breaks are then bound by a 

complex of a least three proteins, including pKu70, pKu8O and p350, which is a 

DNA-dependent protein kinase (DNA-PK). The p350 protein expresses the kinase 

activity only when it is part of the pKu complex that is bound to a DNA end. 

What is intriguing is that p53 is known to also bind to the DNA termini created by 

double-strand breaks and that p350 is capable of phosphorylating p53 in cell sys- 

tems. It is speculated that the phosphorylation by DNA-PK is the mechanism by 

which p53 becomes stabilized and that this is the direct link between double-strand 

breaks and p53 stabilization that triggers the G, checkpoint (see main article) Re 

cent findings have demonstrated that the V(D)J recombinase does participate in the 

repair of double-strand breaks induced by ionizing radiation and that this process 

contributes to the normal cellular resistance to the lethal effects of ionizing radiation. 

But it has not been proven that V(D)J recombinase directly helps induce the G, 

checkpoint nor that the particular site phosphorylated by p350 leads to an increase in 

p53 stability. m 
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Figure 4. Homologous 

Recombination 

Homologous recombination requires two 

regions of identical or nearly identical DNA 

sequence. (In this diagram, two homolo- 

gous DNA segments are indicated as sepa- 

rate molecules, but they might also be sep 

arate regions of the same molecule.) 
Double-strand 

break induction 

The introduction of a DNA double-strand 

break into one of the two regions of homol- 

ogy provides the starting point for homolo- 

gous recombination. Strand-specific 

DNA degradation 

Unprotected ends generated by the double- 

strand break provide sites for strand-specif- 

ic exonucleolytic degradation and the gen- 

eration of protruding single-strand ends. 
Strand invasion 
and D-loop formation 

Invasion of the second DNA molecule by a 

protruding end can result in base pairing 

between the invading strand and a comple- 

mentary sequence. The invading strand 

then serves as a primer for the initiation of 

DNA synthesis along the complementary 

strand of the intact molecule. Displace- 

ment of the second strand of the intact 

molecule (the D-loop) provides a single- 

strand region that can pair with the remain- 

ing end of the damaged molecule. 

Ternplated DNA synthesis 

and strand displacement 

Ternplated 
DNA synthesis 

Additional templated 
DNA synthesis 

DNA synthesis proceeds along the dis- 

placed D-loop strand. Again, missing infor- 

matlon is restored. This stage of the repair 

leaves two single-strand nicks. 
Formation of 
Holliday junctions 

Two cross-strand structures (Holliday junc- 

tions) form when residual single-strand 

nicks are sealed by a polynucleotide ligase. 
Resolution of 

Holliday junctions 
Each Holliday junction can be resolved in 

two possible ways, resulting in four general 

types of recombination products. Two of 

these products retain flanking regions from 

the same parental molecule and are there- 

fore noncrossover products. The other 

possible products are comprised of flank- 

ing regions from different parental mole 

cules and are therefore crossover products. 

No matter which of these products is 

formed, missing DNA sequences have been 

replaced and the double-strand break 

sealed. 

Non-crossover products Crossover products 

Adapted from Terry L. Orr-Weaver and Jack W. Szostak, 1985, Fungal recombination. 
M/crobro/og/ca/ Revrews 49: 33-58. 
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are repaired using this mechanism. It is known. however. that ionizing radiation 

induce5 many deletion mutations and that these mutations probably arise during 

the repair of the double-strand breaks. 

Because the repair of a double-strand break is generally nonspecific. free ends that 

arise from multiple breaks in chromosomes can get mixed and spliced back to- 

?ether arbitrarily. The result is a chromosomal rearrangement. These rearrange. 

;:rnts include chrorn&nir delerions. in which an entire section of a chromosome 

is spliced out, or a rrunslocarion. in which a piece of one chromosome is reat- 

tached to another chromosome. Chromosomal rearrangements that result in large 

DNA deletions, multiple translocations. or incomplete or distorted chromosomes 

are frequently fatal to a cell line. A surprising number of such aberrations. how. 
ever. are not fatal. Stable translocations that don’t result in cell death are readily 

found within the cells of healthy people, as well as in the cells of an irradiated 

population. Almost fifty years after the exposure, stable translocations can still 

observed in the atomic-bomb survivors of Hiroshima and Nagasalu. 

Oncogenes and ’lhmor-Suppressor Genes 

The correlation of specifically mutated genes with specific cancers and the identifi. 

cation of two major classes of “cancer-causing” genes represent major break- 

throughs in cancer research. One gene type. the oncogenes, are activated by the 

mutation or amplification of normal genes (called proto-oncogenes). Oncogene 

activation can be thought of as a gain of gene function, in that the overexpression 

or dysregulation of those mutated genes helps promote cell transformation. Due to 
this gain of function. oncogenes act in a dominant fashion, and expression of the 

transforming trait requires only one abnormal allele to effect change. Mutations in 

rumor-suppressor genes. on the other hand, are recessive in nature. Both alleles 

must be mutated or eliminated to disrupt cell functioning. Tumor suppressors nor- 

mally act in a manner that regulates or impedes progression through the cell cycle, 

and it is the absence of that regulation that allows tumor development. The pres- 

ence of either normal allele would result in the production of functional proteins, 

and therefore. both alleles must be inactivated. The inactivation of both alleles 

represents a loss of gene function. These concepts are illustrated in Figure 14. 

- Due to the redundancy of cell-cycle regulatory processes. however, cancer devel- 

opment typically requires more than just the activation of one oncogene or the in- 

activation of one pair of tumor-suppressor genes. If one were to analyze the 

genome of a typical cancer cell, one would probably discover multiple mutational 

changes and find a complex mixture of oncogene activation and tumor-suppressor 

inactivation. 

Many proto-oncogenes are part of regulatory pathways and exert their influence 

through the phosphorylation of target proteins, the formation of protein-protein 

complexes, or the regulation of transcriptional activity of target genes. Tellingly. 

most proto-oncogenes participate in the regulation of cellular proliferation or pro- 

gression through the cell cycle. As previously mentioned, a disruption of those 

regulatory processes can result in abnormal proliferation and cell transformation. 

Proto-oncogenes become oncogenes through the induction of one of several differ- 

ent genetic events, including DNA point mutations. For example, the rus gene is 

a proto-oncogene that is frequently made oncogenic by point mutations. The pro- 

tein product of rus is pRas, the protein mentioned earlier as part of a signal trans- 

duction cascade (see Figure 5). A single point mutation at a critical site in rus 
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Figure 14. PrOtO-OnCOgeneS and 

Tumor-Suppressor Gene Action 

The mutation of a proto-oncogene into 

an active oncogene represents a gain 

of gene function. The abnormal gene 

behaves in e dominant fashion and, 

1 normal ' normal 
normal mutant 

I mutant normal 

therefore, only one of the two alleles . 

normally present need be mutated (or 

overexpressed) to promote abnormal 

cellular proliferation. The mutant 

forms of tumor-suppressor genes rep- 

resent a loss of function and are, 

therefore, recessive to the normal al- 

lele. Because the mutant forms are re- 

mutant mutant 

Jy be sufficient to produce an abnormally fuctioning pRas protein that is always 

in an enzymatically active state. It no longer reqblres an activating signal to phos- 

phorylate other proteins in the pathway. The entire cascade behaves erratically 

Jnd continually sends a growth stimulatory signal to the nucleus. The cell either 

responds abnormally or else counteracts the signal via negative regulatory proteins. 

The rm oncogene is found to be mutated in about thirty per cent ot ill human 

cancers. including bladder and colon cancer. 

cessive, both .alleles of tumor-suppres- 

sor genes must be inactivated by 

mutational .changes. 

Oncogenes may also be activated through a variety of cytogenetic events. such as 

large chromosome deletions. inversions, and translocations. Deletions result from 

the removal and loss of DNA segments, whereas inversions are the result of a 

DNA segment that has been removed from the chromosome and then reinserted at 

the same postion but in the opposite orientation. A translocation occurs when a 
5ection of one. chromosome becomes reattached to a breakpoint in a second chro- 

mosome. Each of those processes results in the movement of large DNA seg- 

ments. which may include a gene. from one position in the genome to a second 

position. If the breakpoints occur at the appropriate positions, the rearrangement 

can link a proto-oncogene to the distal end of another actively transcribed gene. 

In this way, transcription of the proto-oncogene can come under the control of a 

different and potentially more active gene. As an alternative scenario, the fusion 

protein may have altered properties, such as increased stability or resistance to 

negative effectors. 

An example of oncogene activation through a translocation is 'the 6cl-2 proto- 

oncogene on the long arm .of chromosome 18, which can become fused with the 

immunoglobulin heavy-chain (Ig H-chain) locus on the long arm of chromosome 

13. This translocation is frequently associated with human B-cell lymphomas and 
has been identified in up to 85 per cent of the cases examined. A B cell. or B 

lymphocyte, is a type of white blood cell that is important for immune responses. 

The translocation positions the bci-2 gene downstream of the Ig H-chain promoter, 

which results in enhanced transcription of bci-2 and an overexpression of the Bcl- 

2 protein in B cells. This appears to prevent the B cells from undergoing apopto- 

sis. At nominal Bcl-2 protein levels. external signals such as high cell densities 
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will trigger an apoptotic response in some cells. The B-cell population will 

bilized due to an equilibrium between cellular reproduction and apoptotic death, 

Cells that overexpress Bcl-2. however. become abnormally resistant to apoptosis 

and exhibit an extended life-span. The continued proliferation of B lymphocytes 

in the absence of appropriate cell death results in clonal expansion and an &nor. 

mal accumulation of cells that is ultimately recognized as leukemia. 

sta. 

Oncogene activation cin be achieved by another process known as gene 

[ion. That phenomenon occurs when a region of DNA is replicated many more 

times than other regions of the cell's genome. Prior to gene amplification. a cell 

might contain anywhere between one and four copies of a given gene. After gene 

amplification, a gene might have hundreds or even thousands of copies per cell. if 

each amplified gene were transcribed at the same rate as its unamplified precursor. 

the encoded protein would be overexpressed in proportion to the increased repre- 

sentation of the gene. The cyclin-DI oncogene was recognized as an amplified 

gene associated with parathyroid cancer. Cyclin-D 1 protein was previously dis- 

cussed in the context of regulating the EZF-activation pathway, and it is one of the 

major cell-cycle control proteins. Excess cyclin D1 is known to hasten the pro- 

gression from G, to S phase and to reduce the influence of negative effectors on 
cell-cycle control. Under those circumstances. cellular proliferation is favoied and 

a tumor can result. 

But the regulation of cell reproduction is a result of a balance between positive 

and negative effectors. As outlined above, oncogenes are positive regulators that 

tend to stimulate cell growth (or to protect cells from apoptotic death). The 

tumor-suppressor genes act in a complementary fashion. Their normal role in cell 

regulation is to inhibit cell growth, and their protein products act as brakes on the 

cell cycle. The presence of any functional product, therefore. tends to limit cell 

growth and to suppress tumor formation. As a corollary, the complete absence of 

the gene (that is, loss of both alleles) enhances cell transformation and fosters neo- 

plastic development. 

Mutational inactivation of tumor-suppressor genes occurs by many of the same 

mechanisms that activate oncogenes. as well as additional mechanisms that result 

in a loss of function. Tumor-suppressor genes may be inactivated through the in- 

duction of point mutations, chromosome rearrangements. or the loss of part or all 

of a chromosome. Large deletions can eliminate the gene from the genome entire- 

ly or else remove so much genetic material that the protein product is not func- 

tional. But it is not required that the protein disappear altogether from the cellular 

pathways. The growth inhibitory function merely has to be compromised. Thus. 

single point mutations within a critical binding site can prevent the protein from 

functioning properly. The normal inhibitory function of the tumor-suppressor gene 
can then become inactivated. 

The p53 gene, which was discussed earlier in connection with G, checkpoint regu- 

lation and apoptosis and which may also be involved directly in DNA repair. is the 

most notorious tumor-suppressor gene found to date. It is apparently mutated in 

one way or another in over i per cent of all human cancers. In the majority of 
cases examined, the inacth g mutations were found to be point mutations. The 

p53 protein contains a site-specific DNA binding region, the so-called core do- 

main. The core domain specifies the sequence for a stretch of 190 amino acids. 

which are critical for the sequence-specific binding and transactivation properties 

of p53. Mutations at positions throughout this core domain .have been found to 

correlate with human cancer. 
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I -&le 1. some Oncogenes and Tumor-Suppressor Genes Active in the Cell Cycle 

i 

Oncogene 
Activation Human Cancer 

cycirn A disruption by viral infection hepatocarcinoma 

cyclln D inversion B-cell lymphomas 

cyclln translocation 9-cell lymphomas 

cyclln D . gene amplification breast (-20%), gastric, esophageal carcinomas, 

parathyroid adenomas 

translocation 

overexpression 

overexpression 

gene amplification 

gene amplification 

B-cell lymphoma (85%) 

Cell culture and animal model systems 

osteosarcoma 

sarcomas 

soft-tissue sarcomas, metastatic osteosarcomas, 

malignant gliomas 

ras 

! 

I P53 

rb 

point mutation -1 0% of all human cancers. including 

colorectal cancer (-30%), lung (-20%) 

pancreatic cancer (7040%) 

point mutations 

(deletion mutations) 

(chromosome loss) 

(chromosomal rearrangement) 

-50% of all human cancers: including 

breast, colon, liver, and lung 

deletion mutations 

chromosome loss 

(point mutations) 

retinoblastoma (- 100%) 

osteosarcoma 

More than 70 oncogenes and about a dozen tumor-suppressor genes have now 

been identified within the cell. A partial listing of genes identified as oncogenes 

or tumor suppressors and discussed in this article is given in Table 1. These genes 

are "built" into our genomes and cannot be eliminated because they are so inti- 

mately tied to the proper functioning of the cell. For example; the rb gene. whose 

protein product, pRb, is essential in regulating the E2F transcription factor, is a 

well-known tumor-suppressor gene. A mutation of rb can lead to retinoblastoma. 

a rare cancer of the retina that typically shows up in childhood. Just as rb is 

central to the cell cycle, so is E2F. which is known to be an oncogene from cellu- 

lar and animal studies. Those and all other oncogenes or tumor suppressors have 

been identified as such precisely because they are the genes that regulate cell be- 

havior, and their improper expression, therefore. leads to neoplastic transformation. 

specifically regulate cellular reproduction and thereby enable an organism to 

I This lends itself to an interesting observation. Many "cancer-causing" genes 
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maintain itself through growth and repair of tissue. Thus, cancer, which can 

bring about an organism‘s death, cannot be separated from those processes that 

help sustain an organism’s life. 

Ionizing Radiation and Cancer 

Ionizing radiation can damage DNA. and that damage can lead to various changes 

in the genome, including gene mutations. From the point of view of the radiation 

biologist, the damage tends to be nonspecific. Genetic mutations appear in irradiat. 

ed cells but with no apparent bias towards any particular gene. From the altema- 

tive perspective of the cancer researcher. specific oncogenes and tumor-suppressor 

genes have been correlated Nith specific cancers. Therefore, one concludes that ge- 

netic mutations do lead to cancer. Despite the apparent connection between the two 

viewpoints, there is still a crucial gap. Although many of the activating mutations 

in the genes can arise from interactions with ionizing radiation, we cannot in gener- 

al state that they did arise as the result of a particular exposure. That is. it is usual- 

ly not possible to say that radiation has induced a specific gene mutation and. fur- 

ther, that that specific mutation then results in a specific type of cancer. 

There are several reasons for this lack of connectivity. The types of cancer nor- 

mally found to be elevated in irradiated populations are also observed in nonirradi- 

ated populations. Frequently, the increased risk due to radiation exposure is small 

in comparison with the nominal risk. Therefore, one cannot deduce with any de- 

gree of certainty that a given cancer was due to a given exposure, as opposed to 

being the result of other factors. Furthermore. the development of cancer is a 

complex process, normally requiring multiple mutational changes that are accumu- 

lated over a period of many years. It is difficult to determine the order in which 

these changes arise. Establishing which of those genetic changes was the specific 

consequence of a radiation exposure that occurred many years prior to tumor for- 

mation is likewise very difficult. None-the-less, some correlations between radia- 

tion-induced DNA damage and cancer have been found. 

One of the least ambiguous cases of a radiation-induced gene mutation concerns 

the ret oncogene. This oncogene has been associated with papillary adenocarcino- 

mas of the thyroid, the predominant type of thyroid cancer found among the atom- 

ic-bomb survivors. The ret proto-oncogene is believed to encode a cell-surface re- 
ceptor similar to those known to function in signal-transduction pathways. Since 

the ret proto-oncogene is known to be expressed more in fetal tissue than in adult 

tissue, it is hypothesized that the pathway is important for developmental growth 

and the maturation of tissue. 

The oncogene was actually first recognized as a rearranged gene associated with 

thyroid cancer, and radiation-induced activation is thought to occur by this mecha- 

nism. The activating translocation occurs between a point within the ret gene, lo- 

cated on the long arm of chromosome 10, and a specific second locus, also on the 

long arm of chromosome 10. The ability of ionizing radiation to induce this spe- 
cific rearrangement has been confirmed with cultured human cells. Moreover, in a 

recent study examining thyroid cancers in children from areas contaminated by the 

Chernobyl accident, this rearrangement of the ret oncogene was found in four out 

of a total of seven cancers examined, a remarkably high correlation. 

Ionizing radiation is also believed to activate another oncogene, bcrhbl, through the 

induction of a specific translocation. The c-ab1 gene, located on chromosome 9. be- 
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fused with the bcr gene on chromosome 11. Each gene was originally locat- 

zd on one side of the breakpoint. and the, fusion results in an abnormal. but still 

functioning. protein product. The bcr/abl oncogene has been strongly linked with a 

major form of radiation-induced B-cell leukemia called chronic myelogenous 

leukemia. Under normal conditions. the rib1 gene product is believed to act as a neg- 

3[lve regulator of apoptosis in B' lymphocytes. The bcr/Libl fusion product becomes 

resistant to those signals that would normally override its protective influence. The 

increased resistance to apoptotic signals conferred by the bcrhbl oncogene leads to a 

clonal expansion and abnormal accumulation of the cells and. thus, to leukemia. 

The only tumor-suppressor gene that is specifically correlated with radiation expo- 

sure is rb. which is a gene located on the short arm of chromosome 13. Mutations 

in both gene copies of rb are necessary to bring about retinoblastoma. which is a 

rare type of malignant cancer arising from the neural precursor cells in immature 

retinas. Retinoblastoma occurs in childhood and affects about one in every 20.000 
children. Children that inherit only one defective rb gene have a predisposition for 

the disease. In the past. retinoblastomas were successfully treatqd by radiation ther- 

apy. Treatment with radiation. however, carries an increased risk of radiation-in- 

duced tumors when used to treat children with a familial defect in the retinoblas- 

toma gene. Both primary and secondary retinoblastomas are characterized by the 
loss or inactivation of both rb alleles. and it is reasonable to assume that the in- 

creased risk observed with irradiated patients results from the inactivation of the 

normal rb allele. 

Although many cancers have been correlated with ionizing-radiation exposure. the 

direct association with oncogenes or tumor-suppressor genes is frequently tenuous. 

Take as an example, lung cancer and the p53 gene. Increased levels of lung can- 

cers have been found in uranium miners exposed to radon gas. (Radon is a decay 

product of uranium. and so it will always be found in uranium mines.) Mutations 

ot'p53 have been found in a number of those cancer cases. Most of those p53 
mutations are point mutations. We previously described how point mutations 

could arise from radiation-induced DNA base alterations, but we also indicated 

that radiation was not particularly good at creating that type of genetic change. 

Thus. correlating the p53 mutations with radon is a little suspect. That suspicion 

should be coupled with research that indicates that p53 inactivation seems to be a 

late-occurring mutation, that is, it appears in cells that have already been initiated 

and transformed. Late-appearing point mutations might be the result of some ge- 

nomic instability that facilitates the accumulation of additonal mutations. Most of 

those mutations would be silent or have no effect on the cell. When a mutation 

appears in a critical gene, such as p53. the cell's transformation would get signifi- 

cantly advanced. Lastly, the uranium miners work in a hazardous enviroment and 

were exposed to elevated levels of silicates and diesel smoke. Many of them were 

also heavy cigarette smokers. Thus, in terms of epidemiology, this population is 

exposed to a complex mixture of carcinogens, and it cannot be concluded that ion- 

izing radiation was the cause of thep.53 mutation in the lung cells of the uranium 

miners. It can only be stated that because of the exposure to elevated levels of 

radon gas and other environmental factors, uranium mine workers have an in- 

creased risk for developing lung cancer. 

I 

I 

I 

i 
I 
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Conclusion 

Ionizing radiation is a threat to human cells and ultimately to the entire organism. 

This threat begins with the induction of DNA damage, which may then be converted i 
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into permanent genetic change. Ionizing radiation is an activator of onocogenes and 

an inactivator of tumor-suppressor genes. Oncogene activation promotes cellular 

proliferation, and the checks on this proliferation are removed through the inactiva- 

tion of tumor suppressors. Together. these genetic events. when induced in cells hat 

still grow and divide. can lead to unregulated cellular proliferation and cancer. 

Yet. ionizing radiation doesn’t seem to have any favored role in the induction of 

cancer; it is simply one of the many different types of carcinogens. The cancers that 

are strongly correlated with radiation exposure are also observed in “unirradiated” 

control populations. And although the data are still limited. radiation probably init,. 

ates cancer by mechanisms similar to those mediating the induction of “sponta- 

neous“ cancers and that are stimulated by other carcinogens. For example. activa- 

tion of the ret proto-oncogene appears to be commonly associated with thyroid 

cancer in both irradiated and unirradiated populations. Activation of ab1 is common- 

ly associated with B-cell lymphomas irrespective of radiation exposure. Most of the 

spontaneous and radiation-induced cancers in individuals with one normal and one 

mutant allele of rb probably involve inactivation of the remaining normal rb allele, 

Each of these genes is involved in the regulation of c~tlular proliferation, and simi- 

larities between spontaneous and radiation-induced cancers are striking. 

Although radiation can induce DNA damage, human cells are not without their de- 

fenses. Many of the DNA lesions induced by ionizing radiation are similar or iden- 

tical to those induced as a consequence of normal metabolic activity. DNA repair 

mechanisms can act to reduce the consequences of this damage. Most single-strand 

breaks and base alerations can be repaired perfectly. Even double-strand breaks are 

repaired so as to minimize genetic change. Simple end-joining reactions are opti- 

mized for retaining chromosomal linkage relationships and preserving the ability to 

segregate genetic information in a normal manner during mitosis. Homologous re- 

combination can actually restore missing information (although this process is be- 

lieved to mediate the repair of only a small fraction of double-strand breaks). To- 
gether these processes act to reduce the risk posed by the induction of DNA damage. 

But the damage induced by ionizing radiation poses more than one risk, and it 

should be remembered that the very process of DNA repair may actually create ge- 

netic alterations as part of an attempt to prevent cellular death. 

Clearly, the induction of cancer is a complicated process, and our understanding of 

radiation’s role in its induction is far from complete. But these are remarkable 

times. Research is progressing at an increasingly rapid pace, and amazing insights 

are reported daily. We have only recently begun to appreciate the remarkably active 

role that the cell plays in preventing the full development of cancer. Through cellu- 

lar senescence and apoptosis, a cell effectively limits its own proliferative potential. 

How the cell triggers those responses and their contribution to the complexity of the 
cell cycle has only been gleaned within the past three or four years. 

Current and future research into the cell cycle, the regulation of cellular prolifera- 

tion, and the impact of radiation on these processes will undoubtly lead to additional 

insights. New proto-oncogenes and tumor suppressors will be discovered. Precise 

roles for known and soon-to-be-discovered genes will be defined. Our knowledge of 

DNA repair mechanisms and their contribution to genomic stability and genetic 

change in irradiated cells will be expanded. Each of these discoveries will move US 

closer to understanding the aberrations in cellular metabolism that enable the devel- 

opment of cancer. And each will advance us towards our goal of cancer prevention. 

In a few years, this pnmer will need to be rewritten. Perhaps then it will optimisti- 

cally be called “Radiabon. the Cell Cycle. and the Prevention of Cancer.” 
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Radiation and Risk 
a hard look at the data 

adiation, and its effects on humans. may be the most 

studied, most regulated and most feared of the physical. R chemical. and biological insults to which we are exposed. 

Ironically, it is also one of the most common. Every day, every 

minute of our lives, we are all subject to the constant bombard- 

ment of gamma rays. neutrons, and charged particles that are 

produced in our natural environment. even from radionuclides 

within our own bodies. This background environment of ionizing 

radiation is not a product of our modem world; rather, it has been 

present throughout human evolution. 

It has been conjectured by some that, because biological organ- 

isms evolved in the presence of low levels of ionizing radiation. 

we and other life forms must have developed effective mecha- 

nisms to repair the damage caused by this exposure. Others con- 

tend that even the lowest levels of radiation have the potential to 

cause serious biological effects, such as cancer or genetic disease. 

In fact, no one knows for sure if low doses of ionizing radiation 

can produce serious biological effects in humans. What we do 

know is that high doses of radiation can produce such effects. and 

the risks can be quantified. From these known risks at high doses, 

one may estimate the risks associated with low doses, based on 

some procedure of extrapolation. Disagreement about such a pro- 

cedure for extrapolating from high doses to the low doses that are 

of practical concern to radiation workers and the general public 

lies at the heart of much of the controversy surrounding potential 

human radiation effects. In the end, such extrapolations from high 

doses to low doses are based on theoretical biophysical considera- 

tions and convenience of application but not on hard human data. 

This article examines some of the issues involved in estimating 

risks of exposure to low levels of ionizing radiation. 

The red circles in the photo at left 

graphically portray the rate of can- 

cer mortality in the United States. 

On average, one in five people die 

of cancer, and one in five people in 

the photo are labeled at random 

with a red circle. The purple cir- 

cles represent excess cancer 

deaths above the normal rate. The 

job of the radiation epidemiologist 

is to determine the number of ex- 

cess cancer deaths among a group 

that, has been exposed to radiation 

and then determine whether that 

number is statistically significant. 

~ 

Because the rate at which radiation 

causes cancer is quite low, it is 

very difficult to detect statistically 

significant increases in cancer 

mortality caused by radiation un- 

less the population is very large 

and the radiation doses are also 

fairly large. Consequently, risk 

estimates for radiation-induced 

cancer are based primarily on data 

from the Japanese atomic-bomb 

survivors. 
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What is the level of background radia- 

tion. and is there any evidence that it is 

harmful’? The uorld-wide axerape an- 

nual u hole-body effectil e dow to hu- 

mans from natural wurces of ionizing 

radiation i5 238 millirem (we ”Radia- 

tion Cnits”). Figure l .;how\ the aler- 

age contribution5 to the it orlci-a\ ttrage 

annual dose per person from each of 

the major natural wurces of ionizing 

radiation. The components that t’ary 

greatly. depending on location. are cos- 

mic rays. terrestrial ?amma rays. and 

radon. Variations of up to a factor of 

two are common. and up to a factor of 

ten are not that rare. In contrast. the 

dose associated xvith internal radiation 

iaries much less from person !w- 

ion. regardless of location. This dose 

is due rnainly to potassium-40. which 

is a naturally occurring isotope of 

potassium. an essential chemical ele- 

ment that is ingested whenever we eat 

foods containing it. 

Is there a correlation between cancer 

incidence or mortality and exposure to 

background radiation? It is known. 

both from animal experiments and 

human exposures to high levels of radi- 

ation, that ionizing radiation can induce 

some cancers: however. epidemiologi- 

cal studies generally have failed to find 

a statistically significant correlation be- 

tween cancer mortality and levels of 
background radiation (see “Epidemiolo- 

gy and Statistical Significance”). A 

few studies claim to tind a negative 

correlation. which means that some 

areas with higher than average levels of 

background radiation have lower than 

average levels of cancer mortality. 

Some researchers have concluded from 

these studies, together with cellular 

studies. that small amounts of radiation 

may induce an adaptive response that 

serve. i) protect humans from diseases 

such as cancer (this effect is also 

known as radiation hormesis). Howev- 

er. such negative correlations of disease 

with radiation dose may be caused by 

confounding factors not properly ac- 

counted for in the epidemiological stud- 

ies. Adaptive responses to low doses 
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Figure 1. The Distribution of World-Average Annual Background Radiation 

The pie chart shows the estimated number of millirem per year from the four major 

sources of background radiation. These estimates for world-wide averages were made by 

the United Nations Committee on the Effects of Atomic Radiation (UNSCEARBB). They dif. 

fer somewhat from those shown for the average U.S. citizen (made by the National Councl 

on Radiation Protection and Measurements) in “Ionizing Radiation-It’s Everywhere!” pa9 

29. Also, the total annual background dose quoted here, 238 millirem, does not include 

the average contribution of man-made sources to the public. 

Radiation Units 

For ionizing radiation, the unit of absorbed dose, the rad, corresponds to 

the deposition, via ionization and excitation processes, of 100 ergs of energy 

per gram of tissue. Some radiations are more effective, per unit of energy 

deposited, at producing biological damage than others. To account for these 

differences, the absorbed dose (in rad) is multiplied by a quality factor to ob- 

tain the dose-equivalent, which is expressed in rem (roentgen-equivalent- 

man); one millirem (mrem) equals one-thousandth of a rem. The rad and 

the rem are being replaced internationally by a new pair of units, the gray 

(Gy) and the sieved (Sv). The unit of absorbed dose, the gray, corresponds 

100 rad. 

equals 100 .rem. 

i I 

~ 

I 
I 
I 

to one joule of energy deposited per kilogram of tissue, so one Gy equals 

The sieved is the corresponding unit of dose-equivalent; one Sv 

of radiation have definitely been ob- 

served in experiments with human cells 

in vitru; however. the jury is still out 

regarding the existence of adaptive re- 

sponses in humans at the clinical level 

(LNSCEAR94. Annex B). In summa- 

ry. no convincing evidence exists that 

natural background radiation is harmful. 

Experiments at low doses using animals 

are useful. However, because the ef- 

fects of radiation vary widely from one 

species to another, animal data alone 

cannot be reliably used to predict ef- 

, 
i 

i 
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Epidemiology and Statistical Significance 

Epl&miolOgy, the statistical study of the occurrence of disease in populations, is 

the primary means of determining the relationship between radiation exposure and 

cancer risk. And yet such studies are no simple task. Their credibility IS directly 

cance of the data. Using cancer as an example, we first explore the mathematical 

framework in which the significance of the data is evaluated. 

to the strength of the numbers, or more technically, the statistical signifi- 

Sample size and statistical significance 

any possible confounding factors I 

are negligible and that known fa- 

milia1 (genetic) factors are ig- 

nored. It is as if everyone's fate 

were determined as they walked 

in line past a giant barrel con- 

taining marbles in which one in 

five of them are blue. Each per- 

son blindly picks a marble out at 

random. If at your turn, a blue 

marble is picked, cancer will be 

your fate, otherwise, not. Now 

suppose that there is a popula- 

tion of 1000 whose fate was de- 

termined in the random manner 

just described. Should we ex- 

pect that exactly 20 per cent, or 

200. of the 1000 people will die 

of cancer? No. Although 200 is 

fl' 

\ 

I 
c 

one in five Americans dies of cancer. But because cancer is a mysterious disease 

with a very complicated origin, it is impossible to predict exactly who the one in five 

will be. Because its occurrence 

is so unpredictable, the epidemi- 

oioglst may simply assume that 

cancer strikes at random and 

that each of us has the same 20 

per cent probability of dying of it. 

Such an assumption implies that 

the most likely outcome, it is also likely that the outcome will be close, but not 

equal, to 200. Theoretically, any number of cancer deaths between zero and 1000 

(or percentage between zero and 100) is possible, but the further away from 200, 

the less likely the result. 

For a population of 1000, the probability of any given outcome lies on a bell- 

shaped curve, as shown in Figure 1. The curve is centered about 200, which is 

both the mean value (p) and the most probable number of cancer deaths for a 

Population of 1000 chosen at random. The width of the curve is indicative of the 

range of likely outcomes and is characterized by a quantity called the standard de- 

viation, (T. In these types of studies, a useful approximation of the standard devia- 

tion is simply the square root of the mean, which in this case is about 14. As you 

can see from the graph, the vast majority of the possible outcomes (about 95 per 

cent) falls within the range of 172 and 228, or two standard deviations (28), around 

the mean. Therefore, although 200 is the most probable result, we would be 

Epidemiologists treat cancer as a 

random event. It is as if everyone's 

fate regarding cancer were deter- 

mined by whether or not he or she 

chose a blue marble from a giant 

barrel in which one out of five mar- 

bles were blue. 
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Figure 1. Fluctuations in the 

Number of Cancer Deaths 
The probability of a certain number of 

random cancers occurring in a population 

of 1000 is represented by a bell curve 

centered about 200. The mean number 

and most probable number of cancer 

deaths is 200. The width of the curve is 

characterized by the standard deviation 

u, which is approximately equal to the 

square root of the mean, or 14. The 

shaded area under the curve between 

the values 200 + 2a and 200 - 2a is 

about 95 per cent of the total area, which 

means that in 95 out of 100 samples of 

1000 people, the number of cancer 

deaths will fall between those two values. 

To find a statistically signifcant correla- 

tion between, say, radiation exposure and 

cancer, the number of cancer deaths 

would have to be greater than 200 + 2~. 

wrong to expect to always get exactly 200 Instead. we expect that, 95 per cent of 

the time, the result will fall within a range of two standard deviations on either Side 

of the mean 

In epidemiological studies of radiation effects, the number of cancer deaths in the 

exposed population generally must be greater than about two standard deviations 

above the mean in the unexposed population for the result to be considered statisti- 

cally significant If the observed number is greater than the mean by more than two 

standard deviations, then the epidemiologists say they have determined a positive 

correlation between cancer deaths and radiation exposure Similarly a negative cor- 

relation is inferred if the observed number of cancer deaths is less than the expected 

number by more than two standard deviations 

i The ability to distinguish excess cancer deaths due to 

radiation exposure from the expected ones improves 

markedly as the sample size increases That’s because 

the relative size of the standard deviation. uiN, decreas- 

es as the sample size, N, increases 

-E Mean * 

C 

01 
- 
- zl - 
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dN= tEIN= 1AX - $1 Q I 

Two standard Figure 2 illustrates this point. It shows the bell‘curve of 

Figure 1 for sample sizes of 1000 and 10,000, but this 

time the variable plotted on the horizontal axis is the frac. 

tion of the population that dies of cancer, rather than the 

I 
I 

I 

I 

300 absolute number of cancer deaths Both curves are cen- 

tered around the mean fraction of 0 20 but the widths of 

the curves or the expected deviation from the mean, for 

0 100 200 

Number of cancer deaths n in a population of 1000 

the larger population is much smaller than that for the smaller population There 

fore one has a much greater chance of detecting a statistically significant number of 

excess cancer deaths in a very large sample than in a small one 

Now that the statistical framework is defined. what’s the next step for the cancer 

I 

94 

epidemiologist? Statistics on the “normal” cancer incidence and mortality must be 

obtained by studying the general population. (Incidence refers to the number of 

new cancers in a defined population per year, and mortality refers to the number of 

cancer deaths in a defined population per year.) The statistician is typically limited 

to vital‘statistics obtained from birth and death certificates kept by health depart- 

ments at the federal, state, or county level. Age at death, number of deaths, and 

causes of death are the most important data used in determining specific mortality 

rates such as cancer death rates. In principle, one would like to check medical 

records against death certificates, but this is possible only with permission of the 

next of kin, because medical records are totally confidential. 

In radiation studies, the epidemiologist collects data on an exposed population to 

see whether or not they exhibit an excess number of cancers compared with the 

number expected based on the mortality rates of a similar, but unexposed, popula- 

tion. As we’ve pointed out, statistically reliable results require large p.opulations as 

well as accurate records of indiviuual radiation exposures. Only a few identified 

exposed groups meet these requirements: the atomic-bomb survivors, patients that 

have received radiation for the diagnosis or treatment of various diseases, and 

nuclear workers. 

i 

s 
i 
i 

Los Alamos Scienc,e Number 23 1q95 



Radiation and Risk--A Hard Look at the Data 

rates of cancer incidence and cancer mortality in two popula- 

tions whose members have identical cancer risks except for the 

fact that. in one, the members are exposed to radiation above 

the background level, and, in the other, they are not. In prac- 

tice, members of the population differ in many factors affecting 

cancer risk including age, genetic predisposition, exposure to 
2 
e chemical carcinogens, and perhaps certain lifestyle factors 

such as smoking and socioeconomic level. A study must take 

Into account any significant differences in these factors be- 

tween the exposed and unexposed group. Another complica- 9 

- 
0 
z1 

- 
E 
n 

a 
tion is that, within the exposed population, the cancer risk 

varies depending on the age at which one is exposed, the size 

of the dose, and the time since exposure. Consequently, one 

must have information on these three factors for all the mem- 

bers of the exposed population to assess the cancer incidence 

or mortality data properly. Moreover, because the latency time 

from exposure to detection may be 30 to 40 years for most 

certain populations exposed to relatively high natural-background levels have been 

only the average population doses are known, not the individual doses In 

studies, and especially in nuclear-industry studies. it IS often the case 

that both the exposed and the unexposed populations are chosen from within the 

industry That choice helps to insure lifestyle similarity and minimizes the so-called 
healthy-worker effect," which is the built-in bias among the working population of 

having fewer diseases and a lower mortality rate than the general population 

to those living in areas with more normal radiation levels. but in this 

r( 

N=10 000 

n 

I 

02 n. 
"I 

cancers, both populations should be followed for the lifetimes 

of the subjects. 

In general, epidemiological studies do not prove causation, rather they determine 

the correlation between two or more variables. A positive correlation suggests a link 

or association of some kind. the significance of which must be evaluated. In the 

worst case, the correlation may be due to a systematic bias in the study or to so- 

called "confounding factors." that were not explicitly included in the study, yet had a 

profound impact on the results. (For example, if bars were the only public places in 

which one were allowed to smoke, it would be incorrect to attribute all excess lung 

cancer among frequenters of bars to the intake of alcohol.) It's easy to be fooled- 

there are many kinds of hidden variables in the selection of the population, the gath- 

ering of the data. and the analytic procedures for interpretation that may bias the re 

sults of the study. Sir Bradford Hill, a well-known epidemiologist, listed nine factors 

that must be taken into account in evaluating the significance of data. Among them 

are the strength of the numbers themselves (Is the observed excess large or just 

marginally elevated? Is there a correlation between the size d the dose and the 

Size of the excess?), the agreement between biological data and theory, and the 

consistency of the result with other studies done using different methodologies and 

different study groups. The epidemiological studies that address as many of these 

factors as possible, and then clearly lay out the statistical basis of their work for oth- 

ers to critique, are the studies that should be most trusted. discussed, and used to 

support conclusions about the effects of radiation. 

Fraction of Cancers. niN 

Figure 2. The Advantage of Large 

Sample Sizes 

The two bell curves represent the proba- 

billly for a given fraction of cancer deaths 

P(dN) versus the fraction of cancer n/N 

deaths in a population of size N, where N 

equals loo0 and 1O,oo0, respectively. 

The two curves are centered about the 

mean value of 012. Note that the width of 

the curve is much narrower for the larger 

population because, as N increases, the 

standard deviation of the fraction nlN de- 

creases (approximately as l/\ N ). 
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fects in humans. Therefore, those re- 

sponsible for making recommendations 

regarding dose limits rely on human 

data whenewr possible. Human data 

generalll/ come from four jources: 

Japanese atomic-bomb survivors. radia- 

tion accidents. occupational exposures. 

and medical exposures. 

All of the observed effects of ionizing 

radiation in humans occur at relaticely 

high doses (that is. greater than about 

20 rem). At the low doses that are of 

interest to radiation workers and the 

general public (that is. below a few 

rem). the epidemiological data are gen- 

erally inconclusive, mainly because the 

change (up or down) in cancer mortaIi- 

ty that might occur at such low doces is 

less than the variations that occur for 

all other reasons. both known and un- 
known. Consequently. the risks associ- 

ated with low-dose exposures must be 

hypothesized. The conventional 

choice. considered prudently conserva- 

tive. is a linear extrapolation. all the 

way down to zero dose, of the risks de- 

termined from observed effects at high 

doses. This prescription is termed the 

linear-dose-response. no-threshold 

ILNT', hypothesis. 

Is such an extrapolation reasonable'? 

Down to what level of dose'? A rem? 

A millirem? A microrem'? All the way 

down to zero rem? The answers to 

these questions are important for risk 

assessment. They are also important 

because they help shape the public per- 

ception of the dangers of ionizing radi- 

ation. Public perception. in turn. is dri- 

ving the ever-increasing number and 

bariety of laws. regulations. and guide- 

lines dealing with ionizing radiation, all 

of which add considerably to the cost 

of doing business at a facility that han- 

dles nuclear materials. This cost. ulti- 

mately. is paid by our society. 

The recent re-examinations of human 

radiation experiments that were carned 

out in the 1940s and 1950s hate fo- 

cused new attention on the possible bi- 

ological effects of radiation. Actually. 

very little media attention focused on 

the health effects that resulted from 

these experiments. as this would have 

made very dull copy. In the interest of 

gaining a better perspectice with which 

to evaluate the possible detrimental ef- 

fects of those human radiation experi- 

ments. it is worthwhile to review uhat 

is known about the effects of ionizing 

radiation in humans. the dose levels at 

uhich these effects occur. and the risks 

deduced from these effects. The nature 

of the radiation protection standards de- 

rived from these high-dose risks by ex- 

trapolation to low doses is also of inter- 

est. More broadly. this rekiew can help 

us to understand the significance of the 

levels of radiation that we ourselves 

might encounter and to e~aluate the 

laws and standards ,that regulate our 

own exposures. 

Radiation Effects in Humans 

What are the biological effects in hu- 

mans that result from exposure to ioniz- 

ing radiation, and at what dose levels 

are these effects observed'? In this sec- 

tion. we attempt to answer these ques- 

tions by reviewing some exposures. 

both historical and current. that have re- 

sulted in observed effects. All the stud- 

ies reported in this section are at dose 

levels above IO rem; below this level, 

-results are not statistically signiticant. 

Radiation effects fall into two broad 

categories: deterministic and stochastic. 

At the cellular level. high doses of ion- 

izing radiation can result in severe dys- 

function. even death. of cells. At the 

organ level, if a sufficient number of 

cells are so affected, the function of the 

organ is impaired. Such effects are 

called "deterministic." Deterministic 

effects have definite threshold doses. 

which means that the effect is not seen 

until the absorbed dose is greater than a 

certain level. Once above that thresh- 

old level. the severity of the effect in- 

creases with dose. Also. deterministic 

effects are usually manifested soon 

after exposure. Examples of such 

effects include radiation skin burning, 

blood count effects. and cataracts. 

In contrast. stochastic effects are caused 

by more subtle radiation-induced cellu. 

lar changes (usually DNA mutations) 

that are random in nature and have no 

threshold dose. The probability of cuch 

effects increases with dose. but the 

severity does not. Cancer is the only 

observed clinical manifestation of radia. 

tion-induced stochastic effects. Not 

only is the severity independent of 

dose. but also. there is a substantial 

delay between the time of exposure and 

the appearance of the cancer. ranging 

from several years for leukemia to 

decades for solid tumors. Cancer can 

result from some DNA changes in the 

somatic cells of the body. but radiation 

can also damage the germ cells (ova 

and sperm) to produce hereditary ef- 

fects. These are also classified as sto- 

chastic; however. clinical manifeata- 

tions of such effects have not been 

observed in humans at a statistically 

significant le ve I. 

Nuclear Accidents. During the first 

few decades of nuclear weapons devel- 

opment, several incidents occurred dur- 

ing which fissile material accidently 

came together in a critical configuration 

that produced, just briefly. an uncon- 

trolled nuclear chain reaction (see "The 

Cecil Kelley Criticality Accident" on 

page 250). During these so-called criti- 

cal excursions, workers received very 

high. sometimes fatal. whole-body 

doses of neutron and gamma radiation. 

High dose levels also.have resulted 

from industrial radiation accidents and 

accidents involving improperly discard- 

ed or lost high-level radioactive sources 

(for example, medical sources used in 
radiation therapy). The Chernobyl ac- 

cident resulted in high dose levels. par- 

ticularly to reactor personnel and fire- 

men: the Three-Mile Island accident did 

not result in high dose levels to anyone. 

From these experiences, together with 

high-dose animal experiments. an un- 

derstanding has emerged of the biologi- 

cal effects of high-dose acute uhole- 
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exposure to ionizing radiation. 

radiation syndrome, the name 

'T,isn to the body's reaction to high- 

jo)e high-dose-rate exposures. involves 

three basic functional systems (the radi. 

,t,on-smsitive organ is given in paren- 

thesis): the hematopoietic. or blood 

fc,ming, system (bone marrow): the 

,,,,trointestinal - system (epithelial lining 

,,( [he small intestine); and the central 

nervous system (brain). Of the three. 

[he hematopoietic system is the most 

,enbitive to radiation, with syndrome 

Jnd death thresholds of about 100 rad 

and 200 rad (whole-body effective 

dose). respectively. Irradiation causes 

[he death of bone-marrow stem cells. 

lrhich diminishes or stops the resupply 

~t circulating red and white blood cells 

2nd other blood constituents. After 

Jbout three weeks the reduction in 

blood supply causes immune deficien- 

cies. infections and fever. bleeding. 

and even death unless the blood mar- 

tow has begun to regenerate. The 

earliest symptoms of fatigue. nausea. 

and vomiting probably involve all 

three functional systems. One mea- 

jure of lethal dose is referred to as 

the LD50/60 dose. which is the acute 

dose that results in death within 60 

days for 50 per cent of the exposed 

individuals. The LD50/60 in humans 

for hematopoietic syndrome is 300 to 

350 rad (whole-body effective dose). 

Radiotherapy for Cancer. Radia- 

tion therapy for the treatment of can- 

cer is another context where both 

doses and dose rates are high, and the 

radiation effects are dramatic. The 

observable outcomes, both immediate 

and long-term. are an important 

source of information on radiation ef- 

fects. The immediate effect at the cel- 

lular level is similar to that in acute ra- 

diation syndrome, namely the death of 

proliferating cells. The goal is to kill 

311 of the malignant cells in a tumor, 

tissue. Dividing the total dose deliv- 

ered into several smaller fractions pref- 

erentially spares normal tissues com- 

I while sparing the surrounding healthy 

X-ray machines of the type shown here (200-300 kilovolt) were the workhorses of radi- 

ation therapy from the 1930s through the 1960s. Damage to the patient's skin often 

limited the ability to treat deep lesions. 
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pared to the tumor. A typical treatment 

may involve up to about 6000 rad, frac- 

tionated into doses of 100 rad per day, 

five days per week. for 4 to 6 weeks. 

In terms of the goal of local tumor con- 

trol. radiation therapy is successful for 

about two-thirds of the patient5 treated. 

Hobever, it is estimated that approxi- 

Figure 2. Effects of Radiotherapy 

This graph of tumor-control rate and 

complication rate versus dose illustrates 

the delicate balance between tumor con- 

trol and complications arising from ra- 

diotherapy. Increasing the treatment 

dose to improve the tumorcontrol rate 

leads to a higher rate of complications, 

whereas decreasing the dose to reduce 

complications results in a lower tumor- 

control rate. (Reproduced with permis- 

sion from M. R. Raju, 1980, Heavy Parti- 

cle Radiotherapy, New York: Academic 

Press.) 

mately 5 per cent of second cancers 

that develop following radiation therapy 

are caused by the radiation delivered in 

therapy. As shown in Figure 2. there is 

a delicate trade-off between controlling 

the tumor and causing complications in 

nearby tissues. Although it is possible 

to reduce the rate of complications by 

lowering the treatment dose. this may 

be achievable only at the expense of 

decreasing the rate of control of the ini- 

tial tumor. 

Some individuals are particularly sus- 
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ceptible to radiation-induced cellular 

damage because they have inherited a 

deficiency in a mechanism that either 

signals or performs DNA repair. Indi- 

viduals with such hereditary genetic 

disorders have an increased sensitivity 

to radiation. One of the best studied re- 

pair disorders is ataxia-telangiectasia 

(AT). a deficiency in cell-cycle check- 

point response to DNA damage (see 

“Radiation. Cell Cycle, and Cancer“). 

At the clinical level. patients with AT 

display progressive neurological and 

immune disorders. In addition, they are 

sures to radiation. but studies with cul- 

tured cells show only a small increase 

in radiation sensitivity. It is estimated 

that AT heterozygotes represent I to 3 

per cent of the general population and 9 

to 18 per cent of all breast cancers in 

young women. 

Historical Medical Exposures. Dur- 

ing the decades from 1930 to 1960. the 

widespread use of radiation for the di- 

agnosis and treatment of disease led, in 

a number of cases. to the unexpected 

induction of primary cancers. Epidemi- 

Mass chest screening for tuberculosis was common during much of the century. Full- 

sized films were often used, but here the fluorescent image was reduced to a 100 mil- 

limeter format. The “portable” appartus shown was transported from site to site. 

much more susceptible to developing 

certain cancers and, also, can develop 

devastating necrosis of normal tissues 

as a result of radiation therapy. AT is a 

recessive disorder, which means that 

both copies of the relevant gene must 

be defective for the disease to be mani- 

fested. Cultured cells from AT patients 

are about 3 times as sensitive to x-ray- 

induced cell death as are control cells. 

This increased sensitivity to radiation 

may not be restricted to patients with a 

manifest disease. There has been some 

suspicion that AT heterozygotes (defect 

on only one copy of the gene) also are 

at increased risk of developing cancer, 

both with and without medical expo- 

ological data have been collected from 

several of the exposed groups tUN- 

SCEAR94, Annex A). Although the 

data are not sufficiently detailed to pre- 

dict the quantitative increase of cancer 

risk with d they do demonstrate that 

doses in ti. 

rem have resulted in statistically signifi- 

cant increases in cancer mortality. The 

data also illustrate the many different 

types of cancer that can be induced by 
radiation exposure. For each study pre- 

sented below. we show in parenthesis, 

if known, the mean organ dose for the 

group being discussed. We state these 

mean-dose figures to indicate the mag- 

nitudes of doses given that resulted in 

,ndreds, even tens. of 

statistically observable effects: they are 1 
not intended to be interpreted as thresh- 1 
old values for those effects. 

The following four studies all involve 

the use of large x-ray doses for diagno. 

sis or treatment: 

More than 14,000 persons in Great , 

Britain (1935-1954) were given x rays 1 

to treat ankylosing spondylitis. a dis- 

ease of the spine. Cancers for which 

significant excess mortality was later 

found include: leukemia (380 rem), 

non-Hodgkin’s lymphoma ( 380 rem), 

esophagus (400 rem). lung ( 180 rem), 

bone (300 rem), female breast (50 rem), 

and brain 140 rem). 

A study of about 19,000 female tu- 

berculosis patients in Canada7 1930- 

1952) who received multiple diagnostic 

chest-x-ray fluoroscopies found signifi- 

cant excess mortality for breast cancer 

(40 rem). A similar study of about 

2600 female tuberculosis patients in 

Massachusetts ( 1925-1954) also found 

significant excess incidence of breast 

cancer (80 rem). 

About 11,OOO children in Israel 

(1948-1960) and 2200 in New York 

(1940- 1959) with tinea capitis (ring- 

worm of the scalp) were treated by x- 

ray epilation, resulting in significant ex- 

cess cancers of the brain ( 150 rem), 

thyroid (10 rem), and skin (non-mela- 

noma) (450-680 rem). 

A study of more than 2600 persons 

in Rochester (1926-1957). who were 

exposed in infancy to x rays for the 

treatment of enlarged thymuses, showed 

a very significant increase in thyroid 

cancer (140 rem) and female breast 

cancer (80 rem). 

From these studies, it would appear that 

the thyroid is a relatively radiosensitive 

organ, with a dose of the order of 10 

rem sufficient to produce cancer in 

some cases. A similar conclusion ap- 

plies to the female breast, for which a 

dose of the order of 40 rem seems suf- 

ficient to produce cancer in some cases. 
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Measuring Risk 

Several definitions of risk are commonly used in epidemiology. For ex- 

ample, let us suppose that we are interested in the cancer mortality risk 

associated with an exposure to some dose of radiation. The relative 

risk (RR) is defined as the ratio of the observed number of cance’r 

deaths (0) in the study population to the expected number (E) for a sim- 

ilar, but unexposed, population (RR = #E). By similar, we mean similar 

in age and sex distributions, economic status, life style, and habits. The 

excess relative risk (ERR) is defined as the ratio of the excess number 

of cancer deaths (0-E) to the expected number (E): 

Note that the absolute excess rate of radiation-induced cancer mortality 

is obtained by multiplying ERR by the expected rate of cancer deaths 

for an unexposed population. Risk factors, or coefficients, are derived 

by dividing the risks defined above by the dose received. 

We illustrate these concepts by a fictional example. Suppose a popula- 

tion of 1000 persons is exposed to an acute dose of 100 rem. And sup- 

pose that 220 are observed to die from various cancers, whereas the 

expected number is 200 (the expected rate is 200/1000 = 0.2). The rel- 

ative risk and the excess relative risk are given by: 

RR = 2201200 = 1.1, 

ERR = 1.1 - 1 = 0.1. 

The relative-risk factor and the excess-relative-risk factor are given by: 

RRfactor = 1.1/(100 rem) = 0.011 per rem, or 1.1 x 10-2 rem-’ 

ERRfactor = 0.1/(100 rem) = 0.001 per rem, or loa rem-’. 

Finally, the absolute excess cancer mortality rate is ERR x (0.2) = 

(0.1)(0.2) = 0.02, and the corresponding factor is O.OU(l00 rem) = 

0.0002 per rem, or 2 x rem-’. An additional point to be made for 

this example is that, at the 95 per cent confidence level, the excess 

deaths are not statistically significant, because the expected number of 

cancer deaths lies in the range of 172 to 228 (see “Epidemiology and 

Statistical Significance”). 

However, in both instances, the dose 

quoted is the mean dose per patient 

treated, not the mean dose per cancer 

induced: so the association of the doses 

quoted with cancer induction is more 

wggestive than definitive. Of particu- 

lar concern is the trend for increased ra- 

diosensitivity among younger patients. 

For several of the studies. the excess 

relative risk was found to increase with 

decreasing age at exposure. especially 

for breast cancer and thyroid cancer 

(see “Measuring Risk”). 

The potential carcinogenic effects of 

prenatal exposure to radiation are of 

importance because the developing 

fetus. who is experiencing rapid cell 

growth. may be more sensitive to radia- 

tion than are adults or children. Sever- 

al studies have been made in the United 

States. the United Kingdom. and else- 

where of the possible association of 

childhood cancer with prenatal obstetric 

x-ray examinations. The relative risk 

estimate from all of these studies com- 

bined is about 1.tthat is. children irra- 

diated in utero were found to have a 40 

per cent higher incidence of cancer than 

unirradiated children. However. some 

researchers have expressed reservations 

about these results. One of the reserva- 

tions is that the dose absorbed by the 

embryo or fetus is not very well 

known. Another is the surprising find- 

ing of the equality of relative risk for 

leukemia with that for solid tumors, 

which is not the case for postnatal ex- 

posures. Finally, among the Japanese 

atomic-bomb survivors, no association 

was found between childhood cancers 

and in Ictero exposures (mean uterine 

dose of 18 rad). As is often the case in 

epidemiology. these results seem to 

raise more questions than they resolve. 

Another past medical practice that re- 

sulted in excess cancers was the injec- 

tion of radium solutions for the treat- 

ment of various diseases. Radium is a 

naturally occumng radioactive element 

that was discovered by the Curies in 

1898 and became widely taken for its 

alleged curative powers. When ingest- 

ed or injected into the bloodstream. 

much of the radium is later deposited in 

the bone, where it and its radioactive 

daughter products bombard the sur- 

rounding bone tissues with radiation, 

most notably, alpha particles. Approxi- 

mately 2000 persons in Germany 

( 1944- 195 1 ) were treated for various 

diseases, including tuberculosis and 

ankylosing spondylitis, with .multiple 

injections of radium-224 (physical half- 

life of 3.6 days) in the form of radium 

chloride. The resulting average skeletal 

dose was more than 400 rad. primarily 

from alpha particles. which are consid- 

ered 20 times as damaging as x rays ( 1 
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rad absorbed dose of alpha radiation 

corresponds to 20 rem dose-equivalent). 

The subsequent incidence of bone sar- 

comas was found to be 280 times that 

expected from an unexposed popuia- 

tion. Similar effects were observed in 

patients in the United States who were 

given radium-226 ( 1600-year half-life) 

and radium-228 (5.8-year half-life) be- 

fore 1950. 

Thorotrast. a colloidal solution of thori- 

um dioxide, was used as an x-ray imag- 

ing contrast agent in several countries 

from the early 1930s to the early 1950s. 

It is deposited at several sites within the 

body. primarily in the liver and spleen. 

Occupational Exposures. Before in- 

formation about :ne potential dangers of 

radiation became well known and ade- 

quate measures were taken to control 

occupational exposures. high levels of 
exposure were fairly common and. in 
some cases. caused serious conse- 

quences for numerous horkers. Per- 

haps. the most widespread serious bio- 

logical effects from occupational 

exposure to radiation occurred among 

uranium miners. The miners inhaled 

radon and its decay products, most of 

which are alpha emitters. and suffered a 

greatly increased risk for lung cancer. 

Around the turn of the century. radon 

concentrations in the mines of central 

Table 1. WholeBody Doses for Mayak Nuclear Weapons Facility Workers 

Worker Groups' 

IA IIA 18 llB 

Average 122 49.2 245 71.6 

cumulative dose (rem) 

Average 32.6 6.4 70.4 17.2 

annual dose (rem) 

Per cent with greater than 6.5 0.15 22.8 0.1 

100 rem per year 

*Groups are defined in the text. 

Natural thorium consists entirely of tho- 

rium-232, which has a very long half- 

life (greater than l0'O years), and many 

of its daughters are alpha emitters. It is 

estimated that an injection of 25 milli- 

liters of Thorotrast delivered dose rates 

of alpha radiation of 1400 rem per year 

in the spleen, 500 rem per year in the 

liver, 320 rem per year 'in the endosteal 

layer of bone (inner surface surround- 

ing the marrow). 260 rem.per year in 

the bronchi, and 180 rem per year in 

the bone marrow. Not surprisingly, 

Thorotrast-treated patients suffered ex- 

ceedingly high rates of liver cancer and 

leukemia. and statistically significant 

..cess rates of several other types of 

cancer. 

Europe were so high that about one- 

half of the miners died of lung cancer. 

A more recent comprehensive study of 

over 60,OOO uranium mners from 11 

locations throughout the world showed 

an 80 per cent increase in lung cancer 

deaths over what was expected, based 

on a comparison with over 7.000 unex- 

posed miners, 'The uranium miners re- 

ceived an average exposure of 161.6 

working-level-months.' Such an expo- 

'A worlung-lekel is defined as a potential alpha- 
panicle energy concentration ot I 3 x 108 MeV 
per cubic meter, which corresponds to an dctivity 

concentration for radon-222 in equilibnum wlth 
its daughters ot 100 picocune\ per liter ot air A 

working-level-month 15 denned ds dn exposure IO 

one working-lerel tor 170 hours. or one working 
month 

wre results in a lung dose of almost 

2700 rem, which corresponds to a 

whole-body effective dose of about 320 

rem. This risk is not contined to urani- 

um miners. For example. tin miners in 

China, who were also exposed to radon, 

wffered comparable excess lung cancer 

risk. 

The occupational exposure that finally 

revealed the dangers of internal emitten 

was that of radium-dial painters. who 

were exposed to radium while painting 

luminous dials in the LIS. during the 

early decades of this century. The dial 

painters, most of whom were young 

women, would lick the ends of their 

paint brushes to get finer tips, thereby 

ingesting radium-226 and radium-228. 

Fatalities from severe anemia: resulting 

from exposure of blood-forming tissues 

to alpha particles, began to occur dur- 

ing the early 1920s among those with 

relatively large radium body burdens. 

Later, bone cancers began to appear 

among those with somewhat lower 

body burdens. A classic study of radi- 

um-induced cancers among the dial 

painters included more than 1500 fe- 

males. Of the 154 subjects who re- 

ceived skeletal doses of greater than 

20,000 rem, 62 subjects developed 

skeletal tumors (these 62 had a total of 

65 head carcinomas and bone sarcomas 

combined). No skeletal tumors were 

observed in 1391 subjects who received 

skeletal doses less than 2O.OOO rem, 

which has been interpreted by some as 

evidence for a threshold-that is. a 

dose level below which no effect is 

observed. 

This apparent threshold for radium-in- 

duced cancer seems to be contradicted 

by a study of a larger, but less homoge- 

neous, population of more than 1OOO 

subjects, including radium-dial painters. 

radium chemists, and patients who were 

therapeutically treated with radium in 
the U.S. before 1950. Of the more than 

2400 persons for whom an estimate of 

skeletal dose was made, 66 bone sarco- 

mas occurred, compared to fewer than 

2 that would have occurred in an unex- 
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posed population. In addition, 35 5ar- 

,nastoid air cells occurred. compared to 

t;.bver than 1 that would be expected 

for an unexposed population. The me- 

dian cumulative skeletal dose at the 

time of tumor diagnosis was about 

120.000 rem for the bone sarcomas. 

Three heud-sinus carcinomas and three 

bone sarcomas (including a British dial 

painter) have occurred in individuals 

Nith skeletal doses of less than 24,000 

,-em. whereas only 0.2 would be ex- 

pected for an unexposed population. 

For each type of cancer, the smallest 

cumulative skeletal dose was about 

2000 rem (one case each). which is a 

factor of ten lower than the threshold 

value suggested by the study of dial 

painters alone. These results would 

seem to contradict the indication of a 

possible threshold skeletal dose of 

20.000 rem. but the small number of 

of the paranasal sinuses and 

cancers do not make a very convincing 

case. This larger study has the advan- 

tage of a larger population, whereas the 

study of dial painters involves a more 

homogeneous population. 

Exposures in the U.S. nuclear industry 

and weapons laboratories have been 

controlled from the beginnings of the 

nuclear era in the early 1940s. in part 

as a result of the experience of the radi- 

um dial painters and the subsequent ad- 

herence to radiation protection stan- 

dards. 'Consequently, the average 

annual exposures have been kept to a 

few rem or less. and the health effects, 

if any. are very difficult to detect 

through epidemiological studies. 

We now know that the situation in the 

former Soviet Union was rather differ- 

ent. A study of workers at the Mayak 

nuclear-weapons facility in Russia doc- 

uments that average cumulative expo- 

sures were in the range of hundreds of 

rem and that significant increases in 

cancer mortality resulted from those ex- 

posures. The dose data given in Table 

1 have been compiled through 1989 

and are organized according to. first. 

whether the workers started in the 

period 1948-1953 (I) or 1954-1958 ([I), 

and second, whether they worked at the 

nuclear reactor (A) or the reprocessing 

plant (B). Statistically signiticant ex- 

cess mortality risk for cancers of the 

hematopoietic and lymphatic systems. 

as well as all cancers combined. was 

found for group IB only. Apparently. 

during the early years of operation. 

chronic radiation sickness (chronic fa- 

tigue. depression. and an altered blood 

profile) was common. but rarely oc- 

curred in workers with less than 25 rem 

annual dose or 100 rem cumulative 

dose. Workers who exceeded both of 

these values had substantially higher 

X-ray fluoroscopy began around 1900. 

In this technique the x rays cause crys- 

tals on the screen of the instrument to 

fluoresce. The image is thus seen direct- 

ly by the operator. Fluoroscopy was ini- 

tially considered more effective than radi- 

ography because examinations could be 

conducted rapidly and without the use of 

expensive photographic plates. However, 

radiation damage to operators became 

well known even in the early years of the 

twentieth century. ' 

cancer mortality than those who did 

not. The cancer mortality for those 

workers who did not exceed these val- 

ues was similar to that of the general 

population. After 1968 in plant A. and 

1974 in plant B. annual doses averaged 

over all workers were kept below 5 

rem. which was the intemarionally rec- 

ognized annual limit for individual radi- 

ation workers at that time. 

Studies on health effects of radiation on 

radiologists and radiology technicians 

go back to the early use of x rays in 
medicine. British radiologists who 

began their professional work before 

1911 had a 75 per cent higher cancer 

death rate than other medical practition- 

ers. Cancers of the pancreas. lung. 

skin. and leukemia were significantly 

elevated. Doses received by those early 

workers are not possible to estimate. 

but whole-body doses of the order of 

100 to 500 rad might have been accu- 

mulated by those entering the profes- 

sion between 1920 and 1945. The can- 

cer death rate for British radiolopists 

who started in the profession aft& 1920 

was not significantly elevated. 

Until about 1950. radiologists in the 

U.S. were also observed to have excess 

cancer mortality. especially leukemia. 

lymphoma. and multiple myeloma. 

when compared with internists or other 

medical specialists who have less po- 

tential for radiation exposures. Both 

the British and U.S. studies show that. 

since adoption of radiation protection 

practices, any hazard attributable to ra- 

diation can no longer be demonstrated. 

Medical x-ray personnel in China and 

Japan during study periods of two to 

three decades before 1985 had in- 

creased relative risks for cancers of the 

esophagus, liver, skin, large intestine. 

central nervous system. and leukemia. 

In all studies. a consistent finding for 

medical x-ray workers in earlier peri- 

ods. when they accumulated higher 

doses, is an increased risk for all can- 

cers combined. However, the lack of 

dose measurements is a serious defi- 

ciency and limits the value of those 

studies for estimating radiation risk. 

This abreviated survey of radiation ef- 

fects in exposed populations suggests 

that acute radiation doses in the tens of 

rem range can result in an increased 

risk for some cancers. notably thyroid 

and female breast. and that the risk in- 
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creases with increasing dose for all can- 

cers. The medical exposures were gen-, 

erally acute. whereas the occupational 

exposures were generally chronic. At 

high levels. both have been associated 

with elevated cancer incidence and 

mortality. 

Risk Estimates Based 
on Japanese Atomic-Bomb 

Survivors 

What is the cancer mortality risk per 

unit dose that is derived from observed 

effects of radiation in humans? [n this 

section, we obtain quantitative cancer 

mortality risk factors for high-dose 

high-dose-rate exposures from an analy- 

sis of the most recent data for the 

Japanese atomic-bomb survivors (UN- 

SCEAR94. Annex A). In addition, we 

examine non-carcinogenic prenatal ef- 

fects in this group (UNSCEAR93. 

Annex H). 

Atomic-Bomb Survivors. Perhaps. the 

best source of data on the radiation in- 

Expected number of cancer deaths 
unexposed Japanese population 

Expected fluctuations ii Expected fluctuations 
about the mean 

I 1.1 

-30 -20 -U 6 

been followed with great care for 

decades, and they represent all ages at 

time of exposure. both sexes. and a 
wide range of doses. The data on solid- 

Observed cancer deaths 
among atomic bomb 
survivors 

Number of cancer deaths 

Figure 3. Excess Solid-Tumor Deaths among Atomic-Bomb Survivors 

The observed number (6900) of solid-tumor deaths among Japanese atomic-bomb sur- 

vivors (1950-1987) and the distribution of the expected number of such deaths, with a 

mean value of 6600. The observed number is 3.7 standard deviations from the mean, 

indicating that the number of excess cancer deaths is much greater than can be ac- 

counted for by fluctuations in the expected number. (Data from UNSCEAR94). 

tumor incidence cover the period from 

1958 to 1987 and include about 80.000 

individuals; the data on leukemia inci- 

dence and solid-tumor mortality cover 

the period from 1950 to 1987 and in- 

clude about 86,000 individuals for each. 

The 1985 total Japanese population is 

used as the basis for expected rates of 
mortality. cancer mortality. and cancer 

incidence; by age and sex. among an 
unexposed population. On the basis of 

these normal mortality rates in the 

atomic-bomb-survivor population. the 

number of solid-tumor deaths expected 

is about 6600, whereas the observed 

number is about 6900. As shown in 

Figure 3, this excess of 300 cancer 

deaths represents a statistically signifi- 

cant increase above the expected num- 
ber, but the absolute number may seem 

surprisingly small to most members of 

the general public. Perhaps, this result. 

more than any other, provides a mean- 

ingful perspective for the public's anxi- 

eties regarding radiation. so it desenes 

emphasis. Of approximately 86.000 

persons that survived exposure to atom- 

102. 
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ic bombings in 1945. only 300. or 0.35 

cent. are estimated to have died 
F 

( 1950-19873 from radiation-in- 

Juced solid cancer?. In the leukemia 

in,j,jenc.e cohort. 75 persons. or 0.087 

cent. are estimated to have devel- 

,ped radiation-induced leukemia. 

Tllble 2 lists those cancers for which 

,tatljtically significant (90 per cent con- 

fidence) effects were seen for cancer 

,,lortality and for cancer incidence. 

jo given are the excess-relative-risk 

factors. Statistically significant effects 

!vert not seen. in either the incidence or 

mortality data. for cancers of the esoph- 

agus. bone and connective tissue. and 

brain and central nervous system. 

,\lso. statistically significant effects 

sere not seen in the incidence data for 

non-Hodgkin's lymphoma. Unfortu- 

nately. an earlier analysis. which as- 

mned that neutrons and gamma rays 

were equally effective for carcinogenic 

effects. had to be used for the leukemia 

and multiple myeloma mortality data. 

as these were not available in the most 

recent analysis. which assumed that 

Table 2. Statistically Significant Radiation-Induced Cancers 

Cancer Site 

leukemia 

multiple myeloma 

breast 

bladder 

lung 

colon 

liver 

stomach 

Excess-Relative- 

Risk Factor for Mortality. 

(rem-') 

0.052 

0.023 

0.018 

0.012 

0.0076 

0.0047 

0.0044 

0.0022 

Mortality Rate per 

1 OO,OOO person-yearst 

male female 

8.5 5.0 

3.4 2.2 

0.2 27.2 

5.8 1.6 

73.0 30.9 

23.3 15.6 

3.6 1.7 

63 2.8 

Cancer Site Excess-Relative- Incrdence Rate per 

Risk Factor for Incidence* 

(rem-') 
100,000 person-yearst 

thyroid 0.015 

skin (non-melanoma) 0.0088 

2.5 6.4 

-unavailable- 

'Excess- relative-risk factors are calculated using a quality factor of 10 for neutrons except 

for leukemia and multiple myeloma mortality, where a quality factor of unity IS assumed 

+Normal age-adjusted cancer and incidence rates in the U S. (1987-1991). 

~~ ~~ 

Table 3. Life-span Study: Solid-Tumor Mortality (1 950-1 987) 

Absorbed 

Dose 

(rad) 

<1 

1-10 

10-20 

20-50 

50-1 00 

100-200 

> 200 

Mean Weighted 

Dose-Equivalent 

(rem) 

0 

4 

14 

33 

74 

142 

252 

Person 

Years 

i,3a5,374 

693,935 

171,130 

93,116 

46,891 

9.984 

18a,444 

Number of 

Subjects 

46,176 

23,147 

5,713 

6.283 

3,111 

1,543 

336 

~~ 

Observed 

Deaths 

3,435 

1,868 

472 

582 

31 2 

178 

40 

Expected 

Deaths 

3,433 

1,837 

444 

508 

234 

108 

18 

This table divides the exposed population into groups according to the dose received. The data in the first row, corresponding to 

absorbed doses of less than 1 rad, have been asslgned a mean equivalent dose of zero rem. The first column gives the absorbed- 

dose intervals into which the data are organized, and these correlate with distance from the bomb blast. The second column gives 

the mean doseequivalent (D) in rem received by each subpopulation. The third column gives the total number of person-years of 

follow-up (Po for the subjects in each dose category. The fourth column gives the number of persons in each dose category. The 

next-to-last column gives the actual number of observed cancer deaths (0) in the time interval 1950-1987. The last column gives the 

number of cancer deaths expected (E) in each subpopulation, based on a comparison of the age and sex distribution with an unex- 

posed Japanese population. 
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neutrons were ten times as effective as 

gamma rays. 

The solid-tumor mortality data for 

Japanese survivors are given in Table 3. 

grouped according to level of exposure. 

estimated from each subject's distance 

from the bomb blast. The data on 

doses are sufficiently consistent and the 

number of subjects in e:! 

val is large enough to alii .v an estimate 

of the rate at which cancer mortality 

risk increases with radiation dose. This 

has been done by international bodies 

of experts in the fields of epidemiology 

and radiation protection. 

'ose inter- 

With regard to hereditary health effects 

and prenatal carcinogenic effects, the 

numbers observed. even among this 

large cohort, are too small to be statisti- 

cally significant. However, statistically 

significant noncarcinogenic prenatal de- 

terministic effects have been observed. 

These effects include severe mental re- 

tardation, small head size, and low intel- 

ligence scores. For severe mental retar- 

dation. a sensitive period of 8 to I5 
weeks after conception was identified. 

Radiation is thought to produce a dose- 

dependent loss of functional neuronal 

connections in the brain cortex, which is 

responsible for a downward shift of the 

bell-shaped Intelligence-Quotient (IQ) 

distribution. This downward shift is es- 

timated to be about 30 IQ points per 

100 rem. for exposures in the critical 

period of 8 to 15 weeks after concep- 

tion. Severe mental retardation is clini- 

cally defined as more than two standard 

deviations (about 30 IQ points) below 

the average score of 100 IQ points, that 

is. below 70 IQ points. Based on these 

studies of the Japanese survivors, it is 

estimated that the radiation-induced 

shift in the IQ distribution. correspond- 

ing to a dose of 100 rem, would result 

in severe mental retardation in about 50 

per cent of the prenatally exposed indi- 

viduals. This effect is believed to have 

a threshold of about 10 rem. 

Risk Estimates for High Doses and 
High Dose-Rates. How should the 

Slope= 4 5x 1 o-~ per rem 

50 100 150 200 250 300 

Dose (rem) 

Figure 4. Excess Relative Risk for Solid-Tumor Mortality versus Dose 
for the Japanese Atomic-Bomb Survivors 

This graph is a plot of the data in Table 3. The error bars correspond to plus and 

minus one standard deviation. A straight-line fit to the data yields the high-dose, high- 

dose-rato relative risk factor of 4.5 x lo3 per rem. Note that the two data points below 

20 rem, although lying on the striaght line, are also consistent with zero risk. (Data 

from UNSCEARW.) 

cancer data be analyzed to determine 

the risks associated with radiation expo- 

sure? Let us do a simple, straightfor- 

ward analysis of the solid-tumor mor- 

tality data in Table 3 to determine a 

risk factor corresponding to the acute 

high-dose exposure experienced by the 

Japanese survivors. Following current 

practice, we shall use the excess-rela- 

five-risk model (see "Measuring 

Risk')). We plot in Figure 1 the ERR 

for solid-tumor mortality versus dose 

(D) for each of the seven dose groups 

listed in Table 3. The error bars reflect 

the statistical uncertainty of each data 

point and are estimatd assuming that 

the uncertainty in 0 (or E) is given by 

the square-root of 0 (or 0; thus, they 

correspond to plus and minus one stan- 

dard deviation (see "Statistical Signifi- 

cance"). 

The data in Figure 4 are fit nicely by a 
straight line with a slope of 1.5 X 

per rem. which is the excess-relative- 

risk coefficient for solid-tumor cancer 

mortality. If we multiply this figure by 

the solid-tumor mortality rate in the 

general unexposed population. tte . .in 

obtain the absolute rate of radiation-in- 
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duced cancer mortality per unit dose. 

In the Life-span Study. :le 1985 
Japanese population and death rates are 

,,sed as the unexposed population, 

from which is obtained the solid-tumor 

death rate of 24.3 per cent. Thus, we 

&ain the risk factor for radiation-in- 

duced solid-tumor mortality of 0.001 I 

per rem. If we include leukemia, the 

risk factor rises to 0.0012 per rem. 

which is the appropriate overall risk 

factor for high-dose high-dose-rate ex- 

posures. For example, if a population 

of 1000 persons is exposed to an acute 

whole-body radiation dose of 20 rem. 

we should expect, based on this analy- 

jis, 74 extra cancer deaths (1000 X 

0.0012 per rem X 20 rem) as a result 

of the exposure in addition to the 200 

or so cancer deaths that might normal- 

ly be expected. Stated differently, an 

individual exposed to an acute whole- 

body dose of 20 rem has about a 2.4 

per cent chance of eventually dying 

from radiation-induced cancer. For 

comparison, an individual living in the 

U.S. has, on average, about a 1.5 per 

cent chance of dying in an automobile 

accident. 

I 

I 

Referring to Figure 4. it will be noted 

that the solid-tumor data corresponding 

to doses below 20 rem (which is 84 

times the average annual world-wide 

dose due to background radiation] are 

consistent with zero effect. If the error 

bars are extended to plus and minus 

two standard deviations. which corre- 

sponds to approximately a 95 per cent 

confidence interval, statistically signifi- 

cant effects are not seen below about 

50 rem. Thus, the risk factor derived 

above may or may not apply to the 

low doses and low dose rates typically 

encountered by radiation workers and 

the general public. Nevertheless, an 

assumption of effects at low doses and 

low dose rates is prudent for establish- 

ing standards and guidelines for the 

protection of the health and safety 

of radiation workers and the general 

public. 
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Figure 5. Extrapolation of High-Dose Data to Doses below 20 Rem 

The lowdose data from Figure 4 with a straight-llne extrapolation from the highdose 

data, as well as other possible fits to the data, including (a) thresholdninear, (b) sub- 

liner, (c) superlinear, and (d) adaptive, or hormetic, response. 

Extrapolating Risk Estimates 
to Low Doses of Radiation 

Since the 1920s, when the risk of ex- 

posure to both internal and external ra- 
diation sources became apparent, offi- 

cial organizations have been 

established to recommend radiation 

protection standards. The most influ- 

ential international organizations are 

the International Commission on Radi- 

ological Protection (ICRP) and the 

United Nations Committee on the Ef- 

fects of Atomic Radiation (UN- 

SCEAR), and in the U.S.. the National 

Council on Radiation Protection and 

Measurements (NCRP). These organi- 

zations are charged with estimating the 

risks associated with exposure to low 

levels of radiation and recommending 

20 

dose limits for radiation workers and 

the general public. 

Risk Estimates for Low Doses. In 

the absence of convincing human data 

at the low doses and low dose rates 

that are of interest to radiation workers 

and the general public, the above-men- 

tioned organizations have estimated the 

low-dose low-dose-rate risk principally 

by extrapolation of the risks obtained 

from the high-dose high-dose-rate 

atomic-bomb survivor data and other 

radiation effects studies. But what 

type of extrapolation is appropriate'? 

The easiest choice (Figure 5) is to ex- 

trapolate the straight line drawn 

through the high-dose data in Figure 4 

all the way down to zero. This choice, 

known as the linear-dose-response, no- 
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threshold (LNT) hypothesis. implies 

that the risk is proportional to dose all 

the way down to zero dose. This hy- 

pothesis further it..$ies that the same 

number of excess cancers would arise 

from exposing 100 persons to 100 rem. 

or IO thousand persons to 1 rem. or 10 

million persons to 1 millirem (all doses 

are in addition to natural background). 

In the latter two cases. the predicted 

excess is well within the normal fluctu- 

ation of the expected number of cancer 

deaths for an unexposed population 

and. therefore. not identifiable as due 

to radiation exposure. 

Figure 5 also shows some other possi- 

ble choices for extrapolation from the 

high-dose data. namely: (a) threshold, 

where there is some value of dose 

below which there is no effect: (b) sub- 

linear (dose exponent greater than 1 ). 

where the effect per unit dose at low 

doses is less than at high doses; (c) su- 

perlinear (dose exponent less than l), 

where the effect per unit dose at low 

doses is greater than at high doses; and 

(d) adaptive response (radiation horme- 

sis), where very low doses have a pro- 

tective effect. The body of human ex- 

posure data, together with experimental 

animal data, do not allow the definite 

exclusion of any of the above possibili- 

ties; however, the results of most ani- 

mal and cellular experiments favor ei- 

ther the LNT or sublinear hypotheses. 

Theoretical considerations involving the 

random nature of the fundamental dam- 

age processes in cellular DNA, as well 

as the fallibility of cellular repair mech- 

anisms, also favor the LNT and sublin- 

ear hypotheses over the others. Fur the 

LNT hypothesis. the cell's repair effec- 

tiveness is assumed to be independent 

of dose. For many cellutar exoeri- 

ments, the cell's repair effect1 -ness is 

seen to increase with decreasing dose, 

which is consistent with the sublinear 

hypothesis. In other words. the radia- 

tion becomes less effective per unit 

dose at low doses. Also, the cell's re- 

pair effectiveness is seen to increase 

with increasing time between doses, 

and with lower dose rates. 

106 I zsc I-JI 

The radiation-protection community has 

adopted the LNT hypothesis as a con- 

servative basis for estimating risk. 

However. they have chosen to modify 

risk estimates based on this hypothesis 

to take into account results from animal 

and cellular experiments indicating that 

low doses and low dose rates are less 

effective at causing biological damage. 

In particular. the risk factor for low 

doses (less than 20 rem) or low dose 

rates (less than 0.6 rem per hour) is set 

equal to one-half the risk factor for 

high doses (1.3 X per rem) (see 

UNSCEAR 94). The risk factor for ra- 

diation-induced cancer mortality then 

becomes 6 X per rem for the gen- 

eral population. which is within the 

range of uncertainty of the official 

NCRP and ICRP- recommended risk 

factor of 5 X IO-' per rem. Because 

the working population does not in- 

clude children, the risk factor for work- 

ers is set somewhat lower, at 3 X IO-' 

per rem. 

Thus, the risk factors for low-dose (less 

than 20 rem) or low-dose-rate (less than 

0.6 rem per hour) radiation exposure 

that are generally used throughout the 

world today are 5 X IO" per rem for 

the general public and 4 X 10" per rem 

for workers. These factors are to be 

applied to exposures in excess of natur- 

al background levels. For example, a 

person living on the East Coast. with a 

natural background level of 200 mil- 

lirem per year, who is occupationally 

exposed to a dose rate of 100 millirem 

per year for 40 years, has incurred an 

excess risk for cancer mortality of 0.16 

per cent (4 x 10' per rem x 0.1 rem 

per year X 40 years = 0.0016). Anoth- 

er person, living in Denver. with a nat- 

ural background level of about 340 mil- 

lirem per year, who receives no 

additional exposures, incurs no addi- 

tional risk for cancer mortality. Thus, 

the person on the East Coast incurs a 

greater risk than the person in Denver. 

despite the fact that the person in Den- 

ver is receiving a higher total dose per 

year than the person on the East Coast. 

If this seems strange to the reader, you 

are not alone. It should also be noted 

that radiation received from medical ex- 

posures is not included in records of 

occupational exposures. 

What is the risk factor for radiation-in. 

duced hereditary effects'? It is known 

that radiation can cause mutations in 

the DNA of germ cells (ova and 

sperm), and those changes can be prop- 

agated from one generation to the next. 

These radiation-induced mutations are 

similar to those that occur spontaneous. 

ly, Are there clinical manifestations 

arising from radiation-induced muta- 

tions? Epidemiology has not detected 

statistically significant hereditary health 

effects of ionizing radiation in humans. 

Based on cellular and animal studies. 

statistically significant hereditary health 

effects in human populations at the 

dose levels usually experienced are not 

expected. Even among the Japanese 

atomic-bomb survivors. predicted 

hereditary health effects of .ireir expo- 

sure to radiation would not appreciably 

increase the normal incidence of such 

effects that are due to all other causes. 

Risk estimates, therefore, must be based 

largely on genetic studies of organisms 

and on cellular studies with radiation. 

Using two different methodologies, 

UNSCEAR estimates the risk in the re- 

productive segment of the population 

for serious effects in the two succeed- 

ing generations following exposure to 

be about 3 X per rem. (Serious ef- 

fects include stillbirths, major congeni- 

tal defects, and cancer incidence before 

the age of twenty.) A risk value of 

1.2 x IO-' per rem is given for all gen- 

erations after exposure. 

Population studies show that diseases 

with an important genetic c Tponent 

occur in five to six per cent ~f live-born 

individuals. If all congenital anomalies 

are considered part of the genetic load, 

the percentage rises to about eight per 

cent. Thus, the additional genetic risk 

from low radiation doses is trivial com- 

pared with the genetic load carried in 

the general population. 
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Population Requirements of Low-Dose Studies 

Statistically significant results showing a definite correlation (either posi- 

tive or negative) between low-level exposures and excess cancers are 

very difficult to obtain, primarily because the risk factor for excess can- 

cer mortality per unit dose is so small. Thus, for low doses, one needs 

to follow a very large population for several years for there to be a 

chance of detecting any correlation at all. 

As an illustrative example of the statistical difficulties encountered at low 

doses, consider the problem of trying to correlate variations in cancer 

mortality with variations in doses from natural background radiation. 

Background doses vary by more than a factor of two, depending on lo- 

cation. Let us suppose that the actual number of radiation-induced can- 

cer deaths varies as predicted by the linear-dose-response. no-threshold 

hypothesis. Then, for a population of N persons, the number of excess 

cancer deaths is given by (5 x 10-4)DN, where 5 x rem-' is the hy- 

pothetical cancer mortality risk factor for the general public and D is the 

dose in rem (above normal background). The expected number of can- 

cers for an unirradiated population is 0.20 N, where 0.20 is the cancer 

mortality rate for the general population. The expected fluctuation in the 

number of expected cancer deaths is given by the standard deviation, 

(0.20 N)'/*. In order to be confident of the result, the number of excess 

cancer deaths should be more than two standard deviations; let us say 

three standard deviations. Thus, for the number of radiation-induced ex- 

cess cancer deaths to be at least three times as great as the expected 

fluctuation in the number of cancer deaths in an unirradiated population, 

the following inequality must be satisfied: 

(5 x 104)DN > 3(0.20 N)1/2, 

which yields N > 7.2 x lo6/#. Therefore, to observe a change in can- 

cer mortality due to an extra dose (from an elevated background level) 

of, say, 0.24 rem per year over a lifetime of 75 years, or 18 rem, re- 

quires a study population of more than 20,OOO persons. A similar popu- 

lation is required for a control group, and both populations must be sta- 

ble (that is, individuals remaining in the area). This simplified example 

assumes that everyone in the population receives a similar background 

dose, and it takes no account of possible confounding factors involving 

diet, habits (foraampkt, smoking), physical activity, and so forth. In- 

cluding all of these additional considerations may well double or triple 

the populations required, resulting in a very large, very expensive project 

that must last for several years. It is, therefore, not too'surpriung that 

few such studies are undertaken. 

Another measure of the effectiveness of be about 200 rem for the Japanese 

ionizing radiation in producing heredi- atomic-bomb survivors. The overall 

tary health effects is the dose required uncertainty in this estimate is consider- 

to double the normal incidence of the able, but the figure is thought to be 

observed effect, which is estimated to conservative. Applying a low-dose-rate 

factor of two for chronic exposures re- 

sults in a minimal estimate of the dou- 

bling dose of 300 rem. which is about 

1700 times the average annual dose 

from background radiation (LN- 

SCEAR93 ). 

Radiation Protection Standards. 

Both the ICRP and the NCRP have rec- 

ommended upper limits on radiation ex- 

posure that are intended to prevent the 

occurrence of deterministic effects and 

to ensure acceptably low levels of risk 

for stochastic effects. Both organiza- 

tions use the conservative LNT hypoth- 

esis to estimate risks for doses below 

the level of statistically significant data. 

This hypothesis is equivalent to a sto- 

chastic model of radiation effects. It 

should be emphasized that the cancer 

mortality risk factors (5 X per rem 

for the general public, 3 X per rem 

for workers) are often applied. especial- 

ly for public exposures, at dose le\.els 

that are orders of magnitude smaller 

(that is, a few millirem) than those at 

which effects of ionizing radiation are 

actually observed in humans. 

The annual dose limits recommended 

by the'NCRP in 1993 (NCRPI 16) in- 

clude. for occupational exposures. 5 
rem for stochastic effects, and for non- 

stochastic effects, 15 rem for the lens 

of the eye, and 50 rem for all other or- 

gans. Also, the NCRP recommends 

that a worker's lifetime effective dose 

not exceed 1 rem multipied by the 

worker's age in years. Thus, for exam- 

ple, a worker who retires at an age of 

65 years with a cumulative whole-body 

dose of 65 rem (which is relatively 

rare) has a hypothetical probability of 

2.6 per cent (4 X IO" per rem X 65 

rem = 0.026) of dying from radiation- 

induced cancer. The iobability of can- 

cer mortality for the general population 

is about 20 per cent. For the general 

public, the NCRP recommends an an- 

nual limit of 0.1 rem for continuous or 

frequent exposure and 0.5 rem for in- 

frequent exposure. Thus. a person ex- 

posed to 0.1 rem per year for 75 years 

has a hypothetical probability of about 
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0.4 per cent (5 X per 
rem x 0.1 rem per year X 75 

years = 0.00375) of dying 

from radiation-induced cancer. 

All exposures are considered 

to be in addition to back- 

ground levels. 

A more complete listing of the 

standards, together with the 

events and the philosophy that 

has guided their development, 

can be found in the article "A 
Brief History of Radiation Pro- 
tection Standards." 

Human Exposures to 
Low Doses of Radiation 

In previous sections of this ar- 

ticle, we described human ex- 

posures to radiation that result- 

ed in observed effects, 

particularly cancer. Generally, 

the doses received in these 

cases were high. Most of 

these exposures occurred in 

the first half of this century, 

before the risks associated 

with radiation were well un- 

derstood. What levels of radi- 

ation exposure are radiation 

workers and members of the 

public experiencing today. and 

what effects, if any, are ob- 

served? What are the risks as- 

sociated with these exposures? 

In this section, we attempt to 

I I I I I I 
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Mean radon level (picocuries per liter) 

Figure 6. Is this Hormesis? 

The graph shows lung cancer mortality versus mean radon 

concentration in lowest level of homes for 1,601 U.S. counties. 

Data are for females, and error bars correspond to plus and 

minus one standard deviation (the data for males are similar). 

The theory line is obtained by applying the linear-no threshold 

(LNT) hypothesis to higherdose data for miners. The theoreti- 

cal risk increases at a rate of 7.3 per cent per picocurie per liter, 

whereas the data show a decreasing risk with increasing radon 

concentratiqn. Thus, the LNT hypothesis is contradicted by 

this study. (Reproduced from 8. Cohen, 1995, Heanh Physics 

68: 157-174.) 

answer these questions by reviewing 

the dose data and epidemiological stud- 

ies for environmental and diagnostic 

medical exposures of the general public 

and the occupational exposures for nu- 

clear workers. We shall dso apply the 

risk factors derived in the previous sec- 

tions to determine the hypothetical risks 

for cancer mortality associated with 

these low-level exposures and compare 

the results with epidemiological data, 

where possible. 

Environmental Exposures. As stated 

earlier, the world average annual effec- 

tive dose from natural sources is about 

240 millirem, with a little more than 

half due to radon and its decay products 

and 23 millirem from radionuclides 

within the body, particularly potassium- 

40. Cosmic rays and terrestrial gamma 

rays account for the remainder. No one 

knows what percentage of observed 

cancer deaths, if any. is due to exposure 
to background radiation. However, it is 

of some interest to determine the per- 

centage obtained from a straightforward 

application of the risk factors for radia- 

tion-induced cancer mortality, even 

though the risk factors are meant to be 

applied to exposures in ex- 

cess of natural background, 

This exposure (240 millirem 

per year), taken over a 75- 

year life span, would result, 

hypothetically, in an in- 

creased risk of cancer mor- 

tality of 0.9 per cent (5 x 
10" per rem X 0.250 rem 

per year X 75 yrs = 0.009). 

Thus, according to the risk 
estimates extrapolated from 

high doses, background ra- 

diation may account for less 

than 5 per cent (0.009/0.20) 

of all cancer deaths. 

Tf bt -round radiation is 

responhible for some cancer 

deaths, then the consider- 

able'variability in back- 

ground levels with location 

and altitude might result in 

observable variations in 

cancer mortality from one 

region to another. The 

magnitude of the vanability 

of this natural background 

radiation is noteworthy. 

While cosmic radiation ac- 

counts for about 25 mil- 

lirem per year at sea level, 

this rate is approximately 

doubled for the "mile-high'' 

cities of Albuquerque and 

Denver, and approximately 

quadrupled for Quito, 

Ecuador. at 9350 feet, be- 

cause of the decreased at- 

mospheric shielding at higher altitudes. 

Gamma rays resulting from the decay 

of radioactive nuclides in the soil and 

rocks accounts for 46 millirem of the 

world average annual dose. In the 

U.S.. this contribution varies in the 

range of 15 to 150 millirem per year, 

with the East Coast and Gulf Coast re- 

gions generally at the lower end of the 

range, and the Central Rockies (Den- 

ver area) near the upper end of the 

range. In several locations of the 

world where deposits of thorium-rich 

monazite sands occur, notably the Ker- 
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ala Coast of India, dose rates of sever- 

al hundred millirem per year are found 

for the terrestrial contribution. 

Table 4. Medical Diagnostic Procedures 

Indoor radon represents the largest con- 

tribution to the average annual back- 

“round dose, and it can vary by a factor 

of ten or more. Studies of U.S. homes 

have found a mean activity concentra- 

tion in the ground floor (lowest livable 

area) of 1.25 picocuries per liter, which 

would correspond to an annual whole- 

body effective dose equivalent of about 

400 millirem, if these areas were occu- 

pied 100 per cent of the time (or 40 

millirem for 10 per cent occupancy). 

The activity concentration in approxi- 

mately 6 per cent of U.S. homes ex- 

ceeds 4 picocuries per liter, the level at 

which the U.S. Environmental Protec- 

tion Agency recommends corrective ac- 

tion be taken. 

Because background radiation levels 

vary so widely around the world, epi- 

demiologists have looked for correla- 

tions between cancer rates and back- 

ground dose. The effect of exposures 

to widely varying levels of background 

radiation are more likely to be observed 

with leukemia than most other cancers. 

This is because the radiosensitivity for 

leukemia is greater, the time interval 

between exposure and the onset of dis- 

ease is less than for most other cancers, 

and the natural incidence of leukemia is 

extremely low. Also, the influence of 
other environmental risk factors is 

thought to be less for leukemia. Stud- 

ies in the United States, Canada, 

France, Sweden, and China have failed 

to find a significant correlation between 

leukemia incidence and background ra- 
diation levels (see “Population Require- 

ments of Low-Dose Studies”). 

The Chinese study (1970-1985) in Yan- 

jiang County, Guangdong Province, 

represents the most extensive study on 

the health effects of natural background 

radiation. This study, involving some 

70.000 persons, took place in two 

neighboring regions in which a differ- 

ence in annual dose of 200 to 300 mil- 

X-ray Examinations’ 

(1 985-90) average annual total number of 
examinations 

1200 per 1000 persons 

(1 985-90) average annual number of 
dental examinations 

400 per 1000 persons 

(1980) average annual effective dose per 
patient 

(1 980) annual collective effective dose 

50 millirem 

9.2 x lo6 person-rem 

Effective Doses from Diagnostic X-Ray Procedurest 

lower GI tract 720 millirem 
upper GI tract 410 millirem 
angiography 680 millirem 
urography 31 0 millirem 
computed tomography 430 millirem 
dental examinations a few millirem 

Nuclear Medicine Procedures’ 

(1985-90) average annual number of 
procedures 

(1 982) average annual effective dose 
per patient 

26 per 1000 persons 

500 millirem 

(1 982) annual collective dose 3.2 x lo6 person-rem 

Effective Doses from Diagnostic Nuclear-Medicine Procedurest 

- cardiovascular 1400 millirem 
brain 870 millirem 
bone 630 millirem 
thyroid scan 380 millirem 
thyroid uptake 250 millirem 

‘Data for the US. 
tData for a group of nations for which there is at least one physician per 1000 

persons. 

lirem was associated with nearby de- 

posits of monazite sands. Based on es- 

timates from the Japanese Life-span 

Study (omitting the dose-rate reduction 

factor), an excess risk for leukemia in- 

cidence of 27 per cent by age 50 years 

would be expected for the group with 

the higher annual dose. However. the 

leukemia mortality rate in this group 

was lower than in the control group (26 

versus 33 deaths), though the difference 

was not statistically significant. One 

would conclude from this result that the 

risk factor based on extrapolation from 

the high-dose Japanese data overesti- 

mates the leukemia risk. However, an 
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increase in chromosome aberrations 

was seen in cells taken from the group 

receiving the higher annual dose com- 

pared to the control group. 

Another possible correlation to look for, 

is one between radon exposure and 

lung cancer. Figure 6 shows the results 

of a study of lung cancer mortality per 

county versus mean radon concentration 

per county for more than 1600 U.S. 

counties, representing almost 90 per 

cent of the U.S. population. The data 

show a negative correlation up to con- 

centrations of at least 7 picocuries per 

liter. This result would seem to imply 

that up to dose-rate levels of 200 to 300 

millirem per year (assuming 10 per cent 

occupancy) radon exposure has a 

hormetic effect. that is, radon exposure 

decreases the chance of lung cancer 

mortality. The LNT hypothesis. of 

course, predicts an increasing lung can- 

cer mortality with increasing radon ex- 

posure. Of ten other studies in coun- 

tries world-wide, two (Norway and 

Sweden) showed a significant positive 

correlation between lung cancer and 

radon concentration, two (France and 

United Kingdom) showed a significant 

negative correlation, five (Canada. 

China. Finland. Italy, and Japan) 

showed no significant correlation. and 

Denmark was found to have a higher 

lung-cancer rate than Sweden despite a 

lower mean radon concentration. 

* 

Diagnostic Medical Exposures. Med- 

ical diagnostic examinations represent 

the largest exposure of the general pub- 

lic to man-made radiation. Table 4 lists 

frequency and dose information for x- 

ray examinations and nuclear-medicine 

diagnostic procedures. Although indi- 

vidual doses are relatively small, the 

total annual collective dose equivalent 

from diagnostic x-ray and nuclear-med- 

kine procedures in the U.S. is 1.24 X 

IO7 person-rem, which is rather large. 

How many excess cancer deaths might 

be attributed to this collective medical 

exposure'? Simply multiplying the col- 

lective dose by the risk factor for can- 

cer mortality (5 x per rem) yields 

110 
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Table 5. Distribution of Cumulative Doses in IARC Study of Nuclear Workers 

Dose Range (rem) 

0 

0-1 

1-5 

5 - 50 

50 - 100 

> 100 

Fraction of Workers 

0.1 1 

0.49 

0.20 

0.19 

0.009 

0.001 

6200 hypothetical excess cancer deaths 

per year for the U.S.. which is about 1 

per cent of the total annual number 

(547,000) of cancer deaths and about 8 

times the standard deviation (740) of 

this number. This crude estimate 

would seem to suggest that the number 

of hypothetical radiation-induced cancer 

deaths associated with diagnostic x-ray 

and nuclear-medicine procedures in the 

U.S. should be observable, if real. In- 

terpretation of these data would be 

complicated by a number of confound- 

ing factors-for example, many persons 

exposed in diagnostic procedures have 

pre-existing disease, and up to one-half 

of the procedures take place in the last 

year of life: These confounding factors 

would diminish the significance of ob- 

served mortality statistics. 

Nuclear Industry Exposures. The nu- 

clear industry provides a setting in 

which the average exposures are above 

background, but are still relatively low, 

because of the adherence to radiation 

protection standards. Nuclear workers 

make an ideal group for studying the ef- 

fects of low-level exposures in the few- 

rem range, because they are monitored 

regularly and records are easily avail- 

able. In fact. several studies have been 

made of workers in nuclear energy and 

weapons facilities in the United King- 

dom, United States. and Canada. Aver- 

ages of individual cumulative doses for 

workers at these facilities were in the 

range of 0.8 to 12.4 rem. which. when 
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Figure 7. Nuclear Worker Data for Leukemia Risk 
Excess relative risk for mortality for all leukemias, excluding chronic lymphocytic 

leukemia, versus cumlative dose for 96,OOO nuclear industry workers in the United 

Kingdom, the United States, and Canada. The error bars correspond to plus and 

minus one standard deviation. Forcing a straight-llne fit to all of the data yields a rela- 

tive risk factor of 2.15 x lo-* per rem. However, if the highest-dose data point is ex- 

cluded, the remaining data show no increase of risk with increasing dose. (Data from 

E. Cardis, et al., 1995, Radiation Research 142: 117-132.) 

multiplied by the risk factor for workers 

of 4 X lo' per rem. yield a hypothetical 

average risk range for radiation-induced 

cancer mortality of 0.03 per cent to 0.50 
per cent. For all cancers taken together. 

there were no statistically significant ex- 

cess risks of radiation-induced cancer 

found in any of the studies. 

Looking at specific cancers, a signifi- 

cant excess risk (about 27 per cent) was 

found for lung cancer in workers at 

Oak Ridge plants. with the average in- 

dividual cumulative dose a very low 1.7 

rem. This dose yields a hypothetical 

risk for cancer mortality of 0.07 per 

cent. However, there is some indica- 

tion that smoking may be a confound- 

ing factor in these results. At the Sell- 

afield plant in the United Kingdom. the 

average individual cumulative dose was 

12.4 rem. which yields a hypothetical 
cancer mortality risk of 0.5 per cent. A 

"significant trend" was reported for ex- 

cess leukemia risk when exposures 

were lagged by 15 years to better ai. ..n 

them in time with the appearance of the 

disease. However. it should be noted 

that there were 10 leukemia deaths 

overall at Sellafield, whereas 12 would 

have been expected if the radiation ex- 

posures posed no risk. 

The Intermtional Agency for Research 

on Cancer (IARC) Study Group on 

Cancer Risk among Nuclear Industry 

Workers performed an independent 

study of the combined data. mentioned 

above, from the United Kingdom, 

United States. and Canada. This study. 

involving more than 95.000 individu- 

als, is the most extensive study to date 

for cancer mortality risk associated 

with protracted exposure to low levels 

of radiation. The distribution of cumu- 

lative doses received by the wdy pop- 

ulation. listed in Table 5, was rather 

skewed in that 60 per cent of the co- 

hort received doses of 1 rem or lers 

and only about 1 per cent received 

doses of 50 rem or more. All doses 

are assumed to be at low dose rates. 

Excluded from the study were 19 

workers who received greater than 25 

rem in a single year. 

The excess relative risk (ERR) for all 

cancers, excluding leukemia, was re- 

ported to be negative at -7 X 10' per 

rem. with a 90-per-cent confidence in- 

terval from -39 X 

per rem, which is consistent with zero 

risk. For leukemia, excluding chronic 

lymphocytic (CL) leukemia, which is 

thought not to be induced by radiation. 

the excess relative risk (ERR) was re- 

ported to be positive at 2.2 X lo-? per 

rem. with a YO-per-cent confidence in- 

terval from 0.1 x 10-2 to 5.7 x IO-' per 

rem, which is barely significant (the 95- 

per-cent confidence interval overlaps 

zero risk). Taking into account the 

range of uncertainties, the quoted re- 

sults for non-CL leukemia are consis- 

tent with those obtained from a linear 

extrapolation of the high-dose. high- 

dose-rate data from the atomic-bomb 

survivors, and with a low-dose, low- 

dose-rate effectiveness multiplier of 

one-half, though the range of uncertain- 

ty of this multiplier is quite large 

to +30 X 

(0.027- I .7). 
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Table 6. Plutonium Experiments in Humans (1 945-1 947) 

Subject Isotope Intake (nCi) Time (yrs) Dose (rem) LNT Probability (per cent) 

- 

CAL-I Pu-238 3500 20.7 6400 < 100. 

Pu-239 46 

CAL-II Pu-239 ' 169 0.698 13 0.65 

CAL-Ill Pu-238 51 45.0 155 7.7 

CHI-I Pu-239 400 0.438 19 1 .o 

CHI-Ii Pu-239 5900 0.0465 29 1.5 

CHI-Ill Pu-239 5900 0.465 300 15. 

HP-1 Pu-239 280 14 2 380 19. 

HP-2 Pu-239 310 2.45 80 4.0 

HP-3 Pu-239 300 37 2 880 44. 

H P-4 Pu-239 300 1.42 46 2.3 

HP-5 Pu-239 31 0 0.41 1 14 0.7 

HP-6 Pu-239 330 38.3 990 50. 

HP-7 Pu-239 390 0.71 5 30 1.5 

HP-8 Pu-239 400 29.7 1000 50. 

HP-9 Pu-239 390 1.25 52 2.6 

HP-10 Pu-239 380 10.9 41 0 20. 

HP-11 Pu-239 400 0.0164 0.6 0.03 

HP-12 Pu-239 290 8.01 230 12. 

The authors of this study give the rela- 

tive risk (RR) for all leukemias except 

CL leukemia for I0-rem exposure as 

1.22. which means that a person ex- 

posed to 10 rem of low-LET radiation 

over a working lifespan is 22 per cent 

more likely to die from non-CL 

leukemia than a similar, but unexposed 

worker. This statement would lead the 

casual reader to infer that the data at 

dose levels around 10 rem actually show 

an effect. However, an examination of 

the data presented for all non-CL 

leukemia mortality in 7 dose intervals, 

the last being greater than 40 rem. 

shows that for only the last dose interval 

is a positive effect observed (Figure 7). 

The risk factors quoted above are found 

by forcing a linear fit to all of the data; 

however. if the one data point for doses 

above 40 rem is excluded. the remaining 

6 data points for doses below 40 rem 

show a flat response with dose (that is, 

no increasing risk with dose). The 

range of uncertainties in the final results 

would also seem to allow either a sub- 

linear or superlinear dose response at 

low doses, in addition to the assumed 

linear response. This very large and 

careful study of nuclear workers does 

not provide a definitive resolution of the 

problem of determining the dose re- 

sponse at low doses (less than 20 rem). 

However, this study does provide \ AU- 

able new information at low dose rates. 

Human Radiation 
Experiments 

Recently, a great deal of attention has 

been focused (for the third time) on 
human radiation experiments that were 

carried out in the United States. during 

the 1940s and 1950s. Most of the ex- 

periments in which Los Alarnos were 

involved are discussed in part 111 of this 

volume. Here. we wish to examine the 
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doses received and the hypothetical 

risks associated with those experiments. 

The experiments include the plutonium- 

injection experiments and three series 

tracer studies done at Los Alamos. 

plutonium Injections. Starting in 

,~~ril 1935 and continuing for a period 

of about two years, 16 persons were in- 

jected uith plutonium-239. one person 

uith plutonium-238. and one person 

uith a plutonium-238/239 mixture (see 

Table 6). The subjects in the studies 

were patients at the following hospitals: 

>tanhattan Engineer District Hospital in 

Oak Ridge (subject designated HP- 12); 

Billings Hospital of the University of 

Chicago (CHI-I to 111): University Hos- 

pital of the University of California. 

San Francisco (CAL-I to 111): and 

Strong Memorial Hospital of the Uni- 

versity of Rochester (HP- I to I 1 ). 

Both plutonium-138 and plutonium-239 

are alpha emitters and are retained in 

the body for several decades. The 

amounts injected ranged from 100 to 

5900 nanocuries. The purpose of these 

investigations was to determine the ex- 

cretion rate of plutonium over time for 

known intakes. These data, together 

with extensive animal data, were criti- 

cal for constructing models that were 

used to determine the plutonium intakes 

and consequent body burdens, based on 

excretion data. for workers in the na- 

tion’s nuclear-weapons complex. It was 

not the purpose of the studies to ob- 

serve radiation effects. as none were 

expected: nor were any observed. The 

subjects in the studies were chosen 

partly on the basis of expected short re- 

maining life spans (less than 10 years). 

although about one-third lived much 

longer than expected. Whether the sub- 

jects were informed of the‘nature of the 

experiment and the potential hazards is 

a matter of some controversy: What is 

known is that at least one subject was 

not informed and at least one subject 

was informed. The issue of informed 

consent is an important one and is treat- 

ed elsewhere (see “Ethical Harm” on 

page 280). Here, we wish to examine 

the doses received and the associated 

hypothetical risks of cancer mortality. 

based on the current risk factor (5 X 

I0-j per ’m) derived from the LNT 

hypothe>,, and the subsequent lifetimes 

of the subjects. It should be noted that 

the recommended limit for plutonium- 

239 in the body during most of the 

Manhattan Project was 5 ‘micro, Orams 

(310 nanocuries). Around the time the 

injections were begun. a provisional 

limit of I microgram (62 nanocuries) 

was adopted. In 1950. the official limit 

was lowered to 0.5 microgram (31 

nanocuries). 

Let us derive the risks associated with 

the radiation exposures resulting from 

these plutonium injections by naively 

applying the hypothetical risk factor 

recommended for radiation protection 

applications, In Table 6. we give the 

relevant data for each of the iubjects; 

the fourth column is the remaining life- 

time from time of injection for each 

subject. The current radiation risk fac- 

tor for cancer mortality is applied to the 

cumulative whole-body effective dose 

equivalent. which is given in the fifth 

column of Table 6. The hypothetical 

LNT probability that this dose could 

have induced death from cancer, given 

sufficient time. is given in the last col- 

umn of Table 6. It should be pointed 

out that this procedure is meant to 

apply for relatively small probabilities, 

and it overestimates relatively large 

probabilities. Excess mortality proba- 

bilities of greater than 100 per cent are, 

therefore, excluded, as in the case of 
CAL-I. Most of the subjects did not 

live long enough for any possible pluto- 

nium-induced cancers to develop. For 

four of the subjects, who lived 20 years 

or more. the hypothetical probability 

for radiation-induced cancer mortality 

exceeded 10 per cent. However. none 
of the subjects died of causes that could 

be related to the plutonium injections. 

From these results. one might conclude 

that the risk factor overestimates the 

cancer mortality risk for internal expo- 

sures to plutonium. Although the num- 

ber of cases is too small to be signifi- 

cant, this conclusion is consistent with 

the observed results for the radium-dial 

painters. In both cases. the doses were 

due to internal alpha emitters that de- 

posit their radiation in bone. In gener- 

al. the uncertainties associated with plu- 

tonium dosimetry are rather large. 

E\.en in these cases. in which the activ- 

ities injected are known precisely. sub- 

stantial uncertaintities in the resulting 

doses remain. primarily related to the 

activity distribution in the body and to 

the subsequent biological damage pro- 

duced. 

Tracer Studies: Radioiodine. During 

a period of almost two decades follow- 

ing World War 11. 42 persons. includ- 

ing 8 children (under IO yrs) and 6 

teenagers. ingested iodine- 13 1 _and io- 

dine-125 in studies at Los Alamos with 

the dual objecti4es of improving diag- 

ncxic techniques to detect thyroid dis- 

ea. L and estimating doses due to inges- 

tion of food containing radioiodine that 

came from the fallout of atmospheric 

nuclear-weapons tests. The volunteers 

in these studies comprised the re- 

searchers themselves. their children and 

their colleagues. The activities of the 

radioisotopes ingested by the adults 

were in the microcurie range, resulting 

in doses to the thyroid of a few rem 

and whole-body effective doses of 

about 100 millirem or less. The chil- 

dren ingested about IO nanocuries of 

radioiodine. resulting in thyroid doses 

of 80 to 160 millirem, depending on 

age. and whole-body effective doses of 

about 5 millirem or less. For both 

adults and children, the whole-body 

dose was a small fraction of the annual 

background dose in Los Alamos. As a 

result of these studies. the doses re- 

ceived by patients diagnosed for thy- 

roid disease using radioiodine were 

significantly reduced. Also, these stud- 

ies enabled researchers to determine 

the doses associated with radioiodine 

in fallout from nuclear weapons tests. 

Tritium. During the 1950s three vol- 

unteers from Los Alamos ingested tri- 

tium in the activity range of 2.5 to 14 

microcuries, resulting in whole-body ef- 
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fective doses of about 200 to 900 mil- 

lirem. which corresponds to a maxi- 

mum of about three times the annual 

background dose in Los Alamos. The 

volunteers were the researchers them- 

selves. The tritium was ingested as 

HTO. which is distributed in the body 

in the same way as water. The biologi- 

cal half-life of HTO in the body is 

about IO days. The purpose of these 

experiments was to study body water 

kinetics and to improve radiation 

dosimetry for tritium exposures. 

Other Radionuclides. During the 

1960s several metabolic studies and 

studies with nuclear-medicine applica- 

tions were carried out with volunteers 

at Los Alamos using a variety of ra- 

dionuclides. including sodium-22. 

potassium-42, zinc-65, rubidium-86, ce- 

sium- 134, and cesium- 137. The activi- 

ties administered were in the range of 

0.1 to 1.4 microcuries, resulting in 

whole-body effective doses of 0.1 to 

100 millirem. which correspond to 

small fractions of the annual back- 

ground dose in Los Alamos. 

Discussion and Conclusions 

We have seen that biological effects in 

humans resulting from exposure to ion- 

izing radiation have been observed with 

statistical significance in a large variety 

of situations. Very high doses lead to 

cell killing, which is an intended effect 

in radiation therapy in the treatment of 

cancer. and which has been seen in sev- 

eral accidental exposures, leading to 

acute radiation syndrome. Lower, but 

still high. doses were received in many 

medical and occupational exposures, 

mostly during the first half’of this cen- 

tury, leading to the induction of several 

types of cancer. The Life-span Study 

of the Japanese atomic-bomb survi: -s 

represents the most complete source af 

information on human exposure to ion- 

izing radiation, with doses spanning the 

range from low to very high, and with 

several types of cancer induced. From 

these experiences, we know that radia- 

tion is relatively effective at inducing 

cancers of the thyroid and breast, as 

well as leukemia. and relatively ineffec- 

tive for bone cancer and cancers of the 

brain and central nervous system. Our 

knowledge of clinically observable 

hereditary effects, on the other hand, is 

gained mostly from cellular and animal 

experiments. as no such effects have 

been observed in humans. 

Based on the cancer-induction and mor- 

tality data obtained in the Life-span 

Study of the Japanese atomic-bomb sur- 

vivors. as well as data obtained from 

other studies, a linear dose-response re- 

lationship for ionizing radiation at 

doses above about 20 rem. delivered at 

a high dose rate. is well established. 

Quantitative risk factors are readily de- 

rived from these high-dose. high-dose- 

rate data. For the low-dose, low-dose- 

rate regime that is pertinent to radiation 

workers and the general public. the 

conservative hypothesis is made that 

these same risk factors apply all the 

way down to zero dose. The acknowl- 

edged diminished effect of ionizing ra- 

diation at low doses (less than 20 rem) 

or low dose rates (less than 0.6 rem/hr) 

is approximated by multiplying the risk 

factors obtained at high doses and high 

dose rates by one-half, resulting in a 

cancer mortality risk factor for the gen- 

eral public of 5 X IO-4 per rem (or 1 

chance in 2000 per rem), and for occu- 

pational workers of 4 X per rem 

(or 1 chance in 2500 per rem). 

Below about 20 to 40 rem. most data 

on cancer induction and mortality in 

humans are inconclusive because of in- 

adequate statistics. One human study at 

low doses reported here that seems to 
involvc. sufficient numbers for good sta- 

tistics is the U.S. study that found a de- 

creasing mean lung-cancer incidence 

rate with increasing mean indoor radon 

concentration on a county-by-county 

basis. However, when all studies of 

radon-induced lung cancer are consid- 

ered together. the results are inconclu- 

sive. A second such study is the one 

dealing with background radiation due 

to monazite sands in Guangdong 

Province, China, which failed to find an 
increased leukemia risk. as predicted bv 

the LNT hypothesis. A third study 

with the potential for good statistics is 

the study of nuclear workers in the 

United Kingdom, the United States, and 

Canada. which failed to find an in- 

creased risk for all cancers combined. 

excluding leukemia. A positive risk 

was reported for non-CL leukemia; 

however, an examination of the data 

shows that. below 30 rem. the data are 

consistent with no excess risk. 

Epidemiological studies of cancer in- 

duction in humans exposed to low-LET 

radiation at low doses and low dose 

rates generally have low statistical 

power. and consequently, have been in- 
terpreted by some as being consistent 

with a linear extrapolation from the 

high-dose, high-dose-rate data, and by 

others as indicating no additional risk at 

low doses compared with the observed 

cancer incidence in the general popula- 

tion. Taking all of the studies together. 

one is forced to conclude that. at pre- 

sent, the low-dose response for cancer 

induction in humans cannot be deter- 

mined with any reasonable degree of 

confidence. 

Unless more studies with high statisti- 

cal power become avhilable to settle the 

question (see “Population Requirements 

of Low-Dose Studies”), the linear-dose- 

response, no-threshold hypothesis must 

be viewed as a prudent choice for esti- 

mating effects at doses below 20 rem. 

This is not to say that it is reasonable 

to regulate public exposures all the way 

down to zero dose. The hypothetical 

risk associated with the dose received 

by everyone from natural background 

radiation represents a small fraction of 

the sum of the real risks that all of us 

face in our daily lives. These real risks 

are associated with our jobs, our auto- 

mobile use. our personal habits and 

tastes, and our leisure activities. The 

number of fatalities per year related to 

specific occupations, miles driven. 

smoking, alcohol consumption, bicycle 
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riding, hang-gliding, and SO forth. are 

measured quantities: they are not hy- 

pothesized. It seems reasonable to this 

to cut off our concern with the 

accompanying exposure to mnn- 

made radiation at some sensible frac- 

[,On of the dose due to natural back- 

ground radiation. since we all seem to 

accept with alacrity large variations in 

natural background as we move 

from place to place. Within the context 

the linear-dose-response. no-thresh- 

(,Id hypothesis for extrapolating risks to 

low doses. there is no difference in col- 

lective cancer mortality risk between 

1000 persons receiving IO millirem and 

one person receiving IO rem (assuming 

that all 1001 persons are “similar”). To 

this author. such a conclusion seems 

absurd. 

We must choose, as a society. to begin 

to treat the risks associated with man- 

made radiation rationalky or to continue 

to deal with these risks emotionally. 

Treating these risks rationally means 

placing them in perspective with all of 

the other risks that we willingly, per- 

haps reluctantly. accept. Continuing to 

deal with these risks emotionally rather 

than rationally means that we shall con- 

tinue to waste societal resources that 

itght be spent more constructively, and 

in some cases, continue to choose a 

greater risk over a lesser risk. Nowhere 

is this choice framed more sharply than 

in the issue of nuclear-power genera- 

tion. We can continue to oppose nu- 

clear generation in the hope of getting 

environmentally “friendly” non-nuclear 

options. such as solar, geothermal, or 

wind-driven power; but such a choice 

is. in reality. a choice for fossil-fuel 

generation. which is definitely not envi- 

ronmentally “friendly” (for example, 

smog, respiratory illnesses, and global 

warming all result from fossil-fuel gen- 

eration). We can continue to insist that 

we be protected from every last “parti- 

cle” of man-made radiation, in the ex- 

pectation that the very high cost of such 

protection will be borne by someone 

else; but in fact, that cost is borne by 

our society and. ultimately. affects us 

- 

all. We have the freedom to base our 

choices on reason or on emotion. but we 

are not immune from the con\equences 

of our choices. 
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Mario E. Schillaci came to the Laboratory in 

1967 as a postdoctoral fellow in the Thsoc): Di- 

vision. In 1970, he joined the Medium-Enerey 

Physics Division where his pnncipal interebts in- 

cluded non-nuclear research applications of 

LALMPF beams. During his tenure with 

LAMPF. Mario completed investigations in \ev- 

era1 diverse fields including: radioisotope pro- 

duction. muon chemistry, muon spin rotation. 
pion channeling, the neutnno oscillation r~peri- 

ment I LSND). and pion radiotherapy. for which 

he helped develop codes for determining energy 

deposition in tissue from pion beams. In 1982. 

as an outgrowth of this collaboration. he joined 

a radiobiology research project headed by bl. R. 

Raju. of Life Sciences Division, that studied 

mechanisms of biological damage in mammalian 

cells using ultrasoft x rays. Mario‘s interest in 

biological effects of radiation led him in 1993 to 

join the Dose Assessment Team ESH- 12) of the 

Environment, Safety. and Health Division. 

Mario was a member of the Human Studies Pro- 

ject Team that investigated the Laboratory’s in- 

volvement in human radiation experiments. He 

received his B.S. in physics from Drenel Uni- 

bersity and earned his Ph.D. from Brandeis L’ni- 

versity in theoretical elementary particle physics. 
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i 

A Brief History of Radiation 1 

ealth physics is concerned with protecting people from the harmful effects 

of ionizing radiation u hile allowing its beneficial use in medicine. science, 
and industry. Since the discovery of radiation and radioactivity 100 yean 

ago. radiation protection qandards and the philosophy governing those 5tandards 
have evolved in somewhat discrete inter. 

H 
\ais. The changes have been driven by 

two factors-new information on the ef- 

fects of radiation on biological \?sterns 

and changing attitudes toward acceptable 

risk. The earliest limits were based on 

preventing t!y 6)nset of such obvious ef- 

fects as skin ulcerations that appeared 

after intense exposure to radiation fields. 

Later limits were based on prev2nting de- 

layed effects such as cancer that had been 

observed in populations ot' people receiv- 

ing high doses. particularly from medical 

exposures and from the atomic-bomb ex- 

posures in Hiroshima and Nagasaki. 

1 

$ 

During the evolution of standards. the 

general approach has been to rely on risk estimates that have 

little chance of underestimating the consequences of'radia- 

tion exposure. It is important to realize that most of the ef- 

fects observed in human populations have occurred at high 

doses and high dose rates. The information gathered from 

those populations must be scaled down to low doses and 

low dose rates to estimate the risks that occur in occupa- 

Immediately after the discoveries of x rays in 1895 and 

radioactivity in 1896. x-ray devices and radioactive mate- 

rials were applied in physics, chemistry, and medicine. 

In the very early days, the users of x rays were unaware 

that large radiation doses could cause serious biological 

effects. They also had no instruments to measure the 

strength of the radiation fields. Instead. the calibration 

of x-ray tubes were based on the amount of skin red- 

dening (erythema) produced when the operator placed a 

hand directly in the x-ray beam. The doses needed to produce erythema are 

very high indeed-if the skin is exposed to 200-kilovolt x rays at a high dose rate 

of 30 rad per minute, then erythema appears after Jbout 20 minutes (or 600 rad) of 
exposure. and moist desquamation (equivalent to a third-degree burn) occurs after 

about I10 minutes (or,about 2OOO rad) of exposure. (For comparison. recall from 

the primer "Ionizing Radiation-It's Everywhere!'' that for x rays and gamma rays 

the rad, the unit of absorbed dose. is equal to the rem, the unit of dose-equivalent. 

and that the average annual background dose in the U.S. from natural and man- 

made sources is about 0.36 rem per year.) 

. 

Wilhelm Conrad Roentgen (above) 

discovered x rays in 1895 in Wunburg, 

Germany. Also shown is his laboratory 

and a radiograph of a hand that he made 

in 1896 after his only public lecture on 

the discovery of x rays. 
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protection Standarc 
ti C. liischtier 

~~~~l~ isnorante of the hazards of radiation resulted in 

nulll~r~us unexpected injuriec to patients. physicians. 

Jn~ scientists. and as a result. some researchers took 

,trp, to publicize the hazards and set limits on expo- 

,ure. In July 1896. only one month after the discov- 
r.r! of x rays. a severe case of x-ray-induced dermati- 

\\as published. and in 1902. the tirst dose limit of 

;lb(>ut IO rad per day (or 3000 rad per year). was rec- 

,mmrnJrd. The 10 rad-per-day limit was based not 

,)II biological data but rather on the lowebt amount 

that could be easily detected. namely. the amount re- 

quired to produce m obwnable exposure. or fogging. 

(In a photographic plate. By 1903. animal studies had 

,hwn that x ray could produce cancer and kill liv- 

ing rissur and that the organs most vulnerable to radi- 

ation uamase were the skin. the blood-forming or- 

cans. and the reproductive organs. Table I contains 

estimate> of dose rates encountered by radiation 

iborkers in the early part of the 20th century. 

in September 1924 at a meeting of the American 

Roentgen Ray Society. Arthur Mutscheller was the 

tirst person to recommend a "tolerance" dose rate for radiation workers. a dose 

rate that in his judgement could be tolerated indefinitely. He based his recommen- 

dation on observations of physicians and technicians who worked in shielded work 

areas. He estimated that the workers had received about one-tenth of an erythema 

dose per month (or about 60 rem per month) as measured by the x-ray-tube cur- 

imt and voltage. the filtration of the beam. the distance of the workers from the 

Antoine Henri Becquerel discovered 

radioactivity in 1896 in Paris. He is 

shown here in his laboratory. 

Table 1. Dose Rates for Radiation Workers in the Early Part of the 20th Century 

Occupation 

fluoroscopist 

Approximate Dose Rate 

(rad min-') 

0.6 - 6 (hands) 

0.006 - 0.06 (body) 

x-ray therapy technician 0.006 (body) 

radiur- 'herapist or technician 0.006 - 0.06 (body) 

x-ray tube. and the exposure time. He also observed that none of the individuals 

had shown any signs of radiation injury. He concluded that the dose-rate levels in 

the shielded rooms were acceptable. but in proposing a tolerance dose. he applied 

a safety Factor of ten and recommended that the tolerance limit be set at one-hun- 

I I7 
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It was common for the hands of the 

early radiologists to receive exception- 

ally high radiation doses. The loss of 

fingers, as shown in the photograph 

above, was sometimes the result. Such 

conditions are ultimately caused by 

outright killing of many cells. In the 

case above, dermal basal cells and 

blood vessels were critically injured in 

the fingers, scar tissue probably 

plugged the blood vessels and stopped 

the flow of blood. The loss of blood 

supply ultimately led to the death of tis- 

sue in the fingers and the loss of those 

extremities. 

Js .. 

dredth of an erythema dose per month (equivalent to about 70 rem per year). ,A 

tolerance dose was “assumed to be a radiation dose to which the body can be sub- 

jected without production of harmful effects.“ Mutscheller presented his recorn- 

mendation in a paper entitled. “Physical Standards of Protection Against Roentgen 

Ray Dangers.” which was published in 192.5. Quite fortuitously. F. M. Sievrrt ar- 

rived at about the same limits using a similar approach. 

In 1934, the U.S. Advisory Committee on X-ray and Radium Protection proposed 

the first formal standard for protecting people from radiation sources. By then the 

quantitative measurement of ionizing radiation had become standardized in units 

of roentgens,* and therefore. the recommended limit on dose rate was expressed as 

0.1 roentgen per day. That value was in line with Mutscheller’s recommendation 

of one-hundredth of an erythema dose per month. and in fact, the two tolerance 

limits differed only by a factor of two. Whether that difference was due to a 

rounding factor or a technical difference in the way the roentgen was measured in 

the U.S. versus Europe is open to interpretation. 

It is worth emphasizing that those early limits on exposure to x rays were not ar- 

rived at through quantitative observation of biological changes but rather through a 

judgement call based on the absence of observed biological harm. 

The dose limits for radiation sources outside of the body (external sources) were 

augmented in 1941 by a limit on the amount of radium a person could tolerate in- 

side the body (radium tends to be retained by the body, and because of its long ra- 

dioactive half-life, it thereby becomes a relatively constant internal source of radi- 

ation). The devastating experiences of the radium-dial painters and the origin of 
the radium standard are described in ”Radium-The Benchmark for Internal Alpha 

Emitters” (see page 224). Decade-long clinical observations of twenty-seven per- 

sons who were exposed internally to radium, in combination with quantitative 

*The roentgen. the tint formal radiation unit. was adopted in 1938 and specifies the quantity of ioniz- 
ing radiation in terms of the amount of electrostatic charge it produces passing through a volume of 
air. [n particular. the Roentgen I\ defined as that amount of ionizing rndiation that produce\ I electro- 
static unit of neiative charge in l),OO I19 gram of air I cubic centimeter of air at \tandard temperalure 
and pressure) For T rays. I rad = I rem = 0.96 roentsen. 

1 I8 Los Ahmns Scrrnte Number 13 I495 
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,,i,aSurement~ of their radium body burdens. were the basis for the radium \tan- 

jJr,j. In particular. it appeared that the retention of 1.0 microgram or more was 

r,quired to produce deleterious effects. Applying a safety factor of ten to that re- 

,“it. the committee members responsible for recommending a standard i many of 

i\.hom had performed the clinical research on the radium patients) suggested that 

,),I microgram (or 0. I microcurie) of radium would be an appropriate tolerance 

limit, Again. the ultimate criteria used was a judgement call: They all agreed that 

[httv uould feel comfortable men if their own children had that amount In their 

bodies. ThaI initial standard has essentially remained in effect up to the present. 

I,, 1944. the radium standard was used as a basis for setting the first tolerance 

limit for internal retention of plutonium. A working-lifetime limit of 5 micro- 

(0.3 microcuries) was proposed on the basis that plutonium was long-lived 

2nd would be a boneseeker like radium and that the alpha-particle emissions from 

5 niicrograms of plutonium u,ould deposit ionizing energy at the same rate as the 

21pha emissions from the allowed 0. I microgram of radium. In 1945. as a result 

of ~lnimals studies on the relative toxicity of plutonium and radium and on their 

relative distribution in the body. the Manhattan Engineer District reduced the plu- 

tonium limit a factor of 5 to 0.06 microcuries. The Hanford Site. where plutonium 

~$35 being produced in reactors. reduced the limit even further to 0.03 microcuries. 

~Ithough today‘s standards are expressed in terms of an annual inhalation limit 

rather than a maximum permissible body burden. the current limit recommended 

by the International Commission on Radiation Protection ( ICRP) translates to a 

body burden that is about the same as the working-lifetime limit set at Hanford 

during World War 11. The concern for limiting and monitoring intakes of radium 

and plutonium were the beginnings of the field of internal radiation dosimetry. 

A great deal of research. particularly animal studies, on the biological effects of 

radiation were carried out during and immediately after World War 11. In 1949 
the United States. Canada. and Great Britain held a conference at Chalk River, 

Ontario. on permissible doses and then published the Tripartite report in which all 

radiation protection information that had been gathered was discussed and collated. 

A number of new conrepts concerning the measurement of dose had been devel- 

oped through animal ..udies. These included absorbed dose (measured in rad), 

dose-eqitivnlenr (measured in rem), relative biological effecriveness (RBE). which 

relates the rad to the rem for different types of iadiations. the absorbed dose as a 

function of photon energy and depth in tissue (depth dose). the radiotoxicity of 

plutonium. and the concept of a reference anatomical human. The Tripartite report 

also recommended standards for internal and external radiation protection, includ- 

ing a plutonium body-burden limit of 0.03 microcuries. a limit on the bone-mar- 

row dose of 300 millirem per week (about 15 rem per year), and a limit on the 

\kin dose of 600 millirem per week (a factor of 2 lower than the value initially 

recommended by ~Mutscheller in his 1925 publication). With the exception of the 
plutonium limit. those values were adopted by the ICRP and the National Council 

on Radiation Protection and Measurements (NCRP, the new name for the old U.S. 

Advisory Committee) in 1953 and 1954, respectively. (The plutonium limit rec- 
ommended by the ICRP was somewhat higher at 0.04 microcuries for the maxi- 

mum permissible amount of plutonium-239 fixed in the body.) 

In the 19309, Robley D. Evans devel- 

oped the first quantitative technique 

for making in vlvo measurements of 

radium body burdens. Those mea- 

surements were the basis for the 

radium standard set in 1941. 

During the 1950s. further reductions in the standards for external radiation were 

made as a result of studies on the survivors of the two nuclear weapons dropped 

on Japan and studies of survivors of high-dose medical procedures. In particular. 

an early analysis of data from the Japanese atomic-bomb survivors indicated an 

apparent change in the ratio of the number of males to females among infants born 

1 I9 



Radiation and Risk-A Hard Look at the Data ? 
to survivors. At the same time, data from experiments on 

mammals and fruit flies demonstrated that genetic change$ 

could be induced from very high radiation exposures. Thu\. 

radiation-induced genetic effects became a dominant con- 

cern in the early 1950s and led to the first recornmended 

standards for annual dose limits to the public. Later analy. 
ses indicated that the early assessment of the atomic-bomb 

'survivors was incorrect. and to this day, radiation-induced 

genetic changes in humans have rleL'er been ohseneti. 

Nevertheles\. the fear of future genetic effects lingered on 

and probably inspired the creation of wch science tiction 

characters as Godzilla. the Incredible Shrinking &fan. 

Spiderman. the Incredible Hulk. and many others. The 

concern also led to a reduction in radiation protection 

I 

\i tandards. 

I- - --- 
In 1957. the ICRP recommended an annual occupa- 

tional dose limit of 5 rem per year. and in 1938 the 

NCRP recommended a life-time occupational he 

limit of [(age in years - 18) X 51 rem. or LIlimit of 

735 rem for someone who works from ages I8 to 6j. 

The NCRP also recommended an annual limit to the 

public of 500 millirem per year. In 1960. the Federal 

Radiation Council recommended an annual limit of 500 

millirem per year for an individual in the general public 

me an- and a limit of 170 millirem per year as the abera, 

nual dose to a population group. 

ii *# ''1 

'.' I Y 

i 

--- -. - . .d 

7 

By 1961, it was generally understood that the risk ofge- 

netic effects had been overestimated in studies of the 

atomic-bomb survivors, hut another risk was becoming apparent-studies of can- 

cer incidence and mortality among the survivors were beginning to show elevat- 

ed rates for leukemia. As time passed, elevated rates for solid-tumor cancers 

were also observed. Those findings as well as other studies led to the under- 

standing that different cancers have different latency periods. or elapsed times, 

between irradiation of the individual and clinical observation of a malignancy. 

Solid tumors have latency periods of 35 to 50 years, and leukemia has a laten- 

cy period of 2 to 25 years. The latency periods generally hold true irrespec- 

tive of the particular agent that serves as the carcinogen. 
1 

'%. A 

The unmistakable appearance of an increased rate of cancer among the atom- 

ic-bomb survivors had a profound impact on the radiation protection commu- 

nity-it brought into focus the possibility that even low levels of exposure 

might induce cancers. Of course. the data regarding malignancies were ob- 
tained from populations receiving high doses at high dose rates. Risks esti- 

mates for low doses could only be made by extrapolating the high-dose 

data, and that procedure suggested that the cancer risks from low doses 

were small. Nevertheless, there were no data to suggest the existence of a 

threshold dose for radiogenic cancers. so the small risk per person at low doses 

had to be considered in relation to the large number of workers who were receiv- 

ing those doses. 
Radiation had a big impact on the 

popular imagination in the 1950s. 

Those considerations resulted in a philosophical shift from mere compliance with 

dose limits and the avoidance of deterministic effects (such as cataracts and per- 
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"]anent damage to organs) to an emphasis on reducing overall cancer risks to 

Norking populations. The ICRP detined a hystern of dose control consi'rting of 

rhret: par. justitication. optimization. and limitation. Justiticntion requires that 
ne\\ p xtice involving radiation $hall he allowed unless its introduction pro- 

j~icrl; a positi\.c: net benetit. Optimization requires that all doses \hall be kept izs 

t I 

106 1 
I 

Annual occupational limit 

1890 1900 1910 1920 1930 1940 1950 1960 

Year 

ION, ns rrasonablx achievable (ALARA) taking into account the relevant economic 

and social factors. Limitation requires that any individual dose not exceed limits 

\et for appropriate circumstances. In today's applications of the dose-control con- 

cept. justification and optimization dominate. (More to the point. subjective judge- 

ments of regulators rather than the mathematics of optimization often drive the 

dose limits to lower and lower levels; economic factors are often ignored; and the 

net result is to make operations involving radiation and radioactive materials en- 

t re me l y ex pensive . ) 

In 1977. the ICRP adopted a more formal risk-based approach to setting standards. 

That approach required that the average incremental risk of death from radiation 

exposure to workers in radiation industries be no larger than the average incremen- 

tal risk of death from traumatic injuries to workers in "safe" industries. The incre- 

mental risk of death in safe industries is one in ten-thousand, or 10". per year. 

Studies of the atomic-bomb survivors had shown that the risk coefficient for radia- 

tion-induced cancer mortality was about lo-' per rem. Based on that risk coeffi- 

cient. the ICRP recommended a maximum annual dose limit to a radiation worker 

of 5 rem per year. The 5-rem annual limit was set under the assumption that the 

1970 1980 1990 2000 

Figure 1. Radiation Dose Limits 

over the Past Century 

This logarithmic plot of the recom- 

mended limits on annual exposures to 

radiation shows a continual decrease 

from the beginning of the century to 

the present; The 1993 NCRP recom- 

mendation for occupational dose limits 

allows for an average of about 1.5 rem 

pr year over a working life from age 

18 to age 65 (that is, a lifetime limit for 

an individual 65 years old is 65 rem; 

this dose distributed over a 47 year pe- 

riod yields about 1.5 rem per year). 

The ICRP does not recommend a iife- 

time dose limit; rather, an annual limit 

of 2 rem per year averaged over any 5- 

year period is recommended. 
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The 1993 NCRP limits on annual radia- 

tion doses relate both to stochastic ef- 

fects, such as cancer and genetic ef- 

fects, and +\> deterministic effects, such 

as cataracts or permanent damage to 

an organ. Stochastic effects, by defini- 

tion, arise from random processes. The 

probability of their occurrence increas- 

es with increasing dose, but their sever- 

ity does not. Moreover, there is no 

threshold dose below which the risk is 

zero. In contrast, there is a threshold 

dose for deterministic effects. That is, 

doses below the threshold will not kill 

enough cells to cause dysfunction in a 

tissue or organ. 

average dose would be less than 1 rem per year 

death would be the same as for safe industries. 

and. thus. the average risk of 

Thus, the new 1977 limit was ,,”- 
changed trom the 1957 limit. but it was now ju5tlfied in terms of a rl\k-ba\ed 

philo\ophy. 

During the 1980s. estimates of the doses received by the atomic-bomb survivors 

were adjusted dowtnward based on new estimates of the ratio of neutrons to . 

gamma rays in the radiation produced by the bomb. Also. new data on cancer in- 

cidence and mortality among the survivors indicated higher rates for some cancers 

than previously thought. That meant the risk per unit dose. or the risk coefficient- 

was higher. and in fact, it bas calculated to be 1 X IO-4 per rem. Based on that 

increase. the ICRP released a new set of international recommendations in 1990. 

They recommended limiting radiation exposure to 10 rem over any 5-l;ear period 

and 5 rem in any one >.ear. The public limit was set at a lo0 millirem per year 

averaged over any 5-year period. 

The NCRP released its own new set of national recommendations in 1993. Tho5e 
limits and the associated risks are listed in Table 2. They relate both to stochas- 

tic effects, such as cancer and genetic effects. and to deterministic effects. The 

present limits for deterministic effects are not much different than the fiist recom- 

mendations: 50 rem per year to any tissue or organ and 15 rem to the lens of the 

eye to avoid cataract formation. The recommended limits on whole-body doses 

for stochastic effects. first set at 5 rem per year in 1958, are now set at no more 

than 5 rem in any one year and a lifetime average of no more than 1.5 rem per 

year. 

Table 2. Current Standards and Associated Estimates of Risk (NCRP Report Number 116, 1993) 

Category Annual Limit Recommended Estimated Risk 
Risk Coefficient at the Annual Limit 

Occupational annual whole-body 5 rem (stochastic) 4 x rem-’ 2 in 1,000 per year 
limit for stochastic effects (for fatal cancer) 

8 x rem-’ 4 in 10,000 per year 
(for severe genetic 
effects) 

Occupational lifetime limit 1 rem,x age (years) - 3 in 100 at age 70 

Occupational annual limit for 
deterministic effects 

15 rem to lens of eye 
50 rem to any other - not exceeded 
organ or tissue system 

no risk if limits 

Public annual whole body 
limit for continuous exposure 

100 mrem 1 in 10,000 per year 5 x 104 rem-’ 
(for fatal cancer) 

1 x rem-’ 1 in 100,000 per year 
(for severe genetic 
effects) 

1 x 10.4 rem-’ 
. .. 

500 mrem 1 in 10,000 per year Public annual whole-body 
limit for infrequent exposure 

Negligible individual dose 
(annual whole-body dose per 
source or practice) 

1 mrem - no discernable effects 
(5 in 10,000,000) 
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The .current limits represent a culmination of intensive epidemiology and radiobio- 

logical research. However. there are still many open questions repardins the de- 

t;liled mechanisms that cause biological effects. What are the relatix riks of dif- 

ferent types of radiations. acute versus chronic exposures. age of exposure. and 

Lhronic sxposure to low doses'? Thaw concerns dominate discus\ions on the fu- 

Lure olution of radiation protection standards. 

Charles B. Meinhold has been the Presi- 
dent of the National Council on Radiation 
Protection 1 NCRP) since 199 I. He is also a 
Senior Scientist and Deputy Division Head 
ut the Radiological Science5 Division ut 

Brookhaven National Laboratory. Charle's 
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logical physics and radiobiological data to 

rudiation protection. He sewed as Chair- 
man of NCRP Scientific Committee I on 
Ba\ic Radiation Protection Criteria from 
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International Commission of Radiological 
Protection (ICRP) Main Commission since 
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He was Chairman of Commitfee 2. on Basic 
Standards of the NCRP from 1985 to 1992. 
Charles is President of the International Ra- 
diation Protection ,Asiociation (IRPA) and 
has been a member of the IRPA Executive 
Council since 1984. He has served on the 
o~ersight committees for Rocky Rats and 
for the Indian Point. Shorham. and Pilgrim 
nuclear power stations. and was appointed 
by the NRC to serve on the Blue Ribbon 
panel for Three Mile Island L..nit 1. Charles 
has a B.S. in physics from Providence Col- 

lege and studied radiological physics at the 
University of Rochester under an AEC Fel- 
lowship. He is certified by the Amencan 
Board of Health Physic. and is an Honorary 
Professor of the China Institute of Atomic 
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John C. Taschner joined the Laboratory in 
1992 as a technical staff member in the En- 
\ ironment. Safety and Health Division 
(ESH- 10) and is inbolved in radiological 
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In 1994. he joined the Laboratory's Human 
Studies Project Tea. and was the Project 
Leader for the RaLa/Bayo Canyon Project. 
Prior to coming to Los Alamos. John was 
Deputy Director of the Navy's Radiological 
Controls Program Office in Washington. 
D.C.. and has held numerous key health 
physics management positions with the U.S. 
Navy and the U. S. Air Force. Ober the 
past thirty years. John has served on several 
Radiation Protection Standards Committees. 
Since 1992. John has been the Vice Chair- 
man of the American National Standards 
Institute's N43 Committee. which writes ra- 
diation safety standards for non-medical ra- 
diation producing equipment. He has been 
a member of the Health Physics Society 
since 1958 and is a member of the Amen- 
can Academy of Health Physics. John 
earned his M.S. in radiation biophysics 
from the University 'of Kansas in 1966 and, 
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William C. Inkret See biography at the 
end of "On the Front Lines." 
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ON THE 

Plutoniiirn workers past mid present 

shm-e their experiences 



For this issue of Los Alamos Science, 

which is dedicated to radiation protec- 

tion and the story of the human radia- 

qua&@ Eor voluntary membership. : 

Those volugteen agreed to be m, 
to& paiodically and are being -. 

tion experiments, we asked a small 

group of past and present Laboratory 

tored to this day. 
f 

employees to tell their stories of what it A plutonium body burden usually a 
was and is like to work with plutonium. not be detected by an external rad&,, 

All of them have been involved in sig- monitor because the alpha particles 

tions that led to significant internal ex- ly absorbed and never leave the 

nificant accidents or uncontrolled situa- emitted by the plutonium are compl 

posure to plutonium. Some of their The most reliable detection scheme is . 

exposures are among the most serious to measure the small fraction of that 

that have occurred in the history of the burden that is excreted in the : .e 

Laboratory. Today, vastly improved daily. So starting in the fortie. Ae 

working conditions have made acci- urine of a plutonium worker was moni- 

3 

tored on a regular basis. The amount 

measure : in the urine is then related to 

the amount retained in the body using 

data and methods derived from a SeneS 

of animal and human expen’ments. 

Wright Langham, who was res 

for the protection of workers d 

early days at Los Alamos, was ins 

mental in the design and analysi 
some of those experiments (see 

Plutonium Injection Experim 

utise assays and models like 

dcquatim indicate that a wo 

rdhdan amount near or 
iimir +by radiation protec 

was organized into sev- 

WQC ht asked to describe their per- 
d experiences working with plutoni- 

um and their concerns about safety. 

dents much less common than in the 

early days, but a small number of un- 
likely events are bound to happen even 

now. The personal experience of such 

events and their aftermath is pmsented 

in what follows. 

The participants represent all eras of 

the Laboratory from the Manhattan 
Project days to the .present. A few are 

members of an informal group known 

as the UPPU club (translated as “You 
pee h!”), which was established at the 

Laboratory by Wright Lagham in 

195 1. One had to have accumulated a 

significant plutonium body burden to 

That discussion illustrates the evolution 

of attitudes and practices from the Man- 
hattan Project through to the present. 

For the second part, the participants 
were asked to describe the accidents 

that led to their intakes of plutonium. 
Next, they were given the opportunity 

to ask questions of the health experts 

that were present, and finally, they were 

asked to give their views of the plutoni- 

um injection experiments. 

We want to thank them for sharing 

their feelings and experiences and 

for their essential contributions to the 

mission of the Laboratory. 
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The Participants 
ere wre introduce the ten men who agreed to share their stories of plutonium intakes. It is their belief that opn commu- 
,,,cation #*ill help the Laboratow, the communiry. and the whole of society to understand the human factors associated H 

w,ith ,,,anaging our plutonium legacy. 

These ten individuals are representative of a variety of plutonium intakes that have occurred in the history of the Laboratory. 
The magnitude of each individual ‘s intake is expressed as the estimated committed effective dose-equivalent in rem, which is 
the dose that will be accumulated over a $&-year period from the time of intake. These rem doses are divided into classes 

asfo~[~~~: Class I: 10-30 rem, Class 11: 30-100 rem, Class Ill: 100-300 rem, Class N: 300-1000 rem. 

Although the rem dose is meant io be n universal measure of the cancer risk from radiation exposure, the rem doses for plu- 
Ionium accumulate slowly and may not halve as large a cancer risk as an equal acute dose of gamma and x radiation. 
Therefore. the doses quoted here are most useful in comparing with other plutonium intakes. 

T,) pit these doses in perspective you may recall that the average background dose is about a third of a rem per year, or about 

15 rem m‘er a fifh-Fear period. Thus, for example. a person whose body burden of plutonium corresponds io a Chs-I dose 
n.i[l receive LI total rndiation dose somewhat greater than background. 

Ted Magel (Class 111) and Nick Dallas 
(Class I) arrived at Los Alamos in early 

February 1944. They are credited with 

the first production of plutonium metal 

at Los Alamos. Ted received a puncture 

wound. and both Nick and Ted inhaled 

plutonium dust. which resulted in high 

nose counts. (Each nostril was swiped 

with moistened filter paper, which was 

put in an alpha counter to measure the 

mount of radioactivity in terms of 

counts per minute (cpm), or disintegra- 

tions per minute (dpm) when corrected 

for counter efficiency.) 

Bill Gibson (Class 111) came to Los 
Alamos in June of 1944 and worked in 

the plutonium recovery laboratory. 

From 1944 to 1945, Bill received expo- 

sures that resulted in four high nose 

counts (over IO00 cpm from one nostril, 

a level rarely seen in recent years) and 

one plutonium-contaminated wound, 

which was surgically excised. He was 

removed from plutonium work in 1954. 

Ed Hammel (Class II) came to Los 
Alamos in June 1944 to replace Ted 

Magel as section leader for the plutoni- 

um metallurgy laboratory. The relatively 

primitive working conditions in D Build- 

ing, as opposed to specific incidents, ac- 

count for Ed’s intake of plutonium. 

Harold Archuleta (Class I). a lifelong 

resident of Espanola, came to work at 

the Laboratory’s metal fabrication 

group in the plutonium research facility 

at DP site in 1958. In 1971. Harold 

suffered a plutonium-contaminated 

wound, which required excision. and in 

1987, he inhaled plutonium dust, which 

resulted in a high nose count (over 

1000 dpm from one nostril). Howard 

was removed from plutonium work in 

1990 and retired from the Laboratory in 

1993. He is now an escort for a Labo- 

ratory contractor. 

Arthur Beaumont (Class 111) arrived 

in Los Alamos in 1946 to work as the 

recreation director in Theater #2. In 

195 1, he began working at DP site on 

weapons components and later worked 

on the artificial heart program. Art’s 

intakes occurred in the 1970s and in- 

volved both plutonium-239 and plutoni- 

um-238. Art was removed from pluto- 

nium work in August 1973. 

Jose Govales (Class I) was born in El 
Rancho and spent summers on his fa- 

ther’s homestead on Barranca Mesa in 

Los Alamos. In 1958, he began work 

at DP site as a radiation-protection 

technician. Jose relates numerous inci- 

dents in which intakes have occurred. 

James Ledbetter (Class I), a native of 

Oklahoma, came to Los Alamos in 

1969 and began working on plutonium 

heat sources for the Jupiter fly-by mis- 

sion. Jim was one of the workers ex- 

posed in the infamous CMR-Building 

airborne plutonium accident of 1971 in 

which a malfunction of the ventilation 

system transported airborne plutonium 

out of the hot cell into the cold opera- 
tions area. 

Michael Martinez (Class I> began 
working in the metal production labora- 

tory at TA-55 in 1980. TA-55 is the 

site of the state-of-the-art plutonium fa- 

cility that was completed in 1978. John 
was involved in an airborne release of 

plutonium-239 in 1993. Michael was 

removed from plutonium work that 

same year. 

Jerry Taylor (Class IV) began work- 

ing at TA-55 in 1980. In April 1981, 

Jerry cut his left hand with a plutonium 

contaminated knife while working in- 

side a glovebox. The wound was sur- 
gically excised twice, and chelation 

therapy was administered for a period 

of over one year. Jerry was removed 

from plutonium work and continued to 

work at the Laboratory until 1985. 
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On the Front Lines 7 
Setting the Stage in Chicago 

Ed Hammel: As background for this of nuclear tission and just as the possi- 

discussion. I'd like to read a paragraph bility of malung an atomic bomb was 
from the diary of Glenn Seaborg. As first being seriously considered by the 

most of you know. Seaborg, in collabo- United States following comrnunica- 

ration with Art Wahl and Joseph tions from Great Britain. 

Kennedy, was the first to isolate pluto- 

nium and to demonstrate that it was a By April 1932, the decision to build the 

new man-made element heavier than bomb had been made, and Seaborg and 
uranium. [Trace quantities of the new his Berkeley colleagues had joined the 

element were made by placin,? samples Plutonium Project at the Metallurgical 

of uranium in the Berkeley cyclotron Laboratory [Met Lab] at the University 

and bombarding them with either neu- of Chicago. They were charged with 

trons or deuterons. When uranium-238 developing chemical methods for isolat- 

absorbs a neutron, it transforms into ing and purifying reactor-produced plu- 

neptunium-239, which rapidly decuys to tonium. Nuclear reactors were still just 

plutonium-239, the isotope used in nu- a dream-Enrico Fed was under the 

clear weapons.] That work was done west stands of Stagg Field. the tiniver- 

in 1941, two years after the discovery sity of Chicago's athletic stadium. 

building the uranium pile in which he 

hoped to demonstrate the first self-sus- 

taining nuclear chain reaction (he did 

not succeed until December 1943,). 

Nevertheless. Arthur Compton. the ini- 

tiator of the Plutonium Project. was fair- 

ly certain that uranium reactors like 

Fermi's could be used to manufacture 

the kilogram quantities of plutonium 

needed for a bomb. 

In January 1944. accelerator-produced 

plutonium in milligram quantities was 

just becoming available to the Berkeley 

chemists, but gram quantities were soon 

to be delivered from the pilot produc- 

tion reactor in Clinton. Tennessee. On 

January 5, Glenn Seaborg wrote: 

for the jht tiwe that pluroniu,,, 

handling \vi// tioh' no lonqer be 

confined to rnicro quantities 

uloted by specially trained e.rpertr, 

Reccilling the health problems in- 

rurred by rvorkers in the radilcm 

dial-painting indiistp, 1 re(lli;ed 

clearly that similar hazards J~~~ 

those of us \b,orkin,g )L.ith alpha. 

particle-emitting plirtoniirm-239, I 

MYJS struck by the .fiict that de.ypite 

the great care in planning b?; [/le 

Project medical people, no one has 

anticipated and made special pro- 

vision for the wide-scale handling 

of alpha-active material ivhich pre- 

sents special hazards of irigestion, 

It became clear to me that oiir 

, 

Ted Magel in 1944 As I was making the rounds ofrhe 

Laboratoc rooms [at the Met 

Lab] this morning, I was suddenly 

struck by a 'disturbinp vision. I 
pictured in my mind the expanded 

scale of work with solutions con- 

taining plutonium that will soon 

result from the large quantities of 

plutonium soon to be received 

from Clinton Laboratories. I vi- 

sualized beakers oj plutonium so- 

lutions fhroughout the laboruroq 

rooms, and it struck me forcibl! 

rather ordinan laboraton hoods 

ore inadequate for this task and 

that rather e.rtensiL.e rebiddirt p of 

our laboraton. jiicilities to ernplla- 

six adequate uir jio\r. md e.m-aor- 

dinarily clean opercitiotu tt.111 he 

tiecessan. I am determined [hut 

none of the people fvr \r.hom I am 

responsible shall be subjected to 

any avoidable dangers from han- 

dliiig alpha-active plutonium. 

That note was written nine months after 

the Los Alamos Laboratory (Site Y) 

uds established and a month before any 
plutonium arrived at Los AIamos. 

From the Met Lab and other sources. 

we knew that we would be working 

with a very hazardous substance. But 

we had a tremendous job to do in terms 

of making this material into a metallic 

fuel for the bomb. Nobody had ever 

seen pure plutonium metal. Nobody 

knew any of its properties. Nobody 

knew its density, its melting point. or 

how hard or brittle it was. Nobody 

knew how to fabricate it. All we kneu 

was that we had to do it. And we had 

to do it as carefully as we could. 

Los Alamos Science: Ted Mtiqrl. 

you \%ere the first peryoti to isoltite 

128 



On the Front Lines 

I 

Ted >lagel: well. 1 WilS actually at 

Bsrl\rlttv when plutonium was discov- 

?red. I was doing my graduate uork in 

,.he11iihtp under Professor G. M. Lewis, 

;lnd Seaborg, Art Wahl. and Joseph 

Ksnnedy were just across the hall. I had 

IIL~ put in their discovery. but I knew 

it. Then when Seaborg went to 

Chicago to set up the Met Lab, I was the 

tifth chemist that he asked to join him. 

,~t hrst. we were working with tracer 

amounts of plutonium-and tinally with 

microgram amounts that could only be 

observed under the microscope. 

Los Alamos Science: What ivas the 

piirpose of the work at the Met Lnb? 

Ted hlagel: The laboratory was called 

“The Metallurgical Laboratory” to dis- 

guise the real nature of our work. In 
actuality. we were developing chemical 

techniques for separating the plutonium 

that was going to be produced in a ura- 

nium pile. We worked with a big load 

of uranyl nitrate that had been bom- 

barded with neutrons for weeks and 

weeks at the cyclotron at Washington 

Cniversity in St. Louis. That material 

was supposed to mock up the material 

that would eventually be sent from the 

Clinton reactor. We managed to pre- 

cipitate out a plutonium compound 

From this big mixture: it was the tirst 

plutonium compound seen under the 

microscope. 

For iarious professional reasons, I de- 

cided to leave Seaborg‘s chemistry 

group and work for Dr. Chipman. He 

had been brought out from MIT to head 

up some metallurgical operations need- 

ed for the plutonium-production system. 

In 1943. Chipman asked me to go over 

to Site B. an old brewery on the south 

side of Chicago near the University. 

and set up a group to work on tech- 

niques to produce plutonium metal 

from the very small quantities of pluto- 

nium compounds that would initially 

Inset: Fermi’s pile under the stadium at Stagg Field. Universiy of Chicago 

become available. Nick Dallas and I 
went to site B. I recall that we spent 

ail of our efforts during 1943 on small- 

scale reduction techniques for making 

pure metal buttons. 

There wasn’t any plutonium around at 

that time, so we used stand-in elements 

like uranium. alloys of uranium, man- 

ganese, and so on. During that year 

Nick and I developed the hot-centrifuge 

procedure for making small-scale good- 

yield reductions of uranium fluoride to 

uranium metal. 

Anyway. one night I was awakened by 

Chipman at about 11:OO o’clock and 

asked to go immediately to a meeting 

where they said. “We want you and 

Dallas to pack your things right now 

and go down to Los Xlamos. They 

uant to see if you can reduce uranium. 

and they want you to get ready to re- 

duce plutonium on the one-gram scale.” 

So we packed up our equipment and 

went to Los Alamos. 

At that time, everybody was having 

trouble producing tiny quantities of ura- 

nium and plutonium metal using stan- 

dard procedures. And the difficulty 

was pretty obvious. The smaller the 

quantity of material, the greater the sur- 

face effects that cause the metal to hang 

up on the walls of refractory crucibles. 

As a result. it’s very difficult to get a 

good yield of solid. nonporous metal. 

But that was the goal, to make a solid 

button that could be used for, measuring 

the bulk properties of the metallic 

phase. 
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On the Front Lines 1 
Working with Plutonium I Tf‘ 

11 plutonium chemistry and metal- 

lurgy at Los Alamos was done in 

D Building, one of the most elaborate 

and costly structures at Site Y. It was 

designed to minimize contamination of 

plutonium by light-element dust parti- 

cles in the air. According to oficial de- 

scriptions it hadjve miles of piping, a 

complex air-cottditioning system with 

special provsions for air washing and 

rlectrostatic dust removal, ven, complex 

lrihoratories seniced with water, air. 

gcis. trnd elrcrricic, and “deluge shower 

buths ” IO uush ojf contumination. 

Ted Magel: Nick and I arrived at Los 

Alamos about February 3. 194 and 

went immediately to the metal-reduc- 

tion area in D Building. Well, the 

place seemed like a morgue to us; 

everyone was quiet and working in iso- 

lation. I guess they were discouraged. 

Dick Baker was having a great deal of 

difficulty with his metal-reduction 

work. and morale was low. Nick and I 
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quickly transformed the place and got 

everyone excited. Within a week, we 

had set up all the equipment that we’d 

brought with us from Chicago and were 

making 1-gram reductions of uranium 

in our hot centrifuge. 

On March 2. the chemists gave us a 50- 

milligram quantity of plutonium Auo- 
ride to reduce to metal. That’s a very 

small amount of material but that was 

all that was available. Nick and I 
worked with it. and in our second at- 

tempt at reduction, we were able to 

make a tiny coherent sphere of plutoni- 

um metal weighing 10 milligrams. 

That was a 40-per-cent yield. better 

than we expected after our tirst failure. 

We continued to retine our methods 

and to wait, along with everyone else. 

for the arrival from the Clinton Labora- 

tory of the first gram samples of pluto- 

nium. When they finally came. Eric 

Jette and Cyril Smith decreed that Dick 

Baker would get the first crack at a re- 

duction, but Dick’s stationary-bomb 

method yielded only a black cokey 

mass rather than a coherent button of 

plutonium metal. A few weeks later. a 

second sample became available, and 

this time. it was given to us. 

Nick Dallas: Ted, you really should tell 

the whole circumstances of that reduction. 

Ted Magel: The reduction of a gram 

quantity of plutonium was considered a 

very big deal because that amount of 

metal would allow much improved 

measurements of many crucial material 

properties. The reduction was sup- 

posed to take place on March 14, 194. 

and General Groves and, several top ad- 

ministrators had been specially invited 

to observe us as we did it. 

Well, when does everything go wrong- 

when you have a whole lot of observrrj. 

right’? So on the 23rd. I said to NicL. 
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 et's go up to the lab and make the re- 

duction tonight before all these people 

get here." Nick agreed. and we camed 

out the reduction using the hot-cen- 

tnfuge bomb method [see "Plirroniirm 

,,1ercil-the jrst gram "1. When it was 

done. we cut open the bomb. dropped 

the little button of plutonium metal in a 

glass vial and put it on Cyril Smith's 

desk with a note that read: 

Here is Ioiir button of plutoniim. 

We iiaiv gone to Santa Fe for the day. 

Everyone was pretty mad at us and 

claimed that we had contaminated the 

lathe and the back shop when we had 

opened the bomb to retrieve the pluto- 

nium button. I don't believe that we 

had. but I understood how they felt. In 
any case. once they had the button, they 

immediately started measurements of 

density and so forth. Also. Dick Baker 

continued his work on the stationary 

bomb and eventually developed excel- 

lent procedures for working with the 

larger quantities of plutonium that con- 

tinued to arrive from the Clinton pile. 

\tick Dallas: Ted. after we .made 

the tir5t button. I believe we started 

uorking on plutonium puritication 

technique$. 

The worry was that alpha particles 

from the plutonium u.ould hit light-el- 

ements and produce neutrons. The 

high neutron background would then 

cause the bomb to pre-initiate md fir- 

zle before the critical mass wa\ fully 

assembled. 

Well. just as we uere getting off the 

ground on light-element purihcatiun. it 

mas discovered that plutonium from the 

Los Alarnos Science: We 'I/ btmii yoit 

to cli.\cuss the clccidewrs in the .second 

hlfof rhis tlisc~irs.sior1. birr ler 's 40 hac.k 

io Ed. 

Ed Hammel: I started work on the 

project in I941 back in Princeton. on 

the heavy water part of the project. 

production piles at Hdnford would con- 

tain rubstantial quantities ot plutonium- 

740. dn i5otope that produces neutrons 

as it undergoes spontaneous fi\uon 

Since plutonium-240 cannot be re- 

moved chemically. the pun method 

for dssembling the plutonium bomb 

was abandoned and the project 

turned to the implosion method. 

That meant Dallds and I were no 

longer needed to make wper-pure 

plutonium 

Oppenheimer told the chemists 

that we were welcome to stay and 

find jobs elsewhere In the Labo- 

ratory Nick and I elected to 

leave. I think we were the first 

ones ever to leave 

Los ,4lamos and still remain on 

the Manhattan Project. We 

went to work for Dr. Chip- 

man at MIT where we pro- 

duced nonporous. highly sin- 

tered crucibles of pure 

magnesium-oxide-3 inches 

in diameter and about a foot 

high-for holding molten 

uranium and plutonium. 4nd 

we shipped large numbers to 

Dick Baker's group out dt 

Lo$ Alamos. 

Los Alamos Science: Was the 

fact thar YOU both had body 

birrdens of plutonium one of the 

reusons for leaving ' 

Ted Slagel: Right Nick. After about Ted Magel: Not at all We did hace 

eight more I-gram reductions. we went 

to uork on deceloping uayr to mdke 

Juper-pure plutonium We needed to Hemplemann and Wright Lmgham. but 

remo\e JII light-element impurities 

a few mishaps with plutonium, 

and we uere being monitored by Dr 

that's not the reahon ue left 



On 

My wife had serious sinus problems, 

and someone told me that there was a 

place on the project out west where it 

was really dry. I managed to get trans- 

ferred, and I arrived at Los Alamos at 

the end of June 1944. I was the re- 

placement for Ted Magel in the pluto- 

nium metallurgy lab. My section got 

the reduced buttons from Baker and 

was responsible for remelting them, al- 

loying them. and then casting them. 

We did that from June 1944 to the end 

of the war. I hadn’t worked with ra- 

dioactivity before I came to Los Alam- 

os, and I learned shortly after arriving 

that Magel had received a large dose. 

but there was a job to be done. 

Los Alamos Science: Were you con- 

cerned about the health risks of work- 

ing rvith plutonium? 

Ed Hammel: I think that everyone in 

D Building was aware of the risks. But 

there was a war going on. We didn’t 

know exactly what was happening in 

Germany. but we knew their capabili- 

ties. We learned about the raid on the 

132. 

heavy water plant in Norway. We 

feared the worst, and I think that every- 

one working in D Building was primar- 

ily concerned with not being responsi- 

ble for some stupid accident that would 

in any way delay completion of the 

overall operation. 

Los Alamos Science: What were the 

working conditions in D building? 

Were they very primitive in terms of 

containnient of plutonium ? 

Ed Hammel: We worked with wood- 

en dry boxes. which were pretty primi- 

tive, and we worked in open hoods for 

some procedures. But we tried to be 

very careful. We wore respirators and 

special protective clothing, and nose 

counts were carried out for all person- 

nel working with plutonium. 

Los Alamos Science: What is a nose 

count? 

Ed Hammel: Usually twice a day 

members of the health group would 

turn up to take nose swipes. They 

would 5wab the inside of the noqnls of 

each worker with a damp. rolled strip 

of filter paper that was attached to the 

end of a \wab stick. After completing 
the collection, each nose swipe would 

be placed in an alpha counter to see If 

there was any radioactivity. 

Los Alamos Science: Bill Gibson, vOu 

bere here about the same time as Ed. 

What M’US your e.rperience .” 

Bill Gibson: I came here the same 

month as Ed, June 1944. to work in the 

plutonium recovery lab. And like Ted 

Magel and Nick Dallas, I’m a member 

of what is called the UPPU club. All 
of us in that club got an appreciable 

amount of plutonium inside us during 

World War 11. I won’t say hBw much, 

and nobody was really sure until about 

1954. By then, analytical techniques 

had improved to the point that incon- 

sistencies in the analysis had been ma- 

terially reduced and the data appeared 
to be more meaningful. I was taken 

off my job and not allowed to work 

with plutonium or put my hand in a 

glove box again. 

And I began to think 
of the science jction 

pieces that I’d seen in the 
Sunday newspapers and 

thought, “Oh my God, are 
we entering a new age?” 

Los Alamos Science: What did you 

think about this material at the rime:) 

Bill Gibson: I was in an Army combat 

unit at the time I was as5igned to LOS 

Alamos and I didn’t have a clearance. 

so at first, I didn’t know what I was 

workmg with. The characteristics of 
the material were reasonably close to 

uranium but not quite the same and not 

the same as any other element of the 
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table. And I began to think of 

[he science fiction pieces that I'd seen 

in the Sunday newspapers and thought. 

..Oh my God. are we entet'ing a new 

Llge'?" After a month. I received my 

including that 1 was working 

and was told what it was all 

,bith a new man-made element plutoni- 

um. Of course. I knew about radioac- 

tivity. and I knew that in the old days 

the people who had painted the radium 

uatch dials had suffered from radium 

poisoning and died some pretty terrible 

deaths. But Wright Langham was a 
very sharp man. and he cautioned us 

about the hazards of plutonium. He 

and Louis. Dr. Louis Hempelmann, 

kept pretty close watch over us. 

' But the conditions were primitive. Like 

Ed said, we worked in open hoods. 

There was a table with a glass top that 

resembled a slanting shelf, and we put 

our hand under the glass to work. We 

worked with all kinds of chemical 

residues and with all kinds of crucibles. 

We had to recover plutonium from al- 

most every element in the periodic 

table. Sometimes things got pretty 

sloppy. As a matter of fact. the first 
eight grams that we worked with was 

called our jinx batch. After it had been 

ether-extracted and was in its purest 

form. one of my compatriots put it in a 
petri dish and put the petri dish in an 
own to speed evaporation. When he 
tried to pull out the glass dish, the bot- 

tom fell out. and the whole thing, pluto- 

nium and all. went on the floor. We 
cleaned up the spill. it was about 8 mil- 

liliters of liquid. and got it almost to 

the final purification. That is, we had it 
in the centrifuge at the precipitation 

stage. and while it was whirling around 

like mad. one of the centrifuge cones 

broke. and the stuff came out all over 

the inside of the centrifuge and. out 

through the ventilation of the centrifuge 

onto the floor. Again we cleaned it up, 

got it purified and sent it to the dry- 

chemistry operation where their con- 

troller got stuck. and the stuff burned to 

a cinder. So we had to start again for 

the fourth time. We finally did get out 

most of the eight grams and gave it 

back to the dry-chemistry section. who 

prepared it for metal reduction. 

As I said. the conditions were not the 

ven hest. When we spilled the solu- 

tion. we had to pet down on our hands 

and knees and clean it up. But we 

were able to recover almost all of it. 

and that was what we were after. 

Los Alamos Science: Were you con- 

cerned about !our own health \$,hen 

~014 were in these situations? 

Bill Gibson: The combat unit that I 
came from wound up in the Battle of 

the Bulge. so my philosophy was that if 

I died twenty years later from working 

with this stuff. I would be lucky com- 

pared to my cornpatriots who hadn't . 

had the chance to live that long. My 
attitude was to be as careful as possible 

and to do the best I could as a soldier 

of the United States Army. 

Ed Hammel: What was paramot:nt 

in our minds was not the danger ut 

radioactivity. but rather that this stuff 

was extremely valuable. at least 100 

times more valuable than gold. and for 

gosh sakes. we better take care not to 

lose any of it. 

Bill Gibson: We did try to protect our- 

selves from inhaling plutonium micro- 

particles by wearing dust masks, the 

kind that miners use. But they weren't 

very effective. I don't think there were 

many days during World War I1 when I 

was without a positive nose count of 

between a few hundred and 20.000 dis- 

integrations per minute. 

Los Alamos Science: Bill. bt.e.11 vitait 

until our discussion of accidenrs itid 

health consequences to hear more of 

jour story. But now w-e turn to another 

pertod in the stop of plutonium kvork- 

ers marked by the move to DP site and 

less primitive working conditions. 
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s late 1944. the need for a safer B- and larger facilic to handle fabri- 

crition and recovep of plutonium was 

e1,ident. The site selected for the new 

complex. originally called “D Site, ‘’ 

~~1s on a mesa across from the mod- 

ern-day airport and down about a mile 

from the original technical area of the 

Ltihoraron: which is now the center of 

the town. The new complex was OB- 
ciiill~ named “DP Site” on March 16, 

1945. to avoid-any confusion with the 

existing ”D” Building. Although many 

theories exist about the exact meaning 

rtf DP. the minutes of the Plant Build- 

illL? Committee. headed by J. E. Burke, 

.sii,qgest that P stood for Plant. (In a 

I981 article. however, Burke stated 

that the P stood .for polonium). The 

buildings ut DP site are made of metal 

(itid )cere built bcith eldorate Lientila- 

tion .systems. closed hoods, and ull 

kinds of features to keep exposures to a 
minimum. Operation began at the site 

in 1945. 

Art Beaumont: Yes. But I first came 

to the Santa Fe area back in 1946. I 

came to look up a gal I had met when I 
was with the 10th Mountain Division. 

We really hit it off. and I decided to 

stay. In April, I got a job up here on 
the mesa first with the U.S. Army 

Corps of Engineers, and then with the 

Zia Company, as recreation director of 

Theater Number 2. By July of that 

year, my wife and I were married. A 

bit later. I went back to school at the 

University of New Mexico and earned 

a masters degree in educational admin- 

istration. Then, in May 1951, I was 

hired by the Laboratory. Although I 

didn’t have a degree in chemistry, I had 

enough coursework in science that they 

hired me to work on the fabrication of 

plutonium parts for weapons. 

Los Alamos Science: What did ?ou 

know about plutonium kchen you first 

started? 

r was no education: I wasn‘t even sure 

what I was working with. to be very 

honest. There was a stainless steel 

glove box with weapons components, 

and one of the first things I did was use 

a piece of sandpaper to make a certain 

tolerance for a weapon item. It was re- 

ally kind of amazing. I would be sand- 

ing away and ail of a sudden I would 

see a little fire in front of me. Plutoni- . 
um dust had accumulated and caught (* 

on fire. 1 would use graphite to put out 

the fire or just take a piece of sandpa- 

per and smother it. 

I 

Los Alamos Science: The plutonium 

would catch on fire? 

Art Beaumont: Yes. small pieces of 

dust with lots of surface area are py- 

rophoric; it starts burning by itself. 

Los Alamos Science: Were you con- 

cerned about the health hazards .’ 

Los Alamos Science: Art. Tour experi- 

CIICPS begtrn in DP Site. tiidn ‘t thei.:l 

Art Beaumont: I didn’t know any- 

thing. I just walked down to Building 

5 at DP Site and started to work. There 

Art Beaumont: Not at all. From 

Building 5, the fabrication unit. I went 

to Building 2. which was recovery. and 

I34 
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1 worked there for a long time. We 

ucre like a family down there. Every- 

body cooperated with ever) body. I 

\\orked with people like Dr. Baker. 

,lnd it was just fun Lvorliinp with him. I 

had absolutely no fear of plutonium. 

but one afternoon about 3:30 P.kI.. 1 

\bas abked to go to the administration 

building. There they told me. "You've 

reached the threshold of allowed pluto- 

nium in lour body: we have to transfer 

qou." I still haw the letter from Dr. 
Baker that said I was being reassigned 

from DP West to DP East. Since that 

day. I've felt that if there was some- 

body like me, whose count was build- 

ing up. the one thing the Laboratory 

could do would be to tell that person 

and give them a choice of being reas- 

signed before they acquire their limit. 

Instead, out of the clear sky. I was told 

I had reached the threshold. I hope the 

Laboratory is doing things differently 

with the people who are working today. 

eber) body probably knows about. 

Jose Gonzales: I understand what Art 

is saying. It's hard not knowing exact- 

ly what's going on. Back in the early 

days the Laboratory people would 

transport plutonium in convoys only fif- 

teen feet from my kitchen door down 

the hill in El Rancho. I remember 

hearing those convoys passing our 

house at 1:00 A.M. in the morning. It 

would have been nice if they had told 

us what was in them. The family knew 

there was a secret project, but they did- 

n't know anything else. My father had 

had a homestead on what is now called 

Barranca Mesa. It's the most northerly 

mesa in Los Alamos. In the early for- 

ties. the Federal Bureau of Investigation 

came to our home and condemned the 

property for war purposes. They gave 

us 30 days to move out, and that's 

when we went down to El Rancho. My 
father worked at D Building during the 

war and was there during the early 

stages of the plutonium work. He lived 

a happy life and died at the age of 85. 

Los Alamos Science: Jose, what tnade 

void decide ro vvork lit Los Alamos? 

Number 23 1095 ,!.us Alainos Science 
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Jose Gonzales: I had a business down 

in, Pojoaque. and w hen it went down 

the tubes because the hiphwa! depart- 

ment was widening the road. I decided 

to apply to Los Alamos. That has 

1958. Dr. Thomas Shipman in the 

Health Division called me for an inter- 

~iew and explained the tieid.of radia- 

tion monitoring to me. He esplained 

what my duties would be. and then I 

wound up being assigned to DP Site. 

There I had a chance to work with 

some of the pioneers in plutonium 

work-like Bill Gibson. Art Beaumont. 

and Bill Maraman. 1 felt comfortable 

from the start even though I didn't 

know exactly what was going on in the 

experiments. I guess what rnade me 

feel good was that I had the equipment 

to protect myself and to protect those 

people that were out there. A lot of el- 

derly people of Spanish descent were 

working there as laborers, electricians. 

craftsmen, and so on. and I was able to 

communicate with them in Spanish. 

Then iust a month after I - 

three weeks, and it only takes one sec- 

ond to mess it up. After that. 1 felt 

sood because I understood even more 

why 1 was needed. and I liked being 

part of a supporting group. We were 

there to help in whatever manner fie 

could. Safety was number one. and u.e 

always,tried to be prepared. 

Back in the earl>* days, 

the Laboratory people 
cttould transport plutonium 

in convoys only fifteen 
feet from my kitchen 
door down the hill in 

El Rancho. I remember 
hearing those convoys 
passing our house at 

1:OO A.M. in the morning. 

results releases a (erhal flood oj. gamma 

rays and neiitruns.] I learned from the 

experience that people can die from ra- 

diation-you can plan for a job for 
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.Jose Gonzales: In my tirst !ear\. I did 

routine radiation monitoring. I pojted 

the dose rates. and I helped people uith 

routine operations. like getting dressed 

in protective clothing and then chanp- 

inp back to their own clothes when 

they left the area. Also. I made sure 

the right equipment was there. Over 

the >ears, I worked in all the labs at DP 

Site. I assisted with the first batch of 
plutonium-238 that came there. It was 

coing to be used as an energy source 

for a heart pacemaker. I also uorked 

with the people who did metal reduc- 

tions. turning compounds into pure 

metal. They worked in a long 

line of glove boxes called the MPL. the 

metal prep line. In 1978. when we 

were preparing to move to the new fa- 

cility at TA-55. I was the only one left 

with any experience on that line. 

That’s when Larry Mullins. Dana 

Christensen. and Art Morgan asked me 

to run the system. I was upgraded to a 

chemical technician, and I worked on 

that line for 13 years until I retired in 

199 I. I helped assemble the laser-re- 

duction apparatus, and I made the first 

laser-reduction of plutonium. Conven- 

tional reductions took 18 to 20 minutes: 

the laser method reduced the time to 6 

vxonds and also reduced the neutron 

exposure. You know back in 1978 

when I was upgraded. m) tirstjob was 

to help decommission the metal prep 

line before it was mo\ed to TA-55. 

Now the Lab is about to decommisaion 

it again. and they have ashed me to 

work as a consultant preparins a set of 

safety checks on their procedures for 

decommissioning. It feels good that I 

can still help. 

Los Alamos Science: Did ~oii ettjo! 

!our !cork.) 

Jose Gonzales: Yes. I did. but I en- 

joyed it most when we were back at DP 

Site. We all called each other by our 

first names: there was none of this mis- 
ter stuff. We were one united family. 

When something happened. everyone 

went in as one unit to take care of it. 

Also. they gave me the opportunity to 
go out to the Nevada Test Site. I made 

about ten trips out there. and at one 

point. I worked on the Rover program, 

which was a program to develop a 

nuclear-powered rocket that could tr;lVel 

to Mars. I really enjoyed that expeh. 

ence. I worked for the Laboratory for 

7) years. and I don’t have any grudge$ 

against the Laboratory or the people I 

(corked for or the people I worked uith, 

and that makes me comfortable. 

__ 

We all called each 
other by our first names; 

there ulas none of this 
mister sti@ We were one 

united famil?. When 
sorliething happened, 

everyone went inas one 
unit to take ciire of it. 

Los Alamos Science: Jirn Ledbetrer. 

yon also worked (it1 [he Rol.er proyrmn 

in the 1960~ didn ‘t voii .’ 

Jim Ledbetter: Yes, my tirst experi- 

ence as a radiation worker was at 

the Nevada Test Site. I was em- 

ployed as a technician in the Nu- 

clear Rocket Development Pro- 

gram in the Advanced Space 

Program. President John F. 
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number of years out at the test site 

doing postmortem evamlnatlons on van 

,,US reactor dejign, bullt by Los Almmi 

dnd Westing house. 

Jim Ledbetter: Following President 

Kennedy's death. subsequent adminis- 

trations determined that there would be 

no mission to Mars in the foreseeable 

future. and in 1969. the Nuclear Rockel 

Research for the Advanced Space Pro- 

gam ended. At that time. I was of- 

fered a job at LOS Alamos. It was 

similar to the past work in the Rover 

program. I was involved in robotics 

2nd hot cells providing postmortem op- 

erations on experimental fuels and 

components for breeder reactors. We 

were a team of engineers. technicians. 

and scientists who, in a six-month peri- 

od. developed the primary containment 

md the robotics to do the job. 

- 

In 1970. the Laboratory informed us 

that we were going to participate in an 

assessment of the heat source for the 

Jupiter fly-by experiment. The unit 

used plutonium-238 as the heat generat- 

ing material and a thermocouple pack- 

age from TRW to generate power for 

the on-board components. It was in 

this manner that signals would be trans- 

mitted back to earth. Our task was to 

disassemble two of the units so Los 

Alamos scientists and engineers could 

assess the performance and recover the 

components and materials. 

Following receipt of the first unit and 

removal of the TRW thermocouple 

package. the hot-cell process began. 

We completely dismantled the plutoni- 

um heat sources and rewelded the com- 

ponents into tantalum containers. They 

were then removed from the hot cell 

and stored for reuse. The first disas- 

sembly went bery smoothly with no 

malfunctions and no unusual occur- 

rences. The process went very well 

even though a sense of urgency sur- 

rounded our efforts. The experiments 

were being pressed to meet NASA 

schedules, so we quickly prepared for 

the second disassembly. It was during 

the second disassembly that we encoun- 

tered problems. Despite those prob- 

lems, the people at Los Alamos persist- 

ed, and the NASA schedule for the 

fly-by was met. It was very rewarding 

to us that we could be involved and see 

success as the spacecraft transmitted 

We were a team of 

engineers, technicians, 
and scientists who, ir? a 

six-month period, 
developed the primary 
containment and the 

robotics to'do the job. 

data from Jupiter several years later. 

After the project. we were informed 

that the heat source had transmitted 

signals far beyond Jupiter. to distances 

as far away as Pluto. Its performance 

exceedeu expectations and provided 

data for a much longer period. 

Los Alamos Science: It sounds like 

the years at DP Site were n rep c.r- 

pansive era in the histo? of the Labo- 

ratory. New energy sources, interplan- 

eta9 space travel, all kinds of dreams 

were in the air. Now we'll go on to the 

opening of the modem facility ut 

TA-55 and the practices and attitudes 

of today. 
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e modem plutonium facilih; at TA- 

ing a devastatingjre at the Rocky Flats 

Plant in Colorado. The Los Alamos fa- 

dip )cas designed to withstand all nat- 

urd disasters. uccidents, and terrorist 

Lirtir,ities, und to protect workers under 

1111usiici1 c~ircirrnstances such as power 

f(ii1iire.s. Its tirodiilar construction has 

perniitted cmriiiiial upgrcides so that it 

retmiins ci .ctute-c$-the-art faciliq to this 

iln?. (see '*The Modern Role of the Plu- 

tonium Fucilip " 1. 

T! - 
33 was authorized in 1971 follow- 

Los Alamos Science: lerp Taylor. 

\oil Lrwrked nt TA-55. Whar was it like 

\then you jir.st came to the job:? 

Jerry Taylor: I was In awe when I 

first walked into Th-55. It was like en- 

tering the \pacecraft in 2001 re 

Odyssey. There were all these stain- 

less-steel valves and pipes everywhere. 

The whole facility was awesome. 

Los Alamos Science: You knew people 

who worked there. didn't ~OU? 

Jerry Taylor: Yes. My uncle worked 

there. and his brother-in-law was a 

group leader. My father and some of 

my cousins also worked there. In fact, 

my grandparents had been in Los 

Alamos since 1943. My grandfather 

worked on the first bomb. 

When I first started. I went to a safety 

course and learned about criticality and 

radiation hazards. I saw all the proce- 

dures we had to go through. all the safe- 

ty precautions. all the monitoring to pro- 

tect us. But it never wared me. I really 

We got to go and see what they did in . 7 enjoyed learning the work at TA-55. 

some of the other labs and down to the 

vaults where they store plutonium and 

all kinds of things containing plutomum. 

There are a few fuel rods down there tn 

a pool of liquid, and they are the most 

beautiful aqua color I have ever seen. 

I 

1 
1 

4 

It was really amazing to me that we 

could make this material. Lots of 

times, we started from contaminated 

trash, and all of a sudden. we ended 

with a piece of plutonium metal. I was 

always in awe of all of it. I enjoyed 

the work. It never did scare me until 

the day of the accident. But then it got 

to me. because I knew the health haz- 

ards. That was fourteen years ago. and 

I still worry to this day about what the 

long-term exposure to internal radiation 

I 
1 



do to me. I know Bill Gibson, I 
to work with him. He had an ex- 

posure almost fifty years ago. and he’s 

,till around. And .4rt Beaumont is still 

here. even though he’s been exposed. 

But I still have questions about it. 

Jerry Taylor: hTy uncle had a very 

3mall exposure. but my dad never has. 

I don‘t know if my grandfather ever 

had one. He was a machinist up here. 

My family has worked here all these 

vcars. and I‘m the only one that has a 

contamination besides my uncle, and I 

think his is very small. 

Los Alarnos Science: How did you 

feel libout the fact that plutonium is 

IrJvd to build bombs? 

Jerry Taylor: It never really bothered 

me. When scientists first came up with 

the bomb. there was a lot of dying 

going on in the war. The scientists, the 
bomb, they stopped the war. so I think 

it was a good thing. Plutonium is a 
dangerous material, and it can make a 

very dangerous weapon. I hope we 

won‘t have to see it used again. There 
is a lot of good work that goes along 

with the radiation work. I would love 

to work at the Lab again. There’s a lot 

of neat stuff going on all the time. It’s 
not boring. 

Los Alamos Science: Jerq, can you 
describe what it‘s like to work in a 

~?lo\.e box ut TA-SS? 

Jerry Taylor: At first it‘s very awk- 
hard. it’s like you don‘t have any 

hands. You keep dropping things. 

Once you get used to it though. it be- 

comes pretty easy. 

Bill Gibson: You certainly don’t want 

to try to set your watch while you’re 

working in the glove box. The gloves 

are inside the box and are attached to a 

pair of openings in the walls. You put 

on the gloves by putting your hands 

through the walls, SO when you work in 

the box. your hands are always in the 

gloves. There‘s a big window in front 

of you to let you see what you‘re doing. 

The glove box is totally enclosed so 
nothing can escape. Not only that. any 

ventilation at all is inward since there’s 

a slight negative pressure in the box. 

When scientists jrst came 
up with the bomb, there 
was a lot of dying going 

on in the wal: The 
scientists, the bomb, they 

stopped the war; 
so I think it was a good 
thing. Plutonium is a 

dangerous material, and 
it can make a vev 
dangerous weapon. 

I hope we won’t have to 
see it used again. 

Jerry Taylor: It was hard at first to 

manipulate your hands while you’re 

in those heavy gloves, but it soon 

became pretty easy, and I always 

enjoyed it. I wish I could have done 

more of it. It was a good experience 

except for the accident. After the acci- 

dent, I wasn’t allowed to do that kind 

of work anymore. The exposure was 

too big. 

Los Alamos Science: Michael Mar- 

tinez, you have been working at TA-55 
for a long time. 

-r.- 
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Michael Martinez: Yes. I came to the 

Lab in 1980 and worked in the metal 

production room at TA-55. There you 

convert an oxide to a fluoride and then 

to a metal. Like Jerry was saying, it 

was very interesting when I first went 

in there. Everything-the pipes, the 

On the Front Lines 

valves. you name it-it was all interest- 

ing. And it was hard to get your hands 

in the glove box at first. It was hard to 

do anything inside the glove box with 

leaded gloves. Once in a while. you 

would catch yourself grabbing your 

hand and trying to pull off the gloves. 

But of course you can’t. You‘re taught 

how dangerous the material is. and you 

learn a lot of safety precautions. You 

know what you can do and what you 

can‘t do. It never did scare me; even 

after the incidents that gave me some 

exposure, I wasn’t scared. 

Los Alamos Science: How did you 

end up working wifh plutonium? 

Michael Martinez: A friend of mine 

who was working with plutonium asked 

me if I would like to take a similar job. 

He wanted to know whether I would be 

scared, and I told him, “No.” So I got 

the job. At first I didn’t know much 

about radioactivity, but I learned as I 

went along. One October during the 

first three years of working there, I was 

pulled out of the plant to work on salt 

casting and other jobs, because I had 

already received the exposure that I 

was allowed for that year. When the 

next year started. I was allowed to go 

back into the plant and work with plu- 

tonium again. But now. after this last 

incident, I was told I would never be 

able to work with plutonium again. 

Los Alamos Science: Whrct did >.ou 

like about the plutonium bvork? 

Michael Martinez: I’m not happy 

about having to stop this work. Pluto- 

nium is what made us a free country. 

I’m proud that I worked with it. and I 

wish I could continue. 

Los Alamos Science: Do your family 

and friends share your feelings? 

Michael Martinez: They worry some 

about the dangers. but I tell them it was 

just as dangerous when I worked on 

cars. If I stick my arm in the fan. my 

arm is going to go. If I get under the 

I39 
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, 

XIichael Martinez: You're supposed 

to check jourself with a hand probe 

every time you pull your hands out of 

the plove box. and then again as you 

leaw the room. you check your hands 

and your feet. Finally, before you 

leave PFJ 1 the plutonium area of TA- 

55). there's a monitor. a person, who 

checks you completely. Most of the 

time you're clean. but once in a while. 

you get a couple of clicks. You check 

your gloves-the surgical gloves that 

you w'ear under the big leaded gloves in 

the glove box. You can't see anything. 

but you know they're hot. they're cont- 

aminated with radioactivity. You call 

the monitor to see if you should change 

Safetv e.rrercise ut T.4-55 

the gloves or whatever. It's kind of 

weird because you can't see anything. 

you can only hear the clicks. 

Los Alamos Science: Harold Archule- 

ta, what ~~7s !our experience iu becom- 

ing a plutonium worker .' 

Harold Archuleta: I came to work in 

1967 at the old DP Site in group CMB- 
1 I. That was the metal-fabrication 

group where castings of various shapes 

and sizes were produced. I had to be 

highly trained because the work was 

totally hands-on. At tirst. I had to just 

watch; they wouldn't let me do anything 

for the longest time. Then I started 

malung ingots. Later, I moved up to 

rods and then finally to hemi-shells. 

The hemi-shells had to be perfect. The 

group relocated to T.4-55 in 1978. 

There I worked as head caster and tech 

supervisor. I was also responsible for 

training technicians as well as staff 

members. young and old. Just as I had 

been trained, I would always emphasize 

that safety was the number one priority. 

Of course incidents did happen. and 

you dealt with them. If you tore a 

glove. you changed it. If the window 
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cracked. it had to be changed. .And 

Sometimes you would get contaminated 

The present facility is different from the 

old DP site. It's not like a family q- 

more where ekeryone cooperated and 

helped each other out. 

Bill Gibson: There's a good reason for 

the change. When we were at DP Site 

we were a group of about 50 or 60 peo- 

ple. At TA-55. the group suddenly 

grew to about 300. and the only people 

you knew well were the people in your 

own area. 

Los Alamos Science: Were ~.oii proird 

of ymr work? Did y)ii etljo? Xoiir job:' 

Harold Archuleta: Overall. my job 

experience was a positive one. I en- 

joyed the research and production. We 

were in competition with Rocky Flats. 

and we would always come out ahead. 
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Accidents with Plutonium 

n this part of the discussion the I participants were asked to describe 

the uccidents or incidents that led to 

their piutonium intakes. 

Harold Archuleta: My first incident 

occurred after opening a freezer in the 

attic at DP West. Room 500. Plutoni- 

um was stored in freezers because the 

cold temperature keeps it from oxidiz- 

ing. One particular Monday morning, I 
was given a casting ticket to retrieve 

plutonium buttons for casting. Upon 

opening the container. I noticed the but- 

tons were oxidized. I then realized the 

freezer was not in operation. After re- 

porting the problem, a nose count was 

taken immediately. .A high count was 

found in both nostrils. Contamination 

was also found on my g.loves. Shortly 

after this incident. Harold Ide who was 

in charge of H- 1 contamination inci- 

dents. inhrmed me that I was required 

to give fecal samples. I did so for a 

few months. 

The second incident occurred while 

casting plutonium rods. During the fill- 

ing of the molds. a slight overflow oc- 

curred. causing a sliver to form. While 

I was unloading the molds, I felt a pin 

prick on my right middle tinger. I im- 

mediately stopped and reached over 

with my left hand and held the neo- 

prene glove bringing my right hand out 

to the tldge of the glove port opening. 

I called to a monitor who happened to 

be close by. He checked. and no conta- 

mination was found. But at the wound 

counter, it was found to be contaminat- 

ed. I was taken to occupational medi- 

cine where I was told, "There are two 

things we can do. We can let you heal 

over, in which case you'll have a body 

burden. or we can take you over to the 

hospital and cut it out." I chose exci- 

sion. At the hospital they gave me a 

shot and then they started to cut. I 

could see the blood run. They checked 

it with the wound counter. and it was 

still hot. They cut some more, and they 

kept cutting until it was below back- 

ground on the instruments. Then they 

stitched it, about six or seven stitches 

on my finger. I was removed from plu- 

tonium work while I recuperated. 

The third. incident involved another 

nasal intake. I was changing a ther- 

mocouple tube in a pressurized fur- 

nace. Due to a faulty helium valve, 

the furnace had not been properly de- 

pressurized.. Upon removing the ther- 

mocouple. some contamination was re- 

leased. My nose count was found to 

be very low. I think that what I have 

in my lungs is a result of the first inci- 

dent. It is americium that is detected 

when a lung measurement is taken. 

[ Weapons grade pluroniurn has uboict a 

forh-year biologicai (residence in the 

body) hav-life. Americium-241 I bvhich 

is a decay product of plutonium-241, is 

more easily detected in th3 lungs than 

plutonium-239, because it emits higher 

energy gammu rays.] 

Los Alamos Science: Hmse ~oir )$!or- 

ried about that over the years? 

Harold Archuleta: I didn't worry 

until about three or four )ears ago. I 

started to get this discomfort in my left 

side around my pectoral muscles. I 

didn't think it was the plutonium. We 

had to lift a furnace that was inside the 

line. and I grabbed it with my left arm. 

It was pretty heavy. After that, I start- 

ed to have a lot of weakness in my left 

m. I went to all kinds of doctors. I 

thought it might be my heart. But the 

doctors determined that it wasn't my 

heart. it was the design of the glove 

boxes. All those years of working 

there had affected my neck. elbows. 

and lower back, and something in the 

fifth vertebrae in my neck was sort of 

pinching a nerve that would bring this 

weakness to my pectoral muscles. 

There's nothing I can do about it. 

Los Alamos Science: Did that expla- 

n-ation satisfi you. or do !nu stili have 

questions .? 

Harold Archuleta: No. I asked the 

doctors at Lovelace whether the prob- 

lem could be from the plutonium in my 
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and they said no, they don't 

think it could be that. But when I talk 

to ,,[her people. they all say. "I bet it's 

[he amount of exposure in your lungs." 

But [ don't know-I don't think so. 

jjichael klartinez: My first incident 

%as about 1983. There were six of us 

[he vault petting ready to send a 

,hlpment to Rocky Flats. We sent ma- 

[trials in containers that resemble pres- 

cure cookers. and we use those units 

o,cr and over again. This time we re- 

[no\ed the bolts and took the lid off. 

md the stuff inside went airborne. This 

unit was empty. but it was hot. and we 

didn't know it. Nothing was marked 

on the outside to say it was contaminat- 

ed. but it was. Another person and I, 
who were right by the container. had 

the highest nose swipes. That was my 

first intake. 

The second incident was in 1993. We 

were doing reductions in the induction 

furnace. and we had just started work- 

~np with the laser. If I remember cor- 

rectly. it was right after a three-day 

ueekend. We were doing a laser re- 

duction. When the reduction took off. 

it \ounded kind of funny compared to 

\L hat we were used to hearing. We 

ihecked to see if our vent line inside 

the glove box was open. We had an 

argon line hooked up to the laser win- 

dow. which separates the laser from the 

reduction chamber. We used the argon 

to clean the window after the reduction 

 as done. This time we turned on the 

argon. and it broke or cracked the win- 

dow. The plutonium that was airborne 

in the chamber went through the win- 

dow. and we picked up quite a bit. 

After that incident. they shut the line 

down for a while, and I transferred out 

of T.4-55 to the Chemical and Metal- 

lurgy Research building. 

Los Alamos Science: What happened 

ofter ~o~r ktierc. \oil had nn intake ? 

Were ioii concertiecl? 

Michael Martinez: I wondered how 

bad it was. At first. they ga\e me urine 

luts and fecal kits once a day. and then 

once a month. I'm still giving urine 

samples. Awhile after the incident. they 

called me to the Health Division. and 

the doctor gave me the numbers relating 

to my exposure. And now you'\)e given 

me another set of numbers. 

One particular Monday 

morning, I was given a 
casting ticket to retrieve 

plutonium buttons for 

casting. Upon opening 

the containel; I noticed 

the buttons were oxi- 

dized. I then realized the 

freezer was not in opera- 

tion. After reporting the 

problem, a. nose count 

was taken immediately. 

Los Alarnos Science: HOW MUS it 

huvitig rojll all the bioassq kits? 

How did xou feel bringing all that stuff 

home? Did your family ask questions? 

Michael Martinez: I never told them. 

I've never told anybody. I didn't want 

them to worry. 

Jose Gonzales: I've got a long story, 

because as a monitor. you're always 

looking for the unknown. At least that 

was what it was like during my early 

years at DP Site. My first episode was 

at the waste-disposal site where they 

were treating americium in 55-gallon 

drums. I opened the door, and to my 

surprise. I could see the americium com- 

ing out the door. All I could do was call 

"Mayday!" and rope the area. Every- 

thing in the building was contaminated. 

The area eventually got cleaned up, but I 
probably picked up a dose there. 

The second place where I might have 

picked up some dose was in the filter 

house. It wouldn't have been from in- 

side &he filter house. because I was 

wearing a respirator. But while un- 

dressing afterwards. I could have gotten 

some dose from contaminants that had 

fallen on my clothing. Another inci- 

dent was in the electrorefining unit. 

We used to transfer 350-gram metal 

buttons in plastic bags. The technician 

was putting a button in the bag. and we 

were putting on our respirators to pre- 

pare for making the transfer. Suddenly 

the seams on the plastic bag gave out. 

and the button rolled on the floor. I 
held my breath. got a glove. put the 

button in the glove. and threw it back 

inside the hood. That was the only 

thing I could do. If the door had been 

open, the button probably would have 

rolled to the airport. Thank God it did- 

n't. There are so many incidents I 

could relate. They weren't intentional 

errors. We were just doing things in 

the best way we could. 

I'll tell just one more. It was 1977 on 

the metal prep line. I was holding a ra- 

diation-monitoring instrument close to 

where a metal reduction was being 

done. When the pressure surge came 

during the reduction reaction. a gasket 

blew on the reduction vessel. At that 

point in the reduction, the vessel was 
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There were six of us 
irz the vault getting ready 

to send a shipment to 
Rocky Flats. We sent ma- 
terials in containers that 
resemble pressure cook- 

ers, and we use those 
units over and over again. 
This time we removed the 
bolts and took the lid 08 
and the stufinside went 

airborne. 

under 2.000 pounds of pressure, so 
when it blew. it blew the gloves right 

out of the glove ports and caused the 

whole room to become contaminated. 

The only thing I could do was to yell as 

loud as possible for everyone to evacu- 

ate the room. We assembled on the 

outside. and thank God, everyone was 

safe. But we picked up a dose. I be- 

came a permanent fixture in the In Vivo 

Lab where gamma-ray lung counts are 

done. That incident bothered me a bit 

more than the others. I called my wife 

to tell her we had an incident and that I 

wouldn’t be home as early as I had said. 

And sure enough, at ten o’clock it came 

on the news that there had been an acci- 

dent at DP Site, and that five people 

were involved. My wife was concerned 

about it. But we got it straightened out. 

We put a safety valve on the pressure 

cylinder of the vessel so the same thing 

wouldn‘t ever happen again. 

I had an incident at TA-55 n hen I was 

doing a reduction myself. The pressure 

in the reduction vessel-actually we call 

it a bomb-was 2.200 pounds per 

square inch. About 18 minutes into the 

reduction. four bolts that hold the reduc- 

tion bomb in place came loose; I yelled 
for everyone in the room to evacuate. I 

saw some sparks so I held some wet 

cheesecloth close to the glove ports to 

keep the gloves from catching tire and 

waited to see if the reduction would 

stay inside the vessel. We didn‘t have 

time to go for respirators. Thank God 

we were able to keep everything con- 

tained inside the glove box. We had a 

+inch opening at the bottom of the box, 

but the negative pressure pulled every- 

thing back into the box and saved us. 

All these incidents happened. and still, I 
didn‘t want to quit my job. I have pride 

in my work. When I felt kind of bad, I 
talked to my family. I have two healthy 

children and two grandchildren, and 

they understand. There were a few 

times when I had to leave my under- 

wear at work, and my son would say. 

“Mom. daddy‘s hot again!” I’m so 

grateful that I can joke about those 

things today. At the time it happened, it 

wU., something serious. Today. I feel 

better physically, mentally. and spiritu- 
ally than I ever have in my life. I’m 

still working at the Lab. helping to write 

a Lab report on the decommissioning of 
the metal prep line. I’m really proud to 

be doing that. 

Art Beaumont: In about 1964. some 

13 or 14 years after I came to DP West 

and began to work with plutonium-239, 
I started to work with plutonium-238. It 

was for the artificial-heart program. We 

had just produced the first plutonium- 

238 metal in a regular glove box, and I 
was up on the ladder to open the top of 
the furnace. I reached in with tweezers, 

pulled out a 25-gram button of plutoni- 

um-238, and then sparks started to fly 

all over the place. The plutonium-238 

was oxidizing SO rapidly because the at- 

mosphere in the glove box was just the 

normal atmosphere. I handed the butto,, 

to Lany Mullen who was working right 

next to me, and he dropped it. and the,, 

somebody else dropped it. and then fi- 

nally we got it back into the furnace, 

That taught US that we had to work in 

an inert hood. one without any oxygen 

or nitrogen. But I don‘t believe I got 

any dose at that time. 

Jose Gon:ale: 

All these incidents 
happened, and still, I 

didn’t want to quit my job. 
I have pride in mv work. 
When I felt kind df bad, 

I talked to my family. 
I have two healthy children 

and two grandchildren, 
and they understand. 

There were a few times 
when I had to leave my 
underwear at work, and 

my son would say, “Mom, 
daddy5 hot again!” 

I’m so gratefil that I can 
joke about those things 

today. 
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There was an incident, though. on an- 

orher line in a room called 401. It was 

,bout 1972. and I was working in a set 

ul~~es right next to another fellow. 

~11 of a sudden his glove ripped off 

f,-c)rn the glove port. He had this whole 

elole on his arm. and we were both 

looking into the glove box through the 

,,pen port where the glove had been. 

~\'e didn't hardly breathe. We yelled 

for our respirators. and the monitor 

came quickly and put them on our 

fsces. That's the one incident in which 

1 believe I could have gotten a dose, 

txcause I wasn't wearing a respirator. 

The ufhole room got contaminated. It 

took several weeks to clean it up. 

I was told I couldn't work with plutoni- 

um in August 1973. about 23 or 2-l 

\'ears after I started, but I was never in- 

formed about any doses. I would send 

in urine samples. but they never gave 

me any of the results. I worked full- 

time at the Lab until 1985 when I re- 

tired. and I came back to work part- 

time as a Lab Associate until last year. 

Ed Hammel: I have a suspicion that 

what Art is saying is not that unusual. 

Probably. there were a lot of people 

uho were not informed of their internal 

exposures because they were consid- 

ered too insigniticant. And I suspect 

that the reason we are having this dis- 

cussion today is because now it has 

udden'ly become significant. The cul- 

ture has changed. and the whole coun- 

trq is worrying about these things. 

Eberybody is trying to play catch up. 

Art Beaumont: If I was a person with 

a body burden. it would seem to me the 

Lab would be interested in it. At one 

point after I moved to DP East. I ques- 

tioned Bill Maraman about why they 

ueren't asking for urine samples. After 

a big discussion. it turned out that a 

wcretary had taken me off the list. 

Jim Ledbetter: The only incident 

I recall in which I picked up an expo- 

jure wa4 in 1971 dunng the di\as\em- 

bly ot the plutonium-238 Jupiter heat 

I was working in a 
set of gloves right next to 
another fellow. All of a 
sudden. . . he had this 
whole glove on his arm, 

and we were both looking 
into the glove box 

through the open port 
where the glove had been. 
We didn't hardly breathe. 
We yelled for our respira- 

tors, and the monitor 
came quickly and put 

them on our faces. 

source. We were working in a hot cell 

with three-foot shielding. The atmos- 

phere inside the containment was 

argon-purged and was maintained at a 

very low oxygen content. les\ than tifty 

parts per million. 

The first disassembly was 100 per cent 

successful. We disassembled the 

source and welded the plutonium-238 

metal into tantalum cans. Then we 

began preparing for the second source. 

By then. we'd gathered a lot of atten- 

tion. and some of the renowned people 

involved in the heat-source program 

were present at the site tor the second 

disassembly. Harold Agnew wa5 there. 

Dich Baker was there. And so were the 

pnncipal investipators. Stan Bronitz 

and Bob Mulforc 

Once you start a disassembly. you 

can't stop until you have all the parts 

disassembled and packaged no matter 

how long it takes. Sometime late in 

the evening, odd things began to hap- 

pen. For example. during the machin- 

ing, we would get rings of fire around 

the plutonium capsule. We checked 

the oxygen level. It was low enough 

that oxidation shouldn't have been 

happening. We kept working. and we 

kept getting spontaneous bursts of 

flame. Somebody said. "We've got to 

switch to helium." So we hooked a 

helium trailer to the manifold and 

began purging the primary cc..::ainment 

with helium. And then more strange 

things began to happen. The gas boots 

collapsed around the manipulators and 

wouldn't stay expanded. 

Bob Mulford and I decided to go into 

the hot cell to do the welding. We 

were right next to the primary contain- 

ment. and I was doing the welding. 

After a few minutes. a cum (continuous 

air monitor) alarm went off outside. 

within six feet of us. We called in the 

monitor. and he checked the cam. "I 

think we got a blip in power. There's 

nothing back here." So we went back 

to work. Shortly after that, the cam 

went off again. We decided to stop 

and check things out. Seyeral people 

came into the hot cell. including our 

Division Leader. Dick Baker. We 

found a minor leak around a vacuum 

connection, repaired the leak. and went 

back to work. Finally. the alarm went 

off again. and Bob Mulford and I de- 

cided we shouldn't take a chance. so 

we put on our face masks. We were 

hurrying to weld the capsules and put 

them away. And while we worked. I 

could hear the floor monitor outside the 

three-foot wall btarting to pick up a Fig- 

nal. I could hear it clicking away. and 

I recall saying, "Boy. something has 
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got to be wrong here!" The clicking 

got worse and worse, and we kept 

working faster and faster. Inside the 

hot cell where we were working. we 

weren't picking up anything on the ra- 
diation monitors. But when we looked 

down the corridor of the hot cell to the 

operating area outside. the personnel 

that had been in the operating area had 

taken off their clothes and were walk- 

ing around in undershorts. They were 

trying to figure out what was wrong, 

and we were frantically trying to weld 

the plutonium containers. 

As it turned out. the helium had caused 

a positive pressure jn the boot around 

the manipulator so that the airborne plu- 

tonium was being sucked out through a 

puncture in the boot into the operating 

area outside. The people out there. in- 

cluding the TRW person who was 

asleep on the bench, received exposures. 

Ironically, we were the lucky ones who 

picked up the least exposure, because 

wJe were working inside the hot cell. It 

took about ten weeks of intensive de- 

contamination to clean up the whole fa- 

cility. We worked as a team, including 

Dick Baker. Even the group leaders 

and scientists were in coveralls. All of 
us were examined pretty carefully for 

internal contamination. We gave urine 

samples, and they put us through the 

whole-body counter a number of times. 

That's the only time I have ever re- 

ceived an uptake of plutonium, though I 
have worked with it in the form of 
breeder-reactor fuels prior to that expe- 

rience and for many years after. 

Jerry Taylor: I remember my acci- 

dent to the day. It was April 198 I. on 

Good Friday. I had been working on a 

process in which I hadended up with 

two one-liter bottles of fluid. When I 
came in on Good Friday, the bottles 

were collapsed. I decided to empty 

them before they collapsed all the way 

and made a mess over everything. I 

found a sharp pointed knife in the glove 

box. which. I learned later. should 

never have been there. I picked up the 

knife to vent the lids of the bottles. and 

as I made the puncture. the knite went 

through the lid like a piece ot hot butter 

and right through my left gloce into my 

left hand I pulled my hands out of the 

glove box and told the supercisor. "I 

just got a puncture wound '* We went 

to the decontamindtion sink dnd sat 

P 

James Ledberrer 

By then we'd gathered 
a lot of attention, and 
some of the renowned 

people involved in 
the heat-source program 

were present at the 
site for the second 

disassembly. Ha ro Id 
Agnew was there, Dick 
Baker was there, and so 

were the principal investi- 
gators, Stan Bronits and 

Bob Mulford. 

there for about 45 minutes trying to 

scrub off the surface contamination. 

The wound was still hot. so we went 

over to H-2. Occupational Medicine, 

and they did the first excision. There 

were a lot of celebrities there. Dr. Crier 

and Dr. Voelz. I started using the 

chelating agents that day. They're 

supposed to help remove the plutonium. 

About a month later. I had to get 

another excision. 

Los hlamos Science: Were you nM'are 

nt the time it happened that Jou had 

had n serious accident? 

Jerry Taylor: Yes. I knew what 1 

was working with. But 1 didn't know 

how much I had received internally. 

Most everybody here received their 

doses by inhalation. I received mine 

internally right then and there. It was 
just like playing with a pocket knife. 

Usually you poke a hole in your hand. 

and you don't think much about it. 

There '>-ds plutonium on this knife. It's 

funny to think about. At first. I didn't 

think the dose was going ta be that 

high. I hadn't been worrying about 

working wiih the material. But right 

after the accident, I started wondering 

how much of a dose I'd gotten. That 

first day the count on my wound was 

very high, and that's when I started 

worrying. It was very scary to me. 

Los Alamos Science: How &id rhex 

explain the chelation process to xou? 

Jerry Taylor: They just said that F.U- 

tonium and americium are bone seekers. 

so they would give me DTPA [the 

chelating agent] either with zinc or cal- 

cium. These metals would more or less 

trade places with the plutonium, and the 

plutonium would come out in my urine. 

They gave me a shot of this chelating 

agent three times a week for almost a 

month. Then we went to an inhalation 

method because I was starting to look 

like a junkie with so many holes in my 
arms. Dr. Voelz gave me his card and 

said to show it to the police and have 

them call him at home if they ever 

stopped me and looked at my arms and 

thought I was a junkie. He said he'd 

get me out of trouble. - 

As far as my family went. they were 

pretty frightened. Even my best fnend 

wouldn't come close to me for a couple 

of months. wouldn't e\'en shake my 

hand. Actually, we were the type of 
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friends that would give each other a tug 

c,r hug. hut he was frightened of what 
I had gotten in me and what I still had 

in my hand. So he would talk to me at 

~ Ji>[anc'e. That really bothered me 

pj~chologI~ally. But it's not like that 

,,ymore. For about a month. I went 

[o 3t4eat out the surface contamination. 

searing a surgeon's glove to try 

1 was only off work for a couple of 

layh. and when I went back. I worked 

,,,;he front office. They had to tell me 

gay out of the hallway and away 

tram the doors to the vault because I 

kept setting off the alarm just by walk- 

ins near them. That first year was very 

long. I had a lot of chelating agents. 

,A lot of urine kits. I saw a lot of num- 

bers. Irene did a lot of whole-body 

iounts. 

Los Mamos Science: Did the chelut- 

ugents do LIIZ~ good? 

Jerry Taylor: Yes. From the numbers 

I remember seeing. my body burden 

went down by 90 per cent. That's in- 

cluding the amount they took out in the 

two excisions. The chelation did get to 

me. It made me kind of shaky and 

upset my stomach. I don't know if it 

\vas just the stress or the calcium in the 

chelating agent. Even to this day, if I 
take a multivitamin with calcium. I get 

3 little shaky for an hour or so. I seem 

to be o&rloaded with calcium, but the 

numbers show that it-worked real good. 

I still have a fairly substantial contami- 

nation. but I don't think about it 

much-unless something like this meet- 

ing brings it up. It happened fourteen 

years ago. I've put it to the back of my 
mind. But when I first moved to Albu- 

querque eight years ago. it did concern 

me. My wife had gotten pregnant. and 

I worried that the radiation in me might 

have affected the baby. That was a 

pretty mssful time. My son was born. 

and he was fine. It was a concern then. 

But I don't think about it much any- 

more. I go on with my life. and I've 

been feeling healthy. 

Los Alamos Science: Do you think the 

Luh took good core of~ou since the 

time of'the uccident? 

Jerry Taylor: I think they could im- 

prc 2. During the first year they 

watched me Ley carefully. and it felt 

Jern Tmtor 

It happened fourteen 
years ago. I've put it to 

the back of my mind. 
But when Ifirst moved 
to Albuquerque eight 

years ago, it did 
concern me. My wife 

had gotten pregnant, and 
I worried that the 

radiation in me might 
have afected the baby. 

That was a pretty stressful 
time. My son was born, 

and he was fine. 

like almost too much with all the 

wound counting and the urine analysis. 

But after that. I always wanted to hear 

more. I wanted to know what had hap- 

pened to other people who were conta- 

minated. I wanted to know if any new 

btudies had come out. I was hoping 

that if a similar thing did happen to 

someone else, they could use my expe- 

rience to help that person. They did 

keep track of me for the 'five years I 

was at the Lab. The accident happened 

only six months after I started at the 

Lab. After I left, I didn't hear anything 

unless I called Dr. Voelz and asked for 

another body count. And then they 

would do it. I appreciate that. but I 

think they should be contacting me an- 

nually at least. The fact that I haven't 

been monitored regularly is one of the 

reasons I decided not to volunteer for 

the Transuranium Registry. 

Los Alamos Science: Would YOU et- 

pltrin bvhut the registn IS ~11 ~16011t" 

Jerry Taylor: It's a way to donate 

your body for study following yogr 

death so they can see what actually 

happened to the iniakes of plutonium or 

uranium or other nuclear materials that 

you had. [For a discussion of the rvork 

done on autopsy tissues see "A True 

Measure of Plutonium E.vpo.sitre-The 

Human Tissue Analysis Program ut Los 

Alamos. "1 I like the idea that they are 

doing those studies, but I feel I've al- 

ready given enough of my body. 

Los Alamos Science: Do you have full 

use of jour hand? 

Jerry Taylor: Pretty much. I can't 

spread it as far as the other guy. If I 
catch a baseball, it hurts near the area 

of the wound,. because they took out all 

the fatty tissue around it. But there's 

nothing really wrong with it. I have 

full use of my hand. 

Bill Gibson: My experiences with 

contamination had less to do with 

particular accidents and more to do 

with the very crude conditions under 

which we worked. We worked essen- 

tially in the open. and as a result, we 

were constantly exposed. Those old 

Wilson respirators just didn't do us 

much good. We kept working with 

larger and larger quantities of plutoni- 

um. As I said earlier. when I tirst 

came. we wzere working with the first I- 

gram quantity ever made. but then we 
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worked with 8 grams, then 16. then 64. 

and on up to kilogram mounts. 

Wright Langham and Louis Hrmpel- 

mann kept us pretty \vel1 posted on our 

exposures. They were taking urine 

counts by 1945. and we saw the counts 

continue to be positire. When we start- 

ed uorking with peroxide precipitations. 

things got worse. You know, that stuff 

bubbles. and we were working in the 

open. There was a tine mist of plutoni- 

um nitrate in the air all the time. We 

thought we were protected by our respi- 

rators. but we weren't. and boy. our 
urine counts just zoomed. It was about 

that time that I had an incident. I was 

shoving a piece of rubber tubing onto a 

side arm of a filter Hask when the arm 

broke and a piece of glass got jammed 

into my thumb. As I pulled the glass 

out 1 could see a little trace of green 

under the shn. Green was the color of 

the plutonium hydroxide that was in the 

flask. so I hew I was contaminated. I 

told my supervisor immediately, and 

they rushed me over to the hospital and 

excised the wound. That was the only 

dramatic incident that ever happened to 
me. but I don't know that it added very 

greatly to my overall count. It was the 

crude conditions under which we 

worked-homble by today's standards 

although they looked very reasonable to 

us at the time-that were responsible 

for my high count. I went over the al- 

lowed limit. and I wasn't the only one; 

there were three or four of us at the 

time who had to stop doing plutonium 

work because of excessive urine counts. 

Most of us were in the army. and a sol- 

dier. you know, is expendable. But 

Wright Langham didn't think so. He 

expressed considerable concern over 

our rapidly rising urine counts. There 

were about three or four of us who 

went over the so-called limit. and we 

were kicked out of the laboratory. 

Wright and Louis were very concerned. 

Counts were rising so rapidly that a 

couple of us were measured as having 

about three times the limit. but those 

measurements may have been false. 
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Los Alamos Science: Do !.ou remem- 

ber ~tht the limit \tm lit thLzt time :' 

Bill Gibson: As I recall. it was 7 

counts per minute in a 24-hour urine 

Bill Gibwn 

It was the crude condi- 

tions under which we 

worked-horrible by 

today's standards although 

they looked very reason- 

able to us at the tirne- 

that were responsible for 

my high count. . . . Most 

of us were in the army, 

and a soldier, you know, is 
expendable. But Wright 

Langham didn't think so. 

sample. Supposedly. that rate meant 

we were carrying 1 microgram of plu- 

tonium. How accurate that is I have no 
idea. All I know is that today I'm 

healthy. The past is history. What 

happened, happened. that's all. 

Los Alamos Science: At thuf rime, in 

1945, no one knew e.racd? what the 

count meant. The cdibration that N'US 

needed to relate the counts in Jour 

1 

Bill Gibson: I don't know about that, 

It's true that I've only had about one 

cold in the last twenty or thirty yeas. 

but it may not have anything to do with 

the plutonium. The interesting thing-. 

which Dr. Voelz knows all about-is 

that the members of the L'PPU club 

have better health and greater longevity 

than the national average. significantly 

greater. In other words. plutonium ex- 

posure doesn't seem to have hurt us. 

and if anything, it might have helped US 

a little. 

Los Alamos Science: How ubout you. 

Ed? What was ?our experience? 

Ed Hammel: I mentioned earlier that 

my section was responsible for remelt- 

ing, alloying, and then casting plutoni- 

um. Essentially all the plutonium at 

Los Alamos, both recycled and original. 

passed through our section from the 

time we had gram quantities to the end 

of the war. We used open hoods when 

we had to; we used wooden dry boxes 

when we had to. But as far as I can re- 

member, during that period, we didn't 

have any incidents of punctures or any- 
thing like that in our group. I don't 

think any of my people managed to be 

in the UPPU club. 

Los Alamos Science: But voir could 
have been. Do you remember the 

circumstances when you received an 

intake 

Ed Harnmel: Not really. There wa5 

no specific instance. I knew I wa 
Conriniwd on pwr iW 
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A Recent Incident 

Several weeks after the roundtable, Johnny Montoya was involved in an accident at TA-55. At our request he has been gra- 

c,ous enough to share his personal feelings and emotions connected with that accident. His words show the human side- 

separate from the technical risk, the media-hype. the politis’ ’ agendas, and the operational tasks. That is the side we, the 

health protection professionals, must always be aware of ti, .: must address in an accident-are of the mind, the emotions, 

and the body of the affected mdividual. Bill lnkret 

I have worked at TA-55 for 14 years 

doing various aspects of plutonium pro- 

cessing, My accident occurred late in 

April 1995. I’ve always thought of plute 

nium as kind of a friend, but I’d placed 

boundaries on that friendship-as long 

as we stayed on our respective sides, 

we’d get along Just fine. When the acci- 

dent occurred, my first reaction was ex- 

treme anger. Our borders had been 

crossed, and I felt outraged and be- 

trayed. l was alSO very scared when the 

busy activity of medical personnel started 

unfolding around me. 
Johnnv Muntuyu 

Nose swipes indicated that I’d inhaled 

plutonium. A chest count, taken at the In 

vivo lab, indicated that it was substantial. 

it was frightening to hear I might have re- 

ceived a large dose. Dr. Lowrey sug- 

gested a treatment called chelation that 

would help if my intake was extensive. 

One of the staff explained the process 

and how it would enhance removal of 

plutonium from my body. I recalled my 

father telling me about ?ration agents 

at his feed store. I was also told that 

prompt action was vital, and based on 

the information, I decided to go ahead. I 

remember asking Gina Rey about her 

thoughts. She lifted my spirits immeasur- 

ably bv saying, “You’re doing the smart 

thing . you have what the numbers are 

showing, you’re better off chelating.” The 

procedure was explained in great detail, 

and shortly thereafter, I was prepped. 

I’m sure I was in shock because several 

attempts to get an IV -+o one of my 

veins failed-the veins in my ann had 

collapsed. was a nightmare, but Gina 

remained at my side, telling me to be 

strong and to ask the Lord for help, and 

her faith gave me faith Without Gina, 

I’m not sure I could have held together 

as well as I did. Everyone did a good 

job, and the chelation went smoothly. 

Still, I was tota//y freaked out, and the 

most difficult part was about to begin: I 

had to tell my family. How do you ex- 

plain this to people who have never 

worked with plutonium? People who love 

you and are concerned for your welfare. 

That was when Dr. lnkret gave me 

courage and support. I asked him, “How 

do I tell my wife and children?” He made 

suggestions, but he also gave me his 

home phone number in case I needed to 

talk. Well, believe me, I took full advan- 

tage of his generous offer. He explained 

that the emotional stress would do me 
more harm if I wasn’t careful how I dealt 

with it. And he said, “In the long hours 

and days to come, 1’11 do my best to ex- 

plain it all to you. Don’t wony, 1’11 be with 

you every step of the.way.” Believe me, 

he was. But that first night was the hard- 

est of my life; I was living a nightmare. 

It was obvious the next morning that the 

anger hadn’t left me. Driving up for an- 

other chest count at 7:OO A.M., I ap 

proached one of the trucks that bring plu- 

tonium shipments to TA-55. Again, I felt 

the intense anger of being betrayed by 

someone I’d worked with for the last 14 

years. When I got to the lab, Dr. lnkret 

was waiting, and I described my emotion- 

al state as I’d approached that truck. 

I showered and entered the counting 

chamber. It was the longest 30 minutes 

of my life. When I came out, I saw Dr. 

Inkret, Bruce Matthews, Tim George, 

Dave Post, and others. They were jubi- 

lant. I knew instantly they had good 

news. I was on top of the world. DT. 

lnkret called his colleague, Dr. Smith, to 

explain the results. I got on to express 

my feelings of jubilation. Dr. Smith =Id, 

“Before you get too happy, let me say, 

we have a good result along with the ini- 

tial bad one. Let’s do the count again to 

see which it really is.“ Boy, it was as if 

someone had hit me over the head with 

a bat, I was at square one again. 

To make a long story short, I had several 

more chest counts in the days to come, 

which were all favorable. I was then told 

that the true test would be the fecal and 

urine assays. I’d need to wait several 

days for those. As you can imagine, I 

went though hell. Finally, they deter- 

mined that the dose was nowhere close 

to what had first been thought. The rest 

of the testing period has been a long 

wait. I’ve spent numerous hours educat- 

tion on the implications of my intake. l 

now understand better what it means to 

my body. But most important, the anger 

is gone. More than likely, the positive 

way things turned out has had a lot to 

with this. My tests have all been low 

compared to what was first believed. 

ing myself and gaining valuable informa- 1 

I hope my experience can, in some way, 

do some good. Perhaps I can help 

someone through similar circumstances, 

though I hope I will never have to. 
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continued from pqqe IJX 

carrying some plutonium. but it wasn’t 

enough to worry about. 

Los Alamos Science: OK, Ive’rr hack 

to the beyinnitz,g. Ted (itid Nick, und 

\twit to hear about !our intdes. 

We called 
Wright Langham, and 

Hempelmann said, “Hey, 
do you want to excise this 

thing and get it out of 

here? ” We went to the 
hospital, and they thought 

they had cut it all out, 
but they hadn ?-I still 

have some plutonium in 
one jinger: 

Ted Magel: Within weeks of making 

the first 1-gram button, I had an inci- 

dent in which I was working in a dry 

box scraping the slag from another of 

those 1-gram buttons, and the needle I 
was using slipped. went through the 

rubber glove, and embedded in my fin- 

ger. Nick would remember that inci- 

dent. I could see some black stuff in 

my finger. OK. I thought, that’s pluto- 

nium oxide. We called Wright Lang- 

ham. and Hempelmann said, “Hey, do 

you want to excise this thing and get it 

out of here?’’ We went to the hospital, 

and they thought they had cut it all out. 

but they hadn’t-I still have some plu- 

tonium in one finger. They began tak- 

ing urine samples in 1945, which was 

when the procedure for measuring ex- 

creted plutonium was first available. 

Sometime between March and July of 

1954. they developed a method of mon- 

itoring how much plutonium we were 

getting from breathing. The nose 

counts were the primary method for 

that. This girl would come around and 

swab our nostrils. 

One time I was getting ready to do a 

reduction. and I decided to take a last 

quick look inside this little tiny crucible 

to make sure I had put all the ingredi- 

ents into it. I bent down close to it and 

lifted the lid without bothering to put 

on my respirator. Apparently I got a 

very high nose count from doing that. 

But the big dose was from the needle 

sick. Dr. Voelz told me recently that I 

have the fifth highest dose of the 26 

members in the L‘PPL club. 

Los Alamos Science: Were you wor- 

ried about huving plutotiiicm in you? 

Ted Magel: I djdn’t get too excited or 
womed about it. l’m not super patriot- 

ic or anything like that. but it was war, 

and we had a job to do. Nick took the 

same stand, and we continued to work 

together to get the buttons made. 

Nick Dallas: The day Ted got his high 

nose count. I got one too, but it wasn‘t 

as high as Ted‘s because I was wearing 

my respirator. Mackenzie would do 

nose counts twice a day. and she would 

give us calcium phosphate pjlls’to en- 

rich the calcium in our bones. 

Ted Magel: By then. they knew from 

animal studies that plutonium goes to 

the bone. They thought that if we built 

up our calcium content. there would be 

less reason for plutonium to want to re- 

side there. They had to develop health 

procedures from scratch, because there 

was no plutonium before that time and. 

of course, no experience working with 

it. Nick and I were there. so we were 

the guinea pigs for trying out new 

health procedures. We are also two of 

the original 26 members of the UPPU 
club. We’ve been monitored by Los 

Alamos since that time for any damage 

that plutonium might cause. Every 

year, I would send them a gallon of 

urine from a 24-hour period so they 

could measure the plutonium content. 

Ed Humme/ 

Essentially all the 
plutonium at Los Alamos, 

both recycled and 
original, passed through 
our section from the time 
we had gram quantities to 

the end of the way: . . . 
As far as I can remembec 

during that period we 
didn’t have any incidents 
of punctures or anything 
like that in our group. I 

don’t think any of mv peo- 
ple managed to be in the 

UPPU club. 
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On the Front Lines 

Follow-up Studies, Expert Opinions, 
and Future Prospects 

yeiirs ond is a recognized 

/rder in the jeld of pliitonium epidemi- 

(~loy~. Next is Don Petersen. \t.ho was 

rroined as a pharmacologist and sented 

11s Grorqe's depug for many ?ears. 

,Ve.rt to Don is Mario Schillaci. n physi- 

ci.st who recently joined the radiation 

riosimet? group. And of course. there 

tire Bill lnkret und Guthrie Miller, \tsho 

orgunized this meeting and prepared 

the dose estimates you received before 

Lmiitig here toda?,. 

Ted Magel: I can't speak for all 

UPPU members. but -in 197 I. they de- 

cided to bring all 16 of us back to Los 

Xlamos to do complete physical exami- 

nations and to get whole-body counts. 

urine counts. x rays. and blood work. 

They were using the urine data to mea- 

sure the long-time excretion rate of plu- 

tonium compared to the amount re- 

tained. They're still collecting basic 

chemical and medical information on 

the rate at which the body rids itself of 

plutonium once there is an uptake. 

They've also worked very hard to mea- 

zure the amount in our lungs and to 

monitor our lung performance. They 

were looking for any effect that might 

confirm or dispute the news media 

claim that one speck of plutonium will 

kill the population of the Earth. The 

media keeps writing that story Over and 

over to the point that I get very very 

mad. I've been after George Voelz to 

write an article and stop this nonsense. 

Sure, it's a hazardous material. but 

there are at least twenty-six of us 

who've been carrying it around for 

decades, and eighteen of us who. after 

fifty years. are still healthy and just get- 

ting older. 

Nick Dallas: I think the main medical 

worry after carrying this stuff in you 

for many years is that you may get 

bone cancer. 

Ted Magel: Nick, tell them about your 

lung problem and what they saw under 

the microscope. 

Nick Dallas: In about 1970. a lump 

was discovered in the lower third of my 
right lung, and I went to the City Hospi- 

tal at Johns Hopkins University to have 

it removed. Dr. Hempelmann. who was 

then at the medical center at Rochester, 

came down especially for the operation. 

The biopsy showed that 

the tumor was nonmalig- 

nant. It was what they call 

a hamartoma. [hutnurtomu 

is a congenitul tiorittidig- 

nmt collection of wrioiis 

cell 5pes]. The medical 

people claim that those 

types of tumors can grow 

on any of your internal or- 

gans and are not caused by 

r;Jiation. Dr. Hempel- 

mann arranged to ha\e the 

lung tissue packed irrdry 

ice and mailed to Los 

Alamos for analysis. He 

also sent along a bone 

sample, a piece of my rib 

that they had removed during the opera- 

tion. and also a lymph node. I belirLe 

they wanted to see how much plutonium 

I really had in me and to check that 

against the amount they'd predicted. on 

the basis of my urine counts. 

Wright Langham was the one at Los 

Alamos directing the analysis. He took 

a thin section of the lymph node and 

wrapped it in photographic film to 

make an autoradiograph. Sure enough. 

you could see a few stars on the film. 

Those stars were evidence of radia- 

tion-they're the alpha tracks emanat- 

ing from each small particle of plutoni- 

um, and they form what looks like a 

star at the spot where each particle is 

located [see auroradiograph. page 1.52 1. 

The Los Alamos medical people have 

collected certain organs from other peo- 

ple, like myself. who were operated on 

and analyzed them to determine the 

fraction of plutonium that goes to the 

liver, the lungs, the bone. and so forth. 

That information allows them to predict 

strictly from the urine samples hovr 

much radioactive material you ha\e in 

other parts of your body. 



On the Front Lines 

George Voelz: Los Alamos has spon- 

sored a tissue-analysis program since 

1959 to study the deposition of plutoni- 

um and other actinide elements in the 

body. So lour samples became part of 

that study. 

Nick Dallas: You know. I wasn't told 

until after the operation that they'd 

taken extra tissue samples. and I was 

quite upset at first. But Ted calmed me 

down. and now I'm kind af proud that 

I've contributed to a greater under- 

standing of how plutonium distributes 

itself once it gets into the body. But it 

was upsetting that they didn't ask for 

my consent ahead of time. 

Ted Magel: That reminds me of 

something. A long time ago. Hempel- 

mann and Voelz gave me a consent 

form to fill out and sign that gives 

them permission to do this kind of 

analysis on my organs after I die. I'm 

in favor of it, but I haven't signed the 

form yet because my wife is still not 

sure she wants it to happen. Nick. did 

you sign yet'? 

Nick Dallas: To tell you the truth, my 

wife doesn't particularly care for that 

either. and since I've already given 

some of my lung tissue, some of my 

bone. and my lymph node. I think 

they've got enough data from me. 

Los Alamos Science: Ted. have you 

liiid any  symptom.^ associated with your 

botix burtirri ? 

Ted Magel: Not that I'm aware of. 

I'm in kery good health, and I've fa- 

thered six healthy children. three boys 

and three girls. 

Nick Dallas: And I've had four 

healthy girls. 

Los Alamos Science: HOM. ctbout you. 

Bill? 

Bill Gibson: I.\e lived fifty year5 in 

good health. and I have two healthy 

children I'm 74 now. md I don't see 

The image is an autoradiograph of a tra- 

cheobroncial lymph node from a former 

worker at the Laboratory. It shows an 

alpha track radiating in a typical star 

pattern from tiny alpha-active clumps of 

material. 

any reason that I shouldn't pet to 84 or 

94. I don't really have any concerns 

about the plutonium in me. 

Los Alamos Science: Well. Bill, Ted, 

and Nick, ail members cfthe UPPU 

club, seem .:!nqiiine about their health 

prospects. ! maybe George Voel:, 

our resident expert on the epidemiologv 

c,f plutonium workers. rrmdd like to tell 

us \.that the data savs. George? 

George Voelz: Let me begin with a 

few very simple facts. Each one of us 

in this room. without consideling the 

possible effects of occupational expo- 

sures, has a one-in-three chance of get- 

ting cancer in our lifetime. And we 

each have a one-in-five. or 20-per-cent, 

chance that we'll die from cancer. That 

means of the 21 people in this room, 7 

of us will probably get cancer. and 3 of 

us will probably die of cancer. 

Now if your occupational exposure is 

within the its set by the Department 

of Energy. 2ven if your exposure is 

well above those limits. your increased 

risk of getting cancer is not so very 

great compared to this basic rate. The 

problem is that if you do get cancer 

you begin to wonder. "Did I get it frorn 

the radiation exposure'?'' And there'> 

no way to answer that question becauTe 

there's no way to tell whether radiation 

was the cause. As a physician respon. 

sible for the health of radiation work- 

ers. that bothers me a great deal. 

Another thing that bothers me is our 

past failures in communication. Art 

Beaumont spoke about that earlier. 

The medical people were doing I ' It 

of worrying and studying and thi: \ing 

behind the scenes,, but we probably 

didn't share enough of our thinking 

with the workers who were getting ex- 

posed. We had a particularly hard 

time monitoring inhalation'exposures, 

because once plutonium gets in the 

lung, it may be anywhere from 6 

months to several yearv before any of 
that material migrates to other parts of 

the body and shows up in the urine. 

In some autopsies. we've seen that 30 

or 40 years after the expoqure. 75 per 

cent of the inhaled plutonium is still in 

the lung. 

It's similar for Jim Ledbetter's accident. 

His urine count didn't show anything 

until several months after the inhalation. 

and then the counts rose for a period of 

3 to 5 years as the material gradually 

got deposited in other parts of the body 

and was excreted in proportion to the 

amount deposited. We didn't cornrnuni- 

cate very well with either Art or Jim. 

and I'd like to apologize for that. 

I think we did much better \+ith the 

members of the UPPU club. Tho4e 

were the people who had unusually 

high exposures in the old D Building. 

Wright Langham started keeping track 

of those folks in about 1948 and 19-19 

The first official examinations \%ere 

done by physicians in the areas 

where they were living in about 1951. 

It's been about fifty years 4ince mo\t 

of them had their major eYpu\tire\ in 

1945. so this is a sort of solden 

anniversary for them. 

f 

t 

i 
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~~d alluded to earlier. they've fared 

irttty ,dl as a group. Of the original 

,6, onl) 7 hax died. and the last death - 
In 19~. One was a lung-cancer 

\\ J' 

dt'arh. and two died of other causes but 

l,,,d lung cancer at the time of death. 

three %ere heaky smokers. In fact, 

of the original 16 were smokers at 

tllne they worked in D Building. 

Sl1,&ing was \try social activity dur- 
World War 11. The military offered 

free cigarettes. and if you turned some- 

t,lle down u hen they offered you a cig- 

Jrrtte, it almost taken as an insult. 

in Jny case. there were the three deaths 

in\olving cancer, which is consistent 

the national cancer mortality rate 

for ;1 group of this size and age. Then 

there were three deaths due to heart dis- 

eaje and one due to a car accident. Ac- 

cording to the national mortality rate. 

one would have expected I6 deaths in 

this group by this time, so the mortality 

rate for the group is about 50 per cent 

lower than the national average. That's 

due to good Ii .\tyle more than any- 

thing else. People who are well-be- 

haved. predictable. and responsible gen- 

erally live longer than the average, and 

those are the characteristics selected for 

in plutonium workers. 

We compared the mortality rate of the 

twenty-six UPPU Club members with 

the rate of unexposed Los Alamos 

workers from the same period. This 

comparison eliminates the so-called 

healthy-worker effect. the fact that the 

employed population has a lower fre- 

quency of disability and disease than 

does the general population. The risk 

ratio for all causes of death was 0.60 

and for deaths from all cancers was 

0.82. A risk ratio of less than 1.0 indi- 

cates the risk of death in the exposed 

group is less than in the unexpgsed. 

Because of the small number of people 

in the exposed group. even these low 

risk ratios were not statistically signifi- 

cant. Nevertheless. it is of some con- 

jiderable comfort that they are low. 

We recently published a study of all tl? 

I think we did much better 
with the members of the 
UPPU club. Those were 

the people who had 
unusually high exposures 

in the old D Building. 
Wright Langham started 
keeping track of those 

folks in about 1948 and 
1949. The first oficial 

examinations were done 
. . . in about 1952. It's 
been about $fv years 

since most of them had 
their major exposures in 
1945, so this is a sort of 
golden anniversan, for 

them. 

males who have been employed at the 

Los Alarnos Laboratory during the peri- 

od from 1943 through 1977. That is 

some 15.000 people. The important 

finding from the standpoint of radiation 

exposure is that we did not find any in- 

crease in the rate of leukemia or other 

blood-cell cancers that tend to increase 

with increasing exposure to radiation. 

On the Front Lines 

We did a trend analysis that showed the 

rate of three cancers (esophagus. brain. 

and Hodgkin's disease) correlated sta- 

tistically with increasing exposures to 

doses of external radiation. These par- 

ticular cancers, however. have not been 

known to be caused by low-dose radia- 

tion in other studies. This inconsisten- 

cy. plus the absence of excess 

leukemias. made us conclude that the 

significance of the observed tindings 

was indeterminate. We also compared 

cancer rates in workers exposed to plu- 

tonium with those in unexposed work- 

ers. There were no statistically jigniii- 

cant elevations of cancers in the 

plutonium-exposed workers. 

So far. we have not seen any signihcant 

health effects from plutonium. bui that 

doesn't mean that plutonium isn't very 

hazardous. It is. But we've taken great 

care from the beginning to operate uith 

conservative limits on the permissible 

body burden for plutonium workers. 

and those limits are not special for plu- 

tonium but rather are equivalent to the 

occupational limits placed on all type3 

of radiation exposure. 

Los Alamos Science: George. cciu yi{ 

explain vvhut that limit is in CI 1i.q that 

el'enone will understand? 

George Voelz: I used to be able to ex- 

plain the limit quite easily, because it 

was based on the amount of plutonium 

you had retained internally. That 

amount had a definite activity. or gave 

rise to a definite number of alpha parti- 

cles per second. For many years. the 

maximum permissible body burden for 

plutonium was an activity of 40 

nanocuries. which corresponds to I.4N 

disintegrations per second. That body 

burden by weight is 0.65 micrograms. 

The health-physics community has now 

gone to another system for computing 

doses. In the new system. all dose.; ;ut' 

given in rem, which is related to the en- 

ergy deposited by the radiation and the 

effectiveness of the type of radiation at 

causing biological damage. Sou you 

IS? 



On the Front Lines 

Hempelmann and Wright Langham 

thought it was essential to follow these 

men, most of whom had left Los Alarn- 

os after the war. They decided it was a 
good thing to do. and it was done. 

can add external doses and internal doses 

to come up with the total dose without 

doing any conversions along the way. 

The complication with the new system 

is that we are computing committed 

doses. That computation is simple for 

external doses-+ hatever exposure you 

received is the committed dose because 

that's all the dose you will get from 

that source. But for internal exposures, 

the committed dose is much more com- 

plicated. For every additional amount 

of material that you retain in your body 

in a particular year. the health physi- 

cists compute the dose you will receive 

from that material over the next 50 
years. That 50-year total is called the 

committed dose. and it is added to your 

recorded dose in the year that the mate- 

rial is deposited in the body. That 

means that if you retain. say, one addi- 

tional nanocurie [one billionth of a 
cicrie or about I6 billionths of a gram 

ofplutonium-2391 in a period of less 

than a year (which gives you a yearly 

dose of about a tenth of a rem), you 

will be taken off the job because your 

committed dose increased by about 5 
rem. the maximum allowable dose in- 

crease per year. In terms of risk, this 

procedure equates the health risk from 

a 50-year internal exposure to a 

nanocurie of plutonium with the health 

risk from a 5-rem. external. whole-body 

exposure to x rays or gamma rays accu- 

mulated over one year. 

Jerry Taylor: I used to understand the 

numbers when they were expressed in 

terms of body burdens. Now that 

they'Le changed the system, I'm really 

confused. and it makes me wonder 

whether they are telling me everything. 

Los Alamos Science: Jerry may be 

pcirticulcirl~ concerried because he has 

the highest dose in this group. George, 

prrhcips gu coiild tell 11s rvhether xou 

Ircir.e ei'er seen LI direct effect ofpluro- 

niwn expo~ure? 

George Voelz: The only thing we've 

Yeen IS one case of a bone tumor in the 

UPPU group. Statistically we can't say 

that the tumor was due to the plutonium 

exposure, but it's certainly suspicious. 

That's the kind of tumor he see result- 

ing from animal exposure to higher 

amounts of plutonium. But occupation- 

Nick Dollas 

You know, I wasn't 
told until afler the 

operation that they 'd 
taken extra tissue 

samples, and 1 was quite 
upset at first. But Ted 
calmed me down, and 
now I'm kind of proud 
that I've contributed to 
a greater understanding 

of how plutonium 
distributes itself once it 

gets into the body. 

a1 exposures are kept so low in the 

United States that I don't expect we will 

be able to see any extra risk associated 

with plutonium exposure. We are be- 

ginning to see some things coming out 

of the Russian experience. They've had 

rather poor working conditions for a 

long time. the equil dent of fifty years 

of D Building. whereas D Building last- i j 

ed only a little over a year in this coun- 

try. There are Russian plutonium \hOrk- 

ers with lung disease. breathing 

problems. fibrosis. and SO on. the kinds 

of things we've never seen here. SO the 

Russian experience is likely 10 give us 

some definitive data on which to base 

our risk estimates. 

Los Alamos Science: Whar have you 

learned from monitoring the C'PPLi 

club members m.er the years? 

George Voelz: It's been pretty inter- 

esting to watch. We've seen their plu. 

tonium levels go down to about half of 

the original levels over those fifty 

years. Up until about '0 years ago. it 

was thought that very IittIe of the pluto- 

nium would come out of the body. We 

thought the bone half-time (the time for 

the amount of plutonium in the bone to 

be reduced in half) was 100 years. but 

now we believe the half-time is 50 
years. We thought the liver half-time 

was 50 years, and now we believe that 

it's only 20 years. By monitoring the 

UPPU members. we've learned that 

plutonium moves out faster than we 

had expected. 

Jerry Taylor: I've been wondering 

why people like myself who had a lot 

more exposure than the UPPU guys are 

not being monitored. 

l5d 



Laboratory Initiates New 
Val u n t a r y PI ut on i u m M o n it o r I n g 

Roundtable participants Jerry Taylor and Art Beaumont voiced concern that sev- 

eral groups of plutonium workers with significant depositions were being followed 

by epidemiology studies. However, 

JerV and Art Were not being fol- 

lowed even though they both have 

depositions as large or larger than 

many of the persons in the study 

groups. The reason they were not 

included is simple, although not 

acceptable. Two groups 

are being followed at LOS Alamos to 

compare their morbidity and mortali- 

ty to unexposed populations, and 

those groups were identified before 

Jerry Taylor‘s accident occurred and 

Art’s deposition was identified. Fol- 

lowing single individuals would not 

yield significant information for an 

epidemiology study. 

However, the question raised by 

Jerry and Art brings into focus the 

most important aspect of monitoring 

for plutonium (or any other toxin)- 

letting the individual understand 

their own risks so they can make 

personal decisions about the ac- 

ceptability of those risks. The single most important theme of the Human Studies 

Project is that the individual has a right to know what is happening to his or her 

body, has a right to judge the acceptability of any workplace-related risks for 

themselves, and then can accept or reject employment based on that judgement. 

The other information we garner from our measumments, such as increased 

understanding of risks, are secondary to the information requirements of the 

individual. 

As a result of Jerry’s and Art’s questions, the Laboratory will now provide bioas- 

say monitoring to individuals who have been identified as having significant body 

depositions of plutonium or americium but are no longer employed at the Labora- 

tory. The individuals will be encouraged to participate, and they will be provided 

with all data, analysis results, and the opportunity to discuss these results with 

the dosimetry and medical staff at the Laboratory on an annual basis. 

Jerry Taylor is being measured at the 

Lo8 Alamos In Vivo Measurements Labo- 

ratory for the presence of various ra- 

dioisotopes. The devlce, part of which is 

being piaced over his che8t, has four 

separate detecton that work together to 

measure the energies of the photons 

belng emitted by radioactive materials. 

In thi8 way, the staff am able to identify 

the type and amount of the plutonium, 

uranium, americium-241, and a wide 

range of fission products that may be 

present in the person’s chest, ilver, or 

other organs. A wholabody assessment 

can be made as well. Such information 

will help workers, past and present, un- 

derstand the type and level of the expe 

sures they have experienced while work- 

ing with radioactive materials at the 

Laboratory. 
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contitrued from paqe IS4 

Again. it was just done without outside 

approvals. budgets. or funding. The 

overall findings (not identified by indi- 

vidual results) have all been reported in 

the scientific literature. 

By the 1980s. we had gathered 

cant body of information on plut\,illum. 

Medical examinations were not giving 

us as much information as epidemiologic 

studies involving hundreds and thou- 

unds of people. By then, we were 

doing studies of the entire worker popu- 

lations at several DOE locations. The 

larger population studies are necessary 

to give us data that can be analyzed sta- 

tistically. They have the potential to 

give us information on health risks that 

we cannot get from doing medical moni- 

toring of an individual or a small group 

of individuals. In fact, the trend now is 

going toward pooling data from multiple 

studies to get still larger statistical sam- 

pling. Earlier this year. Los Alamos sci- 

entists participated in preparing a paper 

that analyzed the combined data on over 

95.000 workers from nuclear facilities 

in the United States. the United King- 

dom. and Canada. We have also contin- 

ued the long term follow-up of the small 

UPPU Club, which has now reached 50 

years since exposure, but we have not 

initiated new medical follow-up studies 

on individuals. 

3gnifi- 

I realize that this history is not a very 

satisfactory answer for an individual 

who wants to .know how things are 
going for them personally. A few 

months ago, we proposed a follow-up 

project to help former employees of the 

Laboratory. The program included a 

telephone information line, newsletters. 

epidemiological surveys, and the poten- 

tial for doing some additional individ- 

ual studies of special merit. It is under 

review by an outside agency for a pos- 

sible funding grant. We think the pro- 

posal is great. but the odds for funding 

are poor. 

In the meantime. we have had an inter- 

est in getting periodic urine samples 

and lung counts on some individuals 

Don Peterlen 

The take-home message 
from this experiment is 
that radiation injury is 

much more likelv to cause 
a lethal event-than to 
cause a change in the 

genes that will be perpet- 
uated through the genera- 
tions. . . . Only in experi- 

ments with fruit flies, 
bacteria, and molds, 

where you can get billions 
of them in a jal; do genet- 

ic egects of irradiation 
show up. With people, it 
apparentlv doesn 't show 
either because there are 

simply too few of them or 
bad genetic material gets 

weeded out by natural 
processes. 

with high internal depositions of pluto- 

nium. In fact, we have been extremely 

pleased that you. Jerry. have volun- 

teered for those \tudies on several occa- 

sions since you left the Laboratory. 

We hope to keep working with you in 

the future. 

Los Alamos Science: LVh~it cibout the 

chnnce ojhereditan effects jrotn inter. 

rid e.rposiires ? DO plutoniiltn workers 

need to worn thcit the! tm? (!feu their 

poretirid offspring tlzroiigh e.rposure to 

pliitonium :> 

Don Peterson: The notion that radia- 

tion exposure will lead to genetic ef- 

fects goes back to esperiments with 

fruit flies. There. the populations are 

huge, the number of progeny are huge. 

and one can follow many successive 

generar,ions in just a few months. so the 

genetic effects of irradiation can be 

seen. However, the absolute rate of ge- 

netic change is very low. - 

I'd like to tell you about one particular 

experiment with mice. because I think 

it may provide you with some reassur- 

ance with regard to the dangers of ge- 

netic effects in irradiated people. Jake 

Spaulding over in the Los Alamos 

Health Research Lab did a multi-gener- 

ation experiment with rnice'in which 

the matings were restricted to brother- 

sister matings. 

To understand the experiment you need 

to have a little birds-and-bees informa- 

tion. Sperm cells have a lifetime of 

only about 75 days. In other words. if 

you're a male you have a full turnover 

of sperm in about 75 days. If you're a 

female. you're born with all the repro- 

ductive cells you are ever going to 

have. and so you can accumulate radia- 

tion damage in those egg cells. 

In the mouse experiment. the idea was 

to expose members of each generation 

of males to half of a lethal dose of radi- 

ation. An exposure of 400 rem kills a 

mouse. so those males were exposed to 

200 rem. After radiation. a waiting pe- 

riod was given to allow new adult 

sperm cells to grow in from the basic 

stem cells. This eliminates any effects 

from direct damage to adult sperm. bur 

not the mutations induced in stem cells. 
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Thf irradiated male mice were then al- 

lLl&+ e 
;,ldb. I 

111111' 

d to breed with nonirradiated fe- 

a control. nonirradiated 

,, ur,-e also bred with nonirradiated 

~2111L,ie5, Now the catch in this experi- 

that it started out with only a 
Ilk 

lT,lce from a single litter. and all the 

lllJtlng, in each generation had to be 

brothrr-sister matings. Jake and his co- 

\\,,lkf~~ bred thebe mice through 87 

,cnerations. which in human terms takes 
i(,u hack to the time of the Ptolemies in 
&pt. to Cleopatra and the like. The 

lo[;lj dose to the germ cell line was 87 

tlllleb 100 rad. or 17.400 rad. Now the 

ptckniies believed that brother-sister 

1Tl;lting was the way to go: all the 

phmohs were married to their sisters. 

Genetically. this practice may get the 

f;lrnily line into trouble in a hurry. We 

h;l\f laws against the practice. Howev- 

cr. the addition of irradiation to the 

mouse reproduction failed to show radi- 

jtion damage detrimental to the well- 

bring or continuance of the species. 

There were no gross abnormalities and 

the litter sizes and survival rates bere 

qual in the two populations. 

The take-home message from this ex- 

periment is that radiation injury is 

rrluch more likely to cause a lethal 

etent than to cause a change in the 

penes that will be perpetuated through 

the generations. Usually. if mutations 

occur. they are rapidly eliminated by 

\pnntaneous abortion. and you don't 

w them survive in the population. 

Only in experiments with fruit flies, 

hacteria. and molds. where you can get 

hillions of them in a jar. do genetic ef- 

fects of irradiation show up. With peo- 

ple. it apparently doesn't show either 

because there ate simply too few of 

them or bad genetic material gets weed- 

ed out by natural processes. 

Mario Schillaci: Even in the case of 
the Japanese atomic-bomb survivors. a 

population of over 80.000 individuals. 

5ome of whom were exposed to very 

large doses. there have been no heredi- 

tary effects seen. That null result is 

consistent with the extremely low rate 

Even in the case of the 
Japanese atomic bomb 

survivors, a population of 
over 80,000 individuals, 
some of whom were ex- 

posed to very large doses 
of radiation, there have 

been no hereditary effects 
seen. That null result is 
consistent with the ex- 

tremely low rate of radia- 
tion - induced hereditary 
changes seen in animal 

studies. 

of radiation-induced hereditary changes 

seen in animal studies. 

Bill Gibson: I particularly appreciate 

these comments because my son was 

born with cancer. He still survives 

now: he is 45 years old and has his own 

business. But at the time he was born. I 
was quite concerned that my radiation 

exposure may have affected him. 

Ed Hammel: I have a question regard- 

ing the size of doses. Many people are 

familiar with the tragedy of the radium- 

dial painters. who ingested quantities of 

radium as they sucked on their paint 

brushes to make a nice sharp point. 

Many of those workers developed radi- 

um poisoning and died very horrible 

deaths. I was wondering if you could 

tell us the size of the radium doses 

compared to the doses of the people 

around this table. 

George Voelz: The radium data are 

sort of mind boggling. Among 4.000 

dial painters. essentially all women. 

there here several hundred cases of 

bone tumors. Of those. I believe there 

were only two who received cumula- 

tive doses to the bone of less than 

20.000 rem. 

Now for plutonium. Like radium. plu- 

tonium is a bone seeker. It is not sur- 

prising then that beagles given high 

amounts of internal plutonium devel- 

oped an excess number of bone tumors 

compared with the number observed in 

unexposed dogs. The cancer induction 

is dose dependent: the higher the dose. 

the higher the excess cancer risk. 

The average effective (whole-body ) 

dose among the members of the LrPPCr 

club is about 125 rem. and the person 

with the highest plutonium deposition 

has received a little over 700 rem. Be- 

cause plutonium is not uniformly de- 

posited in all tissues. the doses vary for 

different organs. For example. the av- 

erage bone dose for the group is esti- 

mated to be about 45 rem. Plutonium 
deposits initially on the surface of the 

bone. which is also the area where the 

active bone cells are located. Bone 

cancers arise from those cells: thus. the 

dose to that specific area is most impor- 

tant. In humans. the dose to the bone 

surface from plutonium is about 20 

times higher than the dose averaged 

over the whole bone mass. Thus. the 

average bone-surface dose among the 

UPPU men is calculated to be' about 

900 rem. and the man with the highest 

deposition has an estimated bone sur- 

face dose of 5.000 rem. They sound 
high. but those doses are much less 

than even the lowest radium doses that 

induced bone tumors. 

! 

: 

i 
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The current risk estimate for plutonium 

exposure indicates 15 excess bone can- 

cers would be expected for each million 

person-rem. 4 million person-rem 

could consist of, say. 1.000 people each 

having a dose OF 1.000 rem to the bone 

wrface. If the risk estimate holds true. 

there would be 15 cases of bone cancer 

among the 1,000 persons: each individ- 

ual would have a risk of 1511.000 or 1.5 

per cent. As a physician. I like to think 

of this problem in the reverse. There is 

il 98.5-per-cent chance for a person with 

a 1.000-rem dose to the bone surface to 

escape without an effect. 

Los Alamos Science: As a result of 

fallout from atmospheric testing, a 
lrirge ji-action of the general population 

is carning around some plictonium in 

their bodies. HOW large is the dose 

from that source? 

George Voelz: I just looked this up re- 

cently. About 6 tons. or nearly 6 thou- 

sand kilograms of plutonium, fell to the 

earth throughout the world as a result of 

nuclear testing. That’s kind of astound- 

ing when you think that today we‘ve 

been talking about body burdens of mil- 

lionths of a gram. Of course, a great 

fraction of the plutonium fallout was 

dispersed in the oceans and didn’t get to 

any of us. But we know from autopsy 

studies of the general popuhtion that we 

all cany detectable.levels of plutonium, - 

mostly in the lung, the bone, and the 

liver. The main route for intake was in- 

halation of tiny particles that were in the 

air. Some may have been ingested 

through the food chain, but plutonium 

has a very low rate of absorption in the 

GI tract. Unlike radium. it goes right 

through your gut with very little absorp- 

tion into the blood stream. So whatever 

was retained in the body probably en- 

tered through inhalation and was initial- 

ly deposited in the lung. 

The Los Alamos autopsy studies and 

other research show that the 50-year 

dose commitment to the lung from plu- 

tonium fallout is about 30 millirem. 

That’s for a person who was alive from 

the beginning of nuclear testing in 1935 

through 1970. This 50-year dose is a 

tiny fraction. actually less than 0.3 per 

cent of the average annual dose (300 

millirem) that we receive from natural 

background and other man-made 

sources over a 50-year period. To put 

it another way, the lung now receives 

less than 1 millirem per year from in- 

ternally deposited plutonium. and the 

bone receives about 5 per cent of that. 

I should mention the 
complication of smoking. 
Data suggest that the risk 

of dying of lung cancer 
from smoking a pack of 

cigarettes a day is 20 
times greater than that 
of a non-smoker; or the 
risk increases by 1,900 
per cent. In contrast 
the increased risk of a 
lung cancer death from 
the maximum allowed 
committed dose from 

plutonium is only a small 
fraction of 1 per cent. 
Since most plictonium 

workers of the 1940s and 
1950s were smokers, it j. 
very difJicult to separate 
out the plutonium risk 

from the much greater 
smoking risk. 

or 0.05 millirem per year. an entirely 

negligible amount compared to our av- 

erage annual radiation dose. 

Harold Archuleta: When you have 

plutonium in your lung. does it ever get 

out’? is it expelled out’? 

George Voelz: If you tirst breathe in 

plutonium particles that are fairly large, 

most of them will be deposited on the 

cilia. the tiny hairs on the lining of the 

air passages in the bronchi. During the 

first few weeks after inhalation. the nat- 

ural action of the cilia will bring much 

of this material up to the throat. and 

you end up swallowing the particles. 

They then pass through the gastroin- 

testinal tract and come out in the feces. 

That’s one reason we take fecal samples 

after an accident involving inhalation. 

However, if the particles are very small, 

say a micrometer or less in diameter. 

which are the size you get in a fume or a 

small fire. they will travel deeper into the 

lung. Their fate then depends on their 

solubility. Nitrates and other soluble 

forms will dissolve in the body fluids, 

go into the circulation. and be deposited 

primarily in the bone and the her. 

If the particles are an oxide form pro- 

duced at high temperatures. then they 

are not very soluble. and they remain 

for very long periods of time in the 

lung tissue or the lymph nodes. the til- 

ter system around the lung. 

We have examined autopsy tissues 

from five of the seven deceased mem- 

bers of the UPPU club. and to our 

amazement. we found that in three of 

them 35 to 60 per cent of the plutoni- 

um in the body at the time of death was 

in the lung or the tracheo-bronchial 

lymph nodes and had evidently re- 

mained there for the 30 to 30 years fol- 

lowing inhalation. 

Now plutonium, like radon. is an alpha- 

particle emitter, and therefore, the accu- 

mulation in the lung causes us to wow 

about the risk of lung cancer. In fact. 

the risks of plutonium exposure are 

presently based on radon. on the corre- 

lation between lung cancer and radon 

exposure in the mining industry. My 
feeling, however, is that the risk of lung 

cancer from plutonium may turn out to 

be lower because the mechanics of de- 

position and difference in half-lives 
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Xlario Schillaci: Although there may 

not be a direct correlation between 

radon and plutonium. I think eteryone 

might be interested in a new study re- 

zarding radon in the home and the inci- 

dence of lung cancer. In more than 

half the counties in the L'nited States.. 

representing 90 per cent of the popula- 

tion. this study found that the incidence 

of lung cancer tlec,reased with increas- 

ing concentrations of radon. That anti- 

correlation between cancer incidence 

plutonium. in contrast. has a very long 

half-life. 21.000 years. Its radioactive 

mission i\ ',~w and steady over many 

\ears. MorcoLer. it stays only a short 

time in the airways before it's redistrib- 

uted in lung tissue and lymph nodes, 

,mas that are not targets for lung can- 

cer. Therefore. I expect that the pre- 

mt estimates. which are based on 

radon. may be substantially reduced if 

\+e ever get sufficient data. 

I \hould mention the complication of 

mohing. The risk of dying of lung 

cancer from smoking a pack of ciga- 

rettes a day is 20 times greater. than 

that of a nonsmoker. or the risk in- 

creases by 1.900 per cent. In contrast. 

the increased risk of a lung-cancer 

death from the maximum allowed com- 

mitted dose from plutonium is only a 

mall fraction of I per cent. Since 

rno4t plutonium workers of the 1940s 

and 1950s were smokers. it's very difti- 

cult to separate out the plutonium risk 

from the much greater smoking risk. 

and radon exposure held up to a radon 

concentration that produces a dose 

equivalent of 3 to 4 rem per year (ten 

times the average annual dose from all 

sources). So there's some evidence 

that small doses of radiation might not 

be that harmful and. more speculative- 

ly. might even be beneficial. 

Art Beaumont: I have a question 

about the dose calculation you've done 

for me. It suggests that I got an intake 

at a time after I had stopped working 

with plutonium. Can you explain that? 

George Voelz: I mentioned before that 

if you have inhaled some plutonium 

and if it's in an insoluble form. it will 

migrate very slowly to other organs in 

the body. ' Therefore. the amount that 

shows up in the urine may increase 

very slowly over time or may not even 

be measurable until a year or two after 

the inhalation. That could explain the 

discrepancy between the dohe recon- 

muction and your experience. 

On the Front Lines 

Los Alarnos Science: As I tltirik Xoii 

all knort,. Giithrie Miller cind Bill Irikrer 

iti our Dosimetn Group tire the ories 

who prepured the dose itformirion rhtrt 

\nu rweirled in prepamtion for this 

)~ieeri)iy. Guthrie, do !oil wunt to cor?i- 

muit ori the dose ccilcul~itions :) 

Guthrie Miller: I would like to re- 

mind everyone that doses are estimated 

from the amount of plutonium in the 

urine samples that you give us. That 

data is used along with a mathematical 

model. describing the rate at which plu- 

tonium is excreted from the body. The 

combination allows us to predict the 

amount of plutonium that was original- 

ly taken into the body. This is a diffi- 

cult inverse problem. and there are hig- 

niticant uncertainties in the results.- 

George Voelz: In the early days. ray 

before the mid-fifties. the data had huge 

errors. First, there were errors in the 

chemical separation methods. in the 

analytical techniques used to precipitate 

the plutonium from the urine. Second. 

there was the problem of contamina- 

tion: the urine sample was often acci- 

dentally contaminated by the sample 

bottle or by contaminated hands or 

clothing or what not, and there was no 

way to tell. Some of you may recall 

that around 1946 or 1947. Wright 

Langham created the health-pass ward 

at the local hospital to get around this 

problem. Anyone thought to have had 

an intake was given a 48-hour health 

pass and asked to report to the hospital 

where uncontaminated samples could 

be collected. I understand that the 

guys got to drink their share of beer 

on those health passes. They had some 

sort of beer delivery system from the 

PX that Wright was never able to figure 

out. He didn't work very hard on the 

problem. 
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Opinions about the Plutonium 
Injection Experiments 

Guthrie Miller: Yoii dl 1icii.e personcil 

e.vperiences rc,ith plutoiiiirm intcikes. I 

think many people wdd be interested 

it1 \our opinion of the plutonium injec- 

tion e.rperiments that )\'ere doiie in 

1945- 19.17. Recall that Lcin,qham and 

other people of that era wanted to be 

~ible to determine how much pliitoniiim 

a rvorker had retained. Livid at the time, 

they hud no clejiniti\.e experiments to 

relate the amoi(nt of plutonium in the 

urine to the amoiinr in the body The! 

only had data from anitnal experiments. 

So they decided to do an experiment in 

which sinail yuantiries of plutonium 

\c,oiild be injected into the bloodstream 

of some eighteen hospitalized individu- 

01s. The earliest siibjects rvere diag- 

nosed as terminal and a few oj them 

were ,given qiiantities well abot-e the ul- 

loired dose for plutonium workers in 

order that the deposition pattern of plu- 

tonium in the body could be determined 

at autopsy. Most of those individuals 

were indeed terminal and died of ex- 

pected causes. One individual was mis- 

diagnosed and lived for many years. 

He upparently neirer had any symptoms 
from the plutonium that had been ad- - 
inin istered. 

A number of nonterminal patients were 

also ini-oli-ed. They were given a dose 

of 5 micrograms. which, based on the 

erpet-ience oj' the radium-dial painters, 

~c'as considered to be small. Neither 

uciite nor long-term ejfects were ex- 

pected. tior rr'ere any seen, but the dose 

was large etioii,qh to allow reasonable 

ineusurements of the amount of plutoni- 

um excreted in urine and feces. The 

idea ofthe experiment ~ras to measure 

the rute at \vhich the injected plutonium 

~'~1s excreted in the urine. Those data 

coiild then be used to interpret the ex- 

cretion data of' people. such as your- 

selt.es. who uere rwrking M.ith lcirpe 

There has been ti huge oitrcn. about 

these experiments. \Yhrit'.> your opin- 

ion about the experiments. and spec$- 

ccill~. do ~ou think that the!. ri'ere 

ii~orally brrong.' 

Bill Gibson: My perwnal opinion is 

that as long as the people were in- 

formed of the experiments there was no 
wrong done. Many of these people 

were fatally ill anyway and were ex- 

pected to die within a short period of 

time. But if some of the people were 

not informed, I believe that was pretty 

reprehensible. There's no reason why a 

person should be included in such an 

experiment without being told what the 

experiment is about and given a chance 

to decide not to participate. 

Ted Magel: Those experiments were 

essentially tracer experiments. and they 

did no harm. But Hazel O'Leary and 

others in our government went off the 

wall. They made a big deal out of 

nothing because they were ignorant of 

the facts. The news media is the same. 

They don't have the background: they 

don't research their stories. They hear 

a rumor. and they nut it in the news. 

The problem is ti-1.x we've been dumb- 

ing down the schools. Nobody gets 

any science education nowadays. From 

the teaching colleges to the school 

boards to the parents. we've got to re- 

vamp the whole system. 

Ed Hammel: I believe there are no 

moral absolutes. What's moral at one 

time in history may be immoral at an- 

other. Looking back on what was done 

fifty years ago, it seems Lery immoral. 

Today's physicians would not perform 

an experiment on any indhidual with. 

out tirst getting his or her informed 

consent in a written document. But 
during wartime. many things were done 

that were just considered urgent under 

the circumstances. But you can't apply 

a set of moral criteria from one era to a 

completely different era. It doesn't 

make sense to do that. I believe that 

the people who did those experiments 

believed they were doing what was best 

for the country at the time. 

Bill Gibson: The same is true of the 

bombings of Hiroshima and Nagasah. 

At the time. it was considered a moral 

imperative: it was something that had 

to be done. Now people are saying 

how immoral it was. That's because 

we are living in a different era with dif- 

ferent circumstances. moralities. re- 

quirements. and so on. 

Harold Archuleta: I believe that if the 

people were told what was being done 

and if someone explained to them what 

might happen after being injected. then 

the experiment was OK. It would have 

been up to the individual to decide 

whether or not to go through with it. 

But if it had been me, I wouldn't have 

done it. 

Michael Montoya: That's the same 

way I feel. If people were told about 

it, then things were fine. But if the 

doctors went ahead without those peo- 

ple knowing what was happening. then 

it was bad. It would be very hard to be 

used as a guinea pig. 

Jose Gonzales: It's immoral to put 

people on the electnc chair. but we hee 

it happening. Now here's the word 

plutonium. We uho have worked wlth 

it understand what it IS. md we accept 

the consequences ot our mistah 

160 



On the Front Lines 
1 I 

trt Beaumont: I ~CO feel the same 

\iLl!. I sincerely believe that all the 

Cc.~pk that participated should ha\ e 

t,??n told what was happening and what 

mnbequence3 might be. Otherwise. 

,I \\a\ immoral. 

Jim Ledbetter: Under the circurn- 

,t;ln~t's of those times. the doctors and 

,i'lsntlsts were probably justified in 

\\hat they did. And I think the benetits 
2;llned \%ere worthwhile. I don't know 

shethsr the people were informed or 
not. Perhaps. they just didn't under- 

,[and. In hfty years. you can forget a 

lot of things. I've had a doctor tell me 

&out the injection I was getting. and 

eien though I didn't understand totally, 

I >till accepted his judgment. And 

mybe tifty years later. 1-11 be saying, 

This is redly bad news." So I believe 

the txperiments were all done under the 

highest morals and with a national need 

In mind. I don't believe the doctors de- 

liberately set out to misrepresent what 

they Lvere doing. 1 belie1.e the people 

heu but just didn't understand it. 

Jerry Taylor: Well the experiments 

needed to be done. The question of 

Lbhat happens when you get exposed- 

that question had to be asked as they 

\tdrted making plutonium. It was a 

new material. But nobody has the right 

to play God with anybody else. So I 
agree with everyone else. The experi- 

ments were all right as long as the peo- 

ple were informed and still wanted to 

do it. Otherwise. it wasn't right. We 

may tind that out some day. It's being 

imestigated. But you don't know if the 

truth i3 ,ooing to come out. It's like the 

OJ Simpson trial. I don't know that 

\+e'll ever know who did what. And 

again. I don't know if you can really 

jay that the experiments were morally 

right or wrong. It's funny to a& that 

quehtion. Look at the morals in our 

country today. Instead of looking at 

those. the press and the public Jre 

William C. T. Inkret joined the Laborator), 

in 1986 as a poadoctoral fellow. and hi\ re- 
warch included development and application of 

computer algorithms tor analym of chert-count 

data to detect plutonium and americium and the 

development and application of methods for es- 

timating internal dose from gamma-emitting ra- 

dionuclides based on uhole-body count 

also led the design. construction. and downstry 

ot' a plutonium-238 alpha-particle imdiation 

system urd in radiation biology \tullies at the 

Laboratory. and later. he assisted Hanard Cni- 

versity in building an identical \y\tem. In 1991. 

Bill became team leader of the Radiological 

Dose Asessment Team. In 1995. he took over 

leadership of the Laboratory's Human Studies 

Projeit and brought the project to closure. Bill 

received his B.A. in biology in 1979 from Car- 

roll College in klontana. After a t~4o-hear tour 

as a ski-area avalanche-control specidli\t and a 

union laborer in high-rise construction. he 

earned his M.S. in health phyrics from Cul- 

orado State Vniverwy. In 1986. he earned hi\ 

Ph.D. from Colorado State Unibersit?. College 

of Vetennary Medicine and Biomedical Sci- 

ences. Bill \er\es on several national radiation 

protection committees. including the National 

Council on Radiation Protection and Measure- 

ments Scientitic Committee on plutonium-138 
power jources for ,pace application\. Bill en- 

joy\ >ardv.ork. tendine the family farm in Ne- 

bra5ka. skiing. tinding antique <ollecribles. and 
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On the Front Lines 

Ted Magel 

Nick Dallas 

Plutonium M 

n 1943. the Manhattan Project was pursuing two routes to a nuclear bomb. 

both dominated .by the problem of acquiring the necessary nuclear mate I One route involved isolating the rare isotope uranium235 from the abu 

uranium-238 in sufficient quantity to build a weapon. The two isotopes are ch 

ically identical and differ in mass by only about 1 per cent. Somehow the slig 

lighter uranium atoms would have to be teased away from the heavier ones. Sev 

era1 separation techniques were under study-gaseous diffusion. electromagnetic 

separation, thermal diffusion, and the use of a centrifuge-but it was very uncer- 

tain whether any of them could produce the required kilogram quantities in a rea 

sonable amount of time. 

The second route to the bomb involved plutonium-239, an isotope that physicists 

predicted would support a nuclear-fission chain reaction at least as well as urani- 
um-235. But only insignificant traces of plutonium occur naturally on Earth. 

Large quantities would have to be made in a uraniumlfueled nuclear reactor. 

When the reactor was operating, some of the neutrons from the chain reaction 

would be absorbed by uranium-238 to produce the unstable isotope. uranium-239. 

Almost immediately after being formed. uranium-239 would emit a beta particle 

(electron) to become a new element. neptunium-239, which would emit a second 

beta particle to become plutonium-239. 

The total amount of man-made plutonium in existence in 1943 was the approxi- 

mately 1.5 milligrams that had been made in accelerators. Not until February 

1944 could gram quantities become available from the uranium reactor under COR 

struction at Clinton, Tennessee, and the needed kilogram quantities could not be 

expected to become available from the production reactors being built at Hanfod 

Washington until sometime in 1945. 

In the meantime the metallurgists needed information as soon as possible on the 

bulk properties of the metallic form of plutonium including its melting point, its 

hardness, and especially its ductility and density.. After all, they would be respon- 

sible for fabricating the metal into the shapes specified by the bomb designers. 

Solid pieces of pure plutonium metal large enough for metallurgical expenmen 

that is, not much less than a gram-were required to make the measurements.* 

The need was so urgent that chemists at the University of Chicago’s Met Lab and 

at Los Alamos began research in 1943 on chemical techniques to reduce plutoni- 

um compounds to pure metal, Compounds of other metals, particularly uranium 

were used as stand-ins in the experiments. 

Two young men at the Met Lab, Ted Magel and Nick Dallas, (see the plutonium- 

worker roundtable, “On the Front Lines”) were the first to solvesthe plutonium 

metal reduction problem on a scale larger than a few micrograms. Since parallel 

work at Los Alamos was going poorly and gram quantities were soon expected 

*The first unequivocal production of plutonium metal was carried out on November 6, 1943. at the Mer 
Lab by H. L. Baumbach, S. Fried, P. L. ffirk and, R. S. Rosenfels (Manhattan Project Report CK-1143. 
December 1943). It was in the form of a few small globules of silvery metal weighing 1-3 micro@ 
each, scarcely large enough to pennit any meamngful measurements of physical properties. 
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On the Front Lines 

The First Gram 
by Ed Hammel 

from the Clinton reactor. Oppenheimer wrote a memo on January 18. 1944 re- 

questing that Magel and Dallas come to Los Alamos. 

mval on February 3. 1933, they produced a shiny 20-milligram button of plutoni- 

um easily visible to the naked eye, and three weeks later they prepared a 520-mil- 

ligrm button of pure plutonium metal. These were the first amounts of plutonium 

metal produced at Los Alamos as well as the largest single buttons of the new 

element produced anywhere in the world. The rechnical 

of their work is recounted here to illustrate the science 

and the intense atmosphere of the early plutonium metallur- 

their contributions. 

One basic reaction for reducing a plutonium or uranium salt 

to a metal is a metallothermic reaction. For uraniur -“pi- 

starting compound is uranium tetrafluoride and rl . !,ical 

UF, + 2Ca + U + 2CaF,, 

where calcium is the reducing agent. Heating the reagents to 

temperatures in the vicinity of 400 to 500 degrees centigrade 

initiates the reaction. which proceeds in the direction shown be- 

cause fluorine has a much higher affinity for calcium than for 

uranium. At the same time, and for the same reason, the reac- 

tion gives off a great deal of heat-hence the name “metallother- 

mic.” Because of the high temperatures and pressures and the 

About a month after their 

- 
-- -- 

work and also to give them long overdue recognition for I 
I 

-. 

pdAR 1944 4 

Juction reaction is: 

c- 

high reactivity of the reducing agent. the reaction was run inside ~AT,”.AICIIsJ.lw 20, 
a sealed metal container, which the Manhattan Project researchers 0 

called a “bomb.” The bombs were lined with crucibles made’of 

refractory materials such as metal oxides that would remain intact at the 

thousand-degree-centigrade temperatures produced in the reaction. 

To maximize the yield and punty of the metal product, chemists had to optimize 

many parameters: the form of the initial uranium or plutonium salt, the reducing 

agent, the layering of the reagents in the bomb, their mesh sizes (the reagents were 

powdered). deviations from the stoichiometric proportions, the refractory material 

for the liner, the rate of heating, the optimum temperature required for initiating 

the reaction, the time spent at the maximum temperature reached, and finally, 

whether or not to add other materials that would simultaneously react. thereby 

producing additional heat (so-called boosters). 

Yet another choice was how to separate the pure molten metal from the slag 

formed by the reaction products (CaF2 in the above example). One way was to 

leave the bomb alone during the heating and let gravity do the work. Uranium 

and plutonium are far denser than the slag and should therefore naturally coalesce 

into a single molten globule of metal at the bottom of the crucible. Dick Baker’s 

group at Los Alamos used this “stationary bomb approach. 

But the first batches of plutonium compounds would be very small indeed. The 

smaller the scale of the reaction, the worse the stationary-bomb approach could be 
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On the Front Lines 

expected to work. A smaller bomb has more interior surface area in proponion to 1 
its volume than a larger bomb and is therefore more likely to lose a larger propor. 

tion of the reaction heat through the liner and bomb walls to the external environ. 

ment. The reaction products might solidify before the new metal could How 

through them and coalesce at the bottom of the liner. 

Magel and Dallas. while working at the Met Lab in Chicago under Dr. John Chip. 

man, recognized this problem and decided to assist the separation by performing 

the reduction inside a graphite centrifuge. The bomb was placed on its side in he , 

centrifuge and rotated rapidly as it was being heated. The rotation rate could be 

adjusted to make the centrifugal force on the molten metal about 50 times larger 

than the force of gravity. enough to propel the molten metal outward to the tip of 

the cone-shaped interior of the refractory liner where it would cool 

into a consolidated mass. The components and operation of their 

“hot centrifuge“ are shown in the box “The Magel-Dallas ’Hot Cen- 

trifuge’ Technique.” page 165. By the end of 1943 Magel and Dal- 

las were using their new technique to make I-gram buttons of pure 

uranium metal from uranium fluoride. 

Meanwhile, the Los Alamos efforts in metal reduction. using sta- 

tionary bombs and other methods, were floundering. Baker’s 

group tried to prevent the slag from solidifying too quickly by 

using an iodine booster which not only adds heat to the reaction 

but also adds reaction products with low-melting points to the 

slag. Both effects keep the slag in the liquid state for a longer 

time. The iodine booster improved the results. but the reductions 

on the 1 -gram scale still produced finely divided metal mixed 

with slag rather than a coherent metal slug. In January 1944, 

Baker also tried the centrifuge approach, but his efforts were not 

.~ 

./ 

successful. Consequently, J. W. Kennedy, the Leader of the Chemistry 

and Metallurgy Division, his Associate Director Cyril Smith, and eventually, as 

noted above, Oppenheimer himself requested Dr. Chipman to transfer Magel and 

Dallas to Los Alamos as quickly as possible. 

After Magel and Dallas arrived with their equipment, they immediately began per- 
forming centrifuge reductions of uranium. Reductions in a centrifuge worked best 

when the reducing agent was lithium and the liner was made of beryllium oxide. 

Magel and Dallas also concluded that an iodine booster had essentially no effect 

on reductions using lithium. Evidently the heat generated by the booster was of 

little value since the slag in lithium reactions had a sufficiently low melting point 

to permit plutonium and uranium metal to sink through it easily. Therefore, any 

further lowering of the melting point by adding iodine was unnecessary. 

- 

By March 2, an amount of fluoride (PUF3) containing 50-milligrams of elemental 

plutonium was available for reduction. It had been prepared by Laboratory 

chemists from shipments of plutonium nitrate sent from the Clinton reactor. 

Magel and Dallas were given the material to reduce to plutonium metal. Probably 

with some reservations, they first followed the Los Alamos protocol of using calci- 

um as the reducing agent and an iodine booster. The result was a grayish cokey 

mass containing no agglomerated plutonium. But on March 8. they tried again 

with another sample, this time using lithium (and iodine again). That experiment 

produced a shiny 20-milligram button of plutomum. Although the yield of 40 

percent was disappointingly low, the result was the first plutonium metal made at 

Los Alamos and the first made anywhere in sufficient quantity to see without mag- 
continued on paqe 166 
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On the Front Lines 

The Magel-Dallas “Hot Centrifuge” Technique 

The photograph below shows the components of Magei’s and Dallas’s apparatus for small-scale metal reduction 

of plutonium and uranium compounds. On the paper in front of the centrifuge rotor is a charge of metal halide 

(such as PuF,) and a reducing agent. To the right of the paper is a cone-shaped crucible or liner made by pow- 

dering BeO, forming it in a mold, and firing it as clay is 

fired. Magel and Dallas put the reducing agent into the 

crucible first and put the halide on top. They covered 

the crucible with a double lid (shown to the right of the 

crucible): the first layer made of either sintered NaCI, 

BaCI,, or LiF, was topped with one made of MgO. 

They put the crucible inside the cone-shaped interior of 

the cylindrical steel bomb, displaced the air inside the 

bomb with argon, covered the bomb with a steel lid, 

and sealed it shut by welding. 

They mounted the bomb into one of the slots of the 

rotor and packed it tightly in place with more MgO. 

The rotor was about 15 centimeters in diameter and 

was made entirely of graphite to give it both strength 

and heat resistance. It had four slots so that four reductions could be performed at once. (If the experimenters 

didn’t have four charges, they put dummy bombs into the slots for balance.) 

- 

The photograph at right shows the centrifuge. The loaded rotor was placed inside a coil that was attached to a 

high-frequency electrical generator, and the shaft of the rotor was 

attached to a drill press through a slot-and-pin connector. When 

the generator was turned on, the coil would produce a rapidly alter- 

nating magnetic field, which would heat the rotor and bombs by in- 

duction. During the heating, the rotor would be spun by the drill 

press at 900 revolutions per minute. which made the force on the 

bomb’s contents about 50 times that of gravity. Magel and Dallas 

found that the best procedure for plutonium reduction was to heat 

the spinning rotor and bombs to about 1,100 centigrade, which took 

somewhat less than five minutes, maintain that temperature for 

three minutes, and then turn off the generator and let the whole 

thing cool but con- 

* tinue the rotation 

until the tempera- 

ture reached 400- 

500 centigrade. When the bomb cooled to room temperature, 

they sawed it open at the top and removed its contents for ex- 

amination 

The photograph at left show a longitudinal cross section of a 

bomb that was fired in the -raphite centrifuge In this particular 

specimen, the layer of slag 5 clearly seen on top of a button of 

uranium metal. The button is located in the tip of the crucible 

The black spongy deposit clinging to the upper pari of the cone 

is metal mixed with slag, which meant that the yield of pure 

metal was low in this particular reduction. R 1 7 
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On the Front Lines 

Lorinnued from page IM 

nification. Many other 50-milligram 

runs were made with PuF,. PuF3. and 

PuCI,, as well as with other reducing 

agents. At this scale the results varied 

(about one third of them were success- 

ful). 

Figure 1. The first gram-scale piece of 

plutonium metal in history. It was made 

by Ted Magel and Nick Dallas at Lo8 

Alamos on the night of March 23, 1944 

and weighed 520 milligrams. 

During the three weeks following the 

initial success, Laboratory chemists 

prepared in succession two samples of 

PuF4, each containing a gram of pluto- 

nium. Much to the dismay of Magel 

and Dallas, Eric Jette. the leader of the 

Plutonium Metallurgy Group, and Cyril 

Smith decided to give the first I-gram 

sample to Dick Baker for an attempt at 

reduction in the stationary bomb. The 

attempt produced only questionable microscopic‘ilroplets of plutonium dipersed 

in slag. 

When the second sample became avalable. Jette and Smith requested Magel and 

Dallas to attempt a centrifuge reduction on March 24th in the presence of a num- 
ber of dignitaries. Magel decided on the 23rd to do the experiment without a 

crowd present. That night he and Dallas performed the reaction with lithium and 

no booster. When they cut open the bomb, they found a 520-milligram button of 

plutonium. shown in Figure 1. Again the yield was inexplicably low. but the 

metal was shiny and soft enough to cut with pliers; both qualities indicate purity. 

The button was immediately used for crucial metallurgical and chemical studies. 

From April to early June, Magel and Dallas made eight more buttons on the one- 

gram scale, all of which were successful, and four of which are shown in Figure 

2. In total. they performed about 300 centrifuge reductions between February and 

June; twenty-five of them were plutonium reductions. 

During the course of their work, both Magel and Dallas experienced various acci- 

dental exposures to plutonium. which later qualified them for membership in the 

so-called UPPU club. Wright Langham’s follow-up study of wartime plutonium 

workers who received intakes of plutonium (see “On the Front Lines”). 

In the summer of 1944, Magel and Dallas started small-scale work on purifying 

plutonium, especially from light-element contaminants. They set up high-vacu- 

um, high-temperature remelting systems to evaporate residual light element impu- 

rities from the reduced buttons of plutonium. Light-element impurities are a 
problem because they absorb alpha particles from the decay of plutonium and 

emit neutrons. The neutrons can then initiate a chain reaction in the plutonium 

before two subcritical assemblies have been able to come together to form the 

planned supercritical mass. The removal of light-element impurities was there- 

fore considered crucial for minimizing the neutron background and preventing a 

preinitiation of the gun-type plutonium weapon. 

During that summer, Baker made a systematic study of small-scale, stationary- 

bomb reactions. He found that PuCI, was a better starting material than PuF, and 

then went on to develop reliable techniques using this halide for producing gram- 

scale buttons of plutonium. Because stationary bombs were much more conve- 

nient than centrifuges and did not require lithium as a reductant nor the use of 
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benllium oxide crucibles (both of which contributed 

high levels ot light-element impurities to the resulting 

iutonium). Baker's method turned out to be prefer- 
P 
&le for production of PlUtoniUm In quantities greater 

.. 

than one pram. 

The availability of gram-scale quantities of plutonium 

pennitred the LOS Alamos metallur> Oists to attack in a 

multi-faceted and coherent way the so-called variable 

density and crystal-structure problems. Puzzling van- 

;Itions in density and crystal structure had been seen 

In different metal speLimens since the time of Pluto- 

-- - - 
nium's first production on the microgram scale at the Met Lab, and the possibility 

of allotropism had been raised as early as February 1944 by R. Mooney and W. 

H. Zachariasen at the Met Lab. Nevertheless. at Los Alamos. the results of spe- 

cific attempts to settle this issue were ambiguous until June 1944. Research did 

tinally show that plutonium has more complex allotropic behavior than any other 

known metal. and this property made the task of producing the necessary shapes 

for weapons even more difficult. 

Toward the end of the summer of 1944. the light-element impurity problem sud- 

denly became irrelevant: It was discovered that reactor-produced plutonium from 

Hanford would contain significant amounts of plutonium-240. That isotope un- 

dergoes spontaneous fission and therefore would add much more to the neutron 

background than the light elements ever could. Since there was no practical way 

to remove it. the project had to abandon the gun-type weapon and replace it with 

an implosion device in which the speed of the assembly would eliminate the pos- 

sibility of neutron-induced preinitiation. It also meant that Magel and Dallas were 

no longer needed to solve light-element purification problems. and they decided to 
leave Los Alamos and join Dr. Chipman. who had moved to MIT. There they 

helped make large crucibles of various refractory materials for use by Baker's re- 

duction section and Ed Hammel's remelting, alloying, and casting section. Thus 

their work for the Manhattan Project continued even after they left Los Alamos. rn 

Further Reading 

Richard D. Baker, Siegfned S. Hecker. and Delben R. Harbour. 1983. Plutonium: a wartime night- 

mare but d metallurgist's dream. Los Almnos Science 7: 142-151. . 

E. F. Hammel. Recollections of Plutonium Metallurgy Work in D-Building, 1943-1945. To be pub- 

lished. 

Lillian Hoddeson Paul W Hennksen. Roger A Meade. and Cathenne Westfall 

4\tembl\ A Techrircal Hrtrorv of Los Alamos dunng the Oppenheirner Years 1943-1945 

Cdmbndge Lnirerrity Press 

1993 Crirrcal 

C A LeLine and G T Seaborg 1951 The Occurrence of plutonium in nature Phvsics Reiieu 
73 3278 

R L. Kathren. J. B. Gough. and G. T. Benefiel. 1994. The Plutonium Sron: The Journals of Profes- 

(or Glenn T. Seaborg, 1939 - 1946. Columbus: Battelle Press. 

J. W. Kennedy and the C.M. Smith & CM Division Staff. 1944-1945. Monthly progress report for 

the chemistry and metallurgy division. Los Alamos Scientific Laboratory reports. 1944- 1945. 

T. T Magel. D. B. Loeb. and N. Dallas. 194. The preparation of plutonium metal on the one-gram 

scale by means of the graphite centrifuge. Los Alamos Scientific Laboratory report, LA-124 (August 
1944). 

Figure 2. Four more plutonium metal 

buttons made by Magel and Dallas during 

the spring of 1944. 

Edward F. Hammel joined the Laboratory in 

194.4 as a section leader in the Chemistry and 

Metallurgy Research Divsion. where his pnncipal 

responsiblity was remelting, alloying. and casting 

plutonium metal. In 1945 he was appointed 

group leader of the Metal Physics Group, which 

was responsible for determining the pyhsical 

properties of plutonium. In 1948 Ed became 
group leader of the Low Temperature Physics 

and Cryoengineering Group and was responsible 

for organizing a program to study helium-3. 

During that year Ed and his collaborators were 

the first to liquefy helium-3 and to test its proper- 

ties at low temperatures. They searched for su- 

perRuid behavior down to 0.7 kelvin. a remark- 

able feat for the times. Their search was 

unsuccessful because helium-3 becomes a super- 

fluid at an unexpectedly low temperature of less 

than 3 millikelvins. From 1970 to his retirement 

in 1979, Ed held management positions in vw- 

ous energy related projects including the study of 
superconducting transmission lines and energy 

storage. In 1955 Ed was awarded the American 

Chemical Society gold medal for his work on he- 
lium-3. He received his A.B. in chemisr; crom 

Dartmouth College and his PhD in physical 

chemistry from Princeton University. 
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I hX 

rorn the rime the first gram of rem.tor-produced plutonium  as vhipped to 

Lo,$ Alamo,s in 1444 to process irito pure metal, the Laboratov was Called F iipoii to develop the knowledge Duse and the technology to handle, process, 

t2nti utili:e this man mu& muterial for both M-.urtime and peacetime uses. NOW, 

ol'er 50 J.eur.T later, rhe Cold War is over and difficult problems regarding the sqe 
~li.~tt~~i~itl~t)ient of nucluar warheads and deposition of plutonium are requiring de- 

wlojmettt of new technologies. Aguin the Laboruton is being challenged rof~lfi~ 

this responsibili8. 

Leading edge research on special nuclear materials such as plutonium. enriched 

uranium. tritium. and others naturally requires specially designed and managed fa- 

cilities. It is not an accident that those facilities exist at Los Alarnos. nor that they 

are configured to meet constantly changing national needs as well as the highest ' 

safety. health. and environmental standards. In fact TA-55, the modem plutonium 

facility at Los Alamoh. is louted as one of the "Crown Jewels" in the Department 

of Energy's inventory of facilitieq. 

But things didn't start out that way. D Building, the first facility at Los Alamos fa: 
handling plutonium. turned out to be less than adequate. It had been specially de- i 

signed in the spring of 1943 to minimize contamination of plutonium by light-ele- 

ment impunties When that need disappeared (see "Plutonium Metal-The Fi 

Gram"), it became very clear that the more serious problem was preventing pl 

um contamination of the workers. Unfortunately. D Building was not ideally 

to meet that need, and so very soon after the building was occupied and plutoni 

began arriving in larger quantities, plans were made for erecting a new facility at 

DP Site. The structures were standard prefab metal buildings outfitted with hi 
integrity metal gloveboxes and carefully designed ventilation and plumbing sy 

to insure material containment and worker safety, at least during normal operauon. 

DP Site served as the nation's center for plutonium research and development 

through the 1950s and 1960s. The responsibility for fabricating plutonium weapon 

components, which Los Alamos had carried out during WWII, was transferred in- 4 
stead to the Rocky Flats Plant in north central Colorado starting in the early 1950s. 

In May r969 a fire at the Rocky Flats facility, which was devastating to the physi- 

cal plant, caused a temporary shutdown of the plutonium operations and prompted 

the Atomic Energy Commission (then in charge of nuclear technologies) to perfom 

a "critical systems analysis" of the nation's plutonium infrastructure. The analysis 

pointed out that the infrastucture was fragile and shallow in nature. Improved han- 

dling practices as well as new facilities would be necessary to insure continuity of 

operation as uell as the health and safety of workers. the public. and the environ- 

ment not only under ordinary operations but also in the event of extraordinaq cir- 
cumstances (accidents. natural disasters. terrorist activities, and so on). The end re- 

sult of the commission's study was the decision by the U.S. Congress in Januarl; 

1971 to build two neu modem plutonium facilities. one to be located at Rocky 

Flats for the purpose of making of plutonium weapon components and the other 10 

be located at Los Alarnos for performing plutonium research and development. 

The new plutonium fxility at Los Xlamos. referred to as T,\-59 tT.\ \rands tor 

- 



On the Front Line:\ 

plutonium Technology 

...= 
jlrenpth tests. and making measurements of physical properties 

,Llch as the equation of state of the L arious complicated phases of 

lnetallic form of plutonium. On the fabrication side. research 

,,as done an manufacturing technologieb. and the results here di- 

rectly applied to the fabrication of components for the new de- 

,ips being tested underground at the Neyada Test Site. Small- 

,(ale reqcling (about 700 kilograms per year) of materials and 

residues from research and development activities was another es- 

sential component of the effort, and the Laboratory became in- 

volved in developing more efficient and safer chemical separation 

techniques to can), out those recycling activities. Surface analysis 

Lnd material-aging studies in support of stockpile-lifetime analysis 

v,rre also carried out on a modest scale. 

In addition to weapons-related work. the facility housed a modest 

capability in the design. fabrication. and safety testing for plutoni- 

um-238 heat sources. These are very compact, long-lasting power 

bources developed especially for space missions (see Figure 1 ). 

,LLhillid areal. \%as designed to Lbithstand exthquakes, tornadoes and dl manner 

L,, ,lL~~~~~al Jiwers It 

,,,cLl[~~~tances zuch 

a\ J:\o de\iy~d to protect worker\ under extraordinar) 

power tailures. hres. and other accidental occurrences 

ilcll 11 became tu114 operational in December 1978. the majm act]\ ities in the ta- 

~r\ol\ed around support of nuclear ueapons mearch. deLelopment. and test- 

The mdtenals work included purif) inp plutonium metal. de\eloping and test- 

new plutonium alloy \. pertorming mechanical and jtructural 

Although the heat sources were fabricated and assembled elsewhere. the safety. 

design, and fabrication parameters were developed and demonstrated at Los Alam- 

os. Finally there was a modest capability to design, fabricate. and test advanced 

nuclear reactor fuels, such as mixed uranium and plutonium carbides, nitrides, and 

oxides. The entire population at TA-55. at the time of start-up in 1978, totaled 

less than .I50 employees. including all of the health and safety, and operational 

support personnel. 

Over the years. this facility. designed in a modular fashion for flexibility and 

change. has undergone significant modifications and upgrades in response to new 

demands. Some of those demands began to appear in 1980 when the DOE real- 

ized that its new production facility at Rocky Flats would not be on-line in time to 

meet weapon-component production requirements. Los Alamos was therefore 

asked to produce pure plutonium metal on an interim basis. By.1983 when it be- 

came clear that the new facility at Rocky Flats would not operate as designed. the 

DOE asked Los Alamos to assist Rocky Flats with the selection and installation of 

technologies so as to expedite the start-up of their facility. Los Alamos was also 

asked to continue providing production assistance so as to maintain component 

production. 

.A formal program funded by the Department's Office of Production and Surveil- 

lance was soon established to support these production-assistance activitieb. 

The new program represented a significant change in direction and an increase in 

?;umber 23 1995 Lus .ilamos Science 

Figure 1. Power Source for 

Deep-Space Applications 

This long-lasting radioactive power 

source of plutonium-238 oxide is very 

compact indeed. Its 150-gram mass fits 

into a cylinder having a height and a di- 

ameter of 

only 2.75 

centimeters. 

The initial 

power out- 

put of 62.5 

watts de- 

cays with a 

half-life of 

87.4 years. 

The heat from this type of source is 

converted to electricity through ther- 

mal-electric converters, and the elec- 

tricity is then used to power instru- 

ments onboard a spacecraft. 

I69 
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Figure 2. High-Purity 

Plutonium Ring 

This ring of plutonium metal has a puri- 

ty of more than 99.96 per cent. It is 

typical of the rings that were prepared 

by electroretining at Los Alamos and 

shipped to Rocky Flats for weapon fab- 

rication. The ring weighs 5.3 kilograms 

and is approximately 11 centimeters in 

diameter. 

OPmcn15 

'4 be. 

red 

the level of activity at the Los Alamos plutonium facility. Research. devel 

and demonstration of chemical-separation technologies for plutonium recoie 

came the cornerstone acti\ity. and pure plutonium metal continued to be preps 
at Los Alamos and shipped to the Rocky Flats Plant. 

The new plutonium processing mission provided the seeds for in. 

no\ ation and disco\ ery of new and novel separation/purification 

techniques. Dozens of patents were issued and an untold number 
of publications %ere prepared. The population of the facility 

grea rapidly to exceed 600 employees. Because of the facllitier 

modular design. old technologies were easily remoked and re- 

placed by the latest technology available. .Also. new health and 

safety features were easily incorporated as Soon ;IS the need was 

identified. As a result. the plutonium facility has been able to re- 

spond to constantly changing operational. and health and \afety 

standards. 

Today the combination of a very flexible facility and a very cxW. 

rienced staff is proving to be a tremendous asset in meeting the 

new demands on plutonium technology. It may come as a sur- 

prise that the demands have becomeemore complex. not less. 

since the ending of the Cold War. and the Laboratory has been 

challenged more than ever to find innovative solutions. For ex- 

ample. the dramatic down-sizing of the nation's nuclear arsenal in 

accord with recent treaties requires new technologies to support safe. waste-free 

dismantlement of nuclear warheads under stringent regulatory conditions. The 

plutonium facilities ARIES project has become the approach of choice for cost-ef- 

ficient. waste-free separation of plutonium from weapon components. This projeci 

is designed to bring in plutonium assemblies. remove the plutonium as either a 

metal ingot or oxide powder, and package the plutonium for long term storage ac- 

cording to the DOE Packaging Standard. Figure 3 shows the hydride-dehydride 

process. which is the centerpiece of the ARIES project. This technology base is 

being actively exchanged with our Russian counterparts. 

The ultimate disposition of the excess plutonium. whether it be transmutation. en- 

ergy conversion. vitritication as waste. or some other option must also be faced 

and will require a deep understanding of the fundamental science and technology 

involved in each as well as a definitive evaluation of the various trade-offs among 

them. The DOE has named Los Alamos the lead laboratory for plutonium stabi- 

lization, packaging. and storage research. The Laboratory is also involved in 

studying conversion of excess weapon materials into reactor fuels. transmutation 

of materials by either accelerators or nuclear reactors. stability of nuclear materials 

in waste forms such as glass or ceramics. and other long-term disposition options. 

Surveillance.of the remaining U.S. nuclear stockpile has also become more chal- 

lenging. Since no new production of nuclear weapon components is taking place. 

the old approach of discovering manufacturing and material flaws at the time a 

weapon is retired and then correcting the flaws in the next-generation weapon is 

no longer acceptable. Now the goal is to understand phenomena that might cause 

changes in materials performance and to predict the rates of those changes so that 

deterioration in material5 performance can be anticipated long before it affects the 

behavior of a weapon component , The plutonium facility has recently taken on 

the isponsibility for the sur\eillance of all stockpile plutonium components. The 
idea is to implement a centralized cost-effective approach for determinin, u de and 



On the Front Lines 

Figure 3. Hydride-Dehydride Recycle SyStem-An Elegant Technique for Nuclear-Warhead Dismantlement 

The hydride-dehydride recycle 

process for extracting plutoni- 

um from a warhead exploits the 

fact that. when plutonium 

comes in contact with hydro- 

gen gas, it reacts with the hy- 

drogen to form a hydride at a 

rate that is thousands of times 

faster than that of any other 

metal. The diagram shows the 

vacuum chamber in which the 

process takes place. (The 

chamber is installed inside of a 

glovebox to insure that no plu- 

tonium escapes into the work 

environment.) The heated cru- 

cible at the bottom of the 

chamber is the "hot zone" and 

the upper part of the chamber, 

where the weapon component 

is placed, is the "cold zone." 

Hydrogen from a heated urani- 

um-hydride storage bed flows 

into the cold zone where it re- 

acts with the plutonium to form 

plutonium hydride. The hy- 
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dride falls as a powder into the hot zone, and there it decomposes into hydrogen gas and pure plutonium. The released 

hydrogen rises to the cold zone where again it can combine with the plutonium and "carry" that plutonium down to the 

crucible below. The cycle continues until all the plutonium has been separated from the weapon component. The signal 

that ?he process is complete is a sudden rise in the pressure inside the chamber, indicating that all the hydrogen has 

been released. The hydrogen gas is then pumped out of the chamber and re-absorbed by the uranium-hydride bed. 

When the process is complete, 99.9 per cent-of the plutonium in the weapon component is in the bottom of the crucible 

where it will be melted and incorporated into a storage-ready ingot. Thus plutonium recovery is contained from begin- 

ning to end within a compact unit that occupies a 36-square-foot glovebox. 

Standard acid-leach plutonium recovery methods generate hazardous mixed chemical and radioactive waste that are 

very difficult kind to dispose of. In contrast, the new hydride-dehydride recycling method is essentially a zero-waste 

process-generating no mixed or liquid waste of any kind. 

1 

reliable jtockpile lifetimes. A comprehensive program involving both destructive 

iind non-de>tructive tecting of stockpile weapon components and systems is being 

put in place. Also. new approache!, and technologies are being developed that are 

predictive in nature so that the goal of predicting accurate lifetimes can indeed be 

realized. (For example. ultrasonic techniques can be used to pinpoint changes in 

physical dimension that occur mer time as a result of radiation effects on various 

materials. I In addition to surveillance. the facility will also maintain the technolo- 

sy base for component fabrication 50 that. if weapon components need replace- 

Inent. they can be refabricated quickly and efficiently. 
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Plutonium-738 heat-sources are still the best power sources for unmanned deep- 

space exploration. Recently the plutonium facility has been declared the nation'\ 

and 
center of expertise in that technology. and its historic involvement in research 

development has nou been expanded to include the actual production oi heat 

sources. Figure 4 shou\ elements of the latest project-the heat source5 to Power 

the lieep-space probe to Saturn and the Saturn moon. Titan (Cassini mission). F"- 

ture heat-source requirements for similar missions will be wpplied out of TA-~s, 

Finally. the end of the Cold War has opened up new opportunities for technical 

exchange and collaboration regarding plutonium technology. Whereas in the past, 

Figure 4. Plutonium-238 - 
Powered Deep-Space Probe 

This deep-space probe (right) is typical 

of those that are powered by radioiso- 

tope thermoelectric generators. Those 

electric generators run on power from 

plutonium-238 heat sources like the one 

shown below. The Cassini mission to 

Saturn will require three thermoelectric 

generators, each loaded with 72 of 

those heat sources. 

the plutonium technology base in each of various colfntries was kept secret and 

closed. today that knowledge is being more openly discussed. In particular. the 

states of the Former Soviet Union (principally Russia) are beginning to participate 

through interactions with the U.S. national laboratories in the control of nuclear 

- materials and the stabilization of excess materials and facilities. This initiative en- 

hances the non-proliferation of weapon technology and materials to non-declared 

states and terrorist organizations. 

New cooperative agreements are being formulated to bring consistency to the way 

that nuclear materials such as plutonium are identified, controlled. qtabilized. pack- 

aged, and stored. Indeed. most of the weapon production facilities of the past are 

no longer needed. and safe decommissioning' and dismantlement can now begin. 

Those activities, however, require a significantly new technology base. Scientists 

at the plutonium facility have been working on those problems and have already 

developed several exciting new technologies including plasma and electrolytic 

methods for removing plutonium contamination from solid surfaces (see Fipre 5). 

Those methods render the equipment free of contamination and therefore dispo5- 

able through standard industrial routes rather than through transuranic-Lcaste 

routes. Another demonstrated approach is liquid waste-stream polishing 5% hereby 

liquid wastes can be stripped of plutonium and other noxious contaminant'\ prior 

to discharge. That technology is now being demonstrated in treating liquid dRu- 

ents from TA-55. 
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,,,j of the Cold War has opened up opportunities to reduce nuclear arsenals 

minimize the akailability of ueapons-grade plutonium. It also means that 
Thf 

.ll1J 
iountr\. and the uorld must Lbrestle uith decisions on the clean-up of plutoni- 

:hc 
\,JUS\. facilities. and contamination. and on the eventual disposition of ex- 

:,Ill I'e 
~,\ pll~tonium. Clsarl! a btrong. reliable technology base is essential to imple- 

E ectroi, -eturn with Contaminants 

NaN03 electrolyte solution feed 

- 
f 

Positive electrode 

Negative ' Cleaning ' 
eiecrode head surface 

Contaminated ' 

Figure 5. New Solution to Glovebox Decontamination 

This new clean-up technology uses sodium nitrate as an electrolyte to remove plutoni- 

um and other contaminant's from metal gloveboxes. The surface to be cleaned func- 

tions as the anode and the cleaning head functions as the cathode. Plutonium ions 

and other contaminant's are pulled into solution by fhe voltage difference as the elec- 

trolyte passes through the layer between the cleaning head and the contaminated sur- 

face. The electrolyte then passes through a unit where the contaminant's precipitate 

out of solution. Thus there is no primary waste stream from this process. The system 

is designed to handle gram quantitles of plutonium. Different cleaning heads are used 

to accommodate different glovebox-surface configurations. Numerous successful 

demonstrations of this methodology on a variety of surfaces have been done. 

ment the technical and political. decisions as they are made. Realistically. the 
country will down-size its investment in nuclear facilities and infrastructure. 
H hich will make the remaining infrastructure even more important for future mis- 

sions. .4 stronger investment in science and technology will be essential to over- 

come the inherent vulnerability associated with reduced production capacity. It 

will also be essential for solving the problems of the plutonium disposition and for 

making future generations free of this difficult Cold War Egacy. 
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w\ed on numerous national and internJrionJ 
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Uarte minimization and pollution pre! tnti~iii. J, 

well as facility design and operation. .ind 

ueapon materials management. Dana hJ\ c\- 

tablished and manages technology exihanse ac- 

tibities in the held of actinide material\ inCu- 

agement uith other DOE contractors and in 

foreign countries. Dana's research intsrr\t in 

the pyrochemical separation procesws for ex- 

tracting and punfying actinide elements led him 

to co-found the Actinide Pyrochemical U ork- 

,hop. nou in its fourteenth ?ear. Dana re- 

Leibed his B. S. and his M. s. in chemical ?ngi- 

neenng from New Mexico State Univer\it! and 

earned a master's degree in busines\ maiiage- 

ment from the Unibersity of New bleuico - An- 

derson School of Management. 



7 
Introduction to the 

n January 1994. Laboratory Director Sig 

Hecker announced the formation of the I Human Studies Project Team under the 

sponsorship of the newly organized Eni.iron- 

ment. Safety. and Health Dibision. The team 

was formed in support of the Department of 

Energy's openness initiative and in response to 

the public outcry concerning media stories that 

linked human radiation studies to Lo\ Xlarnos. 

Sig felt it was essential to find and relea.se a11 

relevant documents as quickly as possible $0 

that the public could evaluate the variouh accu- 

sations and assess the science and the ethics of 

those human radiation experiment!, in which 

Los Alamos had been involved. 

The Human Studies Project Team was staffed by a number of Laboratory scientific 

and administrative personnel. some of whom were retirees who had been involved 

in the experiments in question. Ethicists Joan Gibson from University of New 

Mexico and John Carey from St. John's College were brought in to tnhnnce the 

team's social and ethical awareness. Representatives from state = ootw-nrnent were 

also invited to attend meetings. The primary objective was to search for. review 

and catalogue. and release to the public any documents from the Laboratory's 

records holdings that related to radiation and human experimentation. 

Team members poured over hundreds of thousands of pages of' documents from 

the Laboratory's archives. records center, and report library. Retirees reviewed 

personal notes and document collections. Many people expected that we uould 

find horror stones. We didn't! What we did find was a lot of evidence that 

Wright Langham, Louis Hempelmann. and their contemporaries were solid scien- 

tists and caring individuals. They worked at a feverish pace to provide a high 

level of s,afety to people working with plutonium and other radioactive materials. 

It is hard to believe that Langham or Hempelmann would purposely neglect the 

people involved in any of their studies. The highest radiotracer doses. aside from 

the plutonium injections. were the tritium doses Langham gave to himself during a 

study to construct a bioassay model for monitoring people working with tritium. 

Wright wanted answers before people got hurt. Earlier. during the intense pres- 

sures of the Manhattan Project. Dr. Hempelmann constantly defended the rights of 

the workers ro a safe and healthy work environment. 

Somewhere in the feverish pace, the plutonium injectees were forgotten by physi- 

cians, scientists. the military, and the politicians. In the scientific 'literature, each 

subject became a nameless. faceless statistic identified by an acronym such as HP-3 

or CHI- 1. Aside from some media sensationalism. journalist Eileen Welsome 

should be thanked for bringing forward the names and faces of the plutonium in- 

jectees. We will never really know what. if any. consent was involLed. and we can- 

not hide behind the fact that the experiments were well thought out. and the injected 
plutonium caused no harm. It is evident that people were used and then for: notten. 

Lus illurnus Scirncr Number 13 1YY5 



Human Studies Project 

Thj3 introduction is not complete without some comments on my predecessor\ 

\,ho 3150 ser\-ed as leaders of the Human Studies Project Team. During the initial 

pL,b[ic riutcr)'. Alan hIcblillan. our first leader. used his considerable communica- 

,hills. pained as a federal regulator. to show the world we were very serious 

,bC,~t our task and were performing it honestly. Gary Sanders. who took ober in 

,uinmer of 1093. used a physicist's approach to hone a tine edge on the then 

b,ttle-hardened team. Openness and sensitivity to the rights of the individual and 

[he local communities were Gary's prime concerns. In the fall of 1993. Ken 
cirLnss. a broadly experienced health physicist. took over as the team began to in- 

[tract u ith the President Clinton's Advisory Committee on Human Radiation Ex- 

pcrinients. Ken successfully guided us during the period when a rnimke would 

ha\e had major political fallout. Attorney Michael Yesley took on the leadership 

role in December 1994. and his tireless efforts were crucial to the publication of a 

high quality report by the President's Advisory Committee. 

The articles that follow were written by several of the team's scientisthetirees 

Lvho uorked on different aspects of radiation studies involving human subjects. 

Their stories pive some insight into the practices and needs of the period from 

1943 to the early 1980s. In light of the many unfounded accusations cast their 

uay. these individuals have shown much courage and stamina both as team mem- 

bers and as authors. They are good people and outstanding scientists. They have 

followed the rules. used integrity in their judgements. and provided invaluable 

mentitic information for the good of humankind. They have weathered a lot of 

pain and hurt: here they have a chance to provide some history and insight. 

The individuals in the photos on these two pages were members of the Human 

Studies Project Team with the exception of Duncan Thomas and Marissa Caputo 

of the President's Advisory Committee and Staff and journalist Eileen Welsome. 

.Although not shown here. team members Lynn Cline, Carmen Gallegos. and Chris 

C'Jr Baca deserve special thanks for maintaining administrative continuity 

through the many stages and leadership changes of this unique project. 

Finally. grateful acknowledgment is extended to Dennis Erickson. who, as Director 

for En\,ironment. Safety. and Health. served as institutional champion for this pro- 

ject throushout its existence. Denny provided unflinching support, demanded rigor 

mi quality. and always found ways to recognize excellence.. 
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The Human Plutonium Injection Experiments 

2. 

he human plutonium injection experiments carried out during 

and after the Manhattan Project have received tremendous noro- T riety in the past year or so owing to the Pulitzer-prize winning 

journalism of Eileen Welsome in the AIhuqiierque Tribune in 1993. 

The purpose of those experiments was to develop a diagnostic tool that 

could determine the uptake of plutonium in the body from the amount 

excreted in the urine and feces. This tool was essential for the protec- 

tion of workers who would produce and fashion plutonium metal for 

use in the early atomic bombs. The idea was to remove a worker from 

the job d and when it was determined that the he had received an in- 

ternd dose that was close to or over the limit considered safe. 

-of the results of the studies were declassified and re- 

c literature in the early fifties (and further reports 

nties), the names of the subjects were not dis- 

of five dthe eighteen subjects and gave details about the cirtum- 

starices and lives of three of them. The secret nature of thestudies 

and 

W&S 

eral pubic regarding the practices of the natiolb.l,&ries. 4 Why 
were such experiments done? Who allowed them The. 

Secretary of Energy, Hazel O’Leary, equally dist&k@ pledged an era 

of openness in the Department, promising ta make available to the 

public all information that could be located that wae ment to those 

and similar radiation expenments with humans, 

ymtigatbe reponing by Welsome uncovered the identities 

that the subjects may not have been infodabout what 

done to them has generated outrage and dis&t in the gen- 
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The Human Plutonium Injection Experiments 

Our intent in reviewing this story is 

to give enough scientific and quantita- 

tive details to bring out two areas that 

are usually not adequately addressed in 

the press and other popular reports. 

The first area is the purpose of the stud- 

ies. What was to be leaned. and how 

aell did the experiments succeed in ac- 

complishing the stated goals? The sec- 

ond area is the significance of the re- 

sults for the protection of plutonium 

uorkers. How have those results aided 

our current understanding of the uptake, 

distribution, and retention of plutonium, 

and how have the results helped us to 

minimize the risks of internal exposure 

from plutonium'? We will. in fact, 

show a new analysis of the data from 

the 1940s that, coupled with a recent 

human plutonium injection study using 

plutonium-237. strengthens our under- 

standing of the manner in which pluto- 

nium. once it has reached the blood- 

stream. distributes itself in the body. 

But first, we examine motivations and 

try to reconstruct why things were done 

as they were. For that we need to go 

back to the atmosphere of World War 

I1 and the enormous pressures attendant 

on using unknown and uncharacterized 

materials to build the tirst atomic 

weapons. 

The Manhattan Project and 
Its Need for Plutonium 

In planning the development of the 

atomic bomb, scientists considered 

using two fissionable materials capable 

of sustaining a chain reaction-urani- 

um-235 and plutonium-239. Each pre- 

sented a different set of production and 

health-related problems. 

Uranium-235 was present in natural 

uranium in small amounts (0.7 per 

cent). Scientists faced the daunting 

task of separating kilogram amounts of 

uranium-235 from the much more plen- 

tiful uranium-238 isotope by taking ad- 

vantage of the slight difference in the 

mass of the two isotopes. For example. 

in the gaseous-diffusion method, 

gaseous compounds of the two isotopes 

diffuse through porous barriers or mem- 

tion and then separated easily from its 

uranium parent and fission products by 

chemical means. 

Scientists had created tiny amounts of 

plutonium with the cyclotron at the 

University of California Radiation Lab- 

oratory in 1941 and demonstrated its 

favorable nuclear properties (see "The 

Making of Plutonium-239"). The phys- 

ical properties and the chemistry of plu- 

tonium were determined using only mi- 
crogram .(micro = quantities. 

Such small amounts and the fact that 

plutonium emits alpha radiation. which 

doesn't penetrate the skin. meant the 

risk of handling plutonium. compared 

to gamma-emitting radionuclides. was 

not a major concern. In fact. the alpha 

activity of these small quantities *as 

the only means to track and account for 

the material. 

The discovery of plutonjum led the Of- 

fice of Scientific Research and Dekel- 

opment to inaugurate work on plutoni- 

um for a weapon design. The work 

was to be directed from the Universit)' 

of Chicago by Arthur H. Compton 

under the classified wartime name of 

178 



plut~nium Project. In January 

19J2. Compton consolidated the effort 

b, mating many of the separate re- 

.<Jri . h projects to the University of 
Chic@? under th? cryptic title of the 

\Istallurgical Laboratory. The Met 

LJ,’, pds were to demonstrate a nu- 

chain reaction using natural urani- 

llnl and to develop chemical procedures 

tilr the plutonium that would 

br produced in the reactor fuel. From 

{he group of scientists at Berkeley who 

had \+orked to discover plutonium (gee 

-The >taking of Plutonium-339“). 

Glenn Seaborg moved from Berkeley to 

Chicago in April 1942 to head the plu- 

[onium chemical-separation effort. 

Joseph Kennedy. Arthur Wahl. and 

Eniiliu Sepre continued their research 

on the chemistry and nuclear properties 

of plutonium at Berkeley and then 

iransferred to the Site Y Laboratory at 

Los Alamos in early 1943. Their col- 

league. Ed McMillan. was already 

there. having helped set up the new 

LJ boratory . 

The Slanhattan Project. As the 

\trapon programs grew in size and 

complexity. it was decided that the mil- 

itary should coordinate the effort, in- 

cluding spearheading the huge construc- 

tion projects needed to supply the raw 

LLsapons materials. In August 1932, 

the .Army Corps of Engineers formed 

the Manhattan Engineer District. or 

Jlanhattari Project. and took over con- 

trol of all research on atomic weapons. 

In September. General Leslie R. Groves 

uas assigned to direct the Project. 

.it that time. e\en before the demon- 

mation of a chain reaction at Chicago, 

plans were already being made for con- 

muction of larger reactors to produce 

plutonium in the kilogram quantities 

needed for weapons. .A pilot reactor 

\\oulJ be built in Clinton, Tennessee, 

Jnd production reactors would be built 

;It the Hanford Engineer Works. a site 

in southern Washington adjacent to the 

Columbia River. The Clinton and Han- 

ford facilities uould also perform chem- 

ical separation of “product“ (plutonium) 

1 The Human Plutonium Injection Experiments 

The Making of Plutonium-239 

In 1940, Edwin McMillan and Philip Abelson demonstrated with the cy- 

clotron at the University of California Radiation Laboratory in Berkeley that 

when uranium-238 was bombarded with neutrons, a new element was pro- 

duced (neptunium-239) that was chemically distinct from the uranium. In 

1941, Glenn Seaborg, Joseph Kennedy, Arthur Wahl, and Emilio Segre, 

building on the earlier work, isolated the daughter of neptunium-239, an el- 

ement, also of mass 239, that had been predicted theoretically by Louis 

Turner. The chemical properties of this material were different than those 

of neptunium or uranium, and its presence was identified by its alpha activ- 

ity (about 130,000 alpha disintegrations per minute per microgram, which 

corresponded to a half-life of about 30,000 years). They then demonstrat- 

ed that the isotope had the properties predicted by Turner-it underwent 

fission with slow neutrons with a greater cross-section than uranium-235, 

making it a potentially favorable material for an explosive chain reaction. 

The new element was named plutonium by its discoverers in 1942. 

The next important step was to demonstrate how to produce plutonium- 

239 in the quantities needed for a weapon. The key was the construction 

of a “nuclear pile” that could sustain a chain reaction. In such a reactor, 

the predominant uranium-238 isotope in the fuel would absorb neutrons 

from the chain reaction to create uranium-239. This isotope would then 

decay by two beta emissions to plutonium-239. By December 1942, Enri- 

co Fermi achieved a controlled chain reaction in a graphite-uranium pile 

under the west stands of Stagg Field at the University of Chicago, thereby 

completing the first goal of the Met Lab and demonstrating in principle that 

plutonium-239 could be produced in quantity. It was then up to the Man- 

hattan Project to construct the production reactors and for Seaborg’s team 

at the Met Lab to perfect the chemical techniques that would separate the 

plutonium from the uranium fuel and the radioactive fission products. 

from the reactor fuel pellets: Clinton 

would develop the process. Hanford 

would use it on a large scale with auto- 

mated state-of-the-art facilities. 

Right from the start. plutonium was a 

secret topic, and the Manhattan Project 

used the code words ”product” or ”49” 

to refer to plutonium (“49” was arrived 

at by taking the tinal .digits in the atom- 

ic number. 93, and the atomic mass. 

239). During the period from 1941 

through 1944. documents discussing 

”product” were classified Secret Limit- 

ed. Only personnel with authorization 

to know were permitted knowledge of 

plutonium. 

In March 1943. the Lou Xlamo5 Project 

became operational under the direction 

of J. Robert Oppenheimer. The respon- 

sibility of this laboratory was the de- 

sign of the uranium-235 and plutonium- 

239 weapons. Two months later. Los 

Alamos was also assigned responsibility 

for the tinal purification of plutonium 

and its reduction to metal. 

Health protection. To protect the 

thousands of workers at the various 

sites who would soon be working to 

produce kilogram amounts of ths new 

element, a Health Division at Chicago 

was authorized in July 1942. and a team 

of personnel knowledgeable about the 

physiological effects of ionizing radia- 

tion was assembled under the direction 

of Robert S. Stone. The intention m’as 
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The Human Plutonium Injection Experiments 

When the Manhattan Project took over 

direction of the weapon programs. it set 

up its own Medical Office under the di- 

rectorship of Stafford L. Warren. from 

the University of Rochester. and this 

office started medical. health physics. 

and biological resrarch sections at other 

centers. In April 1943. the University 

of Rochester Project was authorized 

based on the extensive experience of 

the medical school there in conducting 

biological studies with cyclotron-pro- 

duced radioisotopes. In contrast to the 

Met Lab and Los Alamos. the 

Rochester Project was not directly in-. 

volved with the design or production of 

the atomic bombs. It was responsible 

for studying the biological effects of 

various radioactive materials. using 

animals as the host. Part of that work 

included determining the comparative 

toxicity of radium. polonium, and 

plutonium. 

At this same time, it was agreed that 

the Chicago effort would continue to he 

responsible for the health programs it 

already had underway. including the 

recommendation of health safeguards 

for other Manhattan Project sites such 

as Los Alamos and the plants involved 

with production of weapon materials. 

The Met Lab's Health Division contin- 

ued its animal research. including the 

radioactive tracer studies by Hamilton 

at Berkeley and, by 1944, acute plutoni- 

um toxicity studies at the Chicago site. 

Each of the sites within the Manhattan 

Project established their own group of 

people to provide on-site health protec- 

tion. The Los Alamos Health Group 

was created in March 1943 under the 

direction of Louis H. Hempelmann and 

began to plan for the health protection 

of workers at Los Alamos. Oppen- 

heimer's original intent was to rely on 

other project sites for the development 

of the health-protection methods. How- 

ever. by the summer of 1944, Hempel- 

mann and Oppenheimer found they 

could not always get the health-protec- 

tion information they felt was needed. 

and the Laboratory extended its activi- 

ties. gradually taking on a role compa- 

rable to other sites for health-protection 

research and development on the haz- 

ards of plutonium. 

The heads of the various health divi- 

sions-Stafford Warren for the Manhat- 

tan Project at Oak Ridge. Robert Stone 

at Chicago. Joseph Hamilton in Califor- 

nia, and Louis Hempelmann at Los 

Alamos-were destined to play a major 

role in the decision to obtain plutonium 

metabolic data from humans (see "The 

Medical Researchers"). All four were 

medical doctors with strong back- 

grounds in radiology, and in 1931, 

three of them--Stone. Hamilton. and 

Hempelmann-were working at the Ra- 

diation Laboratory at Berkeley. They 

were thus knowledgeable about radia- 

tion and its biological effects. including 

research that involved the administra- 

tion of small quantities of radioactive 

materials into humans for biomedical 

purposes. 

By 1942. Stone had gone to the Met 

Lab in Chicago as head of the Health 

Division, and Hempelmann had moved 

back to Washington University in St. 

Louis (where he had received his med- 

ical training). There he was responsible 

for programmatic uses of that universi- 

ty's cyclotron. By the summer of 1942, 

both Hempelmann and Hamilton, the 

latter responsible for operations at 

Berkeley's cyclotron, were caught up in 

demands related to the war effort. One 

of their main responsibilities became 

the production of plutonium by bom- 

barding hundreds of pounds of uranium 

nitrate to produce microgram quantities 

of plutonium-239. The irradiated urani- 

um from St. Louis was sent to the Plu- 

tonium Project's laboratories in Chica- 

go where Seaborg's group was learning 

how to chemically isolate the plutonium 

from the uranium and the highly ra- 

dioactive fission products. The urani- 

um irradiated at Berkeley was 

processed at the Radiation Laboratory 

under the direction of Art Wahl and 

Joseph Kennedy. and much of that ma- 

terial eventually went to Los Alamos. 

The Berkeley and St. LOUI~ groups each 

produced about a rmlligrarn (a thousand 

micrograms) of plutonium-239 before 

January 1944. when the first gram 
amounts of reactor-produced plutonlu,, 

5tarted becomlng available from the 

Clinton site. 

The Los Alarnos Health Group. op- 
penheimer. at the recommendation of 

John Lawrence at Berkeley's Radiation 

Lab. asked Hempelmann to head up the 

Health Group at Los Alamos in March 
1943. Before coming to Los Alamos. 

Hempelmann visited the \kt Lab in 

Chicago and discussed plans for the or- 

ganization of the new Health Group. 

was the opinion of the Chicago people 

that changes in blood counts. such as 

increased numbers of whiteblood cells, 

would be the most sensitive indicator of 

Eignificant radiation exposures. If he 
was to be the "hematologist-in-chief' at 

Los Alamos, Hempelmann wanted to 

learn as much as he could about this 

subject from Stone and others. 

While in Chicago. Hempelmann also 

met with John Manley. aho was re- 

sponsible for planning for the Los 

Alamos Laboratory. Manley told him 

that about fifty to sixty men might be 

exposed to radiation hazards at Los 

Alamos and he did not anticipate the 

hazards being greater than those associ- 

ated with supervoltage machines. such 

as cyclotrons. At that time, the Chica- 

go Met Lab was responsible for pluto- 

nium research, and Los Alamos has re- 

sponsible for weapon design. As a 

result. Manley did not envision an ex- 

tensive research effort at Los Alamos 

using plutonium. It would not be long 

before that would change. 

Worries About the Health 
Hazards of Plutonium 

Originally, it was intended that mil- 

ligram amounts of plutonium would be 

generated in reactors at Arponne ~tucn- 

ty miles southwest of Chicago) and 

later at Clinton, Tennessee. and that 
,#t,,:,!t,t,</ 1,1, ,,/<e' !'J 
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The Medical Researchers 

I 

Stafford Warren was educated at 

the University of California at 

Berkeley from 191 8 to 1922 and re- 

ceived his M.D. from the University 

of California Medical School at San 

Francisco in 1922. In 1925, he 

was appointed as an assistant pro- 

fessor of radiology at the University 

of Rochester School of Medicine 

and Dentistry, eventually serving 

there as the Department of Radiol- 

ogy Chairman. In April 1943, War- 

ren was appointed a consultant to 

the Manhattan Project to establish 

the Rochester site. By November, 

persuaded partly by management 

at Eastman Kodak, who were run- 

ning the uranium processing plant 

at Oak Ridge, Warren was made 

the medical director of the Manhat- 

tan Project with headquarters at 

Oak Ridge, Tennessee, and was 

commissioned as a colonel in the 

Army Medical Corps. 

In the mid-thirties, Robert Stone, a 

radiologist, and Joseph Hamilton, 

an intern with a degree in chem- 

istly, were recruited by Ernest 

Lawrence from the University of 

California Medical School in San 

Francisco (at that time, part of the 

UC, Berkeley system) to develop 

biomedical applications for the 

Berkeley cyclotron. One applica- 

tion was the direct treatment of 

cancer and Stone pioneered the 

use ~i; cyclotron radiation for exper- 

imental treatment of human cancer 

patients. A second application was 

to use the cyclotron to produce ra- 

dionuclides for the internal ra- 

diotreatment of disease. By the 

late thirties, Hamilton and Stone 

were involved with human metabol- 

ic and clinical studies using sodi- 

um-24, a short-lived radioisotope. 

They hoped sodium-24 could re- 

place the long-lived radium iso- 

topes for the internal radiotreatment 

of certain illnesses. Their studies 

would involve using human volun- 

teers-patients with leukemia, or 

other illnesses, and normal healthy 

subjects-to acquire comparative 

data and to test for toxic responses 

and evidence of cures. The 

brought him to the Radiation Labo- 

ratory at Berkeley in 1941, where 

he studied radiobiology with Stone 

and John Lawrence (Ernest 

Lawrence’s brother) and worked on 

the use of cyclotron-produced neu- 

trons for therapeutic treatment of 

cancer. At that time, Hamilton was 

doing other research with a variety 

A Radiotracer Experiment in the 1930s. 

Joseph Hamilton (Id) performs a tracer experiment in which the volunteer 

drinks a solution containing radioactive sodium with his hand (out of sight) 

inside a shielded counter that will detect the arrival of the radioisotope in 

that part of his body. 

amounts of the radioisotope admin- 

istered to the patients were always 

well below what were considered 

toxic levels relative to the then rec- 

ognized risks from external expo- 

sures to x rays and internal expo- 

sures to radium (from the use of 

soluble radium salts to treat a wide 

range of illnesses). 

Louis Hempelmann’s medical train- 

ing was at Washington University in 

St. Louis, followed by a residency 

in Boston at the Peter Bent 

Brigham Hospital. A fellowship 

of radioisotopes, including the cy- 

clotron-produced fission product io- 

dine-1 31. Many of those studies 

used both normal human subjects 

who had volunteered and patients 

who were then tested for evidence 

of responses that could lead to 

medical treatments of illnesses, in- 

cluding cures. In a 1942 article, 

Hempelmann said that “if the cy- 

clotron finds no place in medicine 

other than to provide ‘tagged 

atoms’ for medical studies, the 

medical profession will owe Ernest 

Lawrence an everlasting debt.” 
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continued from puqe 152 

material would be processed into metal 

at the Chicago Met Lab before being 

sent to Los Alamos. However. in hlay 

1953. a committee appointed by GroLes 

reviewed the use of plutonium pro- 

duced by cyclotrons and reactors and 

decided it has necessary to locate the 

tinal production steps for weapons ma- 

terial at the jame site that would assem- 

ble the bombs. Thus. Lo, Alamos was 

ahsigned the responsibility of the hnal 

puritication and production of the pluto- 

nium metal. starting with the Clinton 

product in 1944 and. later. with large 

quantities of the Hanford product 

(which was sent to Los Alamos in the 

form of a plutonium-nitrate slurry). 

The \fet Lab would also continue its 

innwative research for Los Alamos on 

the physical and chemical properties of 

plutonium using, in 1944, milligram 

quantities of the Clinton product. 

The new assignment resulted in an in- 

crease in personnel in the Chemistry 

and Metallurgy Division at Los Alamos 

from about twenty in June 1943 to 

about four hundred by 1945. It also 

created an important difference in the 

type of work at the two sites-the Met 

Lab research was mainly “wet chem- 

istry.” whereas the Los Alamos produc- 

tion effort involved a considerable 

amount of “dry chemistry,’’ resulting in 

different types of health hazards, and in 

particular. exposure to the airborne dust 

of plutonium and its compounds. 

In January 1944, at the same time the 

first milligrams of reactor-produced 

plutonium were being shipped from 

Clinton. Seaborg and others at the Met 

Lab began thinking seriously about the 

fact that more and more people would 

Eoon be working with gram quantities 

of plutonium-perhaps thousands of 

people at Hanford alone. Hamilton had 

probably informed Seaborg of a 1943 

paper by Robley Evans about the dan- 

gers of radium and the deaths of radi- 

um-dial painters in the 1920s, in this 

way alerting Seaborg to a potentially 

similar situation with plutonium. The 

Evans paper estimated that as little as 1 

or 2 micrograms of radium retained in 

a person‘s skeleton could cause cancer. 

a latent radiation effect. It dso ex- 

plained the reasoning behind the occu- 

pational tolerance limit of 0.1 micro- 

grams for radium retained in the body 

(bee ”Radium-the Benchmark for In- 

ternal Alpha Emitters” on page 221 for 

a fuller di.scussion of the radium toler- 

ance levels). 

Similarities with radium. That the 

health risks for the intake and retention 

of plutonium might be as dangerous as 

those of radium was apparent from a 

comparison of their chemical and nu- 

clear properties. Both elements were 

heaLy metals that were expected to de- 

posit in bone. Both had long half- 

lives- I .600 years for radium-226 and 

24.000 years for plutonium-239-and 

both decayed by alpha emission. A 

comparison of their specitic activities ( 1 

microcurie per microgram for radium- 

216 and 0.06 microcuries per micro- 

gram for plutonium-239) and the ener- 

gies of their alpha particles, including 

those of the daughters of radium, im- 

plied that plutonium might be a factor 

of 50 times less effective than radium 

at causing physiological damage. But 

because of the tragic deaths of the radi- 

um-dial painters (dating from the use of 

radium in 1917 to1918). it was impera- 

tive to obtain metabolic data on pluto- 

nium so that a safe tolerance limit 

could be established for the Manhattan 

Project workers. 

On January 5, 1944, Seaborg sent a 

memo to Stone, expressing his con- 

cerns. He offered to help set up safety 

measures for handling plutonium and 

suggested that “a program to trace the 

course of plutonium in the body be ini- 

tiated as soon as possible.” Stone 

replied by explaining Hamilton‘s 

planned tracer studies at Berkeley, 

which would determine the metabolic 

distribution of plutonium in animals. 

and Hamilton’s need for milligram 

amounts. Hamilton had apparently 

been offered microgram quantities of 
plutonium-239 prior to 1944. but he 

had informed Stone that “the studies 

can be much more accurate and much 
more quickly done” when millipram 

quantities were available (see “Detec. 

tion of lnternal Plutonium“). He pre- 

ferred to wait until then to do the Pluto- 

nium metabolic studies. undw~btedlv 

fearing that experiments with smaller 

amounts uould lead to questionable re- 

wlts that would hate to be repeated. 

On January 15. Seaborg \ent a wcond 

memo to Stone. 

I (itn .serioirs/), uw’ricd citloiit the 

jbr rihich I iitn rcJ.spoii.sihie. .since 

the\ tr,iil .soor1 hcintlle yircli rrlrrrive1v 

Iqye wioiints ofplirtot!iirin. I \con- 

der bcherhrr .some /~/irtoti~irtn \ho& 

he tiinde ci\.ciilable to Dr. Htirnilron 

jor his ilistrihiition .stirdies Tootier 

thm the coirple of‘ tnonths or inore 

indicated in Foirr ~nemir(ztfdirm. . . . 

The prohletn of hecilth hrr:rirris UT- 

siitnes even greurrr irnportmce ,Fir 

Site Y [Los Alrtnos/ ~,hrrr .so tnirch 

pliitoniitm rvill be hwfctlrti in so 

large a variety oj operutions. It is, 

of course. also important in connec- 

tion with the operations bvhich rcil[ 

go on at Site W [Hanford]. particu- 

larly those involved in its final 

isolation there. 

flf?(l/f/J (?f’ the pf?Op/f? ilJ 17f)’ .$ection. 

In response to those concerns. manage- 

ment at the Met Lab initiated discus- 

sions about plutonium and its potential 

for toxicity. beginning with a meeting 

of the Project Council at the Clinton 

Laboratory in Tennessee on January 19. 

1944. Compton summarized the deliv- 

ery schedule for plutonium from the 

Clinton reactor as 0.5 grams that 

month, 3 grams in February, and 3 to 4 

grams in March and indicated that the 

Plutonium Project was .’still in the 

lead” in the race with the uranium iso- 

tope separation effort. 

Tolerance limits. According to the 

minutes of the meeting. Stone pro\iided 

the following information on the toxici- 

ty of plutonium: 
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,~/pha emitter and is expected to be 
stored in bones. With Ra. I to 2 

microgr(zms s’ometimes fatal. Pu 

perhaps less dangerous by jktor 

o$50. Not proiien as yet to be izc- 

c-llmulatii~e. Radium in bod! cun 
he ident$ed by radon in exhaled 

hreuth or by Geiger counter e.~plo- 

riition around body. These meth- 

ods do not help for Pu. 

Compton added: 

For moment should consider Pu as 

potentially extremely poisonous. 

Initestigation necessary. Factor of 

50 probably represents worst case 

tznd [corresponds to] a tolerance 

level of stored material of about 5 
micrograms. 

Stone‘s discussion of the “poisonous 

nature” of plutonium at the meeting re- 

wlted in two actions. In the absence of 

plutonium metabolic data, the manage- 

ment of the Plutonium Project adopted 

Stone‘s recommendation of a 5-micro- 

gram tolerance limit for plutonium re- 

tained in the body. Also, Compton. 

with Oppenheimer’s concurrence, au- 

thorized a shipment of scarce plutonium 

to Hamilton at Berkeley. Ten mil- 

ligrams of the scheduled February l 
production of reactor plutonium from 

the Clinton site were to be allocated for 

metabolism tests in animals at the 

Berkeley lab. 

Early in February, Los Alamos received 

copies of the minutes of Met Lab infor- 

mation meetings, thereby making per- 

sonnel at Los Alamos aware of Chica- 

go’s concerns about working with 

plutonium, the proposed tolerance limit. 

and the current suggestion of using the 

analysis of urine to monitor the uptake 

of plutonium relative to the 5-micro- 

gram limit. The documents mentioned 

Hamilton’s belief that the “dust hazard 

was far more serious than oral intake.” 

Based on the known behavior of metal- 

IC zirconium, he felt that fifty per cent 

inhaled plutonium dust might be re- 

tained in the lungs. 
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Also recorded in the minutes. Cecil 

Watson. Associate Director of the Met 

Lab’s Health Division. said: 

T\r*enA to 30 microgrcims [od’plit- 

toniitm] may porsihly he LI lethul 

dose. Present luboraton. floor sur- 

fk-es. desk tops. ventilation. labo- 

riiton senice [ire] iriudequtrte to 

c‘ope bcith this. Muy decide to han- 

dle under hoods. like Ra. Should 

plan so . it rill Pu can he recov- 

ered qi(L., iritutively if accidentally 

lost. 

The minutes also mentioned an accident 

in which an individua1,had spilled plu- 

tonium on his hand. His stools and 

urine were being examined at the Met 

Lab for evidence of plutonium that 

might have passed through the skin into 

his body. 

Learning about the proposed 5-micro- 

gram tolerance limit in February. 

Hempelmann traveled to Boston with 

other Met Lab personnel to study meth- 

ods used by the radium industry for 

handling radium. Meanwhile. Kennedy 

(who’d been processing cyclotron-pro- 

duced plutonium at Berkeley the previ- 

ous year but was now head of the 

Chemistry and Metallurgy Division at 

Los Alamos) was anticipating delivery 

of gram amounts of plutonium from the 

Clinton site and requested information 

from Hempelmann about the danger to 

personnel from inhaled or ingested dry 

plutonium materials. Hempelmann‘s 

response (in an undated memo) said 

that the risk of biological damage from 

plutonium would be local in character, 

a result of energy absorbed by tissues 

from plutonium’s alpha particles. He 

calculated that the energy absorbed in 

10 grams of lung tissue from the alpha 

particles of a 1 -microgram plutonium- 

239 dust particle would result in a radi- 

ation dose that exceeded the daily toler- 

ance limit of radiation for a single 

organ. In the case of ingestion. he said 

that 100 to 500 micrograms would con- 

stitute a lethal dose, assuming that ab- 

sorption from the intestinal tract and 

subsequent metabolism was the \ame as 

radium (and applying the estimated fac- 

tor of 50 difference between the radio- 

logical toxicity of the two metals). 

Thus. people throughout the Manhattan 

Project were aware of the potential dan- 

gers of plutonium. But their thinking 

involved the various assumptions about 

plutonium’s biological behavior and 

toxicity. Because the number of people 

working with plutonium was increasing 

rapidly. the people responsible for their 

health were forced to develop safe pro- 

cedures and detection techniques based 

on best guesses, estimates from the 

properties of other metals. or whatever 

useful information could be gleaned 

from the initial animal studies at Berke- 

ley and. later, Chicago. 

Working With Plutonium 

The first shipment of cyclotron-pro- 

duced plutonium sent to Los Alamos 

arrived in October 1943-650 micro- 

grams of plutonium-239 shipped from 

Berkeley as a semi-purified, partially 

decontaminated plutonium salt.* Op- 

penheimer immediately informed his 

staff that “purification of the 650 [mi- 

crograms] of Pu, at least to the point 

where the material is suitable for physi- 

cal work,. should be canied out with 

maximum speed.” Several 1 OO-micro- 

gram allotments of this plutonium were 

committed to study the isotope’s nu- 

clear properties. The remainder was as- 

signed to Kennedy’s Chemistry and 

Metallurgy Division for research on re- 

moval of light-element contaminates. 

The first reactor-produced plutonium- 

239 was shipped from the pilot reactor 

in Clinton, Tennessee, in January 1944 

as plutonium nitrate. One-and-a-half 

milligrams of plutonium went to the 

Chicago Met Lab on January 6. and six 

*In July 1943, 165 micrograms of cyclotron-pro- 
duced plutonium-239 were lent to Los Alarnob 
from the Met Lab for the study of 11s fission 
properties. The plutonium was returned later that 
same month. 

185 



The Human Plutonium Injection Experiments 

Met Lab proposed a plutonium atr 

tolerance limit of 5 x 10-1~~ micrn_ - .I ~ 

grams per cubic centimeter of air 

(arrived at by estimating the build- 

up of plutonium in the lungs over 

a two-year period for a worker 

breathing the air 300 days a year), 

A procedure'to detect the inhala- 

tion of plutonium dust using noFe 

swipes had already been initiated, 

A moist hlter-paper stvab was in- 

serted into the nostril and rotat- 

ed. then the swb was spread 

out. dried. and read in an alpha 

detector. A reading of 100 

counts per minute or higher 

, was considered evidence of an 

exposure. 

It was realized early with this 

procedure that the nose-swipe 

could easily be contaminated 

with plutonium from the 

worker's hand. Steps were 

included to he 1 p eliminate 

such contamination. and the 

procedure was changed so 

that individual counts were 

taken from each nostril to 

serve as a check. (Nose 

swipes are still used for plu- 

I 
I 
1 

i 
milligrams went to Los Alamos on Jan- 

uary 17. The quantity shipped to Los 
Alamos was ten times larger than the 

previous 650 micrograms and was large 

enough. in its glass vial. for Weisskopf 

to remark in his memoirs: "I held on 

the palm of my hand the first little 

grain any of us had ever seen. (I 
hhould not have done it. I suppose. be- 

cause of' its radioactivity. but it was 

such a tiny quantity that it didn't have 

any detrimental effect. )"* Increasing 

amounts of plutonium followed in sub- 

sequent months. 

At the Met Lab, they implemented safe- 

guards for plutonium work by putting 

linoleum on all the floors and having 

their people'use filter masks, rubber 

gloves, and outer protection clothing. 

Eating in the laboratones was stopped. 

Methods were developed to monitor the 

air in the labs for evidence of plutoni- 

um dust contamination. Similar safety 

procedures were adopted at Los Alamos 

at the beginning of March 19U 

tion of urine samples and the initiation 

of chelation therapy. is necessary.) 

The new procedure quickly bore re- 

sults, because on May 30, the Los 
Alamos Safety Committee informed 

Kennedy that Ted Magel. one of' the 

workers making the first plutonium 

metal-reduction runs. had a nose swipe 

of 11.372 alpha counts per minute. 

They felt it was apparent that safety 
rules had been violated. and Magel was 

instructed to follow those rules in the 

future. Apparently, in his desire to 

make sure that a metal-reduction euprr- 

iment was being set up correctly. Magel 

had lifted the lid of a crucible contain- 

Los .4/omos Sc.irrrc.r Number 23 1W.t 186 
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In, LI plutonium without first putting on 

hij respirator and so exposed himself to 

ptonium dust particles. Magel contin- 

l,ed to work with plutonium until he 

left Los Xlamos a couple of months 

iairr in August 1944. (A positive urine 

absay of a sample obtained from Magel 

1915 confirmed the now-swipe svi- 

Jrnct: of exposure.) 

BY the end of Au, Oust. Los Alamos had 

received 5 I prams of plutonium. and 

,,jentists had used the material in over 
-.- 3 io0 different experiments. In a 

memo to Groves, Oppenheimer stated 

”the overall loss per experiment 

has been about 1 per cent.“ and that 36 

gams remained. One group at the 

Laboratory was dedicated solely to re- 

covery (and repurification) of the pre- 

cious metal both from laboratory acci- 

dents and from completed experiments. 

Because they could never be sure what 

substances or chemicals the plutonium 

would be mixed with (for example. as- 

phalt floor tiles in a laboratory spill or a 

mass of burned material from a furnace 

in a metal-reduction experiment), they 

had worked out a flow chart for sepa- 

rating plutonium from every other ele- 

ment in the periodic table. In his 

memo. Oppenheimer continued: ”We 

xe now in a position to carry through 

the operations necessary for tinal fabri- 

cation with a very high yield (998) and 

to recover almost all that is not includ- 

ed in the yield.’’ He felt that the loss of 

I5 prams of plutonium ”will be paid for 

many times over by the effectiveness 

uith which we can deal with produc- 

tion lots when they become available.” 

There was. of course. great concern 

about the lost material. In September, 

Kennedy wrote a memo expressing that 

concern to the people in his division 

working with plutonium. Among other 

things, he said. “the suspicion that sev- 

eral grams of 49 are scattered some- 

where in building D is not pleasant. In 

addition to its great value. this material 

constitutes a detinite hazard to health.“ 

He Kent on to describe efforts to im- 

prove handling and recovery. 

Days after injection 

Figure 1. Daily Urinary Excretion for an internal Exposure 

When a person or animal gets a quantity of a metal compound, such as those of pluto- 

nium, radium, or zirconium, into their blood, the material may initiaily circulate in a rela- 

tively “free” form. Eventually, however, material that isn’t rapidly excreted-within a 

few minutes, hours, or days-may deposit and become “fixed” in the tissue of various 

organs and be less available to the blood stream. As a result, a lesser amount will be 

filtered out by the kidneys and excreted. The two phases (the initial-intake phase and 

the metabolized phase) will be evident in urine excretion curves as regions with differ- 

ent slopes. The duration and excretion rate of the two phases for a given element will 

depend on that element’s chemical nature and biochemical affinities. The figure shows 

a theoretical excretion curve. 

Plutonium Animal Studies 

The quickest way to obtain more realis- 

tic information about the toxicity of 

plutonium was with animal studies. It 

was hoped that such studies would an- 

swer a lengthy series of questions. in- 

cluding how’ the amount of plutonium 

taken into the body-would depend on 

the exposure mode (for example. oral 

ingestion. inhalation, or absorption 

through the skin). how retention would 

depend on the chemical. physical. or 

valence state of the plutonium, and how 

much of the plutoniom that had become 

internal would be excreted and how 

rapidly. It was also unknown what 

fraction of internal plutonium would 

become ”fixed” in tissue in the body 

(see Figure I) and how it would be dis- 

tributed among the various organs. 

When Hamilton started his series of an- 

imal experiments. his guess was that a 

plutonium tolerance dose of even 10 

micrograms was “very conservative.“ 

His reasoning was most likely based on 

the known excretion behavior of radi- 

um. which was very high at tirst (more 

than 20 per cent of radium administered 

as a soluble salt was eliminated in hu- 

mans the first day) but eventually be- 

came very low (less than l per cent by 

the tenth day and less than 0.3 per cent 

by the twenty-first day). It was thought 

that the high elimination rate occurred 

before the radium was tixed in tissue. 

Without data to support another conclu- 

sion, Hamilton probably assumed that 

the behavior of plutonium would be 

similar-much of it would be eliminat- 

ed quickly. 

Hamilton also suggested that “integra- 

tion of 24-hour unne samples, checked 

every 1 weeks will give a fairly good 

indication of intake ot Pu by an indi- 

vidual, and so a gauge of Pu deposition 
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in body.” This statement is consistent 

with the assumption that. like radium. 

plutonium would take time to become 

hued in tissue. Thus. an accurate deter- 

mination of a body burden would re- 

quire that the measurement.:, be made 

after the plutonium circulating in the 

blood &’as either excreted or hxed. At 

that later time. only plutonium re-enter- 

ins the blood from tixed tissue sites 

*odd be circulating. and measurements 

of the fraction excreted would more ac- 

curately reflect the level of retained 

plutonium. 

“the organ which took up most of the 

dbsorbed plutonium has the bone. ith 

more than half of the element going to 

the Aeletal \!$tern in each cahe ‘‘ 

Additional quantities of plutonium were 

made available to Hamilton. and he was 

authorized to extend his research to the 

uptake of plutonium dust from the 

lungs of rats. He soon learned that 

only about 20 per cent of the plutonium 

originally inhaled was eventually de- 

posited in the skeleton. Almost half 

was trapped in the upper air passages 

Eleven milligrams of plutonium were 

diverted to Hamilton at the beginning 

of February 1944 (about 2 per cent of 

the total Clinton output of plutonium at 

that point) to enable him to begin bio- 

medical experiments with animals. The 

research involved administering soluble 

5-microgram portions of plutonium- 

139 compounds to rats. using different 

plutonium valence states (+3. +3. and 

+6) and different methods of introduc- 

ing the plutonium (oral. intramuscular. 

intravenous. subcutaneous. and intrapul- 

monary procedures). 

A Met Lab progress report for February 

containing Hamilton’s input stated: 

Product studies: - Oral absorption 

of all ldence states is less than 

0.05%; lung retention high; ad- 

wrbed material predominately in 

skeleton: excretion small in 

urine and feces. 

And the report for March noted: 

I 

Product behoves differently in the 

three idence states. The plus 4 

state is retclined to considerable ex- 

tent at 16 day. the plus 3 is re- 

tained to a less degree and the plus 

6 to a still less degree. 

By April, Hempelmann was discussing 

Hamilton’s results at Los Alamos. say- 

ing that “plutonium in all three valence 

states is very poorly absorbed when 

taken by mouth-less than .005%” and 

Joseph Hamilton carried out the ini- 

tial metabolic studies of plutonium in 

animals. 

and eliminated; about 25 per cent re- 

mained in the lung, although some of 

that was slowly eliminated. The actual 

percentages depended on whether or 
not the plutonium compound was solu- 

ble-plutonium nitrate was quite readi- 

ly absorbed. whereas the oxide was not 

absorbed at all. 

In the spring of 1944, plutonium was 

made available for animal studies at the 

Chicago Met Lab. and research was ini- 

tiated there on the acute toxicity of plu- 

tonium. Those studies involved the in- 

jection of microgram and milligram 

quantities of plutonium-239 into mice, 

rats, rabbits..and dogs. 

The results of the studie5 at Berkeley 

and Chicago showed that plutonium., 

physiological behavior differed signlfi. 

cantly from that of radium. Tho facts 

were particularly alarming: there was 

5ignificant deposition of plutonium in 

the liver. and the overall excretion raten 

were \cry low (see Table I). Neither 
of these facts were anticipated when the 

tentative 5-microgram tolerance limrt 

for plutonium was adopted early in 

1944. Furthermore. the rate of plutoni. 

um elimination in excreta differed be- 

tween species of animals by as much as 

a factor of five. Such \.ariation made it 

difficult to estimate what the Mte uould 

be for man. 

The studies also showed that plutonium 

was similar to radium in being a bone 

seeker, but only a little more than half 

of what was retained went to the bone, 

compared to 99 per cent for radium. 

Also. the two metals deposited at dif- 

ferent locations. Radium (similar. 

chemically, to calcium) deposited in 
mineralized bone. whereas plutonium 

remained on the surface in the ”actively 

metabolizing” portion of the bone. an 

area intimately associated with bone 

marrow and the production of blood 

cells. (However, because plutonium 

deposits on the endosteal surfaces of 

the red marrow and the alpha particles 

have a limited range, the blood-forming 

tissue is not irradiated uniformly.) 

The initial animal excretion rate for 

plutonium was low (less than IO per 

cent of what had been introduced ap- 

peared in the urine and about 6 per cenI 

in the feces over the first four days). 

which meant the assumptions about 

rapid initial elimination and slow ”hx- 

ing” of plutonium in the tissue wer? not 

accurate. After roughly 20 to 3C; . 

the excretion rate appeared to beculne 

constant, but again, at much lower rates 
(about 0.01 per cent in urine). The 

total excretion rate (urinary and fecal) 

at 21 days was about IO times less than 

that of radium. 

The discovery that absorption of solu- 
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compounds of plutonium through 

[he c Dastrointestinal trxt was very low 

dn~ e3entially no absorption occurred 

the skin meant that the main 

to internal deposition uere ah- 

,,rption from contaminated uourtds or 

,,,h&~tion of dust particles. Such con- 

,;jcrations led Hamilton. on XIay j. 

1ijJ-t. to \uspest treatment for puncture 

,,ounds. 

~a[11ilton informed Stone that in acci- 

Ljcnts involving intramuscular injec- 

tton-such as might occur if closed 

,!\terns at high temperatures exploded 

and shards punctured the worker's 

,I\in-absorptIon of plutonium would 

be slow. Hamilton felt that "only a few 

percent [of soluble product] would be 

tupected to be taken up within a matter 

(11' an hour or so." He realized "that 

mlogies are frequently dangerous for 

the purposes of comparison. but the su- 

perficial similarities . . . to snake bite 

come to mind." As a result. he sug- 

cested a treatment that included. when 

possible. the use of a tourniquet, which 

-facilitates the washing out of the mate- 

rial by bleeding and at the same time 

retards absorption." 

Acute effects. By the end of 1955. 

studies with rodents and dogs had 

shown that the acute radiation effects of 

plutonium were less "toxic" than highly 

toxic chemicals (such as curare. strych- 

nine. and botulinus toxin) but far ex- 

ceeded any known chemical hazard of 

heavy metals. The clinical picture of 

acute plutonium toxicity in dog\ has. 

huperticially at least. quite similar to the 

effect of a single lethal dose of total- 

body x rays. Although the initial vom- 

iting and depression seen with Y rays 

were absent. weight loss and refusal of 

.food and water in the tirst da>s were 

followed. around the tenth day. by the 

final "shock" phase that included a rise 

in body temperature. pulse rate. labored 

breathing. and various hemorrhages. 

Changes occurred in the blood as well. 

including drops in white and red cell 

counts. However. other animal species 

showed certain dissimilarities between 

acute plutonium toxicity and total-body 

x rays. 

The acute lethal dose for animals ap- 

peared to be somewhere in the range 

from 400 to 4000 micrograms of pluto- 

nium per kilogram of body weight. de 

Table 1. The Metabolic Behavior of Radium and Plutonium in Animals 

Property Radium. 

Initial excretion. (rats) 

urinary (first day) -15 Yo 

fecal (first day) -16 Yo 

Plutonium 

-0.7 Yo 

-2.3 Oh 

Total excretion in 25 days (rats) 

urinary -23 Yo -2.5 '10 

fecal -32 Yo -25.0 Oh 

Overall deposition 

bone 99 O/O -50 Yo 

liver - -30 %(at first) 

Bone deposition within the surface of 

I mineralized bone "active" bone 
! 

pending on the species and. to a lesser 

extent. on the chemical form of the plu- 

tonium. Damage tended to occur more 

specifically in the liver. kidneys. and 

spleen and to red blood-cell production 

in the bone marrow. In rats. about 

60 per cent of the retained plutonium 

ended up in the skeleton and 18 per 

cent in the liver. 

At that time. very little ot the experi- 

mental hork extended ocer a period ot 

more than six or seven months. $0 the 

picture of chronrc plutonium toxicit! 

bas essentially a guess A fev, bone 

tumors and one instance ot bone thin- 

ning had been obserbed in rats md 

mice It was not at all certain u hether 

the vanoux effects, including [how to 

the blood, were progressive or uhether 

they could be extrapolated to lower 

doses 

Certainly. extrapolating the results of 

animal studies to humans had to be 

done with caution. Experiments with 

other toxic substances had shown in- 

stances of dramatic differences becueen 

animals and humans. Rats. for exam- 

ple. will tolerate quantities of deposited 

radium per unit of body weight that 

would be lethal to humans. and various 

inbred mice are capable of surviving 

huge doses of external gamma radiation 

compared to humans. Likewise. any 

study involving skin was particularly 

suspect because of the very great differ- 

ences between human skin and those of 

animals. Thus, the animal studies 

could only be suggestive of what was 

expected to happen in humans. 

Planning for the Human 
Injection Studies 

By August 1944, despite the effort5 of 

a full-time chemist at Los Alamos and 

another at Chicago, no satisfactory 

method of analyzing excreta that could 

consistently detect 1 microgram body 

burdens had yet been devised (assum- 

ing the 0.01 -per-cent urinary excretivn 

rate suggested by the animal euperi- 
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ments). An ion-exchange method de- 

veloped by the Met Lab was satisfacto- 

ry at the 5-microgram level. but 

Hempelmann was convinced it was im- 

portant to achieve even lower levels of 
Jetectablility (see "Detection of Internal 

Plutonium"). 

People in the Chemistry Division at 

Los Alamos were concerned "about the 

inability of the Medical Group to detect 

dangerous amounts of plutonium in the 

body." They had already had instances 

of significant inhalation exposures and 

one accident in which a chemist inad- 

bertently swallowed an unknown, but 

small amount of plutonium solution 

(bee "A Swallow of Plutonium"). In 

addition, there had been live accidents 

involving wound exposures. They 

could not afford to continue using 

guesswork as the basis for transfemng 

skilled workers who had experienced 

plutonium exposures away from priority 

work. 

AS a result, on August 16, 1944. 

Hempelmann proposed a new research 

program to Oppenheimer. The first 

order of business would be "develop- 

ment of methods of detection of pluto- 

nium in the excreta." Hempelmann 

also stressed the importance of deter- 

mining "the factor by which the amount 

of plutonium in the excreta must be 
multiplied to ascertain the amount in - 
the body" and of developing "methods 

of detection of plutonium in the lung." 

Oppenheimer authorized work on the 

detection of plutonium in both excreta 

and lungs. but he was concerned about 

balancing priorities. He said, "in view 

of the many urgent problems facing the 

laboratory, it should be camed out with 

as small an investment of personnel as 

possible . . . fewer than ten people." In 

the same vein, he continued: "As for 

the biological sides of the work, which 

may involve animal or even human ex- 

perimentation . . , it is desirable if these 

can in any way be handled elsewhere 

not to undertake them here." Los 

Alamos lacked the appropriate medical 
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A Swallow of Plutonium 

On August 1, 1944, a sealed tube containing plutonium chloride solution 

elected part of its contents while being opened.' Gases had built up, most 

likely from the dissociation of water by the alpha radiation, and some of the 

solution shot through the narrow tube out against the wall when the pres- 

sure was released and the gases "boiled." Don Mastick, the young chemist 

working with the plutonium, realized from the taste of acid in his mouth that 

part of the solution must have bounced off the wall into his mouth. 

It was estimated that about 10 milligrams of the material was lost, mostly on 

the walls of the room, with some on Masticks face and some swallowed. 

Although his face was thoroughly scrubbed, the skin remained contaminated 

with about a microgram of plutonium. His mouth was also thoroughly 

washed, but for many days afterwards, he could blow at an open-faced ion- 

ization chamber across the room and cause the needle to go off-scale-the 

level of contamination estimated to be about 10 micrograms. (This last fact 

suggests that the plutonium solution may have had other radioactive conta- 

minants in it since it was later found not to be possible to detect plutonium 

deposited in the lungs through ionized air molecules.) 

Hempelmann pumped out Mastick's stomach to retrieve much of what had 

been swallowed (analysis of the contents for plutonium registered 4098 

counts per minute, which corresponds to only about 60 nanograms). Since 

very little would have been absorbed through his gastrointestinal tract, Ma- 

stick ended up with only a barely measurable body burden. His initial 24- 

hour urine assays, when the excretion rate was highest, were only 5 to 7 

counts per minute, which translates to well below a 1-microgram body bur- 

den. Some plutonium was absorbed, of course, and improved assay meth- 

ods available in the early seventies were able to detect small amounts of 

plutonium in his urine thirty years later (hundredths of counts per minute). 

'The 10 milligrams that were elected in the accident were not 'Los Alamos' entire supply of pluto- 

nium," as reponed elsewhere (for example. by Eileen Welsome in her 1993 articles in the Albu- 

querque Tnbune and in the October 1995 final Report of the President's Advisory Committee on 

Human Radiation Expenments) In March the first l-gram reduction of plutonrum to meial had 

been performed at Los Alamos. and by the end of August, the Laboratory was working with over 
50 grams of plutonium (5000 times more than the amount sprayed at the Wall) 

research facilities, and Oppenheimer 

suggested that Hempelmann and he 

"discuss the biological questions with 

Colonel Warren at a very early dar. 

Warren. of course. had by now been in 

charge of the medical programs for the 

Manhattan Project for over a year. It 

was logical that biological research 

should be carried out at a site, such as 

Rochester. which housed the appropri- 

ate staff and facilities. 

A three-part plan. Groves. informed 

of the plutonium exposure problems. 

apparently made sure that Warren was 

in Los Alamos about a week later. On 

August 29. Hempelmann summarized 

the program that he. Warren, Kennedy, 

and Oppenheimer had decided upon. 

Los Alamos would develop "chemical 

methods of determining plutonium in 
the excreta and in tissues and of ioniza- 

tion methods of detecting plutonium in 

the lungs." Experiments at Los Alarnos 

with animals would be used to check 

the detection methods. The third part 

of the program would involve "tracer 

experiments on humans to determine 
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percentage of plutonium excreted 

Jjil?. 

It Lbas stated that "when hatihfactory an- 

Ji\.ticaI methods have been developed 

,(, [hi> laboratory the problem of cam\. - 

111, 

tl,rnrd over to another medical Sroup. 

presumably the Rochester group." hi- 

rijlly. Rochester would determine the 

Isthul dose in animak using plutonium 

,upplied by Los Alamos. 

LJ out further metabolic studies nil1 be 

The excretion rate. By February 

1945. Los Alamos. the Met Lab. and 

[he Berkeley groups a11 had analytical 

methods they felt were adequate for the 

;,nalysis of plutonium in excreta (see 

-Detection of Internal Plutonium"). 

They could thus turn to the next puzzle. 

[he ratio of excreted to retained plutoni- 

um. Much of the animal data showed 

[hat a constant daily urinary excretion 

rate occurred within two or three weeks 

that was 0.0 I .per cent of the initial in- 

jection. By March. urine samples from 

Los Alamos workers were indicating, 

based on the 0.01-per-cent rate, that 

some of the workers were approaching 

or had exceeded a body burden of one 

microgram. Concern about this situa- 

tion uas mounting. 

There were other discrepancies and 

concerns. Numerous workers with high 

nose-swipe counts had 110 definite sign 

of plutonium in their urine. Was this 

due to hand contamination of the nose, 

insoluble plutonium particles that had 

not reached the circulatory sytem. or 

large particles still lodged in the upper 

bronchi and nasal passages'? The large 

tariations in the animal data for the uri- 

nary and fecal excretion rates-factors 

of I to 5 in rodents and I to ?.in 

dogs-cast doubt on whether or not the 

use of an 0.0 I -per-cent daily urinary 

excretion rate for humans was even ap- 

propriate. Animal data showed that 

more plutonium was usually excreted in 

I stools than in urine. Would stool as- 

says be more sensitive than urine as- 

says for humans'? The only way to ad- 

dress these concerns was with further 

I 

i iJ,lririlrrd ,111 pui'r IY4 

Detection of Internal Plutonium 

In 1944. not only were there uncer- 

tainties in the animal data. but meth- 

ods for measuring the amount of plu- 

tonium retained in the bodies of 

workers were not well detined. Peo- 

ple realized that because.plutonium 

was an alpha emitter, the radiation 

was readily absorbed by the sur- 

rounding material. and analysis of 

excreta for plutonium activity offered 

the most promising route for estimat- 

ing body burdens nternal plutoni- 

um. However, the xdw excretion 

rates predicted from animal experi- 

ments would make analysis difficult. 

On the first day after injection, when 

the fecal and urinary excretion rates 

were at their highest. the total amount 

excreted in the urine in 24 hours was 

less than 10 per cent of the amount 

injected, and similarly with feces. 

The excretion rates then dropped 

rapidly for several weeks, tinally lev- 

eling off, for urine, at only 0.01 per 

cent of the injected plutonium. 

Although large doses could be inject- 

ed into animals to insure good analyt- 

ical results, the same could not be 

done with humans. If an 0.0 I -per- 

cent daily urinary excretion rate was 

true for humans, a 24-hour urine 

sample from a subject with 5 micro- 

gr-ams of retained plutonium would 

contain only 0.5 nanograms (nano = 

the Detection Regime"). 

of plutonium (see "Estimates of 

Excreta samples also had the problem 

that most of the alpha radiation 

would be absorbed by the sample 

mass. Thus, analytical techniques 

had to be developed to reduce the 

mass of other material and to concen- 

trate the plutonium by dissolving, 

evaporating. or ashing the sample and 

by extracting. precipitating, or plating 

the plutonium for measurement of 

alpha activity. 

Ion-exchange. That summer. the 

Met Lab's Health Division developed 

a urinalysis procedure for isolating 

and detecting tenths of nanograms of 

plutonium in urine. The method was 

based on direct isolation of the pluto- 

nium by passing an acidified 100-mil- 

liliter urine sample through a cation- 

exchange resin. After the resin had 

captured the plutonium. the concen- 

trated metal was eluted from the col- 

umn and transferred to a counting 

plate where the alpha activity was 

measured. 

In July 1944. Hempelmann was in- 

formed of th ,Met Lab urinalysis 

procedure and of the apparent con- 

stant 0.01 per cent urinary excretion 

rate derived from animal studies. 

Several items-such as his calcula- 

tion for the dose to the lungs from a 

I -microgram plutonium dust particle, 

early results from the animal experi- 

ments, and a difference of opinion of 

a factor of 10 about what constituted 

a "safe" alpha radiation dose for tis- 

sue cells-were beginning to make 

him think that detection methods 

needed to be sensitive to lower levels 

than the proposed 5-microgram toler- 

ance limit. Also, the Met Lab had 

determined that blood counts gave 

evidence of over-dosage but not until 

a relatively late stage following depo- 

sition of the plutonium in the bone. 

Thus. Hempelmann informed Oppen- 

heimer that analysis of excreta sam- 

ples in the early stages following ex- 

posure, when the excretion rates were 

highest, was the only method for 

early detection of overexposure. 

Hempelmann assigned a biochemist. 

Anne Perley. to investigate if the 

Chicago procedure was suitable for 

detecting 1 -microgram body burdens. 

By the end of the month, she in- 

formed him that the combination of 

the Met Lab procedure and the Los 

Alamos alpha counters were inade- 

quate for detection of plutonium lev- 

els consistent with I-microgram body 

burdens. In fact. attempts to use the 
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Met Lab procedure to analyze urine 

samples of four Los Alamos workers 

who had already experienced instances 

of high readings from their nose swipes 

failed to detect concentrations of pluto- 

nium alpha activity consistent with the 

high nose-count records. 

As it turned out, one problem with the 

Chicago procedure was that running a 

complete 24-hour urine sample ( 1 to 2 

liters) through the column overloaded 

the resin with organic material. A drop 

in resin performance altered results and 

nullified the expected increases in sen- 

sitivity. The Chicago method worked 

well with 100-milliliter aliquots at the 

activity level of excreted plutonium- 

239 expected for 5-microgram body 

burdens. But detection of body bur- 

dens of l-microgram or less would re- 

quire an analytical procedure that used 

a 24-hour urine sample and eliminated 

the organic material and urine salts. 

Concerns were heightened by an acci- 

dent in August in which part of a plu- 

tonium-chloride solution sprayed into 

the mouth of Don Mastick. a young 

chemist (see “A Swallow of Plutoni- 

um”). How much of the plutonium had 

been absorbed by his gastrointestinal 

tract? What fraction of a serious dose 

did the absorbed plutonium represent? 

Was it safe for him to go back to work 

at his old job and possibly be exposed - 
again? In fact, to avoid further expo- 

sures, Mastick was transferred tem- 

porarily to Hempelmann’s group “to 

work on the problem of detection of 

plutonium in the excreta.” 

The research team at Los Alamos that 

attacked the problem of detection meth- 

ods included Perley, who continued to 

investigate the Chicago procedure, 

Robert Fryxell, who studied a method 

of separating plutonium from urine that 

used cupferron as the main complexing 

agent, and Mastick, who investigated 

various ether extractions. The analyti- 

cal procedure for isolating plutonium 

from one liter of urine (a 24-hour sam- 

ple) v+:i utlined by Arthur Wahl. In 

grams of “product” in the body and only 0.01 per cent of the plutonium is 

being excreted per day (several weeks after the initial exposure). then a 1- 

liter, 24-hour sample of urine will contain 0.5 nanograms of plutonium. If 

only 100 milliliters (10 per cent) is analyzed, the test must be capable of de- 

tecting 0.05 nanograms of plutonium. A sample at this level emits about 7 

alpha particles per minute (0.05 ng x 140 d/m/ng), which, in an alpha 

counter with 50 per cent efficiency, corresponds to a reading of 3 or 4 counts 

per minute. If we want to detect a lower tolerance limit of 1 microgram- 

one-fifth as large-the counting rate drops to less than 1 count per minute. 

September, Roger Kleinschmidt joined 

the team to investigate methods of is@ 

lating plutonium from urine ash samples 

using a lanthanum-fluoride carrier to 

precipitate plutonium from the dissolved 

ash. He would also direct the plating 

and measurement of the final precipitate 

with a goal of 90-per-cent chemical re- 
covery of spiked urine samples. 

acid and peroxide to remove organic 

matter, and the cupferron extraction 

step. Eventually, the plutonium was 

carried out of solution as a co-precipi- 

tate with lanthanum fluoride, and this 

final precipitate was transferred to a 

platinum disc. The activity of the plat- 

ed sample was measured by placing the 

disc in an alpha counter. 

Estimates of the Detection Regime 

Plutonium-239 has a specific activity of 0.06 curies per gram, which means 

that a nanogram of the substance undergoes about 130 disintegrations per 

minute ((0.06 Ciig) ghg) (3.7 x 10’O d/s/Ci) (60 s/mm) = 130 d/min/ng). 

However, the Hanford “product” contained small quantities of other plutonium 

isotopes (at the time, it was commonly referred to as 239-240 Pu), and ac- 

counting for such impurities increases the rate to about 140 disintegrations 

per minute per nanogram. If we want to detect a tolerance limit of 5 micro- 

Fryxell consulted with Wright Lang- 

ham on the cupferron technique for 

plutonium isolation. Langham was a 

biochemist who had been transferred to 

Los Alamos in July 1944. Previously, 

he had spent a short period at the Met 

Lab in the analytical chemistry group 

where he’d been involved in plutonium 

purification research. Before long, 

Wright Langham would become one of 
the major names associated with the 

detection, analysis. and evaluation of 

plutonium in humans. 

Cupferron extraction. By late 1944, 
Hempelmann’s team had devised a sat- 

isfactory technique. using cupferron ex- 

traction, for analysis of urine contain- 

ing tenths of a nanogram of plutonium. 

After collection, the samples underwent 

a multistep preparation that included 

evaporation to dryness, treatement with 

However, analyzing spiked urine sarn- 

ples-or even samples taken from ani- 

mals-in a laboratory environment was 

one thing. Analyzing samples from 

people working with plutonium on a 
daily basis was another thing entirely. 

Early assays of workers yielded surpris- 

ingly high results, indicating that if the 

0.01 -per-cent-per-day excretion rate de- 

rived from the animal data were applic- 

able to humans, then these workers had 

significant levels (greater than micro- 

gram amounts) of deposited plutonium. 

Sample contamination. An analysis 

technique sensitive enough to detect 

tenths of nanograms would easily de- 

tect tiny particles of plutonium dust or 

contaminated skin that, say, dropped 

from a worker’s hand into the sampling 

flask. As a result, a collection proce- 

dure was set up in which the worker to 
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be tested was removed from the work- 

place for forty-eight hours and asked to 

.'wear freshly laundered clothing . , . 
and to bathe and wash their hands fre- 

quently." After this period. the worker 

admitted to the hospital, asked to 

,bower. placed in a special room (the 

-health pass ward'). and checked for 

He was instructed to 

wash his hands and wear white cotton 

gloves each time he urinated. and the 

flask and funnel were placed so they 

didn't have to be touched. 

.A trial run with plutonium workers 

vividly demonstrated the need for such 

care: the average counts per minute 

when the samples were collected by the 

workers at home was 20. whereas the 

Jverage for samples collected using the 

above procedure was only 2.2 counts 

per minute! Thus. external contami- 

nates picked up at work made the plu- 

tonium excretion rate appear ten times 

larger than it actually was. 

Other problems solved by people at the 

Met Lab and at Los Alamos were the 

maintenance of a laboratory free from 

alpha contamination (including the 

reagents used in the analysis), the de- 

Lelopment of a method capable of han- 

dling large volumes of urine (1-liter 

rather than 100-milliliter samples), and 

the development at Chicago of alpha- 

counting instruments capable of detect- 

ing less than I alpha count per minute. 

By February 1945, which coincided 

with delivery of multi-gram amounts of 

plutonium from Hanford. the urinalysis 

procedure appeared capable of detecting 

0.02 nanogram of plutonium-239 alpha 

activity in a 24-hour urine sample. If 
the human urinary excretion rate was 
equal to the animal rate of 0.01 per cent 

per day, the method could detect a 
body burden of less than 1 microgram 
with 95 per cent confidence. 

The method was tested on thirty-six 

workers at Los Alamos. Fourteen of 
these people had evidence of previous 

inhalations of plutonium dust because 

of at least one high nose-swipe count. 

These fourteen people had an average 

of 1.2 counts per minute in their 24- 

hour urine samples. The urine samples 

of the other twenty-two people. who 

had never shown a high nose-swipe 

count, averaged 0.2 counts per minute. 

The five most highly exposed people 

had urine samples with an average of 

7.2 counts per minute. Such correla- 

tions were strong evidence that devel- 

opment of a sensitive analytical proce- 

dure had succeeded at Los Alamos. 

TTA extraction. The method devel- 

oped at Berkeley for analyzing urine 

samples used extraction with thio- 

phenyltrifluoracetone (TTA). After the 

sample was ashed, a lanthanl,-v-fluoride 

precipitation was perforrnea. dowed 

by the TTA extraction step. This 

method resulted in a negligible sample 

mass and low background counts. 

One of the main sources of alpha conta- 

mination in the Berkeley and Los 
Alamos methods was the lanthanum- 

fluoride reagent. The Los Alamos pro- 

cedure ended with the lanthanum-fluo- 

ride precipitation step, which 

introduced alpha contaminants and lim- 

ited the sensitivity of the technique be- 

cause of a count-per-minute back- 

ground. In the Berkeley procedure. the 

lanthanum-fluoride-precipitation step 

preceded the extraction step, and the 

alpha contaminants were left behind. 

which yielded a background of only 0.7 

counts per minute. 

Each of the three techniques had its ad- 

vantages and disadvantages, as well as 

its proponents and detractors, but the 

Los Alamos, Chicago, and Berkeley 

sites were each able to acquire highly 

satisfactory data using their particular 

method. 

The Los Alamos Urine Analysis Method 

The method developed in 1945 at Los Alamos for the plutonium analysis of 

urine started by evaporating a 24-hour urine specimen almost to dryness. (It 

was recommended that people being tested keep their intake of liquids to a 

minimum-ne cup of liquid per meal and little or no liquids in between-to 

expedite this step.) The residue was then wet-ashed (by repeated additions 

of concentrated acids and hydrogen peroxide) until a white solid almost com- 

pletely free of organic matter remained. The solid was dissolved in hy- 

drochloric acid and precipitated as hydroxide. After redissolving the precipi- 

tate in hydrochloric acid and adjusting the pH, ferric iron was added as a 

carrier, and the dissolved plutonium was complexed with cupferron (an or- 

ganic compound that forms a soluble complex with iron). Choroform was 

then used to extract the cupferron complex, separating it from other dis- 

solved materials in the aqueous solution. (One of the most critical steps in 

the process was using a separatory flask to draw off exactly the chloroform 

layer.) After the chloroform was evaporated, the cupferron residue was di- 

gested with nitric and perchloric acids. Finally, the plutonium was carried 

out of this solution as part of a lanthanum fluoride precipitate, leaving the 

iron behind. The final precipitate was transferred to a platinum foil, dried, 

and counted in an alpha-parttcle detector for thirty minutes. The main rea- 

son for these various steps was to concentrate the plutonium while minlmiz- 

ing material that would deposit on the foil and absorb part of the alpha radia- 

tion. Control urine samples spiked with plutonium analyzed concurrently with 

regular samples demonstrated an average chemical recovery of 88 per cent 

(2 1 1 per cent one standard deviation) and a reagent-contaminate back- 

ground of 1 count per minute. 
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I <wt[iiturd from piiw /Y/ 

studies. But time was critical. Many 

of the people at Los Alamos were 

working seven days a week to meet a 

schedule for the tirst teht of a plutonium 

%tapon in July 1945. There  as no 

time to start another series of animal 

experiments. and thus. the researchers 

turned to human studies. 

A fact important to the planning of the 

human injection experiments had been 

established in experiments with rats at 

Los Alamos. Five groups of rats had 

heen injected with plutonium doses that 

ranged from 0.032 to 52 micrograms, 

and the excretion rate over a 5-day pe- 

riod was determined for each group. 

Wright Langham, a biochemist and the 

Biochemical Section Leader under 

Hempelmann. reported in May 1945 

that "the per cent of the total injected 

dose excreted in the urine . . . is inde- 

pendent of the size of the dose adminis- 

tered." This meant two things: first. a 

single injection dose. rather than a se- 

ries of different doses. would be ade- 

quate for the study; and second, at a 

given time after the injection. the 

amount of plutonium being excreted 

was simply proportional to the amount 

injected. and the excretion rate could be 

used as a direct measure of the pluton- 

im retained in the body. The problem. 

of course. was establishing accurately 

the cpecific ratio for humans. 

Hamilton's original work with rats in 

1944 had not developed complete ex- 

cretion curves. but rather pooled sam- 

ples for chemical analysis at broadly 

separated intervals (days 1, 16, 32. and 

64). On the other hand, Langham's 

studies with rats had used a daily sam- 

pling basis nut to 44 days,after the in- 

jections. Those data. available in July 

1945. would have convinced Langham 

that excretion could be accurately 

"modeled" using linear plots with the 

data collected daily for only a few 

weeks. apparently a key factor in the 

planning of the human experiments. 

Working with the Medical Corps. 
On March 26. 1945. Hempelmann and 

I94 

others at Loc Alamos met mith Lt. 

Colonel Hymer Friedell from the Man- 

hattan Project Medical Section under 

Warren. In a memo wmmarizing the 

meeting for Oppenheimer. Hempelmann 

\tated that they had requested the Man- 

hattan Project kledical Corps "to help 

make arrangements for a human tracer 

experiment to determine the percentage 

of plutonium excreted daily in the urine 

and feces." They further ,uggested that 

"a hospital patient at either Rochester 

or Chicago be chosen for injection of 

from one to ten micrograms of material 

and that the e.screta be sent to this labo- 

ratory [Los Alamosl for analysis." 

The memo also discussed other topics 

related to the hazards of plutonium. in- 

cluding improvement of protection 

methods. study of ways to treat overex- 

posed personnel. and debelopment of 

methods to detect plutonium in the 

lungs. One of the requests summarized 

in the memo was "a more satisfactory 

relationship of this project [Los Alam- 

os] with the Medical Program of the 

Manhattan District so that the facilities 

of the Manhattan District will be avail- 

able for the solution of our problems." 

and it was suggested "that channels be 

established through which our problems 

can be brought to the attention of those 

individuals who plan the research pro- 

gram of the Manhattan District." 

Oppenheimer followed up these discus- 

sion with a letter to Warren in which he 

said: 

We all have the feelin,g that at the 

present time the hazards of work- 

ers ut Site Yare probcrbi! i!ep 

much more serious thtrn those ut 

any other branch of the Project, 

and thut it \could be uppropriate 

thut the medical program oj' the 

Manhattan District consider some 

of our problems rather more inten- 

.si\peiy than they hare in the past. 

. . . Although we wvirld hare some 

ideas of how to pitrsire ull of the 

topics mentioned. \$'e hai~. us xo~r 

know. neither the personnel nor the 

He was reiterating the ume point he 

had made the year before. 

The people at LOS Alamos here thus 

ready to move to the third part of the 

plan that been had agreed upon in ,A,,- 

gust 1944. Warren was also ready. [,, 

a December 2. 1944. memo (outlining 

points for a meeting two days later). he 

had stated that there was an urgent need 

both for experiments to establish *'the 

ratios I i blood level to urine and fecal 

excretion following a single intrairnouq 

injection of radium and product in rats" 

and for "[similar] tracer experiments on 

humans . . . so that the comparison 

(factor) can be made between the rat 

data and human data." The three peo- 

ple he identified in conjunction with 

this work were "Dr. [William1 Bale [at 

Rochester], Dr. Hempelmann. and Dr. 

[Kenneth] Cole [at Chicago]." 

It is easy to get the impression that the 

human plutonium injections were isolat- 

ed experiments. However, a number of 

other studies had been or were being 

conducted. For example. in 194 1. 

Hamilton's team injected six patients 

who had bone cancer with radioactive 

strontium. That metal is also a bone 

seeker, and Hamilton was studying it as 

a possible therapeutic agent for the 

treatment of bone cancer. 

Other human experiments involved var- 

ious toxic heavy-metal radioisotopes 

that were either materials important for 

the development of the atomic weapons 

(polonium and uranium) or were part of 

a comparative evaluation of health haz- 

ards (radium). The polonium studies 

helped to develop techniques for the 

similar but later studies with plutonium 

(see "Polonium Human-Injection 

Experiments"). 
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, 

of the main problems in the polo- 

,,iuIn jtudies was contamination. 

\\'orking uith the material could easily 

it ,ntalninate laboratory equipment used 

,,, [he analysis. Lvhich. in turn. could 

b,Jb re\ults or even contaminate sam- 

ps related to other studies 

thus anticipated that analyv:, procedures 

fL,r plutonium would require laborato- 

r,s, that were absolutely free of alpha 

,L~s established at Los Alamos in Feb- 

,.uary 1945 in the Medical Labs Build- 

ing. and the responsibilities in the plu- 

tcmium study were split. The Medical 

corps or the Rochester Project would 

handle the clinical work. and Los 

.\lumos would analyze the resulting 

biological samples. 

I was 

A "clean laboratory" 

The First Human Experiments 
with Plutonium 

Reports issued in 1945 show that three 

human plutonium-injection studies were 

authorized in April 1945-a study by 

the Chicago Met Lab Health Group, an- 

other by Hamilton's group in Berkeley 

and San Francisco, and a third study to 

be done jointly by Warren at the Army 

Medical Corp Hospital in Oak Ridge 

Iclinical) and the Los Alamos Health 

Group (analytical). The three ap- 

proaches would allow using plutonium 

in two different valence,states (+4 and 

+6), two different chemical forms (cit- 

rate and nitrate). and two different iso- 

topes plutonium-239 and plutonium- 

238). Each group would be responsible 

for analysis of excreta samples using 

their own plutonium analysis technique 

developed for that purpose (the cupfer- 

ron-extraction method at Los Alamos, 

the cation-exchange method at Chicago, 

and the thiophenyltrifluoroacetone ex- 

traction method at Berkeley). 

The plutonium-139 dose decided on for 

the Oak Ridge-Los Alamos and the 

Chicago studies was 5 micrograms. 

That quantity would enable the Chicago 

group to detect plutonium accurately 

using 100-milliliter urine-sample 
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aliquots of 24-hour collections and 

would provide appropriate activit? lev- 

els for.the Los Alamos method. which 

used full 24-hour urine sample\. The 

Berkeley site. however. would uw a 

different isotope. plutonium-238. dt a 

different dose level: the injected mass 

At the present time the 
hazards of workers at Site 
Yare probably very much 

more serious than those at 
any other branch of the 
Project. . . . it would be 
appropriate that the med- 
ical program of the Man- 
hattan District consider 
some of our problems 

rather more intensely than 
they have in the past. 

would only be 0.2 microgram, but be- 

cause of a much higher specific acti- 

tivy. it would have IO times the ra- 

dioactivity. As a result, the excreta 

samples at Berkeley would also be ex- 

pected to have more than ten times the 

activity of corresponding samples from 

the other two studies. increasing the 

accuracy and precision of the dphJ 

measurements on the excreta \mple\. 

Oak Ridge. The tirst human plutonium 

injection occurred on April IO. 1945. 

barely two weeks after the meeting in 
Los Alamos between Friedell. Henipel- 

mann. and others. The person chosen 

for the experiment was a 55-year old 

man and a patient at the hlanhattan 

Project Army Hospital in Oak Ridge. 

(Although the man was the tirct patient 

injected with plutonium. he bas later 

grouped in reports with other patients 

injected at the Rochester site and was 

identitied as HP-12.)* He had been 

hospitalized because of injuries in an 

automobile accident. and bones in his 

right forearm. left thigh. and right knee 

were broken. Some of the fradures 

were "in poor position." which meant 

an operation to properly Set the bones 

would be necessary. Except for those 

injuries and "a chronic urethral dis- 

charge which he has had for 10-15 

years [his clinical record states this may 

have been due to chronic gonorrhea]." 

HP- 12 had always been emplo>ed ab a 

cement mixer and was generally in 

good health ("well developed. well 

nourished"). 

In a report for a conference on plutoni- 

um, held May I4 and 15. 1945, Wright 

Langham stated that "the person was an 

elderly male whose age and general 

health was such that there is little or no 

possibility that the injection can have 

any effect on the normal course of his 

life." HP-12 was 53 at the time of the 

injection and lived another 8 years be- 

fore dying. in 1953, of heart failure. 

Late radiation effects, such as cancer. 

were not expected to develop for ten to 

fifteen years, if at all. For example. the 

induction period in humans for radium- 

induced cancer, especially malignancy 

of the bones, was about 10 to 30 years 

after exposure. Despite Langharn's 

*Many of the names of the people mho mere in- 

jected with plutonium habe been publi\hed elbe- 
shere. Houecer, fie did not sant 10 intrude fur- 

ther on the fxnilies of those people and 
only identify the patients by ca\e number. 

\bill 
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statement, we cannot. of course, dis- 

count the fact that HP-I2 might have 

lived 20 or more years: although in 

1945. fifty years of age was considered 

to be fairly advanced. On the other 

hand. the GIs at Los Alamos who were 

heavily exposed to plutonium in 1935 

u hile working in D Building under 

poor industrial hygiene conditions (see 

-‘On the Front Lines” on page 124) 

were in their early twenties and were at 

greater risk of developing late radiation 

effects than was HP- 12. 

HP-12 was injected with 4.7 micro- 

grams of plutonium (0.29 microcuries) 

in the chemical form of the +4 citrate 

salt. The material had been sent to Dr. 

Friedell at Oak Ridge by Wright Lang- 

ham. along with directions for its use 

on a human subject. Langham stated 

that citrate was chosen “to produce the 

maximum deposition in the bone , . . 

[so as to] produce an excretion rate 

comparable to that of a worker having 

absorbed the material at a slow rate.” 

Urine samples were collected almost 

continuously for the first 42 days. and 

then intermittently until the 89th day 

after injection. Regular stool samples 

were collected as well over a 46-day 

period. In accordance with the plan, 

the Manhattan District Medical Office 

conducted the clinical part of the exper- 

iment, and the urine and fecal samples 

were sent to Los Alamos for analysis. 

Langham also reported at the May con- 

ference that ”the excretion during the 

first day was surprisingly low [0.1 per 

cent in the urine] and. . . the leveling 

off of the excretion rate was much 

slower than with rats.” Langham sug- 

gested that the initial low rate was most 
likely due to “some metabolic abnor- 

mality of the subject.” Indeed. it was 

noted that urine protein tests indicated 

that HP-12’s kidney function “may not 

have been completely normal at the 

time of injection.” Another explanation 

was “the stability of the +4 citrate com- 

plex”-50 per cent of the injected dose 

was still circulating in the blood four 

hours after injection. 

Polonium Human-Injection Experiments 

In 1944, in response to concerns for the risk associated with occupational 

exposures to polonium, the Army Medical Corps authorized Rochester to un- 

dertake a study of the biological behavior of that element. The program was 

started in August 1944 with animals, and by November, studies with humans 

had begun. Eventually, tracer amounts of radioactive polonium-21 0 were in- 

jected into four hospitalized humans and ingested by a fifth. 

Polonium, the first element isolated by Marie and Pierre Curie from pitch- 

blende in 1898, is an alpha emitter. When alpha particles from poloniurn- 

210 collide with beryllium atoms, neutrons are ejected, and polonium-berylli- 

um combinations had already served physicists as a convenient source of 

neutrons. During the Manhattan Project, it was decided to use that neutron 

source as an initiator of the chain reaction in the atomic bombs, thus making 

polonium (and beryllium) an occupational health hazard for the people who 

needed to develop and build the initiators. 

In the Rochester work, the subjects of the excretion studies were volunteers. 

The problem had been outlined to patients at the Rochester Hospital, who 

were told that it would involve the intake of tracer amounts of a radioactive 

substance followed by analysis of their excreta. Because polonium was not 
classified at that time,’ the doctors may have even told the patients what 

substance they would be injected with. From the group of volunteers, four 

men and one woman were selected for the studies. They ranged in age 

from the early thirties to the early forties and were being treated for a variety 

of cancers (lymphosarcoma and various leukemias). One patient died from 

his cancer six days after the injection. 

Four of the volunteers were injected with doses of polonium in a soluble 

form that ranged from 0.17 to 0.3 microcurie per kilogram of body weight. 

The fifth patient drank water containing 18.5 microcuries of polonium chlo- 

ride, equivalent to 0.19 microcuries per kilogram of body weight. The 

amount of polonium excreted in urine and feces were analyzed, and blood 

samples were taken to determine the amount freely circulating in the blood. 

Autopsy tissue samples were taken from the patient who died to determine 

the distribution of polonium throughout the body. 

Polonium-210 has a short half-life (138 days) and very high activity (4,490 

microcuries per microgram). The high activity meant very small quantities 

(of the order of nanograms, a factor of lo00 less than for plutonium) could 

be administered and detected, so concerns of chemical toxicity were mini- 

mal. The short half-life meant the substance would not remain in the body 

so that concerns about long-term radiation effects were also minimized. In 

1945, urine assays corresponding to the tolerance limits were 7 counts per 

minute for plutonium-239 but 1500 counts per minute for polonium-210. 

Such metabolic studies were possible at Rochester University in 1944 be- 

cause polonium was available at that time. The research yielded important 

information for the Manhattan Project on the hazards of polonium and 

helped develop techniques for the similar but later studies of plutonium. 

‘Polonium was classified in July 1945 and given the code name “posturn.” 
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one positive note was the fact that the 

,Kcretion rate seemed to have leveled 

L,ff after a couple of weeks at 0.02 per 

rather than the 0.01 per cent pre- 

jlsrcd from animal data. If the true ex- 

,,.<tion rate in humans was twice as 

high as the rate in animals. then earlier 

[hat had been interpreted using the 0.01- 

prr-cent excretion rate had overestimat- 

td the body burden by a factor of two. 

assays from plutonium workers 

&'hen HP-I:! was operated on for re- 

duction of the fracture in his knee. 
biopsies for analysis were taken from 

[he kneecap and the top end of the 

main bone in the lower leg (tibia) close 

10 the knee. The intent of obtaining 

those samples was to see how much 

plutonium had been deposited on the 

hone in the 96 hours since the injection. 

,it a later date. fifteen of his teeth' were 

removed (it was noted on his initial 

physical that "patient had marked caries 

and pyorrhea [an inflammation and dis- 

charge of the gums]"). and these also 

became available for plutonium analy- 

sis. Langham reported on the concen- 

trations of plutonium in HP-12's bone 

and teeth in 1950; they were compara- 

ble to the levels in tissue samples'from 

other subjects. 

Chicago. Sixteen days later on April 

76, 1945. a second human plutonium 

injection took place at Billings Hospital 

in Chicago. A sixty-eight-year-old 

man. later identified as CHI-I, was in- 

jected with 6.5 micrograms of plutoni- 

um (0.4 microcuries) in the chemical 

form of the +6 citrate salt. This man 

had an advanced case of metastasized 

cancer of the chin and lungs and only 

lived another 160 days. An autospy 

was performed after his death, and a se- 

ries of tissue and bone samples were 

taken so that the distribution of plutoni- 

um in the body could be determined. 

The initial 24-hour urinary excretion 

rate (2.5 per cent) for CHI-1 was much 

larger than for HP- 12 (0.1 per cent). 

However, within a few days the rates 

for rhe two wbjects were comparable, 

and after 21 days. the rate appeared to 

level off-at about 0.03 per cent of the 

injected dose. 

One of the tindings of these tirst two 

human experiments was that the 

amount of plutonium excreted in fecal 

matter was considerably lower than in 

animals (compared to some species. a 

factor of as much as six times lower). 

In fact. the human feces excretion rate 

was comparable to or less than the 

human urinary excretion rate. and 50 

analysis of human fecal matter did not 

appear to be a more promising way to 

determine plutonium body burdens, as 

had been suggested by the animal ex- 

periments. 

California. On May 14. 1945. a third 

person. CAL-1, was injected with plu- 

tonium at the University of California 

Hospital in San Francisco. CAL- I was 

a 58-year-old house painter that had 

been diagnosed with stomach cancer 

and was thus expected to live only six 

more months. Surgery revealed a firm 

tumor that extended into the liver and 

the tail of the pancreas. confirming the 

diagnosis of cancer. and a large part of 

his stomach was removed. However. 

later microscopic examination of the 

tumor revealed no evidence of cancer 

and indicated that the diagnosis was in- 

correct. After another year or so in 

which no other cancer appeared. the 

physicians became completely con- 

vinced that CAL-1 had had a benign 

gastric ulcer. 

CAL- 1 lived for almost another 2 I 

years and died in 1966 from heart dis- 

A Cross-Check of Analytical Procedures 

Several weeks after the first Chicago patient had been injected with plutoni- 

um, the Met Lab sent to Los Alamos selected sets of aliquots of this patient's 

urine, including single small aliquots of the first and third voidings collected 

the first day after the injection. Later, they sent five 100-milliliter aliquots 

from each of days 40 and 41. When Los Alamos analyzed the two early 

samples using their procedure. the values (59 and 0.45 picocuries per cubic 

centimeter, respectively) agreed with those of the Met Lab (58 and 0.4 pic- 

ocuries per cubic centimer, respectively). Despite the fact the two labs used 

different plutonium-extraction techniques, this agreement provided evidence 

of comparable radiochemical proficiency and instrument calibration, at least 

when the count rates were high (2935 and 31 .O counts per minute, respec- 

tively). (A similar comparison was not done with samples from Berkeley.) 

The measurements for the ten aliquots from days 40 and 41 (with plutonium 

concentrations of only about 0.01 per cent of the injected dose) were less 

satisfactory. The excretion values obtained at Los Alamos ranged from 0.00 

to 0.03 per cent of the injected dose, which, although they bracketed the 

Chicago results (0.01 1 and 0.009 per cent), were suspect because of the 

large measurement error. The uncertainty was due to a count rate for the 

samples (t to 2 counts per minute) comparable to the background rate of 1 

count per minute. This background was a result of the lanthanum-fluoride 

co-precipitation step, which introduced alpha-emitting impurities. Tha Chica- 

go procedure did not use lanthanum fluoride, and their background was 

lower, which allowed them to achieve significant results with 100-milliliter 

aliquots. Unfortunately, the Chicago procedure would reach the limit of its 

detectability if the plutonium concentrations being measured were any lower 

because of an inability to analyze large urine samples. 
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ease at the age of 79. Although CAL-1 

lived much longer after the injection 

than expected (based on the original di- 

agnosis t. his treatment. including the 

operation in 194.5. was independent of 

the injection and was not altered be- 

cause of the plutonium experiment. 

The plutonium given to CAL-1 was dc- 

tually a mixture of plutonium-239 (0 75 

micrograms) and plutonium-238 (0 2 

micrograms). As noted earlier. Hamil- 

ton had proposed using plutonium-238 

1 .o 

U - 
? 
Y 

v) 0.1 

a, 
a, 

U 
U 

0.05 - 
E 
L 

0 - 
g 0.02 
0 

t 
a 

0.01 

0 001 

in metabolic studies because the higher 

activity of plutonium-238 made it easier 

to analyze samples. For the sake of 

comparison. if plutonium were retained 

in the body. say. at the one-microgram 

level. urine samples would yield thou- 

cands of counts per minute for plutoni- 

um-238 compared to 7 counts per 

minute for plutonium-239. 

At the same time, of course. the addi- 

for each mass unit of retained pluton,. 

urn (the total activity of the CAL.~ ,11- 

jection was 3.55 miCrocuries:” the ac- 

tivity of the HP- 17 injection was ab 

cause CAL-I lived almost 21 more 

years. he received the hishest total radi- 

ation dose of the eighteen patients In- 

jected with plutonium. His total efftc- 

tive dose-equivalent was 6400 rem. 

which corresponds to about 309 rem 

0.3 microcuries). As it turned out, be- out 

tional activity of the plutonium-238 in- 

creased the radiation dose to the tissue ‘Recalculated in 1976 hy Patricia Durbln 

HP-12 

CHI-1 

CAL-1 

Days after injection 

Figure 2. The First Plutonium Urinary Excretion Curves 

These urinary excretion curves for the first three injection patients, HP-12, CHI-1, and CAL-1, based on the data as originally ana- 

lyzed in 1945, illustrate the main features of urinary excretion: a rapid initial rate, but at values much lower than what had been ob- 

served for radium, and an apparent leveling off, after about 20 days, at a daily rate somewhere between 0.02 and 0.005 per cent. 

The curves also illustrate various problems. The initial excretion rate was relatively low for HP-12 (0.1 per cent), which might have 

been due to his abnormal kidney function. The curve for CAL-1 appears to be consistently lower than the other two: this could 

have been due to errors in the injected dose (a possible factor of 2), differences in analytical techniques, or differences in the them 

ical form of the plutonium. It may have also been an indication that the excretion rate varied significantly from person to person. 

There are instances of unexpected variations in the excretion rate, such as the high values for HP-12 after day 50. As it turns out, 

the latter values for HP-12 were obtained when researchers at Los Alamos were attemptlng to improve their analytical procedure 

and not all the experiments were successful or the results reliable. (Also, after day 42 there were errors in the days-after-injection 

values-these samples were obtained from HP-7’1 ‘ater than shown, going out as far as day 89). Finally, the long-term data for the 

CHI-1 and CAL-1 patients suggested that the urinary‘excretion rate actually continued to fall slowly rather than to stabilize at an 

0.01-per-cent daily rate. 
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per >'ear. or 858 times what the normal 

I',s. citizen receives on average aery 

from natural and manmade radia- 

I,c,[l jources (0.36 rem). 

The urinary escretion rate for CAL- I 

,tarid at 0.5 per cent. aswmed about 

the same rate as for the other tv.0 pa- 

fitnts for the next 12 days. but then 

rfached a constant rate at or below an 

o.01 per cent daily rate from about 15 

JJ!\ onward. When data for a11 three 

patients were viewed beyond 50 to 60 

J;L~> after the injection. it appeared as 

the "constant" excretion rate actually 

continued to fall off gradually. For ex- 

jniple. by 100 days. the CHI-I patient 

had dropped below a daily excretion 

rate of 0.015 per cent and. between 

Ja)s I30 and 155. was averaging 0.008 

per cent. 

Hamilton and his group. in a report re- 

leased a year later on May 3 I. 1916. 

stated: "The retention of plutonium in 

this subject is so great that the loss of 

thih material can be considered negligi- 

ble. The half time of plutonium excre- 

tion is probably greater than fifty 

>ears.'" 

The May 31 report also stated that four 

da>$ after the injection. in the course of 

the planned surgery. "specimens of rib. 

blood. spleen, tumor, omentum, and 

hubcutaneous tissue were taken from the 

patient." Analysis of the bone sample 

{hobved that "the major portion of pluto- 

nium deposited in the skeleton is to be 

found in the bone marrow and trabecu- 

lar [fibrous or spongy] bone." It was 

also estimated that "87.2% of the pluto- 

nium administered was deposited in the 

keleton. procided the rib sample is rep- 

resentative of the skeleton generally." 

What were some of the main conclu- 

jions of the initial injection studies'? 

.An Aupt 29. 1946. report of the 

Chicago work (written by E. R. Russell 

and 1. J. Nickson) stated that: 

The irritian rate of excretion c$ 

pliitoniirm in hiitnaris is e.rceeiling!\ 

In regard to fecal excretion. the report 

stated: 

The fecal mte (q' r.rcre:;* in ofpiirto- 

riiiitn ,$.red iri the hoc!\. is lower 

than the icririap riite by ii fcictor of 

cipp ro.rit 71 ii re 1~ tli ree. It'li (i t r I si - 

tlrric-e we hm.e \c.oiild iticiiciite thLit 

the rcite of fecal rscretion c1oe.s not 

e.rceed 0.003 percent per ciciy OJ' 

the tztrioirnt in the body. 

The May 3 I report of Hamilton's goup 

concluded: 

This high degree of prolonged re- 

tention, together with the tendenc? 

of pliironiirm to become deposited 

adjacent to the bone miirrow in the 

etidosteal iind triibecular re,yioris. 

makes the problem of chronic plii- 

toniirm poisoning a matter of seri- 

ous concern for those bcho come in 

contact bcith this materid. 

Reduction of tolerance limit. On May 

13 and 15. 1945, before the results of 

the third injection experiment (CAL- I ) 

were available. most of the people in- 

volved in this work met at a. conference 

in Chicago to discuss the results of the 

first two human experiments. They still 

could not reach a definite conclusion as 

to what the tolerance limit for plutoni- 

um should be. 

In a May 21. 1945. letter to Friedell. 

Wright Langham stated that Los Alam- 

os should "adopt a conservative arbi- 

trary limit [of one microgram1 for the 

maximum tolerance dose and remove 

all people from further contact with 

material when they have reached that 

limit.'' He agreed with Friedell that 

"this is probably much too low." Nev- 

ertheless. "the urgent need . . . for a 

working basis and the failure of the 

Chicago Meeting to establish a limit 

>rems to make it imperative that we 

adopt a conservative value and go 

ahead.'' He thought "it quite likely that 

further work on the part of other Sroups 

will eventually establish a legal toler- 

ance limit of at least one microgram." 

but in the meantime. the practice of 

consistently retiring workers below that 

limit would take care of "the medico- 

legal aspect" and. "of still greater im- 

portance. [reduce the chance of] poi- 

soning someone in case the material 

proves to be more toxic than one \vould 

normally expect." 

Langham also suggested that they "con- 

tinue to collect 91-hour urine samples 

from [HP- 12]--collecting on every 

third day as long as he is available." 

He wanted to test extrapolations of the 

excretion time curve and to have actual 

samples "with which to try to develop a 

simpler method of assaying." Because 

HP- 12's kidney function had 5houn 

some abnormalities. he also suggested 

repeating "our human study carefully 

on an individual whose kidney function 

has been established as normal be> ond 

question." 

Toward the end of June 1945. after data 

from the first three human-injection ex- 

periments were available, the Manhat- 

tan District Medical Office lowered the 

provisional allowable body tolerance 

for plutonium to I microgram. (The 

Hanford site. because of their operating 

conditions. such as their new remote- 

handling facility. was able to adopt an 

even lower provisional limit of 0.5 mi- 

crogram.) The rationale for this reduc- 

tion by a factor of five was based on 

two kinds of experimental results. The 

first were the results of Met Lab toxici- 

ty experiments with animals in which 

the ability of plutonium and radium to 

create recognizable and measurable in- 

jury, such as death in a certain number 

of days. was compared. The results of 

these studies did not agree with the as- 

sumption. based on alpha energy de- 

posited in tissue. that plutonium should 

be about 50 times less toxic than radi- 



The Human Plutonium Injection Experiments -7 

Figure 3. Deposition of Plutonium in the Bone 

A neutron-induced autoradiograph (magnified 190 times) of portions of trabecular bone 

(8) in dog, showing fission tracks from particles of plutonium deposited on the bone 

surface (S). Radium, in contrast, deposits throughout the bone volume (E). (in Radio- 

biology of Plutonium. 1972. Betsy J. Stover and Webster s. S. Jee, editors. (Universi- 

ty of UtaWSalt Lake City: J.W. Press).) 

um. When radium or plutonium were 

injected in amounts capable of causing 

death in 30 days, they were essentially 

equal in toxicity. As the dose was low- 

ered so that the number of days to 

death increased, plutonium did become 

less toxic than radium, but the ratio was 

typically more like 4 than 50. 

The second type of experimental result 

that lead to the reduction in the toler- 

ance limit were autoradiographic stud- 

ies of bone samples that showed how 

plutonium and radium were deposited. 

Much of both ended up in the bone, but 

radium appeared to be distributed 

throughout the volume of calcified 

bone, whereas plutonium concentrated 

on bone surfaces, especially those sur- 

faces throughout the more biologically 

active portions of the bone, such as the 

bone surfaces where the marrow is lo- 

cated (Figure 3). 

In a report on the May 14 and 15 con- 

ference on plutonium. issued July 23 by 

the Met Lab, it was postulated that plu- 

tonium had a higher level of acute toxi- 

city than expected in relation to radium 

because of the differences in deposi- 

tion. A large proportion of the radium 

buried itself “deep in bony structures 

where it is relatively innocuous from 

the standpoint of acute toxicity.” On 

the other hand, plutonium concentrated 

“in the endosteal layers of bone close to 

the marrow and (at least to a greater 

extent than radium) in soft tissues.“ In 

fact, these same studies found that an- 

other heavy-metal radioisotope, poloni- 

um-210. was about 2 to IO times “as 

toxic as plutonium per unit of alpha-ray 

energy dissipated in the body,” most 

likely a result of the fact that polonium 

concentrated in “highly radio-sensitive 

soft tissues, such as the hematopoietic 

and lymphatic tissues themselves.” 

The Los Alamos Health Handbook. 
On August 17, 1945, Los Alamos is- 

sued the Chemistry and Metallurgy 

Health Hindbook of Radioactive Mate- 

rials, outlining the hazards and safety 

procedures for radioactive materials. 

This handbook put into practice for plu- 

tonium what had been learned from the 

recent animal and human injection stud- 

ies, The introduction stated: 

It was deemed essential to indicate 

to the reader the inrensiile effort 

being made to eliminate idiotion 

health hazards: hence, the detailed 

description of monitoring iristru. 

ments and. as an example, the 

c,hemical away for 19 [PllitQniUm] 

and poloniirm in the urine. . , , The 

M,orker exposed to niiclear radio. 

tions is emphatically ilrqed to foi- 

low the t\.c‘o basic des: 1 l) know 
u11 the possibk rctdi&on hazards 

in a given job. und. 121 see that 

proper protective procedures are 

followed in the job. 

The handbook included a discussion of 

“tolerance“ dose, stating that this 

“means an upper limit to the radiation 

energy absorbed per day indefinitely 

which will be ’absolutely safe.‘ i.e. 

which will produce no observable im- 

pairment of any function of a large 

number of healthy humans.” The hand- 

book went on to discuss the fact that a 

“safety factor” was built into the toler- 

ance limit, but that this factor could 

vary from individual to individual. 

If the average indhidual stays 

within the tolerance limits he can 

be practically certain of suffering 

no impairment qf anv of hisfunc- 

tions. If he exceeds the tolerance 

limits one cannot always predict 

what the results will be. In gener- 

al, however if the tolerance limits 

are not greatly exceeded. the indi- 

vidual need not be considered a 

“dead duck.” for in all probability 

only minor disabilie may result. 

The level established for plutonium was 

a body burden of one microgram. If a 
level of more than one microgram was 

indicated by urine tests, the worker was 

to be “removed from further contact 

with the material.” This level was es- 

tablished by “a persistent excretion of 7 

or more counts per minute per 23 hour 

sample” (which corresponds to a I-mi- 

crogram body burden at an 0.01 -per- 

cent daily excretion rate and a 50-per- 

cent counting efficiency). 

Los Alamos Science Number 23 199 
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In relation to plutonium. the handbook 

added: 

For miterids r.1ic.h (is 49, for 

n./iicIi there is t7ot ii lirrge esperi- 

tv7c.e of’ loriq-period hiimw e.rpo- 

siire. the rolrrnncr cimoiint~ (ire 

iirce.s.sczrily .set \i.irh ii c‘oti.sen~iti~~e 

1.iric3. thus qfordirig tlie possibilie 

of’ cidtiitional .s.fec pictor. Lethal 

iind chronic Cfects of49 tirid Po 

tire heitis? studied e.rtensi~.ely in 

tiriitnals. The rate of elimination 

orid the matitier of depoyition oj.49 

(itid Po in tissues of hitmans is also 

being studied. At some later time 

tlie results of experimentation ~ind 

e-rperience may lecid to an iipktwd 

re\>ision of the spec$ed tolerance 

iimoiints. At present it is .safe for 

rhe \v.orker to proceed Lvith the 

presently accepted tolermce 

\dues, keeping in his favor any 

srrjec factors that ma? result from 

consenutism iri .sp~~.ifiing the 

tolerrrnces. 

1 

One of the safety factors was the fact 

that it took several weeks for the 0.01 

For a recent exposure, 7 counts per 

minute in urine would correspond to a 

body burden lower than 1 microgram. 

Thus. there needed to be a “persistent 

excretion“ at that rate before a person 

*as actually removed from work with 

pluton i urn. 

I 

1 
I per cent excretion rate to be reached. 

The handbook also discussed most of 

u hat was known about the relative dan- 

gers of plutonium and radium. the dif- 

ferences in deposition in the body for 

these two metals. details of the testing 

process (both obtaining the urine sam- 

ples and analyzing them). the various 

ways plutonium might enter the body 

and the relative dangers of each path- 

way. and the fact that plutonium “tends 

to be deposited on the surface of the 

bone in close approximation to the ra- 

diosensitive cells of ttle bone marrow.” 

Hempelmann and his group obviously 

wanted the people working with pluto- 

I 

I 
1 
i 
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nium to be as up-to-date as possible 

about the material and its hazards and 

to understand what was being done to 

protect them. 

Further Human Plutonium 
Injection Experiments 

By late summer 1945. there were still 

serious concerns about the Health 

Group‘s ability to monitor the plutoni- 

um workers adequately and about the 

type of exposures they w 1 ’ receiving. 

Hempelmann documentecl me situation 

in a memo to Kennedy. 

This is to confirm our telephone 

conversation qf 22 June 1945 dur- 

ing which bve discussed the recent 

high e.rposure of personnel in the 

[Plutonium] Recovep Group. At- 

tached is a list of all urine counts 

of the people in this group and of 

high nose counts durin!: the past 

month. This indicates. 1 think, that 

the rituation seems to he getting 

completely out oj. hand. 

The main concern was the fact that. de- 

spite “steps to improve their chemical 

operations,” it was ”a grave medical 

problem.” At Kennedy‘s request. 

Hempelmann reported these facts to 

Oppenheimer in a memo on June 26, 
stating that “as soon as we have evi- 

dence that the men have reached toler- 

ance, I shall . . . advise [Kennedy] that 

they are to be removed from their 

work.” 

Also troubling was the fact that the 

urine assays and nose-swipe counts did 

not correlate well. It was expected that 

in some cases, the urine assays would 

rise. But this would depend on whether 
a high nose-swipe reading was due to . 

hand contamination or an actual inhala- 

tion exposure and then. further. on 
whether the form of the plutonium was 

soluble or insoluble. 

Likewise, there were questions about 

the data from the first three studies. 

The excretion data for CAL- I appeared 

consistently lower than the others: HP- 

12’s data were in doubt because of his 

abnormal kidney function: it was far 

from certain at what value the excretion 

rate leveled off. or even if it did: and 

no autopsy tissue samples had been ob- 

tained (CHI-I would die early in Octo- 

ber from his diagnosed cancer). More 

research was needed-such as a care- 

fully controlled study using about IO 

patients in which excretion samples 

were obtained daily for about three 

weeks. 

On September 5. 1945, Langham and 

Warren mc,: in Rochester with others of 

the Rochester group to complete the 

overall plan for such a series of plutoni- 

um injection experiments in humans. A 

summary of the plan written by Lang- 

ham states that over three six-week pe- 

riods, ten patients would be admitted to 

the metabolism ward at Rochester for 

the purpose of plutonium injections. 

The first two weeks of each \iu-ueek 

period would be a control period uwd 

to “determine the degree of normalcy 

of the metabolism of the subject. collect 

blank feces, get the subject on a stan- 

dard diet. and get ward attendants and 

subjects in the habit of collecting all 

urine and feces.” One of the purposes 

of the control period would be to estab- 

lish “the normal radioactivity content“ 

of the patient due to elements such as 

uranium. thorium, and radium that are 

normally ingested in food. 

At the end of the control period. each 

subject would “be given five micro- 

grams of product in a single intra- 

venous injection. For the next 21 days 

all feces and urine are to be collected 

according to a precise sampling sched- 

ule and periodic blood samples are to 

be taken. These are to be carefully as- 

sayed for ‘product’ by the Santa Fe 

group [Los Alamos].” In other words. 

blood, urine, and fecal samples taken 

both during the control period and after 

the injections woui.; be sent to Los 

Alamos for determination of plutonium 

content (or normal radioactivity). 

20 I 
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Louis Hempelmann (right) with George 

Voelz looking on. 

The stated purpose of the experiment 

has "to establish on a statistical num- 

ber of subjects the relationships existing 

among such factors as the amount of 

product in the body. the level of prod- 

uct in the blood. the amount excreted in 
the urine. the amount excretec he 

feces. and the variations of thi ,)be 

with time." Such data would provide 

":I statistical basis for diagnosing body 

internal contamination from the analysis 

of urine or feces. the obvious purpose 

of u hich is to retire workers before 

Louis H. Hempelmann-1914-1993 

Louis Hempelmann became interested in the use of the cyclotron in medicine 

biology in 1941, and this interest set the stage for an illustrious career in the 

ical field of radiology, health physics, and epidemiology. His work ranged fro 

st;dy of radiation effects among plutonium workers at LOS Alamos to a manu 

follow-up study of thyroid cancer among infants given radiotherapy. 

Born in St. Louis on March 5. 1914, Hempelmann followed his father, an intern 

into medicine. His undergraduate and medical degrees were earned from 

ington University in St. Louis, where he also completed an internship in pathology 

In 1941 ~ Hempelmann spent four months as a Commonwealth Fellow with John 

Lawrence at the Radiation Laboratory in Berkeley, honing skills in the use of the 

cyclotron for radiotherapy. 

Shortly after the war broke out, J. Robert Oppenheimer, Director of the Lae,<iatoq 

at Los Alamos, petitioned John Lawrence for candidates to oversee the health as 
pects of employees at Los Alamos. Oppenheimer envisioned an urgent need for 

safety measures for the radiation work being done and had even specified blw 

tests be taken before there were "any extra neutrons on the Hill." Lawrence 

gested Hempelmann. who arrived at Los Alamos in March of 1943, and assumed 

responsibility for the safety of all technical operations and for directing the Health 

Group. After the war, Stafford Warren wrote a memo to the Director of the Los 

Alamos Laboratory, Norris Bradbury, in which he praised Hempelmann: 

He has done an exceedingly good job. Many men owe their lives to Dr. 

Hempelmann's sound judgment and the practices which he instituted in a ne 

endeavor. There are no men trained in the field nor even in industrial medj- 

cine by which to replace him if he is permitted to resign. 

While at Los Alamos, Hempelmann started the work for which he was best known 

he looked for radiation effects among twenty-seven workers at Los Alamos who 

had received exposures of plutonium and followed them throughout his career. 

George Voelz, his collaborator, continues this study. 

In 1949, Hempelmann published a paper on the danger of using fluoroscopes to 

children's shoes. Shoe-fitting fluoroscopes soon.disappeared. In 1950, Hempel- 

mann joined the faculty at the University of Rochester as an Associate Professor 

they have received harmful amounts of 

the material." Data would be collected 

for 15 days. a time limit that focused 

the study on the early excretion rate 

when it was at its highest level. The 

early rite. of course. *as important to 

the immediate evaluation of workers 

who had e.xperienced accidental expo- 

sures to plutonium. 

ipants at the Rochester meeting "more 

or less agreed that the subjects might be 

chronic arthritics or carcinoma patients 

without primary inLolvement of bone. 

liver. blood or kidneys." It was impor- 

tant that "the subjects hare relati\el! 

normal kidney and liver function. JS It 

is desirable to obtain a metabolic pic- 

ture comparable to that of an actile 

worker." 

Selection of patients. The plan lett the 

selection ot subjects "entirely up to the 

Rouhwer group " Houecer. the partic- 

Thought was giben to the t!pe\ ot clinl- 

cd testing that should precede Lnd kd- 

i 
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erimental Radiology and served as Chairman of the Department of Radiology 
UP 
from ; 3 through. 1971. During this period. Benedict Duffy published a paper on 

ase-sertes of twenty-eight children who had developd thyroid cancer. Surpris- 
ac 

ly, ten of the children had received thymic radiotherapy as infants. Soon after, 
In9 
Hempelmann began his now-famous study of infants who had been given radio- 

therapy for thymic enlargement. Follow-up surveys of these children, conducted 

throughout his career, found an advancing excess of thyroid cancers, excessive 

benign tumors, and possible immunological abnormalities. Such research required 

,billties in scientific design and the organization of large amounts of data because 

the work was initiated before standard chronic-disease epidemiology tech:-,.ques 

had emerged. The finished study is considered a masterpiece by health physi- 

CISts, and today, is being continued by Roy E. Shore of New York University. 

In 1967, Hempelmann suggested to Fred Mettler, a student who wanted to study 

radiation effects in humans, that he conduct a study of women who had received 

x-ray treatments for acute postpartum mastitis 10 to 25 years earlier. They found 

that among 606 women, there were 13 cases of breast cancer when only about 6 

were expected. A number of important studies followed. 

At Rochester, Hempelmann and his colleague's research interests included identi- 

fying blood and urine that could serve as markers to determine the degree of tis- 

sue damage from exposure to ionizing radiation and to clarify the mechanisms in- 

volved in the production of radiation-induced creatinuria in animals. In the 1950s 

and 1960% Hempelmann's laboratory did studies of cellular destruction and protein 

breakdown induced by exposure to x rays, the effect of ionizing radiation on the 

deoxyribonuclease activities of body fluids, the effect of x-ray exposure on the de- 

oxyribonuclease activity of lymphoid tissue, and the effect of x rays on nucleic acid 

catabolism and collagen metabolism. Many significant publications on the effects 

of ionizing radiation on animals were written by Hempelmann and Kurt Altman 

during this time. 

Hempelmann authored or co-authored numerous scientific papers throughout his 

career. The last report, which appeared in 1986, updated his three career-long in- 

terests: the plutonium workers, thyroid cancer after thymic irradiation, and breast 

cancer after postpartum mastitis. The work of this remarkable man remains as 

significant today as it was critical in the past. 

IOU the plutonium injection. For exam- 
ple. hematological tests were needed to 

we if radiation damage from the pluto- 

iiiuni would be obvious in the blood. 

Other tests might detect changes in 
bone. liver. and kidney function.. Such 

clinical tehng was the responsibility of 

the Rochester group. , 

The patients would each "receive a sin- 

gle intravenous injection of 'product"' 

containing 5 micrograms of plutonium. 

The stock solutions were to be prepared 

by Langham at Los Alamos as plutoni- 

um nitrate (in the +J oxidation state). 

and one of the Rochester doctors would 

use aliquots of this stbck solution to 

prepare injection solutions of the pluto- 

nium complexed with citrate. Before 

each injection. an assay would be per- 

formed with an alpha counter to make 

sure that there were approximately 5 

micrograms of plutonium in ewr) half 

milliliter of solution. 

It was also stated in the plan that: 

Col. Warren proposed Lt. Vcileti- 

tine ns the otie to do the iiijrcrioris. 

Dr. Fiink is to be preseirt at dl iri- 

jectiotis to siipenise the ccilihrntioti 

tests. 

The calibration tests included ti ve 

"dummy injections" into volumetric 

flasks using the same solution and sy- 

ringe that would be assayed to deter- 

mine the actual dosage given. "The in- 

jection solution. the 'dummy injection' 

solutions. syringe and needle. and a 
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description of the in.jection technique" 

i\oiild be sent to Langhain so that fur- 

ther assa! s could be performed &I\ a 

check on the dosage. 

.Although it \\as telt that the injected 

dose \\;is \er> \mall. tests that might 

re\eal any changes due to radiation 

\\ere to be curried out on a regular 

basis after the injection. For example. 

the report states: "Though it is extrenie- 

I? iinlihely that such a small dosage 

u ill produce any clinical symptoms. 

those obwn ations that the medical 

croup consider necessary should be 

continued throughout the experimental 

period." Also. an) clinical chemistry 

te\ts of interest could be made ewn 

though it was "doubtful as to Khether 

or not such small amounts of radiation 

[uould] produce effects in these organs 

[bone. kidneb. spleen. and liLer[ that 

can be detected by chemical means." 

The animal data had \hoa.n that the ex- 

creticm rate for plutonium was higher at 

hrst. ,A> a result. the report suggested 

"it b~ould be interesting to take two 12 

hour samples the first day after which a 

straight 14 hour sampling schedule is to 

be maintained for the next 13 days." It 

was also stressed that "the timing of the 

[urine1 sampling begin at [the time of 

the inject ion]." 

Indii idual stools sere to be "collected 

md analyzed separately during the first 

four-day period." After that. "feces 

will be pooled in four-day perioclh." 

E\ ?n though anal? \is of feces had been 

ixli.d out ;is '1 to monitor the pluto- 

nium \norher\. the fecal samples col- 

lected froin the patients uould allow a 

determination of the total amount of 

plutonium being eliininatd. Such in- 

formation \$ ah needed for ;iccurate eval- 

tiation\ of plutonium concentrations re- 

sulting from accidental exposures. 

including inhalation Lind kbounds. 

It was 3150 decided that because all data 

"except the 'product' content of blood. 

urine and feces samples uill originate 

at Rochester . . . thi\ is the logical 

201 

place to heep the complete record '' 

Thus. Los Alamos Lbcould periodically 

report their anal)tical results to the 

Rochester \ite 

Choice of the size of the dose. U'hat 

can be said about the Rochester experi- 

ments and the choice io continue nith 

3 - micros r am p I u to n i urn i n i e c t i o n \ de- 

\pite the fact that the tolerance limit for 

workers had been reduced to I micro- 

gram'! A year or two after the study. 

an undated draft report of the work \\ab 

uritten (most likely in late 1947 or 

early 1918 by Dr. Samuel Bassett at the 

L'niwrsity of Rochester. e\ en though 

both Bassett and Langham are listed as 

authors). ,A section in thi\ report enti- 

tled "Choice of size of dose" states: 

This section recounts the usual compar- 

ison of radium and plutonium alpha en- 

ergies (resulting in an estimate of a 

4.17-microgram tolerance dose) but 

then goes on to say that there was "an- 

other and highly practical considera- 

tion," namely that "there u'as every rea- 

son to believe on the basis of animal 

experiments and one human case. that 

injected plutonium would be largely re- 

tained . . . [and] if the quantit) injected 

was too small. the absolute amount 

eliminated would [be less] than could 

be measured with reasonable accuracy 

by current analytical procedures." One 

of the wurces of such concern. in 1945. 

was most likely the spread in urine as- 

says. including especially those of 

CAL- I. \.G hich were consistently lower 

than those of HP- 12 and CHI- 1 by 

about a factor of two. (A review of the 

C.-\L- I excretion data suggests that the 

recorded dose administered to this pa- 

tient inay have been in error on the low 

side by a factor Of 2. Correction hv 

this factor makes the data of C,q-.; 

other injected subjects. 1 

pear consi\tent with the data of ;ill {he JP- 

The study being en\ isioned for funhe, 

human injections ~ould inbolvt r=tab- 

listling "on a \tatistical number of ,ub. 

jects the relationship existing amono 

such factors as the amount excreted 

urine and fecc.; and the \ariation\ 

with time." In addition. blood 

iamplrs and. on occahion. ti\sue \am. 

ples ucwld be analyzed when the! liere 

obtained at autopsy. Thus. it seemed 

appropriate that the studies bhould in- 

~o1t.e 24-hour urine sample\. plutonium 

doses at the 5-micogram le~el. and 

least 10 sets of data collected o\er a 

'j-day period after the injection. 

the 

The draft report written by Langhaiil 

and Bassett in 1947 or 1948 added that 

"the dilemma of possible late radiation 

hazard was met by the [>election] of 

ubjects believed to haLe short life rx- 

pectancies." They concluded: 

In a footnote. they mentioned the pro\i- 

sional 1 .O-microgram body-burden limit 

set for the workers by the Manhattan 

District. 

The Rochester Patients. EleLen pa- 

tients (HP- I through HP- 1 I in Table 2. 

pase 208) were injected uith plutonium 

at the Roche\ter site during a period 

trom October 1945 through Jul? 1946 

The pdients included seieii men md 

tour \\omen uho ranged in age trom 41 

through 68. uith the exception ot one 

IS->ear-old. None ot the pdieiits \\ere 

I 
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Thew last criteria. it \\as hoped. would 

,i\oid "late radiation effects [wch as 

ciiicerl" and present the opportunity. in 

\oine case\. to "obtain po\t mortem ma- 

icri~l..' There were exception\ to the 

"nile": three of the Rochester patients 

\\ei-c hoiinger than 45 (18. 41. and 44). 

although the I X->ear-old &as wriously 

ill iCii\hing'\ \!ndronie) and only lived 

:inother !car md a half. 

Estimating Effects of the Injection Dose 

Several methods were used to estimate the potential effects of the amount of 

plutonium being injected into the human Subjects. These methods were out- 

lined in the various documents written at the time or published later in the 

fifties. and here, we summarize two of these. 

Acute toxicity. An accepted approach, especially for chemical toxicity, was 

to determine the acute-toxic LD50 dose for animals (the amount that caused 

death in 50 per cent of the animals) and then set the safe level for humans at 

least 10 times lower. Plutonium injections in rats showed (on the basis of mi- 

crograms per kilogram of body weight): 700 to 1000 micrograms caused half 

the animals to die in 30 days: 200 to 600 micrograms caused half to die in 

150 days; and 10 micrograms caused no deaths after 420 days. The "sP'~" 

acute-toxicity dose would thus appear to be 20 to 60 micrograms per kilo- 

gram of body weight i1500 to 4600 micrograms total for a 170-pound per- 

son). Using acute toxicity is most applicable for terminal cases, such as the 

three Chicago patients (see Table 2, page 208). The injection dose for CHT-1 

was about 0.06 microgram per kilogram of body weight, more than a hundred 

times lower than the observed no-effects dose in rats. CHI-2 and CHI-3 were 

each given the maximum injection dose of any patient in the various studies. 

and this dose was about 2.5 micrograms per kilogram of body weight, Still 4 

times lower than the no-effects dose in rats and about 10 times lower than 

the "safe" acute-toxicity dose. The Chicago scientists were.thus able to con- 

clude in a report discussing CHI-1 and CHI-2 that "insofar as can be deter- 

mined the clinical course in neither of the two cases was influenced by the in- 

jection of plutonium." (Clinical data for CHI-3 were never documented.) 

An alpha-emitter safe dose. In a draft report authored by Bassett and Lang- 

ham in 1947 or 1948, they stated that an accepted safe dose to irradiated tis- 

sue for an alpha emitter was 0.01 rep per day (where 1 rep, a "roentgen 

equivalent physical," corresponds to the absorption of 93 ergs per gram of tis- 

sue). They felt that "a dose of this [size] appears to carry little likelihood of in- 

jury to cells." Using the activity of plutonium-239 and the energy of its alpha 

particles, they calculated that this dose corresponds to 32.6 micrograms of 

plutonium if the plutonium is distributed uniformly throughout the body and 5.2 

micrograms if the plutonium is concentrated in the skelton with a uniform dis- 

tribution in bone. "Unfortunately," they wrote, "radioautographs reveal a far 

from uniform distribution of plutonium in bone." Furthermore, "early localiza- 

tion of a large fraction of the dose in the liver . . . is a distinct possibility." 

They estimated that, in the regions where the plutonium concentrated. a 5-mi- 

crogram body burden could result in a dose to tissue that was ten times high- 

er than the accepted safe dose of 0.01 rep per day. Thus, they were aware 

of the fact that a 5-microgram dose most likely exceeded accepted standards, 

depending on the assumptions regarding distribution in the body. 

After the plutonium injection. urine and 

stool sample\ wre collected o\er a pe- 

riod rungin? from 22 to 65 du>\. L'rine 

\\ as collected as 2-I-hour wnple\. CY- 

cept on the tir\t Ja> \\hen tno I '-hour 

samples were taken. Fecal saiiiple\ 

\cere collected daily for the tint teu 

da)\, then generally pooled ;It -I-cla! 111- 

ten 31s. Blood sample?; were obt,iiriid .I[ 

'.frequent intrr\.als" after the iiijccLitjti 
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By March 1946. Langham had excre- - 
tion data from HP-I2 at Oak Ridge for 

89 days after the injection and from the 

tirst seven Rochester patients for some 

25 days. After reviewing these data, 

Langham informed Bassett on March 

I3 that: 

The work here is coming along 

tiicri).. I itwit over .some of our 

data \r.ith our medical phFsicist 

[Joseph G. Hqfinan]. We tried to 

e.rtrapo1cite our excretion curves 

und deri1.e a mathe~natical e.rpres- 

sion fbr calculating the citnount of 

ttiaterial reniainitig in the body at 

ten cind jijteen !ears. He was 

ctlrrrtned orid disnppoinred that bve 

Id not ji)llo\c.ed the excretion fur- 

fact, one of the great pioneers in what became the modern field of health physics, 

Born in Winsburro, Texas, May 21, 191 1, and raised in a nonacademic, nonprofes. 

sional environment, Langham put himself through every measure of his schooling 

by hard work. He attended Panhandle A.&M. College (B.S., chemistry, 1934), Ok- 

lahoma A.&M. College (M.S., chemistry, 1935), and the University of Colorado 

(Ph.D., biochemistry, 1943). After receiving his doctorate, Langham joined the PIU. 

tonium Project at the Met Lab in Chicago, and in 1944, he came to Los Alamos. 

Eventually, he went on to become Associate Division Leader for Biomedical Re- 

search before his untimely death in a local air-commuter crash in 1972. 

Although educated in biochemistry, Langharn’s major contributions were made in 

the fields of radiation biology and radiation toxicology. As discussed at length in 

the main article, Langham helped develop, in 1945, the early bioassay procedures 

for estimating plutonium body burdens. From the data gathered in the plutonium 

injection experiments, he determined the universally used “Langham equation” for 

plutonium excretion. He was active in stimulating and correlating nearly all of the 

toxicological work on plutonium and related elements for Los Alamos, Argonne, 

Rochester, and later, the programs at Utah and other laboratories. He took an ac. 

tive part in determining the values for the maximum permissible body burden of 

Wright Haskell Langham--1911-1972 

As you can see, I have not made any great contributions to science. 1 have ne 

been a scientific bride-so to speak-but I have been a bridesmaid at some of 

biggest and most interesting scientific weddings in history. 

Wright Langham penciled those words on note paper during an interview regardin 

the book “The Bombs of Palomares.” A humble statement from a man who be- 

came known throughout the biomedical world as “Mr. Plutonium.” Langham was, i 

plutonium and derived allowable air and water concentrations for exposure to plut 

nium, figures that stand essentially unchanged today. There is no major work in 

the field of plutonium toxicology that does not bear the hallmark of his work and 

rher in each case. It is his opinion 

that the result should be jollowed 

to 244 days in order that an accii- 

rate mathetnatical interpretation 

cat1 be mnde. This etnphrrsi;e.s to 

me the necessip (flour tning to 

get each patient back into the hos- 

pital jor an occasional study if it is 

possible from ymr point of LGekc.. 

In fact, additional urine and fecal sam- 

ples had been collected in Rochester 

from three of the patients (HP-7, HP-4, 

and HP-7) about 80 days’ after their in- 

jections, although Langharn did not re- 

alize this because of a tabulation error. 

(The analyses were done in a secure 

area--”behind the fence”-whereas 

Langham worked in the “rat lab“ out- 

side, and when the data were trans- 

ferred. the final compilation made them 

appear to be a continuation of the earli- 

er sequential data after day 25.) In re- 

sponse to Langharn’s letter, additional 

urine and fecal samples were collected 

for HP-8 continuously out to day 65 

after the injection and for HP-9 and 

HP-IO through day 36 and day 30. 

respectively. 

Within a year. five of the subjects had 

died from their diagnosed illnesses and 

tissue samples were obtained from three 

of these cases: HP-5. a 56-year-old man 
with Lou Gehrig’s disease who died of 

bronchopneumonia: HP-9..a 61-ysar-ol6 

male with dermatomyositis (an inHarn- 

matory reaction of unknown cau.ze 
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&as, either by direct contribution or by reference to his publications No major in- 

cl,jent involving plutonium contamination went without the benefit of his direct par- 

t,clpation or consultation He was in constant demand by both the military and the 

federal government in nearly every biomedical phase of the development of nuclear 

energy 

Langham may well be identified with his plutonium toxicology work, but it must also 

be remembered he made invaluable contributions in other areas of radiobiology. 

He participated in studies of the ultimate effects of low levels and high doses of ra- 

diation and in an intensive program on the biological effectiveness of diverse types 

of radiation in a variety of animal species. That work eventually led him to consid- 

er the radiobiological problems of manned space flight and similar work for NASA 

and the National Academy of Sciences Space Science Board. Under the auspices 

of the Space Science Board, he wrote the definitive volume on radiobiological fac- 

tors in manned space flight. 

Langham authored or coauthored numerous scientific papers and reviews and held 

positlons of leadership on many committees, among them the first Chairman of the 

National Council on Radiation Protection Subcommittee on Relative Biological Ef- 

fectiveness from 1957 to 1960. He was a member of the Health Physics Society 

and served on the board of directors (1 958-61) and as president (1968-69). 

Langham was extremely efficient, a superb organizer, and could be counted on to 

speak up for his convictions both as a researcher and as an administrator. For ex- 

ample, he sponsored and encouraged liquid-scintillation-detector development (see 

"Los Alamos Radiation Detectors for Biology and Medicine," page 274). He was 

never one to be over-impressed by authority, whether it be by rank, position, or lin- 

eage. As told by those who knew him, he would always champion the safety and 

health of the workers responsible for handling the new-age metal, plutonium. 

in\ol\ ing depeneratile changes of skin 

and uscle) who also died of bron- 

chopneumonia: and HP- I I. an 69-year- 

old man wffering from alcoholism. 

malnutrition. dyspnea. and abdominal 

\uelljng who  as moribund at the time 

of the injection and lived only 6 more 

h>s. These ti\sue samples were ana- 

I!rd to help determine the distribution 

of plutonium in the body. 

The injection doses for the I1 patients 

ranged from 4.6 to 6.5 micrograms of 

pi uton i u in- 2 39. res u I t i n g in effect i L e 

dose-qui\ alrnts that ranged from about 

24 to 43 rem per year. or about 67 to 

120 time5 the U.S. alerage annual ef- 

fectile do4e-equivalent from natural 

and inanmade radiation sources. The 

total dese received by each patient was. 

therefore. mainly a function of the 

number of years they lived after the in- 

jection. These total doses ranged from 

0.6 rem (for HP-I I. who lived 6 days) 

to 1000 rem (for HP-8, who libed al- 

most 30 more years). 

Two more Chicago patients. Halfway 

through the Rochester injection experi- 

ments, the Chicago Health Division. on 

December 17. 194.5. authorized the in- 

jection of two additional patients with 

plutonium. Both patients were consid- 

ered terminal: one was a 56-yr-old 

woman with metastasized breast cancer 

~ho was close to death: the other was a 

loung adult male who most likely had 

Hodgkin's disease. These tWo patients. 

because they were terminal. were in- 

jected with 95 micrograms of plutoni- 

um-239. the largest amounts (in terms 

of mass of plutonium and amount of ra- 

dioactivity) injected into any of the 

eighteen plutonium-injection patients. 

Because of the short survival times 

after injection ( 17 days and about 170 

days, respectively). these patients did 

not receive the highest total dose\. 

Less than a month after the moribund 

patient (HP-I 1) at Rochester had been 

injected with 5 micrograms of plutoni- 

um (on March 13). Langham had urit- 

ten to Bassett. saying: 
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Table 2. The Eighteen Patients Injected With Plutonium 

Case number and Date Date Survival Age at Cause of 

description Injected' of death time 

HP-12 April 10, 1945 Apr 13, 1953 2 925 days 63 heart failure 

CHI-1 April 26, 1945 Oct. 3, 1945 160 days 68 cancer of chin, lungs 
68-yr-old man (5 2 months) 

CAL-1 May 14, 1945 Jan. 9, 1966 7,545 days 79 heart disease 
58-yr-old man (20 7 yrs) 

4 

death death* . 
55-yr-old man (8 0 yrs) - 

- 

HP-1 
67-yr-old man 

7 

Oct. 16, 1945 Jan. 12, 1960 5,201 days 81 bronchopneumonia 

(14.2 yrs) 
~~ 

HP-2 
48-yr-old man 

- 
Oct. 23, 1945 Apr. 4, 1948 .894 days 50 brain disease 

(2.4 yrs) 
- ~~~~~~ 

HP-3 Nov. 27, 1945 Jan. 24, 1983 13,571 days 85 acute cardiac arrest 
48-yr-old woman (37.2 yrs) 

HP-4 Nov. 27, 1945 Apr. 29, 1947 518 days 20 Cushing's syndrome 
18-yr-old woman (1.4 yrs) 

HP-5 Nov. 30, 1945 Apr. 29, 1946 150 days 57 bronchopneumonia 
56-yr-old man (4.9 months) 

~~~-~ ~ ~ 

CHI-2 Dec. 27, 1945 Jan. 13, 1946 17 days 56 breast cancer 
56-yr-old woman 

CHI-3 Qec. 27, 1945 June 1946 about 170 days not probably 
young adult male (5.6 months) known Hodgin's Disease 

HP-6 Feb. 1, 1946 May 6, 1984 13,974 days 82 natural death 
44-yr-old man (38.2 yrs) 

HP-7 Feb. 8, 1946 Oct. 27, 1946 261 days 60 pulmonary failure 
59-yr-old woman (8.5 months) 

HP-11 Feb. 20, 1946 Feb. 26, 1946 6 days 69 bronchopneumonia 

69-yr-old man 

unknown HP-8 March 9, 1946 Nov. 22, 1975 10,850 days '1 
41 -yr-old woman (29.7 yrs) 

HP-9 April 3, 1946 
64-yr-old man (1.2 yrs) 

CAL-2 April 26, 1946 Jan. 6, 1947 
4-yr, 1 0-month-old boy 

July 2, 1947 455 days 65 bronchopneumonia 

255 days 5 bone cancer 
(8.4 months) 

~~~ ~ ~~ ~ ~ 

HP-10 July 16, 1946 June 2, 1957 3,974 days 63 heart disease 
52-yr-old man (1 0.9 yrs) 

CAL-3 July 18, 1947 June 30, 1991 16,050 days 80 
36-yr-old man (44.0 yrs) 

respiratory failure, 
pneumonia 

'The ages at inlection and at death are based on the known dates of birth as determined by Pat Durbin, they differ in a few cases from the ages given by 

"The inlection dose gives an upper limit for the patient's body burden For example, it IS now estimated that after 27 yeam. about 82 4 per cent of the injected 

Langham et al , in LA-1 151 

dose would still remain in the body 

Some of the dates of death are based on information found by Eileen WelSOme 

LQS AIamos Science Number 23 1995 
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/ 

Weight of Activity Total Dose to Ailments, tissue samples, 
injected Of Pu-239 effective background and remarks 

Pu-239 (pg)f* (nci) dose (rem)t ratio* 

4.7 290 230 80 auto accident victim at Oak Ridge Hospital: bone 
sample taken in surgery, teeth obtained later 

6.5 400 19 120 cancer of chin, metastasis to lungs; near death 
when injected; autospy samples taken 

0.75 (239) 46 (239) 6400 858 gastric neoplasm; misdiagnosed with stomach 
0.20 (238) 3.500 (238) cancer; tumor and other tissue taken in surgery 

4.6 280 380 74 duodenal ulcer, severe 
gastrointestinal hemorrhage 

- 
5.1 310 80 92 hemophilia and heart disease 

4.9 300 880 66 rash, hepatitis, and hypoproteinemia 

- 

4.9 300 
~ 

46 90 Gushing's syndrome, a metabolic disorder 

5.1 310 14 95 Lou Gehrig's disease; 
autopsy samples taken 

94.9 5,900 29 1730 breast cancer lhat had metastasized; 
autospy samples taken 

94.9 5,900 300 1790 Hodgkin's disease 

5.3 330 990 72 Addison's disease, a hormonal deficiency disease 

6.3 390 30 117 rheumatic heart disease 

6.5 400 0.6 100 chronic malnutrition, alcoholism, cirrhosis of liver; 
moribund at injection; autospy samples taken 

6.5 400 
~ ~ 

scleroderma, a chronic skin disease, 
and duodenal ulcer 

6.3 390 
~ ~~ 

52 116 
~ ~ ~ 

generalized dermititis and weakness; 
autospy samples taken 

1 
2.7 (plus radio- 169 13 52 osteogenic sarcoma, a rare form of bone cancer: 

cerium & yttrium) bone samples taken 

6.1 380 41 0 104 acute congestive heart failure 

0.006 (238) 95 155 10 purportedly bone cancer in left knee; leg 
amputation removed half the plutonium; bone 
samples taken; injection was intramuscular 

+The total effective dose was calculated using biokinetic models recommended by the International Commission on Radiological Protection. ICRP Publication 30. 

and all the values represent the dose received by. each individual over the period from the time of injection to the time of death 

*The dose to background ratio was calculated by taking the ratio of the patient's total effective dose to the estimated dose for an average U S citizen over the 

Period from the time of injection to the time of death (where the average annual U S effective dose equivalent was taken to be 0 360 rem) 
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conrinuedfrom page 207 

least. The specimens have already 

arrived and I am making prepara- 

tions to analyze them. . . . In case 

you should decide TO do another 

terminal case, I suggest you use 50 

micrograms instead of5. This 

would permit the analysis of much 

smaller samples and would make 

my work considerably easier. I 

have just received word that 

Chicago is performing two termi- 

nal experiments using 95 micro- 

grams each. I feel reasonably cer- 

tain there would be no harm in 

using larger amounts of material if 
you are sure the case is a terminal 

one. 

On March 27, Bassett replied, saying 

that “this case did turn out to be termi- 

nal. but at the time I started the experi- 

mental period, there was sufficient un- 

certainty regarding the outcome to 

make me feel that the dose should be 

within the range of tolerance.” He 

added that “if a suitable opportunity oc- 

curred and if you are very anxious that 

I should cany it through, I will see 

what can be done [about a 50-micro- 

gram dose in a terminal patient].” The 

opportunity never occurred. 

The Chicago scientists also studied the 

gastrointestinal absorption of plutonium 

by having, on May 13, 1946, six male 

employees of the Met Lab drink a 

water solution containing 0.35 
nanocuries (or about 6 nanograms) of 

plutonium-239. That amount was about 

a factor of a thousand or ten-thousand 

less than the amount injected into the 

Chicago patients, so the plutonium ex- 

creted in the urine and feces was barely 

detectable. Besides measuring the frac- 

tion of the plutonium absorbed by the 

gastrointestinal tract, the scientists used 

the results to improve the interpretation 

of plutonium exposure and bioassay 

data collected from occupationally ex- 

posed workers. 

- 

More California patients. On April 

7-6, 1946. Hamilton and his group at the 

University ( lifornia Hospital in 

San Francisco continued their studies, 

injecting 2.7 micrograms of plutonium- 

239 intravenously in a 4-year-old boy 

suffering from terminal bone cancer 

(CAL-2). The injection solution also 

contained radioactive cerium and yttri- 

um. A week later, surgery was per- 

formed and significant bone and tissue 

samples were taken. The samples were 

analyzed for the uptake of the radioiso- 

topes and comparisons were made be- 

tween normal and tumor tissue. Thus, 

the experiment may have been both a 

continuation of Hamilton’s 1941 re- 

search to find a therapeutic treatment 

for bone cancer and a continuation of 

the Manhattan Project plutonium me- 

tabolism research-the data were ap- 

plicable to both studies. 

On July 18. 1947, a third person, a 36- 

year-old man, purportedly with bone 

cancer in the leg, was injected with a 

mixture of plutonium-238 and tracer 

amounts of other radioisotopes. That 

injection was done intramuscularly, 

rather than intravenously, and after his 

leg was amputated at mid-thigh, the de- 

position of plutonium in the bone and 

tissue was determined. A month earli- 

er. on June 10, a 16-year-old boy with 

bone cancer had also received an intra- 

muscular injection, but with americium 

rather than plutonium. Again, part of 
the patient’s leg was amputated and tis- 

sue samples were analyzed. Both these 

experiments may also have been a con- 

tinuation of the bone-cancer research 

and were possibly done independently 

of the Manhattan Project or its succes- 

sor, the Atomic Energy Commission 

(AEC). 

Such “dual-purpose” research produced 

further data for the Manhattan Project 

but also allowed physicians to search 

for radioisotopes that could be used to 

treat cancer. The radioisotopes being 

administered would not have any thera- 

peutic value for the people receiving 

the injections-the quantities were too 

small-but the studies might have led 

to the development of new therapies for 

future patients. 

Results of the Injection 
Experiments 

By 1950. five years after the start of the 

study, Langham and Bassett. as well as 

Payne Harris and Robert Carter from 

Los Alamos, wrote a classified repon 

(LA-1151) that summarized much of 
what had been learned from the eleven 

Rochester patients, the Oak Ridge pa- 

tient, the three Chicago patients, and 

the first California patient. They con- 

cluded that about two-thirds (66 per 

cent) of the plutonium injected into the 

bloodstream was deposited in the skele. 

ton and more than a fifth (23 per cent) 

was deposited in the liver. Thus, “the 

skeletal system and liver are the tissues 

of major interest when considering the 

plutonium tolerance, as these two or- 

gans alone account for 90% or more of 

the total plutonium in the entire body.” 

The level of plutonium’ in the blood 

was high at first (35.7 per cent of the 

injected amount after 4 hours and 15.7 

per cent after 1 day) but fell rapidly 

(1.2 per cent after 10 days and 0.3 per 

cent after 30 days), which ruled out the 

use of blood tests “as a means of diag- 

nosing the degree of exposure of per- 

sonnel.” 

The Los Alamos report used the accu- 

mulated data obtained from the fifteen 

patients to determine excretion rate 

equations, which appeared (for both 

urinary and fecal excretion) to be most 

easily described by ”a logarithmic func- 

tion: 

Y = a x-b. 

where Y is the amount of plutonium 

(expressed as a per cent of injected 

dose) excreted in a single day. X is the 

time of observation in days after the in- 

jection, and a and b are constants de- 

rived from the observable data by the 

method of least squares.” This equa- 

tion was what they had been striving 

for-a general formula describing the 

amount excreted as a function of time 

that could be extrapolated back to the 

amount originally taken in by the 

2 10 
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body-and it became known as the 

Langham power-function model. 

They were able to fit the mean daily 

,xcretion data from fifteen patients to 

this type Of expression for 138 days . 
after the injection (see Figure 4). How- 

ever, if only the first ten days of data 

were used, the best fit gave a different 

exponent (- 1 .O rather than -0.77). They 

Beyond 138 days, extrapolation of the 

Langham power function “introduces 

increasing uncertainty with increasing 

values of X,” which made it difficult to 

determine a “biological half-life” for 

plutonium. For those reasons, they had 

felt it “important to supplement the 

urine excretion data beyond 138 days 

to the greatest possible extent.” As a 

result, they had obtained additional 
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Figure 4. Plutonium Excretion for 138 Days 

These excretion data for the human injection experiments, as presented in the original 

Los Alamos Scientific Laboratory Report LA-1151 and reproduced in a 1980 Health 

Physics article, represent the observed means for the excretion data of the injected pa- 

tients. A power-function fit is given for urinary (squares), fecal (triangles), and total 

excretion (circles). 

felt that “this difference , . . may be 

due ‘to the clearance of the injected plu- 

tonium from the blood during this early 

period after injection.” Thus, if a 

worker was receiving chronic but vari- 

able exposures to plutonium, an initial 

screening assay could be used to deter- 

mine if he should be removed from fur- 

ther exposures, but a precise value for 

the body burden could only be deter- 

mined from later assays, after the first 

ten days. At that time, the initially 

higher excretion rates for any recent ex- 

posures would no longer be masking 

the lower excretion rates of the less re- 

cent exposures. and the assays would 

reflect the actual amount accumulated 

in the body. 
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urine samples from two of the 

Rochester patients (four consecutive 

daily urine samples from HP-6 a year- 

and-a-half after the injection, and four 

consecutive daily urine samples from 

both HP-6 and HP-3 four-and-a-half 

years after the injection). Those 

longer-term data showed an excretion 

rate consistent with that predicted from 

the power-function model derived from 

the 138-day data. which gave Langham 

confidence that a one-term power-func- 

tion model was a satisfactory way to 

treat even long-term data. 

Los Alamos workers. The plutonium 

workers at Los Alamos were another 

source of long-term urinary excretion 

data. Between 1944 and 1950, over 

6000 urine analyses were made on 

workers, and of these men, 27 excreted 

measurable amounts of plutonium. For 

this latter group, the exposures had all 

occurred in the early work between 

1944 and 1946, and the records showed 

one or more instances of high nose- 

swipe counts in each case. (Four of 

these men had been removed from fur- 

ther exposure to the substance in 1945; 

twenty-two of the twenty-seven left Los 

Alamos after 1946; and only a couple 

remained working with plutonium after 

1946). Body burdens were estimated 

for the 27 workers using the 0.01-per- 

cent excretion model, and the values 

ranged from 0.1 to 1.2 micrograms. 

(These men are referred to as the UPPU 

club-see “On the Front Lines.” A 

study of their health has been conduct- 

ed from 1952 to the present, first by 

Langham and Hempelmann and, later, 

by George Voelz.) 

One of the sources of concern to 

Hempelmann and Langham was the 

fact that, for some of the men, there 

was a poor correlation between an ap- 

parent inhalation exposure, as indicated 

by a high nose-swipe count, and subse- 

quent positive urine assays. The poor 

correlation could have been due to hand 

contamination of the nose or the result 

of an exposure to insoluble plutonium 

particles that took awhile to be ab- 

sorbed into the circulatory system and. 

thus, detectable in the urine. They con- 

cluded that the nose-swipe data should 

be treated as supplementary information 

to the urine assays and moved ahead 

with their analysis, not knowing in 

many cases the date of the primary ex- 

posure to the worker. 

Although the plutonium body burden in 

a given worker was the result of multi- 

ple unknown doses that had built up 

over an indefinite period rather than a 

5ingle. measured exposure, the chronic 

exposure could be treated in terms of 

an eflectitv single dose given at some 

effective time during the period the 

worker was exposed in 1945. The 138- 

71 I 
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Figure 5. Plutonium Excretion for 1750 Days 
These plutonium excretion data, as presented in the original Los Alamos Scientific Lab- 

oratory Report LA-1151 and reproduced in a 1980 Hdth Physics article, include the 

additional long-term points for the plutonium injectees HP-3 and HP-6 (circles) and data 

for three Los Alamos plutonium workers (triangles). The top curve represents total 

(urinary plus fecal) excretion; the lower curve, urinary excretion. 

day power-function model was used 

with the urinary excretion data of three 

workers to calculate their body burdens 

(two measurements separated enough to 

be significantly different, and with no 

exposures in between, were used in the 

calculation). Then the data of the 

workers were combined with the addi- 

tional long-term data of the injectees to 
produce a longer excretion curve (Fig- 

ure 5). The urinary-excretion equation 

derived from these data through 1750 

days (almost 5 years) was: 

Y, = 0.20 x-0.74. 

A similar equation was obtained for 

fecal excretion, but it was based only 

on data from the patients through 138 

days. This expression, plus a few ob- 

servations of fecal excretion at later 

times, indicated that roughly equal 

amounts of plutonium are excreted in 

the urine and the feces over the first 

month. By the end of a year, however, 

although both excretion rates have 

dropped in absolute terms, there is 

about four times as much in the urine 

as in the feces. The equation for total 

excretion of plutonium was obtained by 

adding the separate expressions for uri- 

nary and fecal excretion. 

By integrating the expression for total 

excretion of plutonium, it was deter- 

mined that only about 8.7 per cent of a 

single plutonium dose is excreted in the 

urine and feces over a five-year period 

and 12.7 per cent in 20 years. This 

very slow rate of elimination led the 

authors to conclude that it would take 

about 1 18 years for the body to elimi- 

nate half of the plutonium (the biologi- 

cal half-life). Futhermore, there was 

“no practical significance . . . in permit- 

ting the return to work of an individual 

who has reached the maximum permis- 

sible body burden.” In other words, 

“once a worker is retired from work 

with plutonium . . . it must be assumed 

that he is retired . . . for the balance of 

his lifetime.” 

What happened to the injectees? Of 

the 18 people in Table 2 who were in- 

jected with plutonium, 11 died less than 

10 years later, before any long-term ef- 

fects should have been seen. Eight of 

those 11 died within two years of the 

injection; a ninth died about 2.5 years 

after the injection. The 8 people who 
lived much longer survived for times 

ranging from 10.9 years to 38.2 yeas, 

HP-6 lived the longest, dying when he 

was 82 years old. In fact, four of the 

patients lived into their eighties and 

two into their seventies. 

There is no evidence that any of the pa- 

tients died for reasons that could be at- 

tributed to the plutonium injections 

(one cause of death is unknown). Ten 

of the patients died from the disease for 

which they were admitted to the hospi. 

tal prior to their injection (or from corn. 

plications related to that diseasej. Of 

the others, there is evidence that several 

of them benefited from their stay in the 

hospital. For example, the patient wlth 

Addison’s Disease (HP-6). the result of 

insufficient steroid hormones. had ac- 

cess in the clinic to steriods and the 

close observation needed to achieve 

proper regulation of a hormone-supple- 

ment regime. A woman patient (HP-3) 

suffering from an unexplained weight 

loss was thought to have some undiag- 

nosed chronic disease; however, the 

close medical scrutiny permitted the 

physicians to recognize that she was in- 

stead suffering from severe depression. 

The increased attention she received at 

the hospital may have helped her be- 

cause she apparently recovered and 

lived another 37 years. 

On the other hand, with the end of the 

war in 1945, many of the health 

physics researchers throughout the 

Manhattan Project moved on to other 

jobs and organizations or became in- 
volved in other studies. For example, 

many of Hempelmann’s staff were 

commandeered late in 1945 to study the 

effects of the atomic bombings in 

Japan, and on their return, many of 

those were released from service. By 

1946, Langham was deeply involved in 

studies of the fallout from atmospheric 

testing of weapons in the Pacific. 

Stone returned to Berkeley, and both 

Bassett and Warren eventually went to 

the University of California in Los An- 

geles. The attention of the researchers 

212 Los Alamos Science Number 23 1995 



The Human Plutonium Injection Experiments 

was thus diverted away from the injec- 

tion studies. 

In addition. the transfer, in January 

1947, of the Manhattan Project to the 

sion caused the injection studies to be 

,iewed in a different light-a senstive, 

potentially embarrassing one. As a re- 

sult of these various forces, no one fol- 

lowed up the ten remaining plutonium 

injection patients. the only people with 

,&characterized plutonium doses, to 

determine the impact of plutonium on 

their health. Likewise. the eventual 

long-term study of Los Alamos plutoni- 

um workers with significant body bur- 

dens was not started until 1952. 

formed Atomic Energy Commis- 

The impact on workers. What was 

the impact of the injection studies on 

the people working with plutonium at 

LOS Alamos? In July 1945, five Los 

Alamos plutonium workers were judged 

to have body burdens equal to or above 

the I-microgram tolerance limit (calcu- 

lated by applying the 0.01 -per-cent ex- 

cretion model to their urine assays). 

These workers were removed from fur- 

ther work with plutonium. When 

World War I1 ended in August 1945, 

all plutonium-related research at Los 

Alamos was discontinued pending com- 

pletion of a new plutonium laboratory 

then under construction (see “Middle 

Years--1952 to 1978 at DP Site.” page 

131). The new facility was fully occu- 

pied by November 1945, and the.im- 

proved working conditions reduced the 

probability of serious accidental expo- 

sures. After that. very few workers re- 

ceived significant plutonium exposures, 

especially those involving inhalation. 

Meanwhile, the’O.O 1-per-cent excretion 

model continued as a straightforward 

way to estimate a worker’s accumulated 

plutonium burden (firmly established by 

a 1946 summary of the human injection 

data by Russell and Nixon). For exam- 

ple. several editions of the Generd 

Handbook for Radiation Monitoring 

published by Los Alamos (LA- 1835) 

after the war stated that measuring 14 

disintegrations per minute for plutoni- 

um-239 in a 24-hour urine sample col- 

lected about a month after exposure 

would correspond approximately to a 

permissible body burden. That activity 

was equivalent, for a 0.0 I -per-cent ex- 

cretion rate, to a I-microgram (or 63- 

nanocurie) body burden. 

Chronic exposures. The primary ex- 

posure for workers in 1945 was not a 

single acute dose, as it was for the pa- 

tients injected with plutonium. Rather. 

the main concern was chronic inhala- 

tion of low levels of plutonium dust, 

followed by gradual absorption into the 

body of a fraction of the plutonium that 

had built up in the lung. Determining 

body burdens for this latter type of ex- 

posure was more complicated because 

the total excreted plutonium was actual- 

ly a sum of excretions from many indi- 

vidual exposures (or absorptions of ma- 

terial from the lungs). Using the 

Langham power-function equation to 

estimate an effective body burden was 

highly sensitive to the selection of data 

used to make the calculation. As a re- 

sult, it was important to determine if 

the picture of plutonium distribution 

and excretion based on the injection 

studies of humans and animals was an 

accurate one for plutonium workers. 

On December 30, 1958, an accident oc- 

curred in the plutonium processing fa- 

cility at Los Alamos in which an expe- 

rienced chemical operator, Cecil Kelley, 

received a sudden burst of intense neu- 

tron and gamma radiation. It was later 

estimated that Kelley received a total 

dose to his body of 4000 to 5000 rad 

(around 12,000 rem), a tremendous 

amount of radiation, and he died about 

35 hours later. 

Kelley had been a plutonium worker 

for two-and-a-half years from 1946 to 

I949 and, again, for three-and-a-half 

years from 1955 through 19.58. During 

that time, especially the early years, he 

had been exposed to plutonium dust on 

a regular basis and had a record that in- 

cluded 18 instances of high now-swipe 
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counts and ten instances of minor expo- 

sure. for example, during the cleanup of 

a plutonium spill or from a slight skin 

laceration. Throughout that period, reg- 

ular urine assays had been performed 

that usually showed slight amounts of 

plutonium. Records were also available 

on the average low-level concentrations 

of airborne plutonium in the areas 

where Kelley had worked. 

Kelley’s tragic death, thus, became an 

opportunity to compare an individual’s 

extensive health and exposure records, 

including urine assays, to a postmortem 

analysis of tissue. Autopsy samples 

were taken from throughout Kelley’s 

body so that plutonium concentrations 

could be measured. (The accident it- 

self, an exposure to neutrons and 

gamma rays, had no impact on the lev- 

els or distribution of plutonium in his 

body.) It was found that about 50 per 

cent of the plutonium was in the liver. 

36 per cent in the skeleton, 10 per cent 

in the lungs, and 3 per cent in the respi- 

ratory lymph nodes. Intravenous injec- 

tion of plutonium in humans had shown 

a somewhat different distribution: 65 

per cent in the skeleton and 22 per cent 

in the liver, for example. The investi- 

gators (Harry Foreman, Wright Lang- 
ham, and Bill Moss) felt that such dif- 

ferences might have been a result of 

differences in the chemical and physical 

nature of the plutonium (a soluble salt 

versus dust particles). ’Finally. the total 

plutonium in Kelley’s body was esti- 

mated to be 18 nanocuries (equivalent 

to 0.29 micrograms of plutonium-239). 

Changes in production methods be- 

tween Kelley‘s first and second stints as 

a plutonium worker had considerably 

increased the ratio of plutonium-238 to 

plutonium-239 in the material being 

handled. This fact, coupled with the 

record of nose counts and exp’osures, 

allowed them to distinquish somewhat 

the “early” from the “late” plutonium 

and, thus, to trace qualitatively the 

movement of plutonium from the lungs 

to other organs. An article discussing 

the findings stated: 
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Consent in the Human Plutonium Injection Experiments 

Did the patients who were injected with 

plutonium in 1945 and 1946 give any 

form of consent? This is a question that 

probably cannot be answered unequivo- 

cally. None of the people directly in- 

volved in the experiments are living now, 

and documents that would shed light one 

way or another on this question are scat- 

tered and incomplete. Here, we review 

some of the evidence that has come to 

light coupled with a few speculative 

thoughts. 

One fact is almost certain-the patients 

were not told that they were being inject- 

ed with plutonium. Up until the end of 

the war, the word plutonium was a se 

cret. Even in the classified documents of 

the time, plutonium was referred to with 

the code words “49 and “product.” 

Were the patients told they were being 

injected with a radioactive substance? 

Possibly not. Although research with ra- 

dioactive tracers was publicized before 

the war, reference to radioactive materi- 

als in the context of the Manhattan Pro- 

ject may have been considered a security 

risk as well. But we do not know this for 

sure. 

Is informed consent still possible if the 

patients are not told-that the material 

under study is radioactive plutonium? 

Many experts feel the answer is yes, be 

cause these two words, especially in the 

forties, would not have done anything to 

help the patient assess the risk. More- 

over, it would be possible to give the pa- 

tient a practical understanding of the risk 

and benefits of the study without men- 

tioning radioactivity or plutonium. The 

medical personnel in charge would em- 

phasize that the patient would be in- 

volved in a research study important to 

the war effort, their participation was vol- 

untary, and there was some personal 

risk, which the researchers, to the best of 

their knowledge, felt was small. The na- 

ture of the experiment could have been 

described as follows: 

Each of you will be injected with a 

material that will circulate through 

your body and then be slowly excret- 

ed. Blood and other clinical tests will 

be done and all your excreta will be 

collected for a period of time. Most 

of the material will remain in your 

body, making it a long-term risk, but 

at a level close to what is considered 

safe for people now working with the 

material. Previous experiments on 

animals have given us an idea of the 

acute toxicity of the material, and 

what you receive will be hundreds of 

times lower. The purpose of the 

study is to learn the fraction of mate 

rial excreted as a function of time so 

we can tell when a worker is getting 

too much in his body. 

Would the investigators have told the pa- 

tients something along these lines? 

Quite possibly. Participants were re- 

quired to collect their urine and feces for 

a month or more, as well as to submit to 

clinical examinations, blood tests, dietary 

regulations, and so forth. Something 

surely was said about the necessity for 

these indignities, and what better way to 

motivate them than to emphasize that the 

study was important to the security of a 

nation at war. Because of the collection 

period required for the study, patients 

that would benefit from a stay in a hospi- 

tal ward were more suitable than normal 

subjects, such as workers or wives. 

The Polonium studies. Along these 

lines, we have some evidence of what 

was told to patients at the Rochester site 

in 1944 when the earlier human injection 

study on polonium was done. An article 

in Biological Studies with Polonium, Radi- 

um, and Plutonium, published in 1950 

after the war, states: 

The general problem was outlined to 

a number of hospital patients with no 

previous or probable future contact 

with polonium. Of the group who 

volunteered as subjects, four men 

and one woman were selected for 

the excretion studies . . . 

Taking these statements at face value 

establishes a precedent for the manner in 

which patients at Rochester were treated. 

There is no reason why the investigators 

could not have continued the same prac- 

tice with the plutonium injectees. 

Whether they did or not is not clear. 

A 1946 memo. We now turn to evi- 

dence that supports the possibility that no 

consent was given. About five months 

after the last Rochester patient had been 

injected, authority was being transferred 

from the Manhattan Project to the new 

Atomic Energy Commission, and re- 

search programs involving human injec- 

tions with radioactive tracers were being 

scrutinized. T. S. Chapman, Chief, Oper- 

ations Branch, Research Division, in a 

December 30, 1946, memo to the Area 

Engineer in Berkeley, California, refers to 

a proposal for research at the University 

of California Hospital in San Francisco 

and states that “preparations were being 

made for injection in humans by Ors. 

[Robert] Stone and [Earl] Miller [Stone 

came to San Francisco after the war].” 

The second paragraph continues: 

These doctors state that the injec- 

tions would probably be made 

without the knowledge of the pa- 

tient and that the physicians as- 

sumed full responsibility. Such in- 

jections were not divergent from 

the normal experimental method 

in the hospital and the patient 

signed no release. A release was 

held to be invalid. 

The memo also states that the Medical 

Division of the District Office had referred 

reports on the project “to Colonel Cooney 

[the new Medical Director of the Manhat- 

tan Project] for review and approval is 

withheld pending his opinion.” In fact, Six 

days earlier, Colonel Nichols of the Man- 

hattan Project, after discussions with 
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Gooney, signed a letter to the Area Engi- 

neer in the Berkeley Area in regard to 

‘The intravenous administration of certain 

Manhattan District products to human 

subjects” that bluntly stated: 

It is therefore deemed advisable by 

this offke not only to recommend 

against work on human subjects but 

also to deny authority for such work 

under the terms of the Manhattan 

contract. You will take immediate 

action to stop this work under this 

contract, and report to this office 

upon compliance. 

We can speculate that the first memo re- 

flects the attitude of the physicians in 

charge of the human plutonium injections 

that took place in 1945 and 1946. If con- 

sent had been obtained throughout the 

program of earlier plutonium experiments, 

It seems unlikely that the practice would 

have suddenly been discontinued for the 

studies proposed in the memo. Stone 

was head of the Chicago medical effort 

during those years and, after the war, he 

became Chairman of the Division of Ra- 

diology at the University of California 

School of Medicine where he was able to 

continue his work. Although he, of 

course, was not directly involved with the 

study of the Oak Ridge patient or any of 

the Rochester injections, it is reasonable 

to think that similar practices in regard to 

consent took place at all the Manhattan 

Project sites. Thus, the 1946 memo is 

indirect evidence that consent was not 

obtained from the plutonium injectees. 

What research was taking place in the 

Berkeley area at this time? In a docu- 

ment entitled “Scope of Research Pro- 

grams M. E. D. As of 1 December 1946,” 

the research items listed under a Univer- 

sity of California heading included “stud- 

ies of the metabolism of plutonium, urani- 

um and fission products in rats and man” 

as well as tracer studies of fission prod- 

ucts and studies on the “metabolism of 

radium, actinium, americium & curium in 

animals and man.” The last plutonium 

injection took place at the University of 

California Medical School in San Francis- 

co after the date of the 1946 memo-on 

July 18, 1947. Thus, some observers 

feel the last injection was actually not 

part of the Manhattan Project work but 

was, instead, a continuation of research 

by Hamilton’s group to locate a radioac- 

tive isotope suitable for the treatment of 

bone cancer. 

In 1969, Patricia Durbin, a biophysicist at 

the University of California, Berkeley, 

began re-investigating the human plutoni- 

um injection studies and visited Christine 

Waterhouse, a medical doctor who had 

studied under Bassett at the Rochester 

metabolic ward. In notes summarizing 

her visit, Durbin stated: 

More important, they do not know 

that they received any radioactive 

material. waterhouse] is of the 

opinion that to tell them at this late 

date would do no good but might 

very likely do them substantial psy- 

chological damage. 

This statement does not rule out the idea 

of consent in terms of an explanation of 

risks, but does agree with what we have 

already suggested: that the patients were 

not told they were being injected with a 

radioactive substance. 

Durbin visited Langham in December 

1971 to discuss the information summa- 

rized in LA-1 151, which had been classi- 

fied for many years following the war. 

After her visit, Durbin reported: 

Classification (prolonged) and the 

passage of many years before even 

classified publication of the findings 

led to [Langham’s] eventual respon- 

sibility for analysis and publication of 

the results. He is, I believe, dis- 

tressed by this and other aspects of 

the study itself--particularly the fact 

that the injected people in the HP 

series were unaware that they were 

the subjects of an experiment. . . . 

Or. Langham has been associated in 

the minds of many in the radiation 

protection field with only this one as- 

pect of the subject. . . I believe he 

grew very weary of attending meet- 

ings and conferences at which he 

was expected to discuss this materi- 

al over and over again. . . . [Lang- 

ham felq the information to be 

gained [from access to the early 

data] would be of great value, but he 

did not wish to be responsible for lo- 

cating it. I think this sums up the 

matter, although my prose can hard- 

ly do justice to what are obviously 

deeply held doubts about the study 

itself and to my strong impression 

that he justifiably resents the perva- 

sive influence on his whole profes- 

sional life of Pu in general and the 

human study in particular. 

In October 1995, the Final Report of the 

President‘s Advisory Committee on 

Human Radiation Experiments stated: 

It is possible that some of the pa- 

tient-subjects agreed to be used in 

nontherapeutic experiments. But the 

picture‘ that emerges suggests other- 

wise. . . . With one exception [CAL- 

31, the historical record suggests that 

these patients-subjects were not told 

that they were to be used in experi- 

ments for which there was no expec- 

tation they would benefit medically, 

and as a consequence, it is unlikely 

they consented to this use of their 

person. 

Much of the basis for the Committee’s 

conclusion apparently comes from the 

lack of documented evidence that con- 

sent was given. Few experiments from 

that era documented what was said to 

the patients or what level of consent, if 

any, was given by the patients. Thus, 

there is a definite, possibly unbridgable, 

gap between the statement that we have 

been unable to find any documented evi- 

dence that sheds light on the consent 

process and the statement that the sub- 

jects were injected without their consent 

or knowledge. It is quite possible that 

the patients were completely in the dark 

about the potential risks, but we will prob- 

ably never know for sure one way or the 

other. w 
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cotitinued from page 213 

[The] obsenwtions suggest (u) u 

relatively rapid cleurunce rule for 

plutoniiim in the hgs, compured 

to thut in bone und lymph nodes: 

arid (h) that n relatively smull per- 

centage of the material deposited 

in the lungs must rnigrate to the 

lutter tissues. . . . [Also.] the rute 

of cleurunce from the lungs to the 

liver must be relatively fust arid the 

retention time iii the liver must be 

longer than in the lungs. 

The body burden. Equally important, 

of course, was checking the reliability 

of estimating a plutonium body burden 

from urinary excretion data when the 

exposure had been primarily through 

inhalation. Using a computer program 

developed by James N. P. Lawrence of 

the Los Alamos Health Physics Group 

(see "A Computer Analysis of Plutoni- 

um Excretion"), a body burden was cal- 

culated for Kelley of 19 nanocuries 

(equivalent to 0.30 micrograms of plu- 

tonium-239). This value was extremely 

close to the autopsy estimate of I8 

nanocuries (or 16 nanocuries if the IO 

per cent in the lungs was subtracted). 

In the discussion, Foreman, Langham. 

and Moss concluded that "the . . . 

agreement between body burden from 

tissue analyses and estimated burden 

from urine assays is so very satisfactory 

that it is undoubtedly fortuitous." Nev- 

ertheless, the agreement was a very 

strong indication that the execretion 

modeling approach was, indeed. close 

to the mark. 

Changes in the Maximum 
Permissible Body Burden 

We have already discussed the fact that 

in July 1945 the provisional tolerance 

limit for plutonium was lowered from 5 

micrograms to I microgram because of 

the results of acute toxicity experiments 

with animals and because of the deposi- 

tion pattern of plutonium in bone and 

soft tissue. In September 1949 at the 

Tripartite Permissible Dose Conference 

at Chalk River, Canada, Austin Brues 
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presented the results of experiments on 

rats and mice on the comparative 

chronic toxicity of plutonium and radi- 

um, His results indicated that plutoni- 

um was 15 times as damaging as radi- 

um-226 when both were injected in 

microcurie amounts. 

Those results prompted the Conference 

to recommend lowering the maximum 

permissible body burden to 0.1 micro- 

gram. Langham later reported that 

"this value placed an extremely strin- 

gent restraint on air tolerance in such 

facilities as Los .4lamos." The Labora- 

tory's plutonium work would have been 

seriously delayed. The same month as 

the Conference, Truman had announced 

the Russians' first test of an atomic 

bomb. and arguments were building for 

development of the hydrogen bomb, 

which would need plutonium for its 

"fission-bomb trigger." 

After the conference at Chalk River, 

Brues pointed out two mitigating fac- 

tors. First. the IS to 1 toxicity ratio for 

plutonium versus radium was based on 

injected amounts. However, about 75 

per cent of the plutonium was retained 

in rodents versus only about 25 per cent 

for radium, which meant the ratio in 

terms of retained dose should be a fac- 

tor of 3 less. Second. fifty per cent of 

the radon from radium decay was re- 

tained in man versus only IS to 20 per 

cent in rodents, which meant the ratio 

should be reduced by at least another 

factor of 2. The combined factor of 6 

meant that the fixed body-burden limit 

for humans should be set at 0.6 micro- 

gram rather than 0. I microgram. 

On the other hand. Langham's analy5is 

had shown that only 8.7 per cent of a 

plutonium body burden was excreted 

after S years and 12.7 per cent after 20 

years. Those results wpported the ac- 

ceptance of a lower tolerance dose for 

plutonium. 

Early in 1950. the Atomic Energy 

Commission authorized an official max- 

imum permissible body burden of OS 

microgram (32 nanocuries) for piutoni- 

um-239. In 1951, the International 

Committee on Radiological Protection 

(ICRP) recommended 0.6 microgram 

(40 nanocuries), and by 1953, both na- 

tional and international committees 

were recommending this limit. The 

main doubts about this limit concerned 

use of the maximum permissible body 

burden for radium-226 as the comer- 

stone for calculating the plutonium bur. 

den. Although the critical organ for ra- 
dium was the skeleton. that might not 

be the case for plutonium-especially 

when the main exposure route for 

workers was chronic inhalation. That 

type of exposure appeared to result in 

higher concentrations in the respiratory 

lymph nodes. lung tissue. and liver than 

in the skeleton. 

In 1962. Langham, Lawrence, Jean Mc- 

Clelland, and Heinpelmann published 

data on the analysis of autopsy samples 

from eight Los Alamos plutonium 

workers who had died of natural caus- 

es. as well as the samples from Kelley. 

The body burdens estimated from urine 

data using Lawrence's PUQFUA code 

ranged from 0 to 20 nanocuries (0.0 to 

0.3 microgram of plutonium-239), and 

in fact, the three workers with the high- 

est estimated body burdens also had the 

highest concentrations of plutonium in 

their tissue. Calculation of body bur- 

den from the tissue samples was not 

done; in some cases, only a few sam- 

ples had been obtained. 

In regard to distribution of plutonium in 

the body, the tissue samples. ranked in 

the most frequent order of descending 

plutonium concentrations. were respira- 

tory lymph nodes, lungs, liver. and 

bone. In the two cases where urine as- 

says definitely indicated a significant 

positive exposure and analyses of both 

lymph nodes and bone $were possible. 

the lymph nodes had plutonium concen- 

trations SO times higher per gram of tis- 

sue than the bone. Thus, inhalation ex- 

posures resulted in the entry of 

plutonium into the respiratory lymph 

nodes, a phenomenon that should obvi- 
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otljly not have been seen (and was not 

seen) in the injection studies. (For a 

sllmmary of what has been learned 

from autopsy studies. see "A True Mea- 

>ure of Exposure-the Human Tissue 

,~nalysis Program at Los Alamos.") 

Additional Data from the 
Plutonium Patients 

[n 1969. Patricia Durbin. a biophysicist 

at the University of California. Berke- 

ley. was involved with metabolic work 

on various radioisotopes, including 

americium. that led her to the published 

work on plutonium. Wanting to learn 

more. she began investigating the 

records and data on the plutonium 

human injections and trying to locate 

further information about the patients. 

In a letter, dated April 23, 1969. to Dr. 

John Howard. an administrator at the 

University of California Medical Center 

in San Francisco, she said: 

Most .f the pcrtients injected \.tith 

Pii brvre studied at other hospitals 

aroirtid the countp. and cilthough 

most Irere elderly and expected to 

huve .short lqe espectancies at the 

time of itijectiorz. some )rere rnisdi- 

Ligriosed. Brcairse if this. there 

II'1i.s (iii irnderstandably greot up- 

roar when the cit,ilinn A.E. C. took 

over ,from the Manhattan Engineer 

District. As a resirlt. the human 

data thus obtiiitied ~r(i.s class$ed 

"Secret '0 ciiid so it retnainec1,for 

.soni~ yeirrs. All <forts to jMow 

irp oti those pet:snns \rho had been 

it!jected ceiisecl abruptly. mid no 

other hiirntrri beiticy has been delih- 

erntely itijectecl crith Pi1 since. 

Grcidir~illy the class$ccitioii ~rus 

tlobrrigrcrcied, citid tfie hiilk of the 

ckitli now tippecir iti the operi litera- 

titre. Ur!forturiiitely. the materid 

,fi.orn three of the fbiir pitierits in- 

jwted b? Dr. Hciiniltoti [CA L-2, 

CAL-3. ciricl the patient injected 

vi.itli ciriiericiiitii] has tiever heeti 

rtitrtle aiwilahle to citiy~ie. . . . 

Tocltiy. the protlirctinti of Pir is 

A Computer Analysis of Plutonium Excretion 

One of the problems in applying the Langham power-function model to urine 

assays for plutonium workers was how to work backwards from the data to an 

estimate of the body burden. Urinary excretion data were usually low-level 

values with considerable scatter. Was a jump in a person's excretion rate due 

to analytical variations, physiological changes, or the result of a recent expo- 

sure? A method was needed that eliminated suspect data and then weighted 

all the remaining data in the determination of the effective dose, or body bur- 

den, and the effective exposure time for the Langham power-function. 

In 1960. James N. P. Lawrence at Los Alamos devised a computer program 

(called PUQFUA), based on the plutonium excretion power functions, that at- 

tempted to account for multiple or continuous exposures occurring over a peri- 

od of time. Basically, the work period was split into intervals between urine 

samplings and each interval was treated as a separate exposure incident. 

Using the Langham power function, the dose for that interval was calculated 

from the observed increase of plutonium in the urine over what was expected 

from previous exposures. If there was no increase, the exposure for that in- 

terval was set to zero, and if there was a decrease from what was expected, 

the previous data point was rejected, which helped eliminate contaminated 

samples (later versions of the code rejected data more than 2 standard devia- 

tions from the expected value). The total excretion at any given moment was 

then effectively the sum of many Langham power functions, one for each in- 

terval, each on its own time scale. The retained plutonium at any given time 

was the sum of all the original exposures corrected for excretion losses. 

One advantage of the PUQFUA method was that essentially all the urine data 

were used to calculate a body burden rather than, as previously, using either 

a single urine assay or an average over a time interval. Individual assay 

points could fluctuate greatly (because of analytical variations, contamination, 

or physiological changes). Lawrence's approach weighted all but the rejected 

assays equally and, thus, was more likely to arrive at a reasonable estimate. 

It should be emphasized that this approach, or any approach based on the ex- 

cretion equations, was pertinent only for plutonium that had entered the blood 

stream and could be excreted by the kidneys. The program could, thus, cal- 

culate an effective measure of internalized plutonium, but the result did not 

give any indication of how much plutonium might be trapped in the lungs. 

Only when such plutonium had worked its way into the blood stream would a 

fraction of it appear as excreted plutonium. 

Calculations with PUQFUA indicated that the body burdens of twenty-six Los 

Alamos plutonium workers (occupationally exposed at Los Alamos between 

1944 and 1946 and in the UPPU study of Langham, Hempelmann, and Voelz) 

were 60 per cent higher than Langham had estimated with his approach, 

which suggested that Langham's power-function method underestimated pluto- 

nium retained in the body. However, we now know that the overestimate is 

due to long-term urinary excretion that is truly higher than what is predicted by 

the Langham model. When a modified version of the PUQFUA code is used 

that properly accounts for long-term data (1 0,000 days), the predicted body 

burdens are consistent with the values obtained from tissue analysis studies. 
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enormous, arid all indications are 

that it rvill increase. More people 

in the iiuclear energy jeld Lire 

being e.uposec1 to Pu mid inore are 

expected to be rcorld-)vide. Still- 

all of our kno\rfedge crbout Pu be- 

haiiior in inan rests oti tlie sketchy 

results [of] the pcitients irljected in 

the early days. None of tlie 

records Lire complete. 

Durbin felt that, meager as they were. 

the human plutonium data, gathered 25 

years before. represented nearly all their 

’.human plutonium experience.” Thus, 

it was time to re-examine the data. es- 

pecially in light of newer knowledge 

(such as long-term animal data), and 

bring together under one cover as much 

as possible of the original detail. 

Durbin visited many of the people asso- 

ciated with the plutonium work, includ- 

ing Langham and Christine Waterhouse- 

who, in 197 1, still saw two of the sur- 

viving Rochester plutonium patients. 

She and Waterhouse discussed the pos- 

sibility of obtaining further excretion 

and blood samples and of performing 

physical examinations and other tests. 

The motivation behind the study of 

long-term excretion was. of course, to 

determine the radiation dose to a person 

who had had an intake of plutonium. 

The dose depended critically on the 

amount of plutonium retained in the 

body. 

In 1972. Durbin brought all the known 

information about the patients together 

and summarized the data in a review 

article. Because the excretion rate out 

to several thousand days appeared to 

have several regions with different 

slopes, Durbin felt these regions might 

be related to physiological changes, and 

she fit both the urinary and fecal data to 

equations that were a sum of exponen- 

tial~, one for each region. The expo- 

nential equations predicted total 

amounts of plutonium excreted that 

were somewhat larger than the amounts 

predicted by Langham’s power function 

(for example. 8.8 per cent versus 6.3 

218 

per cent after a year). Durbin attributed 

the increase mainly to the fact that \he 

had used data only from patients with 

normally functioning excretory systems 

(to better model healthy workers). 

Durbin summarized the dynamics of 

plutonium in the body ah follows: 

Pic initially present in sofr rissiies 

other than liver is clerrrecl rapidly: 

the major fraction is redistributed 

to hone arid liiser, mid CI srnall frac- 

tion is excreted. Pu tieposited in 

the skeleton is mobilized in the nor- 

md course of hone remodeling: 

some is redeposited in bone, some 

is deposited in lit,er. and a srnall 

fraction is excreted. Pu deposited 

in lit’er is ei.etitually transformed 

,from relatitiely soluble ,forms in he- 

patic cells into itisoliihle hetno- 

siderin deposits and .sequestered in 

reticuloendothelial c~l1.s. There- 

,fore, liver Pu is likely to be lost as 

slorvly as, or more s1o~tdy thtrn, 

hone Pu . . . The loss rate from 

the liver may et~entually become the 

rate-limiting process jbr Pu disap- 

pearance from the br.hole body. 

Thus, the picture of plutonium in the 

body was much more dynamic than that 

of simply “fixed” plutonium. Although 

plutonium appeared to be lost from the 

bone faster than had originally been 

thought, the consequence was an in- 

crease in liver plutonium with time. 

Durbin concluded that “liver is as criti- 

cal an organ for Pu as is the skeleton.” 

Twenty-seven-year excretion data. In 

1973, John Rundo at the Argonne Na- 

tional Laboratory in Chicago. working 

with additional long-term urine and 

fecal samples obtained by Durbin from 

two of the Rochester subjects (HP-3 

and HP-6), developed new equations 

for the excretion data. The new data, 

taken about 10,000 days (27 years) 

after the plutonium injections. did not 

agree with predicted values-both the 

urinary and fecal excretion rates were 

more than a factor of ten higher than 

those predicted by the models. In fact, 
when data on the plutonium workers 9t 

Los Alamos were included. the values 

not only appeared to be higher than 

predicted but the curve turned Upward 

(the values at 10.000 days were higher 

than at 1600 days). which raised ques. 

tions about the validity of the models, 

Deviations from the original equations 

proposed by Langham were. in one 

sense, not surprising. The main aim of 

the original human-injection studies 

was to gather enough short-term data to 

interpret urine assays a .few weeks at 

the most after an accident and decide if 

plutonium workers had signficant inter- 

nal doses of plutonium. Trying to 

apply equations describing short-term 

data out to almost 30 years went well 

beyond reasonable expectations. Not 

only were such data very meager. hut 

the techniques used to analyze urine 

samples had changed several times over 

the years, and so the data points were 

not necessarily consistent. The data 

that were available-especially the 

urine assay data of plutonium work- 

ers-indicated that more plutonium was 

being excreted than had been predicted 

by Langham’s model. and thus the ex- 

pected long-term dose would be lower 

than previously thought. 

Health effects. In 1976, R. E. Row- 

land, from Argonne, and Durbin report- 

ed what they had learned about health 

effects on the various injectees, espe- 

cially those who had survived for many 

years and thus were more apt to show 

the radiation effects of plutonium. 

None of the patients who had died had 

bone- or liver-related malignancies as 

the listed (or even the contributing) 

cause of death on their death certifi- 

cates, unless that was the diagnosed 

disease at the time of the injection. 

And those patients who were still living 

also did not show any plutonium- 

related effects. 

Eight of the 18 cases had survived at 

least twice as long as the four-year pe- 

riod established as the shortest induc- 
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tion interval for a radium-induced bone 

lunlor. Using known cases of bone tu- 

mors from radium, Rowland and 

Durbin estimated that "the lowest aver- 

age endosteal [bone surface] dose at 

M;hich plutonium might induce bone tu- 

nlOrs in man to be of the order of 600 

rad." Four of the patients injected with 

plutonium had considerably higher en- 

dosteal doses (7420. 1280, 1790. and 

973 rad): the other four had significant 

fractions of that dose ( 141 to 448 rad). 

Although. one to three cases of bone 

cancer were possible in the group. none 

had appeared (which might indicate a 

higher threshold dose for bone cancer 

or simply be a result of the smallness 

of the group). In regard to doses to the 

liver, all but one of the cases had esti- 

mated doses that were smaller than 

what appeared necessary, in comparison 

to radium. to cause liver cancer. Thus, 

it was not surprising that no liver tu- 

mors had appeared. 

A Recent Analysis of the 
Excretion Data 

One outcome of the openness inititative 

pledged by the Department of Energy 

and the subsequent review of docu- 

ments was a re-analysis of the plutoni- 

iini injection data by one of the authors 

(Moss) and Gary Tietjen. A careful re- 

tiew ofthe original notebooks at Los 

Alamos has revealed some errors in the 

urinary excretion data for the Rochester 

patients. Some of those errors were 

mistakes. others were simply needed 

adjustments for chemical recovery and 

elapsed collection time. For example, 

failure in the Rochester metabolic ward 

to properly time the urine sampling 

from the time of injection led to uncer- 

tainties in the initial excretion rates. 

Likewise. some of the data were not 

corrected for the analytically measured 

per cent recovery of plutonium. includ- 

ing an %-per-cent recovery rate of plu- 

tonium for a11 the Rochester urine data. 

When there was insufficient information 

to check the values, Moss and Tietjen 

discarded the data. In many cases. 

however. careful documention allowed 

the original data to be corrected and in- 

cluded in the subsequent analysis. 

(After 1956, a different urinalysi\ pro- 

cedure. based on a nuclear-track 

method developed at Hanford, was im- 

plemented at Los Alamos. and data 

from that time onward are much more 

accurate and consistent. To&) J ' \ ana- 

lytical methods routinely detect body 

burdens at the 0. I-microgram lekel.) 

As a result of the re-examination of 

original data, it is apparent that the in- 

crease in excretion rate noted by Rundo 

was. in fact. only an artifact, the result 

of urine assays that were not corrected 

for chemical yield or for alpha-counting 

instrument calibration bias. 

Also included in the re-analysis were 

several consecutive daily samples that 

had been collected from each of HP-3. 

HP-4, HP-6, and HP-9 about a year 

after their injections. Although these 

data were recorded at Los Alamos. for 

some unknown reason Langham may 

not have been aware of them: they were 

not used in his analysis even though 

they were consistent with the data he 

did use (the 500-day data obtained from 

HP-6). 

In addition to correctionj. new data 

have become available from a recent 

\tudy. Talbot, Newton, and Warner in 

England injected plutonium-337 into 

two healthy male volunteers and ana- 

lyzed the excreta using modern analyti- 

cal methods. Plutonium-237 has only a 

45.3-day half-life and decays by the rel- 

atively benign electron-capture mode, 

which made this isotope a negligible 

health concern compared to plutonium- 

239. Moreover. x rays emitted in the 

decay enabled patterns of organ uptake 

to be studied during the experiment. 

This approach was not used earlier be- 

cause it has been too difficult to elimi- 

nate other plutonium isotopes with long 

half-lives. In this case. the researchers 

were able to use a variable-energy cy- 

clotron at Harwell and adjust the condi- 

tions of the irradiation of uranium-235 

with helium ions to make relatively 

pure plutonium-237. 

Moss and Tietjen used the new excre- 

tion data together with the corrections 

to the original plutonium-239 data to do 

another analysis of plutonium urinary 

excretion. Based solely on empirical 

grounds, they expanded Langham's 

original power function by adding a 

second term. The urine data for the 

two plutonium-237 subjects from day 5 

through day 15 are remarkably linear 

on a log-log plot. whereas the data for 

days I through 4 are more variable. 

Thus. only the data for days 5 through 

14 were used to obtain the first power- 

function term. When they compared 

the slope for that term to the slopes for 

ten of the Rochester patients (HP-1 

through HP- 10). the comparison, for the 

most part, was very close. 

Moss and Tietjen next used the sparse 

"late" data (80. 300. 400, 500. and 

10.000 days) to obtain the exponent for 

the second power-function term for uri- 

nary excretion. (The 1600-day data 

were analytically suspect and were dis- 

carded; those data, and data from the 

workers in the same time frame. were 

influential in Langham's extension of 

his power function to 1750 days.) Fix- 

ing the slope (in a log-log plot) for the 

late data meant the early data would not 

have undue influence. Once the slopes 

in the two regions were fixed. the coef- 
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Figure 6. A Re-analysis of the Plutonium Urinary Excretion Data 

The data are the median values for urinary excretion in the human injection studies 

after rejection of suspect data and correction for chemical yield. The solid curve repre- 

sents the two-term power function that results when the slope of the curve determined 

from the early data (5 through 15 days) is used to fix the exponent of the first term of 

the function and the late data are used to determine the exponent of the second term. 

The curve shows two distinct regions that probably correspond to an early release of 

plutonium from a blood reservoir followed by a slower release from a bone reservoir. 

The original Langham power-function model is also shown (dashed line); the apparent 

poor fit is, of course, a result of the recent adjustments of the data. 

ficients of the two power terms were 

found from a weighted nonlinear least 

squares fit, using the medians (rather 

than the raw data or the means) to cut 

down on any undue influence from out- 

liers. A similar analysis was done for 

fecal excretion, although Moss and Ti- 

etjen did not have to constrain the data. 

The final results are: 

which has two distinct regions of dif- 

ferent slopes. The second region is es- 

pecially obvious because of the data at 

10.000 days. which has less scatter be- 

cause of improved analytical methods. 

However, the corrected data around day 

80 and days 300 to 500. when plotted 

on an individual basis for each patient, 

also strongly indicate the different slope 

of the second region, despite the much 

greater scatter of those data evident in 

the figure. 

The dependence of the excretion func- 

tion on two power terms ir obvious in 

the log-log plot of the data (Figure 6). 

Excretion of plutonium. The equa- 

tions have allowed new e5timates to be 

made of the amount of plutonium that 

Table 3. 10,000-day Excretion of Plutonium 

Moss-Tietjen function Langham function 

Urinary excretion: 17.4 O/o 7.8 '10 

Fecal excretion: 14.6 Yo 4.3 O10 

Total excreted: 32.0 Yo 12.1 % 

Amount remaining: 68.0 Oh 88.9 O/o 

would be excreted over the long 

(see Table 31, and it turns out that this 

is more than twice the amount of what 

had been estimated earlier with Laog- 
ham's single-term power function. F~~ 

example, after 10,000 days (27.4 years,. 

a total of 32.0 percent of internal 

nium will have been excreted compared 

to the 12.1 per cent estimated from 

Langham's function. This fact helps 

explain why body-burden values de- 

rived from autopsy studies of plutonium 

workers tend to be less than that previ. 

ously estimated from the urine data. 

However, because 68.0 per cent of the 

plutonium remains (versus 88.9 per 

cent). the conclusion about removing 

workers from further exposure once 

they have reached the maximum per- 

missible limit remains as true today as 

it was in 194.5. 

On the other hand. the implications for 

dose estimates are significant. After 

fifty years, almost half the plutonium 

will have been excreted. Thus. the re- 

sults of a tissue analysis on a worker 

that died SO years after his exposure 

would extrapolate to an initial body 

burden almost twice that estimated 

from the Langham function. The in- 

crease in body burden translates. in 

turn, to an increase in the radiation 

dose to the person over the rest of his 

life. 

Two physiological regions. Physical- 

ly, the importance of a two-term power 

function is that it likely corresponds to 

two different physiological processes. 

Moss and Tietjen believe that for the 

first couple of weeks, most of the ex- 

creted plutonium is coming from a 

blood reservoir. For later times. the 

plutonium is being released more slow- 

ly from a bone reservoir with some 

contribution from the liver. Such be- 

havior had been postulated in IY77 by 

Betsy Stover from an analysis of long- 

term plutonium excretion in dogs. and 

Langham had conjectured about this 

type of physiological change ab uell. 

However, the human data did not LIP- 

pear, until recently, to follow the \ame 
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\ Feedback from catabolized precursor blood cells 

- Pu-239 in man (CHI-3) 

- Iron-59 in man (normalized) 
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Figure 7. The Four-day Peak for Red Blood Cells 

Many of the urinary excretion curves for the human plutonium injection studies show a 

small peak around day 4 (the blue curve above uses the excretion data of CHI-3). This 

peak corresponds to the release of plutonium back into the blood when about 10 per 

cent of newly forming red blood cells, which started their life cycle at the time of the 

injection, are destroyed (catabolized). A similar peak is observed in studies with iron- 

59 in man (red curve), as well as for plutonium-239 in dogs (not shown). 

pattern. Now, the dog and human data 

are consistent. 

These results form an interesting con- 

trast with radium. After intake, radium 

is almost immediately deposited in the 

bone. To be excreted, it has to be me- 

tabolized and returned to the bloyd. So 

there is only one region, and the excre- 

tion rate, although initially very high, 

drops off in a log-log plot with no ap- 

parent changes in slope. A single-term 

power function is adequate to describe 

the full excretion behavior for radium. 

Although our two-term power function 

tits the general trend of the initial ex- 

cretion of plutonium, there has always 

been some ~ariability in the first four 

days. which. as it turns out. has a phys- 

iological basis. Typically. there is an 

increase in the excretion rate at about 

four days (Figure 7) corresponding to a 

turnover in red blood cells. Soluble 

plutonium has been shown to combine 

with the iron-transport protein in the 

blood. transferrin. where it is incorpo- 

rated into developing red blood cells. 

However, after four days, cataboliza- 

tion, or destruction. of about IO per 

cent of the developing red blood cells, 

including all those containing plutoni- 

um rather than iron, are released back 

into the blood, which increases the 

amount available for excretion. Such a 

peak in the excretion data cannot. of 

course. be modeled with simple, one- 

or two-term power functions. But rec- 

ognizing why a peak occurs at the four- 

day mark is a satisfying check of our 

understanding of the metabolism of plu- 

tonium in humans. Perhaps more im- 

portant, though, noting the existence of 

the peak in most of the original human 

excretion curves helps substantiate the 

sensitivity and. thus. the importance 

and relevance of that fifty-year-old 

data. 

Additionally, the iron-transport bound 

plutonium that is released back into the 

blood is not incorporated into mature 

red blood cells. Some fraction of this 

plutonium is excreted and the rest is re- 

deposited in tissue. A cycle ot thih sort 

continues on and on. which gradually 

brings small amounts of plutonium into 

the blood to be excreted. 

Implications of the Plutonium 
Injection Studies 

In the years that have passed since the 

human plutonium injection studies. the 

data have been endlessly analyzed. dis- 

cussed, and re-analyzed by the commu- 

nity of health physicists concerned with 

the protection of plutonium worker% 

What has been learned and what impact 

has this knowledge had on health pro- 

tection for plutonium workers'? 

The determination of a radiation dose 

to workers from plutonium (or the toxic 

dose from any material, for that matter) 

requires a biokinetic model that de- 

scribes, in mathematical terms. how a 

known intake of plutonium translates to 

a time-dependent distribution of pluto- 

nium throughout the body. For exam- 

ple. an inhalation exposure to plutoni- 

um dust would need expressions that 

describe, as a function of time. the frac- 

tion of plutonium retained by the lung. 

the fraction that enters the bloodstream. 

the fraction that is coughed up. swal- 

lowed, and passed through the gastroin- 

testinal tract, the fraction in the blood 

that goes to various organs. such as the 

liver and bone, the fraction of plutoni- 

um that is filtered out by the kidneys 

and excreted, and so forth. The human 

plutonium injection studies coupled 

with autopsy results yielded consider- 

able data that were applicable to the 

calculation of the time-dependent distri- 

bution of plutonium in the body. Urine 

assays of plutonium workers. again 

coupled with occasional autopsy results. 

increased that know ledge. 

The usual problem. however, is the in- 

verse: urine data are available 'but the 

amount of intake. and perhaps the time 

of intake. is not known. In this case, 

the current approach typically uses two 

biokinetic components for plutonium 

inhalation exposures: the tirst describes 

how inhaled material enters the blood 
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system; the second relates the amount 

in the blood to the amount excreted. 

These two components translate urine 

assays to a realistic estimate of the 

amount of intake. and then the com- 

plete biokinetic model is used to deter- 

mine the distribution of that plutonium 

throughout the body, which. in turn. 

serves as the basis for calculation of ra- 

diation dose to the individual. 

The most uncertain step is this last 

one-the calculation of a dose from a 

known plutonium distribution. For ex- 

ample. although it is well established 

that much of the plutonium in the bone 

is concentrated on the endosteal sur- 

faces, there is still a great deal of con- 

troversy about how to calculate the ac- 

tual dose from this deposition. Pluto- 

nium that is directly on top of the sur- 

face will impart a much higher dose to 

the osteocytes (bone cells) than plutoni- 

um that is buried in the bone matrix, 

even if only by a few hundred rnicrom- 

eters. The only evidence that actual 

doses may be less than was originally 

assumed is the fact that none of the 

human plutonium patients and none of 

the plutonium workers (with one possi- 

ble exception) who lived many years 

with plutonium in their.bodies have ex- 

hibited any evidence of plutonium-in- 

duced tumors. This outcome is in high 

contrast to radium, where many cases 

of tumors were obviously present above 

certain threshold levels. 

What about the one possible exception? 

In 1975, George Voelz, a medical doc- 

tor in the Los Alamos Health Division 

published a study of the Los Alamos 

plutonium workers. which discussed the 

fact that one of the radiation effects of 

radium poisoning was the development 

of osteogenic sarcoma, a rare bone can- 

cer. He stated that "the age adjusted 

death rate in the U.S. from all bone tu- 

mors. including osteosarcoma. is only 

about I per 100,000 persons per year." 

The appearance of 2 bone sarcomas in 

15 cases of radium poisoning was evi- 

dence that the sarcomas were, indeed, a 

result of the radiation. In 1989. one of 

the 16 Los Alamos workers, exposed to 

plutonium in 1945 and 1946. had an os- 

teogenic sarcoma. Bone sarcomas had 

been observed in plutonium studies 

with animals. including inhalation \tud- 

ies at plutonium levels comparable to 

the maximum permissible lung dose for 

workers. In a 1991 paper by Voelz and 

Lawrence, it was mted that the "dose 

estimate for our case . . . is similar to 

the lowest range of dose$ for dogs that 

have developed bone tumors when ex- 

posed to Pu . , . but is much below the 

dose for the lowest Ra-exposed person 

with a bone tumor." To insure a full 

understanding of this one case. a new 

dose calculation based on the two-term 

power function is warranted. 

However. this is the only possiblity to 

date of a plutonium-induced cancer. 

Most of the workers have lived longer 

than average. It would \eem important 

to continue studying the plutonium 

workers. Much could be learned for 

little cost. 

It is also important to remember that 

occupational health protection for pluto- 

nium was approached with the radium 

tragedy in mind, which resulted in prac- 

tices and standards being adopted that 

made it much more unlikely that the 

threshold for tumors would be reached 

with plutonium. The almost total ab- 

sence of such tumors indicates that the 

practices established for plutonium 

workers were, in the main, successful. 

even though, from a statistical point of 

view. the number of cases on which 

conclusions can be based is too small to 

be conclusive. But that in itself speaks 

to the fact that the radium industry was 

a situation in which the workers, early 

on, were in an unregulated and un- 

knowingly hazardous environment. 

whereas even though the plutonium 

workers, early on, were working under 

hazardous conditions. they were never- 

theless kept apprised of the dangers and 

given whatever safety equipment be- 

came available. As soon as it was fea- 

sible, the work was moved into a high- 

ly controlled environment in which the 

dest procedures available were prac- 

ticed and in which the equipment, 

analysis techniques, and work proce- 

dures were constantly upgraded th 

became available. 
CY 

.4 great deal has been learned from the 

human plutonium injection studies, but 

much is left to be learned. However, 

the early studies were valuable enough 

to enable our country to perform its 

weapons research and production at the 

end of World War I1 and into the cold 

war with confidence that the workers 

doing the work were being protected 

and that the estimates of their plutoni- 

um doses would be accurate. The PO- 

tentially tragic consequences of work- 

ing with a new and unknown substance 

never came to be. For this, we are 

greatly indebted to the radiologists con- 

cerned with insuring safety during the 

Mahattan Project and are even more in- 

debted to the patients who were inject- 

ed with plutonium (see "'Ethical Harm' 

and the Plutonium Injection Experi- 

ments" on page '780). 
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Radium-the Benchmark 1 
i 

ver the past fifty years. thousands of workers in the United 

)States have handled plutonium. Of those workers, only about 

fifty, all from the nuclear-weapons complex. have been expos 
ed 

to plutonium at levels above the maximum permissible dose. Because 

so few people have high-dose exposures, we have little direct infoma- 

tion about the risk of plutonium in man. This leads to the ironic situa. 

tion that the better we protect our workers, the less we know about 

their risk. What then do we use to base our decisions about the fisk of 

plutonium and the precautions we need to take to safeguard workers 

Much of our understanding of 

the health risk posed by plutoni. 

um is based on another element, 

radium. Like plutonium, radium 

is an alpha-emitting radioisotope, 

but it is created naturally as a 

decay product, or daughter. of 

uranium. As described below, 

thousands of people were exposed 

to radium before 1932, and the ef- 

fects of the many high-dose expo- 

‘A A 31 f sures became apparent after just a 
few years. That grievous situation 

none-the-less provided scientists 

with a group of people who were ex- 
posed internally to an alpha-emitting 

radioisotope, and who could be ob- 

served, evaluated. and studied. In 1944, the risk associated with the 

new manmade element plutonium was therefore estimated by scal- 

ing the risks associated with radium. That initial estimate was soon 

modified to take into account new animal data on the comparative 
toxicity and distribution in the bone of radium versus plutonium. 
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But even today, much of our understanding of the risk of plutonium 

to humans and much of the public‘s perceptions about the danger5 of radioactive 

materials are grounded in the story of radium. 

That story began in 1898 when Marie and Pierre Curie discovered radium. The 

announcement at the French Academy of Science of a new radioactive material 

followed just two years after Henri Becquerel’s discovery of radioactivity in urani- 

um. Radium was only the third radioactive element to be identified (polonium 
was the second-also discovered in 1898 by the Curies). Radium was very 

scarce; after four years of hard labor. the Curies were able to separate only 100 

milligrams of the pure element (roughly equivalent in volume to the the head of 3 

match) from several tons of uranium ore. It was therefore very expensive. and 3s 

late as 1921. one gram of radium cost $lOO,OOO. However, the extraordinary at- 

tributes of radium made it worth the cost. The half-life of radium is I600 years. 

as opposed to only 138 days for polonium and 4.5 billion years for uranium (see 

“Ionizing Radiation-It’s Everywhere!” pages 24-25, for a discussion of radioac- 

tive half-life). Radium was thus a stable source of radiation for hundreds of years 
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for Alpha Emitters 

with an intensity three-thousand times greater than an equal amount of uranium. 

In other words. radium combined a long life with radioactive intensity far better 

than the other known radioactive ma- 

terials. and it was eagerly put to a 

geat number of uses. 

Cancer treatment was among the ear- 

liest and tnost beneficial applications 

of radium. The idea derived from an 

incident that occurred in 1901 in 
N hich Becquerel, eager to carry out 

some impromptu demonstrations. car- 

ried a tube of radium that was loaned 

to him by the Curies in his shirt 

pocket for jix hours. Ten days later, 

he developed a small erythema, or 

reddening of the skin, identical to 

that produced by x rays. It was clear 

that emanations from the radium 

sample could affect skin tissue. and 

that perhaps. like x rays. such emana- 

tions could be used as a treatment for 

cancer. 

That idea proved to be successful. 

and in 1906, the Biological Laborato- 

ry of Paris for the practice of "radium 

therapy" was established. Applica- 

tors containing radium salts were ap- 

plied directly to the surface of benign 

and malignant tumors to shrink or 

eliminate them. Such use of radium 

dramatically improved the quality of 

many live\ (see Figure 1 ) and helped 

found the modem medical field of ra- 

diotherapy. However, the radiation Marie Curie (1867-1934), 

that penetrated the applicators were mainly gamma rays from the radioactive 

daughters of radium decay. Once other gamma-ray-emitting radioisotopes. wch as 

cesium- 137. became available from nuclear reactors during the 1960s, the use of ra- 

dium as a radiation source for cancer treatment gradually declined and eventually 

ended. 

photo taken circa 1920. 

Inset: Pierre Curie (1859-1906). 

During its heyday, however, radium's use as a cure for cancer was widely publi- 

cized in the press. The element assumed an aura that was both mysterious and 

fascinating, and it was celebrated in Europe and America. Audiences drew 

around storytellers describing the danger of radium's emanations, while at the 

same time, it was touted as a miracle cure for many diseases. The young in- 

dulged themselves with radium-laced candies and sodas. Women sought youthful 

beauty in radium-containing facial creams. while the fatigued restored their vigor 
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in radium baths. For the early part of the 20th century. radium enjoyed a tremen. 

dous, albeit curious. popularity. 

Figure 1. A Miracle Cure 

Brought about through Radium 

Treatments 

These three photographs show the 

miraculous results that were obtained 

using radium applicators. The first 

image is a baby girl immediately be- 

fore radium treatment in December 

1923. The next two photographs show 

the young girl in April 1926 and then at 

10 years old. She was treated at the In- 

stitut-Curie, Paris. (Reprinted wih per- 

mission from the Institut-Curie, Paris.) 

But that popularity gradually turned to disdain. In 1925. a man fraudulently titled 

“Dr.” William Bailey patented and promoted a nostrum of radium-laced water 

called Radithor. Bailey seems to have been motivated by a desire for easy 
as well as a personal obses- 

sion with radioactivity. ~i~ 

oral medication, a solution 

containing the two radium isO- 

topes radium-226 and radium- 

228 (the latter called mesotho- 

rium), was touted as a cure 

for “dyspepsia. high blood 

pressure. impotence, and more 
than I50 other ‘endocrinoiog. 

ic’ maladies.” Whatever truth 

lay in those claims. Radithor 

in large quantities proved 

lethal. In 1927. Eben Byers, a 
millionaire socialite and am+ 

teur golf champion, began to take Radithor on the recommendation of a physician 

to treat the chronic pain in his arm. Byers reported feeling rejuvenated and invig- 

orated by the nostrum. However. in 1932, four years and about 1000 to 1500 bot- 

tles of Radithor later, Eben Byers died. having suffered severe anemia and weight 

loss, massive destruction of the bone in his jaw, skull, and entire skeleton. and fi- 

nally kidney and bone-marrow failure. 

National press coverage of Eben Byers’ horrible death brought the danger of inter. 

nal deposits of radium to the attention of the general public. It also inspired the 

Food and Drug Administration to campaign for broader jurisdiction over the uses 

of radium. Although that outcome was a very positive result from Byers’ death, it 

is painful to realize that his death was avoidable. Two years prior to Byers’ inges- 

tion of his first bottle of Radithor, the health risks associated with radium had been 

identified within a select group of radium workers. and “radium poisoning” had 

been recognized as a deadly occupational hazard. The story of the radium dial 

painters is a tragic, yet crucial episode, in the development of radioactive risk 

assessment. 

During World War I paint containing radium was widely used to make self-lumi- 

nous dials for watches, clocks. and military instruments. The “glow-in-the dark’ 

paint was first developed in Germany around 1908 and began to be made in the 

United States by about 1913. This “self-luminous compound,” as it was frequent- 

ly called. contained fine crystals of zinc sulfide mixed with radium salts. When 

alpha particles from radium collided with molecules of zinc sulfide, the latter 

would “scintillate.” or emit light. 

When the United States entered the war in 1917, a factory in Orange, New Jersey, 

became a major supplier of radium-dial instruments to the military. The factory 

employed hundred of workers. most of whom were very young women. Those 

women were in the practice of “tipping” their brushes. that is. using their lips to 

shape the brush into a sharp point, which enabled them to paint fine lines and nu- 
merals. As a result. many women inadvertently ingested small but significant 

quantities of radium. From 1922 to 1924. nine young dial painters. most of whom 
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The radioactive water sold by William 

Bailey, Radithor, contained a mixture of 

two radium isotopes, the common, 

long-lived isotope radium-226 (half-life 

of 1600 years), but also the short-lived, 

and therefore highly active, radium-228 

(half-life of 6.7 years). At that time, ra- 

dium-226 was called radium, and radi- 

um-228 was called mesothorium. Al- 

though radium and mesothorium were 

isotopic, and therefore had identical 
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220 
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chemical properties, they belonged to 

different radioactive decay chains and 

had distinct radioactive characteris- 

tics. Unlike radium, which was the 

sixth daughter in the uranium-238 

decay chain with a 1600 year half- 

life, mesothorium was the first daugh- 

ter of thorium-232 and decayed with 

a 6.7 year half-life. 

Mesothorium became commercially 

available in about 1916 as a by-prod- 

uct of the thorium “gas mantle” indus- 

try. By 1917, both radium and 
mesothorium were primary ingredi- 

ents of a self-luminous paint that the 

military used to produce glowin-the- 

dark instrument faces. Mesothorium 

was preferred to radium because it 

was cheaper, but the supply of 

mesothorium was erratic. Some 

batches of paint contained only radi- 

um whereas others had a high pro- 

portion of mesothorium. This variabil- 

ity in the isotopic composition of the 

paint became an issue when it was 

discovered that the paint was a se- 

vere health hazard and attempts 

were made to correlate a person’s 

physiological harm with the amount of 

radium retained in that person’s body. 

Mesothorium activity decreased more 

rapidly than that of radium due to its 

much shorter half-life. Consequently, 

when body-burden measurements 

were made years after intake, the 

mesothorium activity was very low 

and couldn’t be distinguished from 

the radium activity. Not until the late 

1950s, when high-resolution gamma- 

ray detectors became available, could 

the residual mesothorium be mea- 

sured and accurate doses be deter- 

mined. Those doses were within the 

same range as the radium-226 

doses, and thus they did not alter the 

radium standard, which had been set 

in 1941 with a large margin of safety 

relative to the radium-226 doses that 

were known at that time. 
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had been diagnosed with oral lesions. necroses of the Jaw. and anemia, died ear,q 

and painful deaths. 

That ominous coincidence prompted a very quiet. factory-management-spons Ored 
investigation in 1924. In 1915, a second (though this time not SO quiet) investiga- 

tion was conducted by Dr. E. L. Hoffman, a physician working on behalf of the 

New Jersey Consumers' League. Hoffman suggested that the deaths Signaled a 

new occupational disease probably caused by the radioactive materials in the paint, 

Young women in the radium-dial 

painting industry in the 1920s. 

Dr. Harrison S. Martland. the local county's chief medical examiner. began an in- 

dependent investigation of Hoffman's hypothesis. He examined two young dial 

painters with jaw necrosis and severe anemia, and when they died some months 

later, Martland performed the autopsies. He found radioactivity in both bodies. 

Martland also discovered radioactivity in the body of a company physicist who 

died at about the same time. He studied five other patients with symptoms of jaw 

necrosis and anemia. and based on the detection of radon gas (a decay product of 

radium) in their breath. diagnosed them as probably having the new disease. The 

findings of the three investigations were published in 1925, and all came to the 

same conclusion: The ingestion of radioactive materials in the luminous paint was 

the probable cause of a new type of occupational poisoning. Although the diagno- 

sis and the conclusion were initially resisted by company members and others, 

more deaths quickly confirmed that the cause of the disease was poisoning by ei- 

ther the inhalation or ingestion of radium compounds. The habit of licking the 

brushes was forbidden. and other practices at the dial-painting plants were suffi- 

ciently modified such that very few new cases of occupational radium poisoning 

occurred after 1930. 

228 

Dr. Martland, in his I925 paper, was correctly able to outline the origin. symp- 

toms, and pathology of radium poisoning. Unlike ordinary poisons, such as ar- 

senic. which impair or kill an organism through chemical action. radium causes in- 

jury through its radioactivity. Most of the radiation emitted is in the form of 
energetic alpha particles. In living tissue, alpha particles typically travel about 50 

microns. or about 5 to IO cell diameters. and deposit their energy within the cells 
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, 

through ionization processes. The resulting damage can result either in direct cel- 

lular death (necrosis), or possibly in the generation of genetic mutations that initi- 

ate the development of cancer or tumor formation. (Alpha particles are not much 

of a biomedical threat if the radium or other radioactive source is outside the body. 

~aniers such as our clothing or the outer dead layers of our skin are effective 

shields against alpha bombardment.) When radium is ingested, the majority of 

material is rapidly excreted. However, since radium is chemically similar to calci- 

um. a significant fraction is absorbed into the bloodstream and deposited mainly in 

the skeleton. The amount that remains within the body is called the “body bur- 

den.” and it is effectively an internal radiation source. The continual alpha-parti- 

cle bombardment of the bone-forming and blood-forming cells evidently caused 

the severe bone lesions and anemias seen in the dial painters. 

In a 1929 paper, Martland observed that the cases of radium poisoning fell into 

two distinct groups: those acute cases in which symptoms appeared relatively soon 

after the exposure and ended in a rapid death and those cases in which the disease 

seemed to follow a much slower course. In the first group, later designated as 

cases of acute radium poisoning, the patients exhibited severe necrosis of the jaw 

bone, osteomyelitis (inflammation of the bone), crippling lesions of the bone. and 

severe anemia and leukopenia (depletion of white blood cells). Patients exhibited 

those symptoms anywhere from 1 to 7 years after having worked steadily in the 

industry for at least one year, and death came within months of the appearance of 

the symptoms. Acute radium poisoning was associated with body burdens (mostly 

deposited in the skeleton) of from 10 to 100 micrograms of radium and mesothori- 

um. The body burdens of those fatal cases were estimated in rather rough fashion 

during post-mortem examinations. 

The second group of patients. followed by Martland and other colleagues well into 

the 1950s. were identified as suffering from chronic radium poisoning. Those dial 

painters appeared to be in good health for about 5 to 15 years after exposure. 

During that time, however, they were harboring a silent, slowly progressing bone 

necrosis that would lead to rarefactions, holes, and mineralization within the skele- 

tal system. The frank clinical symptoms that eventually appeared included the 

loosening of the teeth, followed by infection of the jaw bones, pathological bone 

fractures that occurred spontaneously or as a result of trauma, that healed very 

slowly, and that produced bony deformities, and finally cancers of the bone and 

adjacent structures. The cancers appeared anywhere from 12 to 23 years after ex- 

posure and were very often fatal. Those that suffered chronic radium poisoning 

were found to have residual body’burdens of radium between about 0.7 and 23 mi- 

crograms, which was much lower, on average, than those associated with acute ra- 

dium poisoning. 

in the late 1920s the diagnosis of radium poisoning was done by Martland and 

others on the basis of the detection of radioactive gases, either radon (radon-222) 

or thoron (radon-220), in the breath of patients. Those inert gases are produced in 
the skeleton by the decay of radium-226 and radium-228 (mesothorium), respec- 

tively (see “Radium and Mesothorium”). From the bone, the gases diffuse into the 

bloodstream where they are transported to the lung and exhaled. Martland u\ed 
his measurements of radioactive gases as a sort of flag that indicated whether or 

not a patient had been internally exposed to radium. He did not use this method 

to quantitatively assess the amount of radium inside the patient. 

A sensitive quantitative means for measuring the radium body burden was not de- 

veloped until Robley D. Evans entered the nascent field of radium toxicology. In 
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Robley Evans in his 

laboratory at MIT. 

1932, Evans was a graduate student in physics under the famous Robert Millikan 

at Caltech. His thesis work involved. among other things. the development of 

highly sensitive accurate techniques for measuring radium and radon in geophy5,. 

cal samples. Following the scandal associated with Eben Byers' death, a repre- 

sentative from the Los Angeles County Health Department. inquiring about how 

to prevent such occurrences in California, was referred to Evans. 

Evans became interested in the uptake. metabolism, and excretion of radium in Iiv- 

ing persons and realized that the key to studying those problems would be the 

ability to accurately measure the amount of radium present in the living body. 

However. the alpha particles emitted by radium are only weakly penetrating and 

cannot be used to measure the radium body burden; they simply do not make it 

out of the body. Therefore. Evans' idea was to measure what became known as 

the in i~ivo body burden by an indirect approach. Instead of measuring the alpha 

particles from radium. Evans would make measurements pertaining to three of the 

daughter products of radium (see "lt7 Viiv Measurements of Radium"). Evans de- 

veloped the technique in 1934 at MIT. It was many times more sensitive than pre- 

vious techniques. allowing measurement of body burdens as small as 0. I micro- 

gram. It was also easy to apply and was eventually used by all those involved in 

clinical studies of radium poisoning, including, of course, Dr. Martland. 

Toward the end of 19-10. the United States was gearing up for World War 11. and 

radium-dial instruments were being produced in large quantities. Evans was again 

approached, this time by the U.S. Navy, about the subject of radium standards. (It 

is said that a captain in the Navy Medical Corps paid Evans a visit and insisted 

that he either provide the Navy with wfety standards for radium-dial painters or 

face being inducted into the service where he wJould be forced to produce them.) 

Evans became part of nine-member committee formed by the National Bureau of 

Standards. Also on that committee were Martland and two other researchers uho 

had done quantitative Lbork on radium toxicity. 

By February 1941. the committee had collected accurate information on the resid- 

ual body burdens of 27 persons as well as their state of health. The 70 persons 

with radium body burden\ in the range of 1.3 to 23 microcuries of activity. or 1.2. 

to 23 micrograms by weight (by definition. 1 gram of radium has an activity of I 
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In Vivo Measurements of Radium 

The technique by which Evans measured the in vivo radium body burden required 

two measurements, one involving the rate at which radon is expired in the breath 

and another involving the intensity of gamma rays emitted from the body. Togeth- 

er, these two measurements provided all the information that was needed to deter- 

mine the amount of radium in a patient’s body. 

The photograph above shows the 

breathalyzer test used by Evans to 

measure the amount of radon being ex- 

haled per second. That amount turned 

out to be about SO per cent of the total 

radon produced per second and thus 

reflected about 50 per cent of the total 

radium body burden. 

Radon, the first daughter of radium, is an inert gas. As such, it tends to diffuse 

from the skeleton into the bloodstream where it is transported to the lung and ex- 

haled. Sihce one gram of radium is known to produce 2.1 x curies of radon 

per second, the rate of radon exhalation can be used to measure the amount of 

radium in the body that produces the expired radon. Evans therefore developed a 

precise version of Martland’s “breathalyzer test“ to make an accurate measure- 

ment of the rate at which radon is exhaled. Exhaled air was collected and its 

radon content determined in an ionization chamber by measuring the alpha emis- 

sions from the radon decay. 

That technique only measured a fraction of the body burden because some of the 

radon decayed before it could be exhaled. To determine the total body burden, a 

second measurement was necessary. Evans had to look farther down the decay 

chain of radium, past radon, to two gamma-emitting radioisotopes, lead-21 4 and 

bismuth-21 4. Because gamma rays are penetrating, they are easily detected out- 

side the body. Evans used a “homemade, copper-screen-cathode’’ Geiger-Muller 

counter to measure the intensity of the gamma-ray emissions from the whole body 

and then worked backwards to determine the amount of radium required to pro- 

duce that intensity. By adding the results of Evans’ two measurements, the total 

in vivo radium body burden was deduced. 

The photograph at left illustrates the 

“meter-arc” method for measuring the 

fraction of the radium body burden that 

could not be determined from the 

radon test shown above. The body of 

the radium patient was positioned 

along an arc so that the gamma-ray de- 

tector was about l meter from the fore- 

head, shoulder, abdomen, knees, and 

toes. The detector measured the 

gamma rays emanating from the pa- 

tient’s body. Those gamma rays were 

produced by lead-214 and bismuth-214, 

radioiosotopes located below radon in 

the radium decay chain. Thus, they 

originated from radon that decayed be- 

fore reaching the lungs. 
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curie), showed various degrees of injury, whereas the 7 persons with body burde 

less than 0.5 microcurie showed no ill effects at all. Evans proposed to the 'ora- 

mittee that the tolerance level for the radium body burden in radium-dial 

be set “at such a level that we would feel perfectly comfortable if our own wife 

daughter were the subject.” With that thought in mind, the nine members unani- 

mously decided to set the tolerance level at a factor of 10 below the level at ,,,hic 

effects were seen, or 0.1 microcurie. On May 2, 1941, the standard for radium- 

226 was adopted in the National Bureau of Standards Handbook, seven months 

before Pearl Harbor and two months after the then secret discovery of plutonium. 

Although the tolerance level of 0.1 microcurie was based on residual body 

measured 15 to 20 years after intake, in practice it was used as the maximum per- 

missible body burden at the time of intake. The initial body burdens of the sub- 

jects in Evans’ study were typically about 10 to 100 times larger than the residual 

burdens he measured. Therefore, an additional safety factor of about 10 to 100 
was built into the standard. In 1981, 40 years after the standard was set, Evans 

reported that no exception to the standard had been found among some 2000 ob- 

served radium patients. That is, no symptoms were ever observed for persons 

with body burdens of 0.1 microgram or less. That conclusions still. holds today, 

In 1944, when plutonium began to be produced in kilogram quantities. the expefi- 

ences with radium forewarned scientists about plutonium’s probable toxic effects 

and provided an essential quantitative basis for the creation of a plutonium stan- 

dard. Robert Stone, the head of the Plutonium Project Health Division, made the 

earliest estimate of a permissible burden for plutonium by scaling the radium stan- 

dard on the basis of the radiological differences between radium and plutonium. 

Those included the difference in theif radioactivities and that of their daughters 

and the difference in the average energy of their alpha particles. The result indi- 

cated that, gram for gram, plutonium was a factor of 50 less toxic than radium, 

and the standard was set to 5 micrograms. 

In July 1945, Wright Langham insisted that the 5-microgram standard be reduced 

by a factor of 5 on the basis of animal experiments that showed that plutonium was 

distributed in the bone differently, and more dangerously, than radium. Thus. the 

maximum permissible body burden for plutonium was set at I microgram. That 

limit was chosen to protect plutonium workers from the disasters that had befallen 

the radium-dial painters. As part of the effort to understand how to measure the 

plutonium body burden in living persons and to remove them from work if the bur- 
den got close to the limit, the human plutonium-injection experiments were carried 

out. (The story of those experiments is told in “The Human Plutonium Injection 

Experiments.”) 

Following those experiments. discussions at the Chalk River Conferences in On- 

tario, Canada, (1949 to 1953) led to further reductions in the plutonium standard 

to 0.65 micrograms, or 40 nanocuries, for a maximum permissible body burden. 

Since then, no further changes have been made, in part because no ill effects from 

plutonium have been observed in any exposed individual with the exception of one 

person-an individual with a body burden around the permissible level who died 

of a rare bone cancer that possibly was caused by plutonium. 

As stated in the introduction, there is a dirth of information about the risks of plu- 

tonium. Consequently, the risks for plutonium-induced cancer of the bone, liver, 

and lung are based on the human data gathered for radium, radon, and thorium, re- 

spectively. The data gathered for radium-induced cancers (see Figure 2) are very 
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interesting in that they appear to 

have a threshold-no bone cancers 

exist below a cumulative skeletal 

dose of 1000 rad. or 20.000 rem, 

u.hich would be the 50-year dose 

from a body burden of about 2 mi- 

crocuries per kilogram of body 

h+.t.ight. This is the best data avail- 

able on the induction of cancer from 

3 bone-seeking alpha-emitter, and so 

it is natural to suspect that similar 

threshold-like behavior may exist for 

plutonium. Fortunately for those 

who work with it, the truth of that 

conjecture may never be determined. 
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Figure 2. Radium-induced 

Cancers 
This plot, as originally presented in a 

1974 article by Robley Evans, shows 

radiation dose versus incidence of radi- 

ation-induced bone and head carcino- 

mas in over 600 radium cases studied 

at MIT. The plot suggests a threshold 

of 1000 rad, or 20,000 rem, to the skele- 

ton for the induction of bone and head 

cancers. Because the latency period 

seems to increase with decreasing 

dose, Evans suggested that this result 

be interpreted as a “practical thresh- 

old”-at lower doses the latency period 

might be longer than the lifetime of 

the individual so that malignancies 

never become manifest. Evans’ idea of 

a practical threshold is still considered 

viable, although two cases of bone 

cancer with doses below 1000 rad have 

appeared in a cohort of 4000 individu- 

als exposed to radium (see “Radiation 

and Risk,” pages 100-101). 
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A TRUE MEASURE OF EXPOSURE 
the human tissue analysis program at Los Alamos 

by James F: Mclnroy 

he human tissue analysis pro- 

gram, a 35-year-long research T program at Los Alamos, has 

been scrutinized by the local and na- 

tional news media and, more recently. 

by the President's Advisory Committee 

on Human Radiation Experiments. AI- 

though this program does not technical- 

ly fall under the description of "human 

experimentation," as defined by Secre- 

tary of Energy Hazel O'Leary, charges 

by the news media of DOE'S "body 

snatching," unethical procurement of 

human tissues and organs, and hiding 

or withholding resulting data from the 

next-of-kin and their lawyers mandated 

that this program be included in the 

Advisory Committee's investigation 

and that all documents and other infor- 

mation about the program be made 

available. 

As the leader of the Los Alamos tissue 

project for 21 years, I will take this op- 
portunity to review the motivations, the 

manner of obtaining tissue samples, and 

the most important findings of what the 

general public, including my wife, sees 

as a very ghoulish activity. Work on 

cadavers has been at the heart of med- 

ical discovery and medical education 

for hundreds if not thousands of years. 

This work is no exception-our pro- 

gram enabled us to quantify the pluto- 

nium distribution in the body through 

The image at left is an autoradiograph of 

a tracheobronchial lymph node from a 

former worker at the Laboratory. It 

shows alpha tracks radiating in a typical 

star pattern from tiny alpha-active 

clumps of matierial. Chemical analyses 

of the radioisotopes in this individual's 

lungs and lymph nodes indicated that 

those clumps most likely consisted of an 

aggregate of plutonium particles. 

postmortem analysis of tissues from oc- 

cupationally exposed individuals. Be- 

cause the risk of cancer is highly de- 

pendent on not only the amount of 

plutonium retained in the body. but also 

the fraction that goes to specific organs. 

our discoveries on plutonium distribu- 

tion have helped to clear away uncer- 

tainties about the human metabolism 

and potential health effects of this ra- 

dioactive substance. 

The plutonium excretion models, which 

were the main product of the plutonium 

injection studies. provided an indirect 

means for estimating the amount of 

plutonium retained in the body of a liv- 

ing person from the amount excreted in 

the urine. Those models were crucial 

because they were the most commonly 

used means for estimating the body 

burden and the ultimate risk from acci- 

dental plutonium exposures, but they 

gave no information about the distribu- 

tion of plutonium in the body, nor were 

there any independent means to check 

on their accuracy. The painstaking col- 

lection and analysis of tissues from de- 

ceased individuals over the last 35 

years has provided at least some of the 

missing information, and that informa- 

tion now serves as a cornerstone of the 

present modeis for determining the 

doses and the risks from plutonium ex- 

posure. The early biokinetic models 

used to estimate body burdens were 

based primarily on indirect measure- 

ments such as urinalysis, fecal analysis, 

external lung counting, and/or whole 

body counting. In contrast, the tissue 

data are direct and definitive. The tis- 

sue program has also provided an accu- 

rate measure of the general level of plu- 

tonium exposure of Laboratory 

employees and thus a check on the effi- 

cacy of industrial hygiene and health 

physics measures that are meant to 

keep plutonium contamination to a 

minimum. 

The author (now retired from the Labo- 

ratory) hopes that the tissue results pre- 

sented here, some of which are relative- 

ly recent, will inspire rejuvenation of an 

effort that can continue to help elimi- 

nate the remaining uncertainties charac- 

terizing plutonium dosimetry. 

Early Studies of Plutonium 
Metabolism 

Bill Moss's article, "The Human Pluto- 

nium Injection Experiments," reviews 

the fact that, in 1944, when plutonium 

began to be produced in large quanti- 

ties, nothing was known about human 

metabolism, retention, distribution, and 

excretion of this manmade element. 

The leading scientists and medical doc- 

tors in the Manhattan Project, however, 

were well aware that working with plu- 

tonium might pose a serious health haz- 

ard. They had done research on using 

radionuclides for medical diagnostics in 
the 1930s, and they knew that long- 

lived radionuclides such as radium are 

dangerous if they are retained inside the 

body because they become a constant 

internal source of radiation. Biomed- 

ically, plutonium was assumed to be 

much like radium. Internal deposits of 

radium had produced fatal anemias and 

bone cancers in the radium dial painters 

of the 1920s. and there was great con- 

cern that internal exposure to plutonium 

and its compounds might be at least as 

dangerous. 

By January 29. 1944, 11 milligrams of 

plutonium (a fair share of the worlds 
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total supply at that time) had been allo- 
cated for animal metabolic studies. The 

results indicated that the skeleton was 

the major deposition site, the retention 

time was long. and the liver had the 

highest concentration among the soft 

tissues, followed by the kidneys and the 

spleen. How appropriate were those 

animal data for quantifying the distribu- 

tion and retention of plutonium in hu- 

mans-and thus for determining the 

doses and the risks of plutonium 

exposure '? 

The human injection experiments were, 

in part, an effort to answer that ques- 

tion. Excretion data were collected 

from all subjects following injection of 

plutonium into the bloodstream, and 

small tissue specimens from those sub- 

jects who were terminally ill were ana- 

lyzed for plutonium following their 

death. A number of important observa- 

tions followed: I) there were no major 

differences between humans and the 

common laboratory animals in the dis- 

tribution in tissues with the exception of 

liver; 2) the liver of humans contained 

20 to 40 per cent of the total amount re- 

tained versus 10 per cent or less for rats 

when both received the same plutoni- 

um-citrate complex; 3) the retention 

half-time in liver was greater in hu- 

mans; 4) the retention half-time for 

whole body in humans was much longer 

than in laboratory animals; and 5) the 

excretion pattern in humans was differ- 

ent, especially that a much lower frac- 

tion was eliminated in human feces 

compared to animal feces. 

Wright Langham. a radiobiologist in the 

Health Group at Los Alamos who had 

planned the analytical protocols for the 

human injection experiments, used the 

excretion data to create a model relating 

the amount of plutonium injected into 

the bloodstream to the amount excreted 

in the urine. Thus, the Langham model 

became the first basis for estimating the 

amount of plutonium retained in the 

body as a function of time following an 

accidental intake of an unknown quanti- 

ty. By the late 1950s. James N. P. 

336 

Lawrence of Los Alamos had modified 

the Langham model to take into account 

longtime excretion data from a selected 

group of Los Alamos workers who had 

experienced accidental intakes during 

the Manhattan Project and who had 

been followed as part of an epidemio- 

logical study (some of those men tell 

their stories in the roundtable "On the 

Front Lines"). But many uncertainties 

remained. Most worker exposures were 

the result of inhaling tiny airborne parti- 

cles of plutonium into the lung. How 

did that mode of exposure compare to 

the injection of plutonium directly into 

the bloodstream? It was suspected that 

the patterns of retention. distribution, 

and excretion, and thus the dose to the 

body, would change depending on 

whether the intake was by inhalation, 

ingestion. or a cut or puncture wound, 

but no human data were available to 

check the conjectures. It was also ex- 

pected that the dose and the ultimate 

risk of exposure would be affected by 

the particular chemical form and particle 

size of the material taken in, the time 

since exposure, the duration of expo- 

sure, and the effects of individual bio- 

logical variation. 

The Beginnings and the Philosophy 
of the Los Alamos Tissue Program 

Our human tissue analysis began spon- 

taneously following the accidental death 

of Cecil Kelley, a plutonium worker 

here in Los Alamos. Kelley was expo- 

sure to a lethal dose of gamma and 

neutron radiation on December 30, 
1958 and died 35 hours later. The radi- 

ation source was a plutonium collection 

vessel at DP Site that suddenly and un- 

expectedly went critical during the 

year-end inventory (see "The Cecil Kel- 

ley Criticality Accident: The Origin of 

the Los Alamos Human Tissue Analy- 

sis Program"). As a part of the medical 

autopsy, the local pathologist Dr. 

Clarence C. Lushbaugh collected tis- 

sues to examine any physical changes 

that might have been caused by the ex- 

treme radiation exposure. Dr. Lush- 

baugh, who was also a research scien- 

tist at the Laboratory, decided to Send 

several of the organs and bones to the 

Laboratory for radiochemical analysis 

to determine the plutonium content. 

Kelley had worked with plutonium for 

a number of years prior to his death 

and was carrying in his body a measur. 

able plutonium "burden," which pre- 

sumably had been obtained mostly 

through inhalation of moderate routine 

airborne contamination. The estimated 

whole-body content, based on urine ex- 

cretion data and the application of Jim 

Lawrence's PUQFUA (Plutonium Body 

Burden (a) From Urine Assays) code, 

was 18 nanocuries. a little less than half 

the maximum permissible body burden 

of 40 nanocuries. The tissue samples 

represented the first opportunity to de- 

termine directly the plutonium burden 

carried in an individual who had been 

analyzed for plutonium content prior to 

death and thus to check the predictive 

power of the urine excretion models 

against real data. It was also an oppor- 

tunity to measure the real efficacy of 

the industrial hygiene and health 

physics measures that had been taken to 

reduce airborne plutonium contamina- 

tion in the work environment. Those 

responsible for industrial hygiene at 

Los Alamos, including Wright Lang- 

ham, Donald Petersen, and Dr. Lush- 

baugh, felt it was incumbent on them to 

take advantage of the availability of 

that information, even though it result- 

ed from the untimely and tragic death 

of a colleague. 

The Kelley data offered some surprises. 

Although the whole-body content was 

found to be 19 nanocuries, in close 

agreement with the excretion model, 

that result was considered by Wright 

Langham to be "undoubtedly fortu- 

itous" because the fraction in the lung 

and pulmonary lymph nodes was much 

larger than predicted by the biokinetic 

models of the day. That surprise led to 

the initiation of the tissue analysis pro- 

gram at Los Alamos, a conserted effort 

to collect and analyze tissues from 
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deceased occupationally exposed work- 

ers. The program also included some 

members of the general public as con- 

trols. The hope was to quantify all the 

variables affecting the distribution and 

retention of plutonium a?d then use the 

data to improve the in iVi\w estimates of 

internal plutonium exposures. 

The most important sources of tissues 

were the many workers involved with 

the handling of plutonium in the 1940s 

and 1950s when most of the serious ex- 

posures occurred. Those individuals 

were fairly young at the time and 

proved to be a very healthy group. As 

;I result. the collection of human tissues 

from autopsy or surgery has proceeded 

slowly. 

The plan to include unexposed people 

3s controls eventually grew into a large 

study of the U.S. non-occupationally 

exposed general population. The results 

have produced an accurate determina- 

tion of the background levels of inter- 

nally deposited plutonium from atmos- 

pheric fallout due to nuclear weapons 

testing and from accidental release to 

the environment from nuclear facilities. 

The results from the general population 

study are presented in the last section 

of this article. 

The tissue program has also included 

the study' of americium, uranium. thori- 

um. and neptunium, however, the vast 

majority of the analyses performed on 

tissues at Los Alamos were for plutoni- 

um and americium. As mentioned 

abo\,e. plutonium in the bloodstream 

was found to be deposited preferentially 

in the liver and skeleton. If the expo- 

sure was from inhalation, the lung and 

associated lymph nodes would also re- 

tain deposited plutonium. If the expo- 

sure was through ingestion. the conse- 

quences would be reduced because the 

gastrointestinal tract allows only about 

one plutonium atom out of ten thousand 

to pass through the intestinal walls and 

enter the blood stream. That knowl- 

edge of the primary deposition sites led 

the early researchers to collect tissue 

specimens from the lung. tracheo- 

bronchial lymph nodes. liver, kidney 

and bone specimens. Later. interest in 

minor deposition sites and possible con- 

sequences, such as potential genetic ef- 

fects if the radioactive elements \\ere to 

deposit in gonadal tissue. led to the col- 

lection of several additional tissues. 

The ethics of our tissue collection 

process has commanded the most atten- 

tion during the recent re-examination of 

the tissue program by the President's 

Advisory Committee. Our own esami- 

nation of procedures has shown that for 

all normal deaths (that is. not involving 

accidents, suicide, homicide. and 50 

forth), tissue collection was done only 

after obtaining appropriate authority 

through a written consent form. For 

example. during the 1950s and 1960s 

consent for autopsy and tissue collec- 

tion were obtained in writing from the 

next of kin by the floor nursing supervi- 

sor or attending physician at the Los 

Alamos Medical Center." 

Then in 1968 the Atomic Energy Com- 

mission (AEC) sponsored the formation 

of a formal registry to collect medical. 

exposure. and work histories of plutoni- 

um workers on a voluntary basis and to 

request authority from the registrants 

for autopsy and tissue analysis at the 

time of death. Originally called the 

National Plutonium Registry, it was 

eventually expanded into two registries. 

the U.S. Transuranium Registry and the 

U.S. Uranium Registry. The two are 

now combined and referred to as the 

USTUR. They are administered at 

Washington State University under the 

sponsorship of the DOE'S Office of 

Health and Environmental Research. 

The accompanying box "Authority and 

Collection of Tissues" outlines the pro- 

cedures followed at Los Alamos in the 

early days and by the Registries in 

more recent times to obtain consent and 

to collect tissues. 

:* The Los Alarnos hledical Center wah operated 

by the AEC until 1964. after whlch it \+as pur- 

chased by the Lutheran Health Systeim of Fargo. 

North Dakota. 

Studies of Occupationally 
Exposed Workers 

Los Alamos Donors. From 1959 to 

I978 tissues from I I6 former employ- 

ee\ of the Laboratory were analyzed. 

Not all had been exposed to plutonium: 

many were support personnel such as 

secretaries, janitors. firemen, truck dri- 

vers, and others who had volunteered to 

be part of the program. 

Since our association with the USTUR 

in 197 1, tissues from 60 additional Los 

Alarnos workers with known or sus- 

pected exposure to plutonium have 

been analyzed. including six whole 

bodies. As of October 1995. there are 

32 living members of the Registry from 

Los Alamos who have given their con- 

sent for radiochemical analyses follow- 

ing death; seven of them are whole- 

body donors. A total of 25 highly 

exposed workers from all over the 

country are currently enrolled with the 

USTUR as whole-body donors follow- 

ing death. 

What has tissue analysis revealed about 

the effectiveness of the Laboratory's ef- 

forts to protect its workers from expo- 

sure to plutonium? During the early 

days of the Laboratory's operation, par- 

ticularly during the war years, we know 

that the containment and filtering sys- 

tems were not available or were not 

used as efficiently as they are today. 

The higher levels of contamination pre- 

sent at that time were clearly reflected 

in the tissues we analyzed from a secre- 

tary who worked in the original pluto- 

nium processing building known as "D" 

building. Although she probably never 

worked in a plutonium laboratory. her 

lungs. liver, and skeleton contained 

larger concentrations of plutonium than 

the general public, undoubtedly from 

inhalation of airborne plutonium during 

her work hours. 

To evaluate the overall exposure of the 

Laboratory work force. a comparison of 

concentrations of plutonium in the liver 

was made between the worker popula- 
cor~trr~rreti 011 pr1,qe 2.11 
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he charge of "body snatching" by the news media opens UP the issue of "here 

Tand how the Los Alamos tissue analysis program obtained samples for study 

During the first twelve years of the program, from 1959 to 1971, all samples 

obtained from individuals who had died and/or were given autopsies at the L~~ 
Alamos Medical Center. As described in the main text, the first case was Cec,l 

Kelley, who had worked with plutonium and died as a result Of a criticality accident, 

His autopsy was authorized by the Los Alamos coroner, and then the Pathologist at 

the Los Alamos Medical Center, Dr. Clarence C. Lushbaugh, decided to collect tis- 

sue samples from Kelley and have them analyzed for plutonium Content by the bio- 

medical research group at the Laboratory (Lushbaugh had a joint appointment with 

that group). After the Kelley incident, Lushbaugh decided to make the Collection of 

tissue specimens for plutonium analyses a routine part of all autopsies performed 

at the Medical Center. That practice was quite acceptable since, in those days, a". 
topsies were considered a learning tool. They were used to confirm the accuracy 

of the physician's diagnosis, to determine the effectiveness Of certain medical treat. 

ments, and, of course, to determine the cause of death, especially in the cases of 

unattended deaths. Also, autopsy programs measuring plUtOniUm in human tissues 

were being conducted at other sites in the U.S. and in fdreign countries. 

Perhaps the more unusual practice was Lushbaugh's attempt to get permission to 

perform an autopsy on every person who died at the Los Alamos Medical Center- 

Laboratory employees, members of the general population from Los Alamos and 

surrounding areas, and transient visitors from other parts of the county. Of course 

autopsies had to be perfomed on a certain percentage of persons dying in the hos- 

pital each year in order to maintain the accreditation of the hospital and hospital 

staff. Also the members of the Los Alamos community were typically very interest- 

ed in the science that could be learned from the autopsies and were willing to 

make this final contribution of themselves in the interest of science. 

238 

For routine deaths, the floor nursing supervisor or the attending physician would 

ask the next of kin to sign the Medical Center's "Authority for Autopsy" form, which 

stated that the next of kin "authorize(d) a postmortem examination of the decedent, 

including removal and retention of such specimens and tissues, as the examining 

physician deems proper for therapeutic or scientific .purposes". Few refused con- 

sent. Non-routine deaths (accidents, unattended deaths, suicides, homicides, and 

so on) fell under the authority of the coroner, and so the coroner was asked and 

would grant consent for the retention and analysis of tissues. In all the cases men- 

tioned above, the next of kin were not necessarily made aware that tissues were 

being retained specifically for the analysis of plutonium content 

Formal consent from occupationally exposed workers. Procedures for obtaining 

consent became more formal and more explicit in 1968 when the United States 

Atomic Energy Commission (AEC) established the National Plutonium Registry to 

function as a national center for the collection of medical, exposure, and work hist@ 

ries for the workers in the AEC nuclear complex. The Registry was an outgrowth of 
the postmortem tissue sampling program that had begun in 1949 at the AEC's Han- 

ford site near Richland, Washington and continued to collect tissues at autopsy pre 

vided permission was given in advance by the occupationally exposed individual. In 

the original request for funds, the primary purpose of the Registry was stated as "the 

protection of the interests of the workers, employees, and public by serving as a na- 

tional focus for acquisition and dissemination of the newest and best information 
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relative to the effects of the transuranium elements on people." In 1970, the name 

of the Registry was changed to the United States Transuranium Registry (USTR) 

but the mission did not change, and by June 1974, 5843 transuranium workers had 

been identified, of whom 3880 had signed release forms for their medical and 

health physics records and 819 had given authority for autopsy. 

Initially, all tissues collected by the Registry, with the exception of cases originat- 

ing at Rocky Flats, were analyzed at the Battelle, Pacific Northwest Laboratories, 

in Richland, Washington. In 1971, the Los Alamos Laboratory was added to the 

list of "approved" laboratories. The Battelle and Los Alamos laboratories submit- 

ted their own research proposals and were funded independently by the AEC for 

radiochemical analysis of the Registry tissues. In 1978, the Energy Research and 

Development Agency (ERDA), successor to the AEC, directed that the Los Alam- 

os tissue analyses laboratory become the lead laboratory for analysis of human 

tissues for the United States Transuranium Registry (USTR).' 

Once the Registry was established, physicians in the Industrial Medicine Group at 

Los Alamos would use the periodic employee medical examinations as a time to 

introduce the Registry and its purpose to those Laboratory employees who were 

either known to have, or suspected of having, internal exposure to the transurani- 

um elements. Individuals willing to release their medical, exposure, and work his- 

tories to the Registry and to donate tissues following their death were provided 

additional detailed information and appropriate consent forms. Those forms were 

generally signed prior to death by the donor, his spouse or nearest next of kin, 

and a non-related witness. The forms were kept on file and had to be renewed 

every five years to be valid. Also the next of kin could withdraw the consent for 

tissue donation at the time of death if they desired to do so. 

Potential donors were provided with identification cards to carry on their person 

that notified the attending physician or hospital staff at the time of death of the in- 

dividual's desire to donate tissues to the US. Transuranium Registry. The card 

gave a telephone number to be called if death was imminent or had occurred. 

Once the Registry was notified, they alerted our tissue analysis laboratory, and we 

sent instructions and shipping containers to the hospital where the autopsy was to 

take place. Following the autopsy, tissue specimens were individually packaged 

in plastic bags, frozen, packed in Dry Ice, and shipped to Los Alamos by overnight 

delivery. 

In recent years, the Registry instituted a whole-body donation program in which all 

internal organs were removed, packaged as described above, and sent directly to 

Los Alamos, and the cadaver was shipped to Richland for complete dissection. 

The skin, muscle, and bones were then shipped to Los Alamos for analyses. Be- 

cause identification cards in wallets were sometimes overlooked, whole-body 

donors had the additional option of carrying Medic Alert bracelets or medallions so 

that there would be no delay in.notifying the Registry of their death. The fact that 

the Registry often knew of an individual's death within a matter of minutes follow- 

ing the event, or sometimes prior to .death, has led some people to conclude that 

the Registry was in collusion with the pathologists or contractors for the DOE to 

obtain tissue specimens. Thus, the charge of "body snatching." 

*In 1978, the Energy Research and Development Agency funded the establishment of the 
United States Uranium Registry (USUR). In 1992, the USTR and USUR were combined to 
form the United States Transuranium and Uranium Registries (USTUR). An excellent sum- 
mary of the history of the USTUR is given by R. L. Kathren et a1 in reference 12. 
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Layman's View of An Autopsy 

Lungs from an occupationally exposed 

worker inflated with dry nitrogen to ap- 

proximately normal size found in the 

human chest. The ratio of plutonium to 

americium was measured in the Los 

Alamos lung counter and compared with 

measurements made before death. 

c \ 

A cross section of a lung that had been 

inflated with nitrogen and frozen to retain 

its natural shape. The dark area in the 

center is an enlarged pulmonary lymph 

node. 

The author, during the course of his 21 years in the ksUe Analysis pro. 

gram at Los Alamos, attended numerous autopsies. He is aware that 

many people do not know what happens at an aUtOPSy, and thought ;t 

would be interesting to offer the following lay description. 

Generally, a medical assistant for the pathologist prepares the body by cut- 

ting a "Y" shaped incision in the skin and frtUSCle Covering the chest and ab- 

domen. The skin is cut back to reveal the muscles and ribs of the thorax 

(chest) and the opening the abdomen. The cartilage connecting the ribs to 

the sternum (breastbone) is easily cut with a scalpel, and the sternum along 

with the connected costal cartilage from the ribs are removed to reveal the 

lungs and heart. The opening in the abdomen accesses the visceral organs, 

the liver, stomach, kidneys, small and large intestine, bladder, and so forth. 

Pathologists generally remove each of these organs one at a time, begin- 

ning with the heart and lungs, and grossly examine them for obvious abnor- 

malities. They then remove small sections of tissue from suspicious areas 

and preserve them in a special fixative so that the tissues can later be ex- 

amined microscopically. To observe the interior of large organs such as 

the lungs and liver, they often "bread-board'' them. That is, they make par- 

allel slices about 1/2 inch thick throughout the organ and continually look 

for abnormalities. Any suspected areas are snipped out and preserved for 

microscopic examination. In this manner, all internal organs are removed 

from the body and weighed, and appropriate sections are removed and 

preserved when, based on training and experience, the pathologist deems 

it necessary. 

While the body cavity lies empty, a piece of the vertebrae is sliced off the 

interior side of the vetebral column with a special bone saw. This bone 

specimen, called a "vertebral wedge,'' consists of several vertebral bodies 

and associated disks. It protrudes into the cavity and is easily removed 

without destroying the continuity of the vertebral column. Likewise, at this 

time, a rib and/or piece of sternum can also be removed for examination. 

At some hospitals, the organs that have been removed are placed in plastic 

bags and incinerated. Other hospitals return the organs to the body cavity. 

In either case, they surgically sew the skin of the abdomen and chest to- 

gether to restore the body to its' "normal" shape so that the mortician can 

prepare the body for viewing and burial. When prepared by a competent 

mortician, persons viewing the body are completely unaware that an autop- 

sy has been performed on the deceased. 

When special circumstances require, the brain is removed by first cutting 

the scalp from ear to ear and turning back the skin and hair to reveal the 

top of the skull. A special bone saw cuts through the skull bone to remove 

the skull cap, without cutting into the brain, itself. The brain is then re- 

moved intact, and the bony skull cap placed back into position at the top of 

the head. The scalp is sutured together, and the sutures are seldom no- 

ticeable when the body IS prepared for the funeral. The body is then re- 

leased to the funeral home for embalming or cremation, as the family has 

directed. 
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tion and the general population (see 

Figure I). The liver was selected be- 

cause it is a major deposition site for 

plutonium once plutonium has entered 

the blood stream and because all or a 

Inajor portion of the liver could be easi- 

ly obtained for analysis. Large tissue 

samples were especially important for 

evaluating the extremely low levels of 

plutonium in the general population. 

Two-thirds of the workers had liver 

concentrations that did not differ signif- 

icantly from the general population, 

who were exposed only to environmen- 

tal sources of plutonium such as atmos- 

pheric fallout from weapons testing. 

The remaining third fell naturally into 

three distinct groups. The two groups 

with the highest liver concentrations 

(above 80 disintegrations per minute 

per kilogram) had well documented ex- 

posures and consisted mostly of 

chemists. physicists, and laboratory 

technicians. Almost without exception, 

the persons with those high exposures 

had received them during the earliest 

days of the Laboratory’s existence. The 

group with intermediate liver concentra- 

tions was made up of the same profes- 

sions as above but also included fire- 

men, health physics monitors, health 

physics laborers, plumbers, and so on. 

The latter were probably exposed while 

passing through or working in a conta- 

minated area for short times. Overall, 

it is evident that the majority of Labo- 

ratory workers have been adequately 

protected from exposure to plutonium. 
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One might wonder whether there have 

been any Laboratory personnel who re- 

ceived really high plutonium exposures, 

and, if so. whether the exposures have 

affected their lives or been life threat- 

ening. These are questions frequently 

asked by concerned workers and the 

general public, alike. (For a discussion 

of plutonium exposures and their ef- 

fects oee “On the Front Lines.”) 

Our study was not designed to answer 

all these questions. It was not an epi- 

demiology study where frequency of 

disease. causes of death, and life short- 
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ening are evaluated. However. we can 

answer some of the questions and refer 

to other related studies carried out at 

Los Alamos for answers to some of the 

others. 

Until recently, radiation protection stan- 

dards for internal exposures were given 

in terms of the recommended maximum 

permissible body burden (MPBB) spec- 

ified in terms of mass (micrograms) or 

activity (nanocuries). [ 1 nanocurie = 

2.220 disintegrations per minute (dpm)] 

For plutonium, the MPBB for nuclear 

industry workers was 0.65 microgram 

or 40 nanocuries. The MPBB for 

americium is also 40 nanocuries. The 

highest depositions measured at the 

time of death by our program was 

about 85 nanocuries of plutonium in a 

former Los Alamos worker, 120 

nanocuries of americium in a worker at 

the Lawrence Livennore Laboratory 

(the latter is thought to have received 

his exposure while working as a gradu- 

ate student at the University of Califor- 

nia at Berkeley) and 15 microcuries 

(more exactly 14,600 nanocuries) of 

americium in a Hanford Site worker. 

Did the exposures contribute to their 

deaths? The Los Alamos worker died 

at the age of 78 from a heart attack. 

The Livermore worker died at age 49 

of a malignant melanoma. However, it 

is not believed that americium exposure 

results in melanoma. The individual 

from the Hanford Site died at age 76 

Figure 1. Plutonium in Workers 

versus the General Population 

This bar chart shows the liver concentra- 

tions of former employees of the Los 

Alamos National Laboratory. Approxi- 

mately two-thirds of all those employees 

measured had liver concentrations below 

5.1 disintegrations per minute per kilo- 

gram (dpm/kg), which is within the range 

observed in the US. general population 

exposed only to fallout. Individuals hav- 

ing liver concentrations ranging from 5.3 

to 80.1 dpmlkg included mainly support 

personnel (firemen, custodians, health 

physics monitors, security guards, and 

so forth) that may have received minor 

exposures incidental to their job assign- 

ments. Individuals with liver concentra- 

tions greater than 80 dpdkg were physi- 

cists, chemists, health physics monitors, 

and metallurgists, all of whom had well 

documented plutonium exposures. 
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Figure 2. Spongy versus Compact 
Bone 
This drawing shows a portion of a bone 

from which the marrow has been re- 

moved. Bone is composed of two kinds 

of tissue. One is dense in texture like 

ivory and is termed compact bone; the 

other consists of slender spicules, tra- 

beculae, and lamellae joined into a 

spongy structure, which is called cancel- 

lous, or spongy, bone. The compact 

bone is always on the exterior of the 

bone, the spongy bone on the interior. 

The relative quantity of the two kinds of 

tissue varies in different bones and in 

different parts of the same bone, accord- 

ing to functional requirements (see 

Gray's Anatomy, page 282). 

from cardiovascular disease. Of all the 

cases analyzed by this program and/or 

followed by the Los Alamos plutonium 

epidemiology studies, only one is 

thought to possibly have died from the 

effects of their plutonium exposure. 

That individual, a chemist at Los Alam- 

os during the Manhattan Project. died 

in 1990 at age 66 of an o5teosarcoma 

(bone cancer). The primary site of the 

cancer was the sacrum. Osteosarcomas 

of the sacrum are not common in man 

but have been observed in animals 

(beagle dogs j exposed to plutonium. 

Keep in mind, however. that this is a 

single case and must be evaluated cau- 

tiously. There seems to be scant hard 

evidence that exposure to plutonium 

and/or americium at the levels reported 

above has caused any significant life 

shortening or disease. 

Quantitative results on plutonium de- 
position and distribution. The data 

obtained from deceased occupationally 

exposed workers by the tissue analysis 

program has been used in many ways. 

One of the primary objectives of this 

study was to measure quantitatively the 

total body burden. or deposition. of plu- 

tonium in a person so that models pre- 

dicting this deposition from urine 

analyses could be validated and im- 

proved. This can he accomplished by 

2-42 

chemically measuring the plutonium 

content in the major deposition sites, 

that is. the lungs and associated lymph 

nodes. the liver. and the skeleton. 

These three organs contain about 90 per 

cent or more of the retained plutonium. 

Determining the lung. and liver content 

is straight foruard. since these organs 

are eahily obtained at autopsy and are 

\mall enough to be analyzed in total, 

The skeletal content is much more diffi- 

cult to determine. but is a critical mea- 

jurement since about half of the sys- 

temic burden (internal to the body and 

exclusive of the lungs) is in the skele- 

ton. Obviously, the entire skeleton is 

not easily obtained at autopsy. A rib. 

vertebral wedge (a block of one to three 

vertebral bodies removed from within 

the body cavity). and the \ternurn Mere 

the bones most often remoxd by the 

pathologist for our study. That choice 

was dictated in part by ae5thetics-re- 

moval of these specimens does not dis- 

figure the body when it is prepared for 

a funeral and burial. In the early part 

of the study. the bone specimens were 

analyzed for plutonium. and the results 

were extrapolated to represent the 

whole skeleton under the assumption 

that plutonium is uniformly distributed 

in all bones. The average weight of the 

skeleton in a young 125 to 35 years 

old), Caucasian male weighing 70 kilo- 

grams is 10 kilograms, or about 14 per 

cent of their body weight. The donors 

to our program were much older men in 

their sixth or seventh decades. In the 

current enrollment of the USTUR, 69 

per cent of the donors are age 65 or 

older. (Eighty-five percent are older 

than age 55.) Body weight proportions 

change significantly with age. The as- 

sumption of a IO-kilogram skeleton. or 

even a skeletal weight based upon 14 

per cent of the body weight, is there- 

fore very uncertain. 

An even more important complication. 

in estimating the skeletal content of plu- 

tonium was the discovery that. unlike 

radium. which is distributed somewhat 

uniformly throughout the bone mineral. 
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Figure 3. Deposition of Plutonium in a Thigh Bone 
The bar chart shows the plutonium-239 content of different sections of a thigh bone (femur) in two ways, the total activity of each 

section and the concentration, or activity per gram. Plutonium deposits on the bone surface, and therefore, the concentration in- 

creases with the amount of surface area. Since the interior of the end sections of the femur contain spongy bone with a high de- 

gree of trabecularity and therefore a large surface area, the concentration of plutonium is higher at those ends. 

plukmium is deposited on the bone sur- 

tiice. Autoradiographs made from ani- 

mals gi\ en large injections of plutonium 

citrate demonstrate that phenomenon 

quite clearlq. That means that the con- 

centration of plutonium is greatest 

\I here [here is ;I large mount of bone 

\iirtiice compared io bone \.olume. 

Figure 2 \how that the bone is com- 

pod of two general types of structure: 

a \cry dense structure like ivory on the 

outside. termed "compact" hone: and a 

spongy stucture on the inside consisting 

of slender spicules, tr~beculae. and 

lamellae. The cavities of the bone are 

tilled with bone marrow. Yellow mar- 

ro~ is found in the large cavities of the 

long bones. It consists. for the most 

part. of tat cells and a few primitive 

blood cells. Red marrow is the site for 

the production of the red blood cells 

and the granular leukocytes. It is found 

in the spongy portions of the flat and 

short bones. the ends of the long bones. 

the ribs. sternum. and \.ertebraI bodie\. 

The relative quantity of compact versus 

spongy bone varies among different 

bones, and in different parts of the same 

bone. according to functional require- 

ments. Because plutonium deposits on 

the bone surfaces, and spongy hone has 

a high surface area. the distribution of 

plutonium within a bone is proportional 

to the distribution of the sponsy bone. 

Figure 3. showing the distribution of 

plutonium in the large thigh bone called 

the femur. illustrates this vet-) well. 

Most of the plutonium is located at the 

two ends of the femur, which contain 

most of the spongy tissue. 

Given this pattern of deposition. the pri- 

mary carcinogenic risk from plutonium 

in the skeleton is associated with the 

hematopoietic stem cells (blood-forming 

cell?) of the bone marrow. which fills 

the spongy structure. and osteoblasts 

(bone-forming cells) close to the bone 

surfaces. Plutonium in or near the bone 

marrow might lead to leukemia. where- 

as plutonium on the bone surface might 

lead to osteosarcoma. 

Returning to the problem of estimating 

the amount deposited in the skeleton 

from the samples taken during autopsy. 

\\e note that the ribs. sternum. and ver- 

tcbral bodies usually sampled ;it ;iiitop- 
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Figure 4. Whole-body Distibution of Plutonium and Americium 

The bar chart shows the mean distributions of plutonium-239 and americium-241 in 

four whole bodies donated to the U.S. Transuranium Registry. All were exposed pri- 

marily by inhalation approximately 30 years prior to death. The error bars represent 

one standard deviation from the mean. The two elements differ most in the liver re- 

tention time (plutonium has a residence half-time of 20 years compared to 2 to 3 

years for americium). Also the fraction of americium found in the skeleton and rnus- 

cle is higher than that of plutonium. The large error bars are indicative of individual 

biological variation and possible variation in exposure parameters. 

hy have relatively high proportions of 

4pongy bone and therefore have a rela- 

tively higher concentration of plutoni- 

um than the entire skeleton. Therefore 

carly estimate\ of skeletal content de- 

rived from anal yes of those bone types 

could eahily ha\,e overe\timated the 

sLeIetal content it uniform di\tribution 

had been assli~ned. 

Wisely. the USTUR instituted a whole- 

body donor program in 1979 so that the 

distribution of the actinides could be 

deteiAiiiined for the entire skeleton and 

also for the less frequently sampled soft 

tis.;nes. As of October 1995. 17 indi- 

L,iduals have since consented to become 

whole body donors. To date. 23 of 

those indi\ idiiuls hate died. Tcvelve 

\vhole bodies ha\ e been analyzed in our 

laboratory at Los Alamos for one or 
more of the following elements: pluto- 

nium. americium. uraniiini. and thori- 

um. Six of the twelve analyzed had 

worked and received their exposures at 

Los Alamos. Twenty-four donors are 

still living. and ten bodie4 are awaiting 

analyses at the Registries' newly estab- 

lished laboratory at Washington State 

Unicersity in Pullman.U'A. One body 

was not analyzed because the person 

tested positive for hepatitus-B at the 

titne of death. and we did not want 

to expose our analysts to that deadly 

disease. 

Detailed data from {ix whole bodies 

have been published. Figure 4 5hows 

the relative distributions of plutonium 

and americium in four of the bodies. 

For the inhalaticin cases. greater 

'41 are found in the respiratory 

than are predicted by the Interllat,ona, 

Commission on Radiological Protection 

( lCRP publications 30 and 38). E~,~~! 

models based upon animal data had , 

propod a 500-day half-time for the 

retention of pliitoniiim in the l~ing\, 

The data in Figure 4. derived ti.(),,, indi. 

L iduals who died approximately 30 

years following their exposure. >hOM. 

very clearly that the half-time in the 

/ling< of humanc is much longer. 

other tinding is that americium ij 

cleared much more rapidly from the 

liver than is plutonium. whereas early 

models used the same clearance tinit 

for both elements. The li\~er-clear;~i~ce 

half-time for americium i, tho lo three 

years Lvhereas the liver-clearance 11;IIf- 

titlie for plutonium is 20 years tlCRP 
publication 48). .After l0ng-tei.m c.\po- 

xiire. \ignificant fractions of the jyh- 

temic plutonium-239 and ainericium- 

741 are found in muscle and other wit 

tissue. which suggests that those tissue, 

function as a long-term depot for thov 

nuclides. 

tions of plutonium-239 and al,,ericiu,n- Propor. 

How do the body burdens measured 

from our radiochemical analyses of 

whole-bodies compare to the body bur- 

dens predicted by applying biokinetic 
models to excretion data? Table I pre- 

sents a comparison that Ron Kathren 

and I published in 199 I. Measurements 

of the sy\temic deposition (all organs 

except the lung) and the whole-body 

deposition of plutonium-239 in four 
whole bodies are shown in red. Also 

listed are 13 different theoretical ?>ti- 

inates of the deposition. Each theoreti- 

cal estimate was calculated by applying 

LL different biokinetic model to the iiri- 

nary excretion data obtained during the 

li\.es of those four individuals. 

Table I shows that the plutonium bur- 

dens estimated from the older biokinet- 

ic models were many times greater than 

the measured values. The results of 

two models are within a factor of t\\o 

of the tissue analysis results for all four 
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Table 1. Tissue Results on Whole Bodies Compared with Estimates of Biokinetic Models 

Biokinetic Model 

Systemic Burden of Plutonium-239' (nanocuries) 

Case 213 Case 242 Date Case 193 Case 208 

Langham 1950 27.0 56.5 55.9 

Healy 1956 23.2 40.0 43.0 

Durbin 1972 13.0 30.5 61.1 

Rundo et. ai. 1976 3.0 10.0 5.9 

Parkinson & Henley 1981 8.9 31.6 17.8 

Leggett 1984 3.8 4.0 11.6 

Jones 1985 5.7 11.9 8.1 

Leggett & Eckerman 1987 4.9 8.4 6.8 

Revised Langharn per 
Legett & Eckerrnan 1987 3.2 5.9 8.1 

PUQFUA (7.3) (1 5.5) (1 3.5) 

Tissue Analysis 1988 3.1 3.8 6.7 

Tissue Analysis (whole body) (6.6) (6.1 1 (8.2) 

'Systemic burdens refer to the content of all organs excluding the lungs, whereas whole-body burdens include the lung content. 

94.6 

80.0 

47.8 

15.1 

42.4 

29.7 

20.0 

11.6 

16.2 

(23.3) 

;J 3 

(75.7) 

cases: the Langham power function 

model as modified by Leggert and Eck- 

erman and the two component exponen- 

tial model proposed in ICRP publica- 

tions 19 and 30. In all four cases in 

Table I, exposure was primarily by in- 

halation. Jim Lawrence's PUQFUA 

code is also a modification of the Lang- 

ham equation and was used at Los 

Alamos for many years. The code esti- 

mated the whole-body deposition in- 

cluding the lung. and therefore, the 

PLTQFUA results should be compared 

Nith the radiochemical estimate of 

whole-body contents shown in paren- 

theses. Lawrence continuously used 

the tissue analysis estimates of plutoni- 

um deposition in deceased workers over 

the years to verify and improve his 

model. 

One of the other new studies done on 

the whole bodies was an investigation 

of the amount of plutonium in the bone 

marrow. Animal studies had shown 

that myeloid leukemia as well as os- 

teosarcomas (bone cancer) can be in- 

duced in laboratory animals by plutoni- 

um in bone given appropriate exposure 

conditions. As a result, there &as some 

concern that a high bone marrow con- 

centration might increase the risk of 

leukemia above that calculated by the 

ICRP bone model. 

We attempted to evaluate the leukemia 

risk from plutonium exposure in hu- 

mans by separating the bone marrow 

from mineral bone. The separation 

was accomplished by washing the mar- 

row out of the bone cavities with a jet 

of water and then measuring the pluto- 

nium in the bone-mineral and bone- 

marrow components. As expected. 

most of the skeletal plutonium was as- 

sociated with the mineralized bone. 

Concentrations of plutonium were 

more than ten times greater in the min- 

eralized portions than in the organic 

fraction. Approximately 3 per cent of 

the total skeletal plutonium was esti- 

mated to be resident in the marrow, 

with the concentration in the red mar- 

row several times greater than the con- 

centration in the yellow marrow. Our 

result suggests that the radiation dose 

to the mineralized portion of the bone 

and to osteoblasts in the periosteal lay- 

ers andendosteal layers of the bone 

(see Figure 2) may be an order of mag- 

nitude or more than the dose to the red 

marrow. The implication of these find- 

ings is that the risk of bone tumors is 

several times greater risk than the risk 

of leukemia. 
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General Population Studies 

Origin and procedures. From the be- 

ginning in 1959 the tissue program in- 

cluded non-occupationally exposed in- 

dividuals who died at the Los Alamos 

Medical Center. At first the collection 

and analysis of tissues from that gener- 

al-population sample was meant to de- 

termine background levels for compari- 

son with the levels found in plutonium 

workers. The community and the Lab- 

oratory were also interested in deter- 

mining whether or not any plutonium 

had been released from the Laboratory 

and was causing internal exposure of 

people living in Los Alamos and near- 

by communities. 

A more global concern was the impact 

of the more than 320 kilocuries (ap- 

proximately 5,000 kilograms or 1 1,000 

pounds) of plutonium-239 that had been 

distributed worldwide, mostly in the 

northern hemisphere, from atmospheric 

testing of nuclear weapons. Reliable 

data were not available on how much 

had been deposited and retained in tis- 

sues of the general population, nor 

whether there were significant differ- 

ences in exposure depending on where 

a person lived. It was obvious even at 

the start of the tissue study that answer- 

ing those questions would be a natural 

and important extension of the research 

effort if and when the opportunity 

arose. 

The Los Alamos general population 

study expanded its borders somewhat 

accidentally when, in 1968, tissues 

from 36 individuals from New York 

City (unc1.aimed bodies) were sent to 

Los Alamos and, at the request of the 

AEC's Health and Safety Laboratory, 

analyzed for fallout plutonium. In 

1970, the Colorado Department of 

Health wanted to evaluate the extent of 

off-site plutonium contamination that 

was suspected to have occurred as the 

result of a major tire in 1969 at the 

Rocky Flats plutonium processing and 

fabrication facility. They requested that 
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Figure 5. Geographic Distribution of General Population Study 

The map shows the states of origin of the 1187 individuals from the general Population 

from whom tissues were collected and analyzed over the course of the Los Alamos tip 

sue analysis project. Major collection sites were near the DOE nuclear facilities at ~0~ 

Alamos, the Rocky Flats Facility in Colorado, the Savannah River Facility, and the Han. 

ford Facility in Washington State. Control populations were collected from areas not 

near nuclear facilities in Pennsylvania, Illinois, and New York. A few other individuals 

from other states died in one of the participating hospitals and were included in the 

sampling process. 

Los Alamos analyze tissues from indi- 

viduals living in the Denver-Boulder 

area. Local hospitals collected the tis- 

sues, which were then picked up and 

sent to Los Alamos by personnel from 

the Colorado Department of Health. 

Tissue collection from the Denver- 

Boulder area continued until 1985. 

With the cooperation of the Medical 

Director at the plutonium production 

plant at Savannah River Plant, contact 

was made with local pathologists and 

tissues were collected, from 1972 to 

1979, from the areas around Augusta, 

Georgia and Aiken, South Carolina to 

establish the background levels of envi- 

ronmental plutonium and evaluate the 

possible release of plutonium from the 

Savannah River Plant. Realizing the 

samples collected from the Los Alam- 

os, Rocky Flats, and Savannah River 

areas may have been contaminated by 

local releases from these nuclear facili- 

ties, we sought control populations 

from areas far away from existing nu- 

clear facilities. As a result, we added 

the Illinois-area residents to the study 

in 1973 and the Pennsylvania-area in 

1974. 

Before setting up those programs, we 

investigated the legality of having 

pathologists send tissues to Los Alamos 

and found it to be within the limitations 

included in the autopsy consent form 

used by most hospitals. Although con- 

sent forms vary from hospital to hospi- 

tal, they are all similar. In particular, 

the "Authorization for Autopsy" form 

published by the American Medical As- 

sociation states in part, "I (we) autho- 

rize the removal and retention or use 

for diagnostic, scientific, or therapeutic 

purposes of such organs, tissues, and 

parts as such physicians and surgeons 

deem proper."* This authority was 

granted subject to any special restric- 

tions by the next of kin, but it generally 

provides for the release 'of tissues for a 

scientific study such as ours. With a 

few exceptions, individuals whose tis- 

sues were sent to us were not identified 

'Form 44 in "Medico-legal Forms with Legal 
Analysis" (American Medical Association. 
Chicago, Illinois, 1961). 

Los Alamos Science Number 23 1995 
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Table 2. Results of Hypothesis Testing for Geographic Differences 

1974-75 

Kidney 

Liver 

Lung 

Lymph Node 

Rib 

Vertebrae 

Female Gonad 

Male Gonad 

Spleen 

Thyroid 

1967-68 

Liver 

Lung 

Vertebrae 

PA LA co GA NM 

(0.1 14) (0.108) (0.081) (0.075) (0.063) 

LA NM GA IL PA co 
(2.399) (2.123) (1.942) (1.461) (1.398) (1.276) 

IL - NM LA GA co PA - 
(0.535) (0.447) (0.316) (0.301) (0.271) (0.104) 

PA LA NM co - 
(6.553) (6.500) (2.917) (1.923) 

LA NM PA 
(1.125) (0.966) (OZO) 

NM co GA PA LA 

(0.673) (0.631) (0.400) (0.363) (0.21 3) 

co PA LA 

(2.769) (1 .OOO) (0.667) 

LA PA co NM GA 

(0.568) (0.319) (0.063) (0.053) (0.042) 

LA PA GA NM co 
(0.350) (0.164) (0.160) (0.147) (0.101) . 

LA PA co IL NM GA 
(1.303) (0.749) (0.363) (0.286) (0.00) (-0.194) 

LA NM NY 
(1.823) (1.730) (1 500) 

LA NM NY 
(1.272) (1.165) (0.668) 

NM NY LA 

(4.557) (1.539) (0.769) 

The table summarizes the results of sta- 

tistical testing for geograhic differences 

in the plutonium content of different tis- 

sues. The two-letter abbrevations stand 

for states, except for LA, which stands 

for Los Alamos. For each tissue listed, 

the distribution from those states under- 

lined with the same line do not differ 

significantly. Median values in units of 

disintegrations per minute (dpm) per 

kilogram are given in parentheses. Even 

where statistically significant differences 

exist from one state to the next (in 

which case the states fall on two differ- 

ent lines), the differences in median are 

quite small, on the order of 1 dpm per 

kilogram of tissue, so that the measured 

differences probably have no practical 

consequence. 

In the analysis, we tried to eliminate the 

dependence on age at death and year of 

death by considering only very short 

time segments, namely, the year of 

death, and subtracting out the age 

trends found during those time periods. 

The two time periods chosen (1974-75 

and 1967-68) were selected because they 

included the major portion of the data 

and because they were the only periods 

where data was available from certain 

geographical locations. A Kruskal-Wal- 

lis non-parametric test of significance of 

among-region differences at the (Y = 0.05 

level was used. If this test indicated 

overall significance, Mann-Whitney tests 

were performed for all pairwise cornpar- 

isons of the geographic regions (at the (Y 

= 0.05 level). If the Kruskal-Wallls test 

was not significant, then all pairwise 

comparisons were declared not 

significant. 

by name, only by hospital identification 

number or autopsy number. We be- 

lieved that the standard autopsy clause 

was adequate to release tissues for our 

plutonium study, and we left it to the 

discretion of the pathologist or their 

representative to do whatever additional 

explaining to the next of kin they 

deemed necessary and appropriate. 

(That means we did not follow up to 
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determine if the next of lun were told 

specifically about our plutonium analy- 

ses of the donated tissues.) Patholo- 

gists were generally reimbursed a small 

amount ($25 to $100) to cover their 

cost of collecting the tissues, packaging 

each tissue individually, freezing them 

for storage, packing them in Dry Ice, 

and finally arranging to have them 

shipped to us. (We also paid the ship- 

ping charges for sending the tissues to 

us by air freight). 

Between 1959 to 1985 samples were 

collected in that manner from 1848 in- 

dividuals in seven geographic areas 

throughout the United States. Figure 5 
shows the number of individuals from 

whom we analyzed tissue for each of 

the 27 contributing states. 
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In 1978 Los Alamos was named the 

lead laboratory for analyzing tissues do- 

nated by occupationally exposed work- 

er$ to the U.S. Transuranium and Ura- 

nium Registries. At that time our 

general population study had to be dis- 

continued because of funding con- 

straints. By then, one or more tissues 

had been analyzed from 1,254 of the 

individuals who had contributed autop- 

sy specimens. Results from approxi- 

mately 900 individuals (approximately 

4,400 tissues) were reported in the open 

literature through three major reports. 

Unfortunately, in 1990, a freezer failure 

resulted in the loss of the unanalyzed 

tissues and they had to be destroyed by 

cremation. 

What has been learned? Most impor- 

tantly, the data showed that levels of 

plutonium in the U.S. general popula- 

tion are small and that populations liv- 

ing near major nuclear facilities did not 

have significantly higher plutonium lev- 

els than those living far from such facil- 

ities. The analyses also confirmed that 

major deposition sites of fallout plutoni- 

um were the respiratory tract, the liver 

and the skeleton. The measured deposi- 

tion patterns and retention factors are 

critical for identifying the level of haz- 

ard to the general population. 

The data also show that liver concentra- 

tions increase slightly with age and 

skeletal concentrations decrease. Evi- 

dently, as time passes a remobilization 

of the bone mineral releases plutonium 

from the skeleton, which then deposits 

in the liver. 

No significant differences in tissue de- 

position of plutonium between males 

and females were evident. . 

The data were also examined for geo- 

graphic differences (see Table 2). To 

eliminate any influence of the year of 

death, we examined tissues from indi- 

viduals who died during a certain short 

time period and we subtracted out the 

age trends found in that time period. 

For the time span 1967-68, the data 

showed no geographic differences in 

my of the tissue concentrations of plu- 

tonium. For the time span 1974-75, the 

data showed no regional differences in 

plutonium concentrations in the verte- 

brae, kidney, spleen, and female go- 

nads, but, as shown, there were small 

regional differences in all other tissues 

(liver, lung, lymph node, rib. male 

gonad and thyroid). 

How have the data been used? The 

I98 1 report "Deposition and Retention 

of Plutonium in the United States Gen- 

eral Population" evaluated the data as a 

function of time and compared the re- 

sults with the predicted organ concentra- 

tions estimated using the ICRP lung 

model and the annual air concentrations 

of fallout plutonium measured by DOE'S 

Environmental Measurements Laborato- 

ry in New York City (formerly AEC's 

Health and Safety Laboratory). Accord- 

ing to the ICRP Publication 48, "The 

Metabolism of Plutonium and Related 

Elements," those data showed "reason- 

able agreement between computed and 

measured values for lung. Computed 

values for skeleton were about three 

times lower than measured values in 

vertebrae and rib. . . .The computed val- 

ues for liver were also somewhat lower 

than the measured values. . . .The com- 

puted content of fallout plutonium-239 

in lung-associated lymph nodes is an 

order of magnitude higher than the mea- 

sured content. The half-time values 

used in the [ICRP] model were based 

upon data from beagles; monkeys, and 

rodents accumulated less plutonium than 

beagles in their lymph nodes, and are 

more consistent with human data. 

These findings emphasize the need for 

careful extrapolation of animal data to 

predict human metabolism." 

Based to a large extent on the Los 

Alamos general population tissue study 

program (the ICRP referenced four 

major Los Alarnos reports and one per- 

sonal communication from me in their 

Publication 48). the ICRP has recom- 

mended changes in their lung model 

that reduce the retention parameters for 

plutonium in lung and liver. In the 

general conclusions of the above refer. 

ence, they stated "...there is consider- 

able evidence to suggest that both the 

40-year half-time for plutonium in liver 

and the 100-year half-time for plutoni- 

um in the skeleton recommended in 

ICRP Publication 19 (ICRP72) and em- 

ployed in ICRP Publication 30 (Part I), 

(ICRP79). are too long. Values of 20- 

and 50-years for retention times in liver 

and skeleton, respectively, now seem 

more reasonable." The ICRP report 

stated further: "The more recent infor- 

mation on the behavior of inhaled plu- 

tonium, or other actinide compounds, in 

animals, and on the behavior of inhaled 

particles in man [from the Los Alamos 

Tissue Study], is not always consistent 

with the assumptions of the ICRP Lung 

Model. These dis'crepancies are being 

considered by the Task Group on Res- 

piratory Tract Models." 

The ICRP further stated that "Since the 

appearance of ICRP Publication 19, 

much more information on the tissue 

contents and retention of plutonium and 

americium in humans has become 

available. Much additional information 

can be obtained from continuing the 

measurements of fall-out plutonium in 

autopsy material. . . ." m 
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The Cecil Kellev Criticality Accident 

n December 30, 1958. an acci- 

dent occurred in the Los Alam- 0 os plutonium-processing facili- 

ty, where plutonium was chemically 

separated, or “recovered,” from various 

compounds. In this facility, plutonium 

compounds were dissolved and mixed 

in a large tank with chemical reagents 

to concentrate and purify the plutonium. 

On the day of the accident, Cecil Kel- 

ley, an experienced chemical operator, 

was working with the large mixing tank. 

The solution in the tank was supposed 

to be ”lean.” typically less than 0.1 

grams of plutonium per liter, but the 

concentration on that day was actually 

200 times higher. In fact, the tank con- 

tained enough plutonium (3.27 kilo- 

grams) in an upper layer of organic sol- 

vent to be very close to criticality-that 

is, capable of sustaining a chain reac- 

tion. When Kelley switched on the stir- 

rer, the liquid in the tank formed a vor- 

tex, or whirlpool. The lower, aqueous 

layer was pushed outward and up the 

walls of the tank, as if forming a bowl; 

the upper, plutonium-containing layer 

flowed into the center of this ”bowl,” 

which increased the thickness of the 

layer. In this new configuration, the 

plutonium went critical, releasing a 

huge burst of neutrons and gamma radi- 

ation in a pulse that lasted a mere 200 
microseconds. 

Kelley. who had been standing on a foot 

ladder peering into the tank through a 

viewing window, fell or was knocked to 

the floor. Confused and disoriented, he 

apparently turned the stirrer off and on 

again, then ran out of the building. The 

two other operators on duty at the time 

saw a bright flash of light, like that of a 

flash bulb, and heard a dull thud. 

Quickly, they rushed to help, and found 

Kelley outdoors. He was ataxic (lack- 

ing muscular coordination). All he 

could say to the operators was, “I’m 

burning up! I’m burning up!” Assum- 

ing he’d had a chemical accident, the 

two operators led Kelley ta a shower. 

One operator turned the stirrer off as 

they went by. 

Within five or ten minutes, a nurse, su- 

pervisors. and radiation monitoring staff 

were all on the scene. Kelley was evi- 

dently in shock and virtually uncon- 

scious. but rather innocently. the nurse 

noted that Kelley had ’&a nice pink 

skin.” Because the nature of the acci- 

dent was unknown at the time, it was 

not understood until later that Kelley’s 

pink skin was erythema (a redness of 

the skin, like that from a sunburn) 

caused by his radiation exposure. 

The possibility of a criticality accident 

had been considered so remote that the 

radiation monitoring staff began their 

investigation by searching for plutonium 

in the work environment with alpha de- 

tectors. They found no widespread ac- 

tivity. It was only as Kelley was leav- 

ing in an ambulance, eighteen 

minutes after the accident, that the cir- 

cumstances of his accident became 

clear. The monitoring staff had just 

begun gamma radiation measurements. 

When they saw the high level of gamma 

radiation in the vicinity of the large 

mixing tank (tens of rad per hour), the 

investigators quickly realized what had 

happened. 

The symptoms Kelley displayed at the 

plutonium-processing facility, character- 

ized by collapse and mental incapacita- 

tion, were the first stage of his clinical 

course (what is now know as the most 

severe form of acute radiation syn- 

drome). The second stage began when 

he arrived in the emergency room of the 

Los Alamos Medical Center. It was 

dire. Kelley was semiconscious, retch- 

ing, vomiting, and hyperventilating. His 

skin was cold and dusky reddish-violet, 

and his lips had a bluish color that indi- 
cated poorly oxygenated blood. He was 

immediately wrapped in blankets and 

surrounded by hot water bottles. His 

blood pressure and pulse were at first 

unobtainable. He had shaking chills, 

and the uncontroled movement of his 

extremities and torso necessitated re- 

straint by the nursing staff. Kelley‘s 

anxiety and restlessness were eased only 

by Demerol. After about ten minutes. 

the nurses were able to measure Kel- 

ley’s pulse (160 beats per minute) and 

his blood pressure (80/40). His body 

emitted a small but measureable amount 

of gamma rays, and his vomit and feces 

were sufficiently radioactive to give a 

positive reading on the detector. 

One hour and forty minutes after the ac- 

cident, Kelley entered the third stage. 

which was both the longest and most 

encouraging. Kelley regained coher- 

ence, and although he complained of se- 

vere abdominal cramps and occasionally 

retched and vomited, he seemed consid- 

erably improved overall. He was trans- 

ferred from the emergency room to a 

private room, placed in a bed that was 

on “shock blocks,” and enclosed in an 

oxygen tent. Kelley’s first blood sam- 

ples were drawn at this time. Because 

Kelley had been irradiated with neu- 

trons, the sodium and other light metals 

in his blood were “activated,” or trans- 

formed into radioisotopes such as sodi- 

um-24. His average whole-body dose 

was tirst estimated by measuring the ra- 

dioactivity of his blood. It appeared to 

have been massive-in the range of 900 

rad from fast neutrons and 2.700 rad 

from gamma rays, giving a total of 

3,600 rad-and certainly lethal.’ 

Six hours after the accident. the lym- 

phocytes virtually disappeared from 

Kelley’s peripheral circulation, which 

’ After his death, Kelley‘s radiation dose wah bet- 
ter estimated, again using biological indicators of 
the neutron dose and infemng the gamma dohe. 
The results were somewhat greater than the r\ti- 
mate made during Kelley’s period at the hospital: 
900 rad from fast neutrons and 3.000 to I.(W rad 
from gamma rays, giving 3,900 to 4.900 rad. 

Los Alamos Science Number 23 1995 



r A True Measure of Exposure 

The origin ofthe Los Alamos Human Tissue Analysis Program 

bvas taken as a grave sign. Twenty-four 

hours after the accident. a sternal bone 

marrow biopsy was performed. The 

nimow appeared watery, rather than 

bloody. and no excessive bleeding oc- 

curred. The marrow was almost com- 

pletely acellular, edematous. hemorrhag- 

ic fatty tissue. From that observation. 

along with the rapid onset of lymphope- 

nia (depression of the lymphocytes in 

the bloodstream overall), it was clear 

that Kelley would not survive long. 

During the second evening after the ac- 

cident. Kelley entered the fourth stage. 

The pain in his abdomen became difti- 

cult to control. He became increasingly 

restless despite medication-so much so 

that the intravenous infusions were inad- 

vertantly interrupted. He began to 

sweat profusely, his color became 

ashen, and his pulse irregular. About 

35 hours after the accident. Kelley died. 

Kelley had spent about half of his 11.5 

years at Los Alamos as a plutonium- 

processing operator (from 1946 to 1949 

and. again. from 1955 through 1958). 

During that time, he underwent several 

minor exposures to plutonium, including 

regular exposure to moderate levels of 

airborne plutonium in various chemical 

forms. Therefore. his tragic death be- 

came an opportunity to determine cer- 

tain factors crucial to the protection of 

wJorkers. By analyzing the tissues of his 

body, researchers could determine Kel- 

ley's total plutonium body burden and 

compare it with the result obtained from 

periodic urine assays during his life, 

Furthermore, they' could determine the 

distribution of the plutonium in Kelley's 

body. Because certain tissues are more 

sensitive to radioactivity than others. the 

distribution of the plutonium was im- 

portant in determining the effective 

dose. That result could be applied 

broadly to other individuals who were 

exposed to plutonium largely by inhala- 

tion over a prolonged period. 

Kelley's exposure record included 18 

instances of high nose-swipe counts and 

IO instances of minor exposures, such 

as being involved in the cleanup of a 

plutonium spill or getting a slight lacer- 

ation. Urine assays taken during that 

period usually showed slight amounts of 

plutonium. Analysis of those assays in- 

dicated that Kelley's plutonium body 

burden was 19 nanocuries (see "The 

Human Plutonium Injection Experi- 

ments"). Kelley's records showed that 

a11 of his exposures occurred during his 

early plutonium work ( 1946- 1949) and 

it was very likely that most of his pluto- 

nium burden was accumulated during 

this period from chronic inhalation ex- 

posure to low-level airborne plutonium. 

Autopsy samples were taken from 

throughout Kelley's body to measure 

plutonium concentrations. (The acci- 

dent itself, an exposure to neutrons and 

gamma rays, had no impact on the 

amount or distribution of plutonium in 

his body.) The tissue analysis showed 

that Kelley's total plutonium body bur- 

den was 18 nanocuries. This compared 

extremely well with the value of 19 

nanocuries determined from urinalysis. 

Wright Langham stated that the above 

agreement "was so very satisfactory that 

it is undoubtedly fortuitous." In addi- 

tion, it was found that about SO per cent 

of the plutonium was in the liver, 36 per 

cent in the skeleton, IO per cent in the 

lungs, and 3 per cent in the respiratory 

lymph nodes. Plutonium Injection Ex- 

periments in humans had shown a 

somewhat different distribution: 65 per 

cent in the skeleton and 22 per cent in 

the liver. for example, most likely the 

result of differences in the chemical and 

physical nature of the plutonium (the 

experiments used a soluble salt of pluto- 

nium whereas Kelley inhaled plutonium 

dust particles). 

Another interesting factor in Kelley's 

analysis was that they were able to de- 

termine relative timescales for the move- 

ment of plutonium through the body and 

within organs. This was possible be- 

cause changes in plutonium production 

methods between Kelley's first and sec- 

ond stints as a plutonium worker had 

considerably increased the ratio of pluto- 

nium-238 to plutonium-239 in the mater- 

ial being handled. This fact, coupled 

with the record of nose counts and expo- 

sures, enabled them to distinguish the 

"early" plutonium from the "late" pluto- 

nium and, thus. to trace qualitatively the 

movement of plutonium from the lungs 

to other organs. They found that pluto- 

nium cleared relatively rapidly from the 

lungs compared with the clearance from 

the bone and lymph nodes. Much of the 

plutonium in the lungs migrated to the 

liver whereas only a small percentage 

migrated to the bone and lymph nodes. 

Finally, the rate of clearance from the 

lungs to the liver must be relatively fast 

and the retention time in the liver must 

be longer than in the lungs. 

A memorandum written by Jean Mc- 

Clelland and Bill Moss. chemists in the 

Health Division, presented the results of 

Kelley's tissue analysis. Those results 

showed that plutonium was retained in 

the lungs and pulmonary lymph nodes 

much, much longer than contemporary 

models had predicted. Because this was 

unexpected, it was decided to collect tis- 

sues from other exposed individuals to 

confirm this phenomenon. They also 

stated that tissues from non-occupation- 

ally exposed individuals would be col- 

lected as controls. Thus, the Los Alam- 

os tissue analysis program was begun. 
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After her death, 
organs from Silkwood’s 
body were analysed as 
part of the Los Alamos 

Tissue Analysis Program. 
Silkwood’s case was 

important to the program 
because it was one of 

very few cases involving 
recent exposure to pluto- 
nium. It also served to 

confirm the contemporary 
techniques for the mea- 
surement of plutonium 
body burdens and lung 

bu rdens. 

The Karen Silkwood Story 

aren Silkwood died on November 13. 1974 in a fatal one-car crash. Since 

then, her story has acheived worldwide fame as the subject of many K books. magazine and newspaper articles, and even a major motion picture, 

Silkwood was a chemical technician at the Kerr-McGee’s plutonium fuels produc- 

tion plant in Crescent, Oklahoma, and a member of the Oil. Chemical, and Atom- 

ic Workers’ Union. She was also an activist who was critical of plant safety. 

During the week prior to her death, Silkwood was reportedly gathering evidence 

for the Union to support her claim that Kerr-McGee was negligent in maintaining 

plant safety, and at the same time, was involved in a number of unexplained ex- 

posures to plutonium. The circumstances of her death have been the subject of 

great speculation. 

After her death, organs from Silkwood’s body were analysed as part of the Los 

Alamos Tissue Analysis Program at the request of the Atomic Energy Commis- 

sion (AEC) and the Oklahoma City Medical Examiner. Silkwood’s case was im- 

portant to the program because it was one of very few cases involving recent ex- 

posure to plutonium. It also served to confirm the contemporary techniques for 

the measurement of plutonium body burdens and lung burdens. The following ac- 

count is a summary of Silkwood’s exposure to plutonium at the Kerr-McGee plant 

and the subsequent analysis of her tissues at Los Alamos. 

In the evening of November 5. plutonium-239 was found on Karen Silkwood’s 

hands. Silkwood had been working in a glovebox in the metallography laboratory 

where she was grinding and polishing plutonium pellets that would be used in fuel 

rods. At 6:30 P.M.. she decided to monitor herself for alpha activity with the de- 

tector that was mounted on the glove box. The right side of her body read 20.000 

disintegrations per minute, or about 9 nanocuries.’ mostly on the right sleeve and 

shoulder of her coveralls. She was taken to the plant’s Health Physics Office 

where she was given a test called a “nasal swipe.” This test measures a person’s 

exposure to airborne plutonium, but might also measure plutonium that got on the 

person’s nose from their hands, The swipe showed an activity of 160 disintegra- 

tions per minute, a modest positive result. 

The two gloves in the glovebox Silkwood had been using were replaced. Strange- 

ly, the gloves were found to have plutonium on the “outside” surfaces that were in 

contact with Silkwood’s hands: no leaks were found in the gloves. No plutonium 

was found on the surfaces in the room where she had been working and filter pa- 

pers from the two air monitors in the room showed that there was no significant 

plutonium in the air. By 9:OO P.M., Silkwood‘s cleanup had been completed, and 

as a precautionary measure. Silkwood was put on a program in which her total 

urine and feces were collected for five days for plutonium measurements. She re- 

turned to the laboratory and worked until 1: IO A.M., but did no further work in 

the glove boxes. As she left the plant, she monitored herself and found nothing. 

Silkwood arrived at work at 7:30 A.M. on November 6. She examined metallo- 

graphic prints and performed paperwork for one hour, then monitored herself as 

she left the laboratory to attend a meeting. Although she had not worked at the 

glovebox that morning, the detector registered alpha activity on her hands. Health 

I 1 nanocurie = 2.220 diiintegrat~on\ per minute 
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what we know at Los Alamos 
physics staff members found further activity on her right forearm and the risht 

side of her neck and face. and proceeded to decontaminate her. At her request. a 

technician checked her'locker and automobile with an alpha detector. but no ac- 

tivity was found. 

On November 7. Silkwood reported to the Health Physics Office at about 750 in 

the morning with her bioassay kit containing four urine samples and one fecal 

sample. A nasal swipe was taken and significant levels of alpha activity were de- 

tected (about 45,000 disintegrations per minute (dpm) in each nostril and 40.000 

dpm on and around her nose). This was especially surprising because her left 

nostril had been almost completely blocked since a childhood accident. Other 

parts of her body also showed significant alpha activity (1,000 to 4.000 dpm on 

her hands. arm, chest, neck. and right ear). A preliminary examination of her 

bioassay samples showed extre~zely high levels of activity (30.000 to 40.000 

counts per minute in the fecal sample). Her locker and automobile were checked 

again, and essentially no alpha activity was found. 

Following her cleanup, the Kerr-McGee health physicists accompanied her to her 

apartment. which she shared with another laboratory analyst, Sherri Ellis. The 

apartment was surveyed. Significant levels of activity were found in the bath- 

room and kitchen. and lower levels of activity were found in other rooms. In the 

bathroom. 100,000 dpm were found on the toilet seat. 40,000 dpm on the floor 

mat, and 20.000 dpm on the floor. In the kitchen. they found 400.000 dpm on a 

package of bologna and cheese in the refrigerator, 20,000 dpm on the cabinet 

top. 20,000 dpm on the floor, 25,000 dpm on the stove sides, and 6,000 dpm on 

a package of chicken. In the bedroom, between 500 and 1000 dpm were detect- 

ed on the pillow cases and between 500 and 2.000 dpm on the bed sheets. How- 

ever. the AEC estimated that the total amount of plutonium in Silkwood's apart- 

ment was no more than 300 micrograms. No plutonium was found outside the 

apartment. Ellis was found to have two areas of low level activity on her, so 

Silkwood and Ellis returned to the plant where Ellis was cleaned up. 

When asked how the alpha activity got into her apartment, Silkwood said that 

when she produced a urine sample that morning. she had spilled some of the 

urine. She wiped off the container and the bathroom floor with tissue and dis- 

posed of the tissue in the commode. Furthermore, she had taken a package of 

bologna from the refrigerator, intending to make a sandwich for her lunch, but 

then carried the bologna into the bathroom and laid it on the closed toilet seat. 

She remembered that she had part of her lunch from November 5 in the refrigera- 

tor at work and decided not to make the sandwich, so she returned the bologna to 

the refrigerator. Between October 22 and November 6. high levels of activity had 

been found in four of the urine samples that Silkwood had collected at home 

(33,000 to 1,600,000 dpm), whereas those that were collected at the Kerr-McGee 

plant or Los Alamos contained very small amounts of plutonium if any at all. 

The amount of plutonium at Silkwood's apartment raised concern. Therefore, 

Kerr-McGee arranged for Silkwood, Ellis, and Silkwood's boyfriend. Drew 

Stephens. who had spent time at their apartment, to go to Los Alamos for testing. 

On Monday, November 1 I, the trio met with Dr. George Voelz. the leader of the 

Laboratory Health Division. He explained that all of their urine and feces would 

Dr. Voelz reassured 
Silkwood that, based 

upon his experience with 
workers that had miich 

larger amounts of plutoni- 
um in their bodies, she 

should not be concerned 
about developing cancer 
or dying from radiution 

poisoning. Silkwood 
wondered whether the 

plutonium would affect 
her ability to have 

children or cause her 
children to be deformed. 
DK Voelz reassured her 

that she could have 
normal children. 
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At the request 
of the AEC and the 

Oklahoma State 
Medica 1 Examine q 

Dr: A. Jay Chapman, 
who was concerned about 

perjorming an autopsy 
on someone reportedly 

contaminated with 
plutonium, a team from 

Los Alamos was sent 
to make radiation 

measurements and assist 
in the autopsy. 

be collected and that several whole body and lung counts would be taken. They 

would also be monitored for external activity. 

The next day. Dr. Voelz informed Ellis and Stephens that their tests showed a 

small but insignificant amount of plutonium in their bodies. Silkwood, on the 

other hand, had 0.34 nanocuries of americium-241 (a gamma-emitting daughter of 

plutonium-241) in her lungs. Based on the amount of americium, Dr. Voelz esti- 

mated that Silkwood had about 6 or 7 nanocuries of plutonium-239 in her lungs, 

or less than half the maximum permissible lung burden (16 nanocuries) for work- 

ers. Dr. Voelz reassured Silkwood that, based upon his experience with workers 

that had much larger amounts of plutonium in their bodies, she should not be con- 

cerned about developing cancer or dying from radiation poisoning. Silkwood 

wondered whether the plutonium would affect her ability to have children or 
cause her children to be deformed. Dr. Voelz reassured her that she could have 

normal children. 

Silkwood. Ellis, and Stephens returned to the Oklahoma City on November 12. 

Silkwood and Ellis reported for work the next day, but they were restricted from 

further radiation work. After work that night, Silkwood went to a union meeting 

in Crescent, Oklahoma. At the end of the meeting, at about 7 P.M., she left alone 

in her car. At 8:05. the Oklahoma State Highway Patrol was notified of a single 

car accident 7 miles south of Cresent. The driver, Karen Silkwood, was dead at 

the scene from multiple injuries. An Oklahoma State Trooper who investigated 

the accident reported that Silkwnood’s death was the result of a classic, one-car. 

sleeping-driver accident. Later. blood tests performed as part of the autopsy 

showed that Silkwood had 0.35 milligram of methaqualone (Quaalude) per 100 

milliliters of blood at the time of her death. That amount is almost twice the rec- 

ommended dosage for inducing drowsiness. About 50 milligrams of undissolved 

methaqualone remained in her \tomach. 

At the request of the AEC and the Oklahoma State Medical Examiner. Dr. A. Jay 

Chapman, who was concerned about performing an autopsy on someone reported- 

ly contaminated with plutonium, a team from Los Alamos was sent to make radia- 

tion measurements and assist in the autopsy. Dr. Voelz, Dr. Michael Stewart, 

Alan Valentine, and James Lawrence comprised the team. Because Silkwood’s 

death was an accident, the coroner did not legally need consent from the next of 

kin to perform the autopsy. However, Silkwood’s father was contacted, and he 

gave permission for the autop\y over the telephone. The autopsy was performed 

November 14, 1974, at the Univercity Hospital in Oklahoma City, Oklahoma. 

Appropriate specimens were collected. preserved, and retained by Dr. Chapman 

for his pathological and toxicological examination. At the request of the coroner 

and the AEC, certain organs and bone specimens were removed, packaged. 

frozen, and brought back to Los Alamos for analysis of their plutonium content. 

Because Silkwood had been exposed to plutonium and had undergone in vivo plu- 

tonium measurements. her tissue was also used in the Los Alamos Tissue Analy- 

sis Program to determine her actual plutonium body burden, the distribution of the 

plutonium between different organs of her body, and the distribution witbin her 

lung. On November 1.5, small samples of the liver, lung, stomach, gastrointestinal 

tract, and bone were selected and analysed. The data, shown in Table 1. indicated 

clearly that there were 3.2 nanocuries in the liver, 4.5 nanocuries in the lungs, and 

a little more than 7.7 nanocuries in her whole body. These measurements agreed 

well with the in vhvo measurements made before Silkwood’s death (6 or 7 
nanocuries in the lung and a little more than 7 nanocuries in the whole body). 
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There was no significant deposition of plutonium in any other tissues, including 

the skeleton. The highest concentrations measured were in the contents of the 

gastrointestinal tract (0.05 nanocune/gram in the duodenum and 0.02 

nanocurie/gram in a small fecal sample taken from the large intestine). This 

demonstrated that she had ingested plutonium prior to her death. 

With the exception of the left lung, the remaining unanalyzed tissues were repack- 

aged and kept frozen until it was determined whether or not additional analyses 

were required. The left lung was thawed. inflated with dry nitrogen until it was 

approximately the size that it would have been in the chest, and re-frozen in that 

configuration. It was packed in an insulated shipping container in dry ice and sent 

to the lung counting facility at the Los Alamos Health Research Laboratory. The 

data were then compared with the in viiw measurements made prior to her death. 

As expected. without the ribs and asso- 

ciated muscle attenuating the x rays 

from the americium-24 1, the results for 

the left lung measured postmortem were 

about 50 per cent higher, but not incon- 
sistent with the in vivo result. (nanocuries) (picocuries/gram) 

lung (whole) 1.5 1.6 

Some of the most interesting observa- parenchyma 3.5 4.6 
tions made during Silkwood’s tissue 

analysis were: 1) the distribution of plu- 

tonium-239 within her lung and 2) the 

concentration of plutonium in the lung 

lymph nodes (TBLN). After the frozen 

left lung was returned to the Tissue 

Analysis Laboratory, the superior lobe was divided horizontally into sections. 

Those sections were further divided into two parts: the outer layer of the lung 

(pleura and sub-pleural tissue) and the inner soft tissue of the lung (parenchyma). 

The plutonium concentrations in the inner and outer parts of Silkwood’s lung were 

about equal, in stark contrast with another case examined under the Tissue Analy- 

sis Program in which the concentration in the outer part of the lung was 22.5 

times higher than that in the inner part. That difference was an indication that 

Silkwood had probably been exposed within 30 days prior to her death, whereas 

the other case had been exposed years prior to death. Furthermore. the concentra- 

tion of plutonium in Silkwood’s lung was about 6 times greater than that in the 

lymph nodes, whereas in typical cases that ratio would be about 0. I. Both of 

those results indicated that Silkwood had received very recent exposure and sup- 

ported the view that the plutonium tends to migrate from the inner part to the 

outer part of the lung and to the lymph nodes over time. 

Table 1. Amounts of Plutonium-239 in the Organs of Silkwood 

Plutonium-239 Concentrations Organ 

pleura 0.0 I 0.004 

lymph nodes (TBLN) 0.02 0.80 

relative to that in the tracheobronchial bone - 0 - 0 

liver 3.2 2.4 

The saga of Karen Silkwood continued for years after her death. Her estate filed a 

civil suit against Kerr-McGee for alleged inadequate health and safety program 

that led to Silkwood’s exposure. The first trial ended in 1979, with the jury 

awarding the estate of Silkwood $10.5 million for personal injury and punitive 

damages. This was reversed later by the Federal Court of Appeals, Denver. Col- 

orado, which awarded $5000 for the personal property she lost during the cleanup 

of her apartment. In 1986, twelve years after Silkwood’s death, the suit was head- 

ed for retrial when it was finally settled out of court for $1.3 million. The Kerr- 

McGee nuclear fuels plant closed in 1975. 
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Figure 1. A Radiosodium Experiment at Berkeley l.,hor,itor! in IW:. hi 111- 

In the late 1930s. as Lawrence's cyclotron began to produce \ iicd [h. L-citii. Hi'iiipL~liiiL~iiii 

new. biologically-important radioisotopes. many physicians 1.0 01 cr~~ hc:iIlh. \<:ti'[!. ,tib.I 

doubted the wisdom of using these radioisotopes in medi- idiatioii pi.otcc!ioii. 1kiL.ii:iJi.I- 

cine. However. the pioneer-physicians who either worked or ii1,iiiii \\;I\ .iiiik~ng thiw !ill 

trained at Lawrence's laboratory learned to use radioiso- 

topes safely as powerful tools. This picture shows Dr. 

Joseph Hamilton (right) starting a timer as Robert Marshak 

drinks water containing radioactive sodium. In his right 

hand, Marshak holds a Geiger-Muller counter. The thick lead 

cylinder surrounding his right arm shields the detector from 

external radiation. The clicking of the Geiger counter indi- 

cates the moment that the radiosodium reaches Marshak's 

right hand and Hamilton records the time. 
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The Origins of Nuclear Medicine 

he birth of nuclear medicine, it is T often said, dates back to August, 

1946 when the U.S. national laborato- 

ries began to distribute manmade ra- 

dioisotopes to private researchers and 

physicians. However, as important as 

this distribution program was, the princi- 

ple on which nuclear medicine is found- 

ed had been developed years before, in 

1913, when the Hungarian scientist, 

George de Hevesy, invented the Wrac- 

er principle.” Like many great ideas, 

Hevesy’s tracer principle was born of 

failure. Rutherford, for whom Hevesy 

worked in England, challenged Hevesy 

to “separate radium-D from all that nui- 

sance lead.” Hevesy soon realized that 

the tools of chemistry were quite inade- 

quate for the task and concluded that 

radium-D, now known as the radioiso- 

tope lead-210, and ordinary lead are 

more or less chemically identical. 

Soon thereafter, Hevesy conceived of 

the “tracer principle,” which states that, 

because radioactive isotopes are insep- 

arable from their stable counterparts, 

they may be used to trace the progress 

of stable materials even as they under- 

go chemical change. In 1923 Mevesy 

performed the first biological tracer ex- 

periment, using thorium-6, another iso- 

tope of lead, to trace the movement of 

lead from the soil into bean plants. In 

the first animal studies, Hevesy fed ra- 

dium-D to rabbits and then tracked the 

movement of the radioactivity through 

be used to build the first atomic bomb. 

Although tracer amounts of radioiso- 

topes, like those used in nuclear medi- 

cine, were safe. the experience of the 

radium dial painters during the 1920s 

and 1930s had shown that larger inter- 

nal exposures to radium, for example, 

could lead to bone cancers and fatal 

anemias (see “Radium-the Benchmark 

for Internal Alpha Emitters”). Thus, 

the digestive tract to the bone and final- 

ly into the urine. 

riously limited by the narrow range of 

properties of the naturally occurring ra. 

dioisotopes. 

It was not long before “radiotracers,” as 

they are called, were applied to chart 

George de Hevesy won the 1943 Nobel 

Prize in Chemistry for his invention of the 

radiotracer technique, the basis of nu- 

clear medicine diagnostics. 

the course of stable atoms and mole- 

cules through the human body. In 

1926, Drs. Herrmann L. Blumgart, 

Soma Weiss, and Otto C. Yens at-Har- 

vard Medical School were the first to 

administer radiotracers to humans. In 

their experiment, bismuth-214 was ad- 

ministered by injection to determine the 

circulation time of blood in humans in 

disease and in health. As exciting as 

this early work was, however, it was se- 

right from the start, the challenge was 

not only to minimize internal exposure 

to plutonium and other radioactive ma- 

terials but also to detect when such ex- 

posures occurred and to measure the 

amount of material retained 50 that 

overexposure could be avoided. 

The work on internal exposures natural- 

ly involved collaboration among physi- 

In February, 1934, this all changed 

when Irene and Frederic Joliot-Curie 

discovered “artificial radioactivity.” The 

Joliot-Curies bombarded certain light 

metals, boron, aluminum, and magne- 

sium, with alpha particles emitted by 

their modest supply of polonium. While 
the polonium was present, the metals 

were observed to emit beta particles. 

When they removed the polonium, the 

light metals continued to emit beta par- 

ticles, but the intensity of the activity 

decayed exponentially with time, just 

like natural radioisotopes. As the Joliot- 

Curies surmised, the nuclei of the 

boron, aluminum, and magnesium cap- 

tured the alpha particles and re-emitted 

a neutron to become the beta-emitting 

radioisotopes, nitrogen-1 3, phosphorus- 

30 and silicon-27, respectively. 

When they heard the news, Emest 0. 

Lawrence, who invented the cyclotron 

in 1931, and his colleagues at Berkeley 

had to kick themselves. Unbeknownst 

to them, the cyclotron had been produc- 

ing artificial radioisotopes for the past 

three years. But because the cy- 

clotron’s beam and its Geiger-counter 

were both powered by the same switch, 

they both turned off at the same time 

and the residual radioactivity was never 

observed. Immediately after they read 

cians, physicists, chemists, and others 

to develop very sensitive techniques for 
measuring internal body burdens at lev- 

els well below the danger point. It also 

required radiotracer experiments per- 

formed on human volunteers in which 

small amounts of radioisotope were ad- 

ministered to volunteers internally. By 

tracing the progress of the radioisotopes 

as they moved through the body, Los 
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the article by the Joliot-Curies, the sci- 

entists in Lawrence’s lab rewired the 

circuits to power the Geiger-counter in- 

dependently and performed the experi- 

ment suggested by the Joliot-Curies in 

their paper; they bombarded carbon-1 2 

with a deuteron beam. When they 

turned off the beam, they heard the 

“click, click, click of the Geiger-counter 

and knew that they had created nitro- 

gen-1 3. One month later, Lawrence’s 

cyclotron began to produce artificial ra- 

dioisotopes of great value to biomedical 

science-sodium-24, potassium-42, io- 

dine-1 28, iron-59, chlorine-34, phospho- 

rus-32, and bromine-82. 

During the 1930s, human radiotracer 

experiments performed with the cy- 

clotron’s new radioisotopes yielded 

breakthroughs in diagnostic and thera- 

peutic nuclear medicine. At Berkeley, 

Drs. John Lawrence (Ernest Lawrence’s 

brother) and Joseph Hamilton began to 

use iodine-131 to diagnose hyperthy- 

roidism. In 1936, Dr. J. Lawrence used 

phosporus-32 to produce the first suc- 

cessful treatment for the disease poly- 

cythemia vera. The MIT cyclotron pro- 

vided radioiodine that Robley Evans 

and his colleagues used for the diagno- 

sis and therapy of thyroid disease. And 

Dr. Hahn and his associates at the Uni- 

versity of Rochester used radioiron to 

change our basic understanding of iron 

metabolism. Yet, as thrilling as this 

progress was, the cyclotron radioiso- 

Alamos scientists were able to measure 

certain features of human metabolism: 

the rate of absorption of the radioiso- 

tope. how long it was retained, its dis- 

tribution in the body, and the rate of 

excretion. On the basis of this informa- 

tion. they calculated for each of the ra- 

dioisotopes studied the internal radia- 

tion dose that would be received from a 

given amount retained, and. from that, 

topes were produced in such small 

quantities that they were simply too 

rare to support continued and wide- 

spread growth of the field of nuclear 

medicine. 

In 1941, Enrico Fermi built the world’s 

first nuclear reactor under the stadium 

of the University of Chicago, and soon 

thereafter, radioisotopes were produced 

in abundance. Because the United 

States was at war, these cheap, plenti- 

ful radioisotopes were not distributed 

for private use until 1946 when the 

Atomic Energy Act created the radioiso- 

tope distribution 

program, launch- 

ing the modern 

field of nuclear 

medicine. 

national laboratories remained in the 

forefront of nuclear and biomedical re- 

search for many years after the war. At 

Los Alamos during the war years, Dr. 

Louis Hempelmann, who had trained at 

the Berkeley cyclotron in 1941, was 

recommended to Oppenheimer by John 

Lawrence and became the leader of the 

health program. It was Hempelmann 

who set the stage for scientists such as 

Wright Langham, Ernest Andersen, 

Ernest Pinson, Chet Richmond, and C. 

C. Lushbaugh to perform extensive 

studies at Los Alamos of radioisotopes 

in humans. 

The national labo- 

ratories, however, 

were not merely 

the sponsors of 

modern nuclear 

medicine. In fact, 

because the health 

divisions of the na- 

tional laboratories 

were populated 

with scientists and 

medical personnel who had been 

trained in the late 1930s at Lawrence’s 

lab at Berkeley, their work on radiation 

protection naturally extended into the 

realm of nuclear medicine and the 

Ernest Lawrence stands by the 27-inch 

cyclotron. It was modified to become the 

37-inch cyclotron, which was used to pro- 

duce artificial radioisotopes for medicine 

and research during the late 1930s. 

the maximum amount that could be tol- 

erated in the body without harm. 

The human radiotracer experiments per- 

formed at Los Alamos can be catego- 

rized in three parts: the tritium experi- 

ments, the fallout and metabolic 

experiments, and the medical diagnostic 

experiments, all of which took place 

between 1950 and the early 1960s. The 

tritium experiments were performed to 

determine the behavior of that radioiso- 

tope in the body and to set safety stan- 

dards for Los Alamos workers. the fall- 

out experiments were performed to 

assess the impact of world-wide fallout 

from atmospheric nuclear weapons 

tests, and the diagnostic experiments 

were performed for the development of 

diagnostics for nuclear medicine. 
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Although the human plutonium injec- 

tion experiments, which took place be- 

tween 1945 and 1947. were the first 

human experiments performed in the 

interest of protecting workers at Los 

Alamos. those experiments were not 

performed at Los Alamos and therefore 

are presented in a separate article (see 

“The Human Plutonium Injection Ex- 

periments” ). 

The radiotracer studies performed at 

Los Alamos, although initially motivat- 

ed by radiation protection concerns. 

made a significant contribution to the 

fields of biology and medicine. Not 

only did the safety limits established at 

Los Alamos for internal radioisotopes 

enable physicians to safely administer 

radioisotopes to humans for research, 

diagnosis and therapy. but also, the Los 
Alamos experiments yielded biological 

and diagnostic information of funda- 

mental interest. Furthermore, in the 

course of the tritium experiments. Los 

Alamos researchers developed a sensi- 

tive and enormously convenient detec- 

tor for measuring low-energy beta parti- 

cles in samples of blood, urine. and 

other body fluids (see “Los Alamos Ra- 

diation Detectors for Biology and Med- 

icine”). Because carbon- 14, tritium, and 

phosphorus-32 are beta emitters and are 

also the most important radiotracers in 

biology. the impact of the new beta de- 

tector was to revolutionize. in vitro bio- 

chemical research. Today commercial 

versions of the detector continue to be 

used at the forefront of research in bio- 

chemistry and genetics. 

And as for ethics. the Los Alamos 

human experiments were always con- 

ducted with informed volunteers who 

were either the researchers themselves. 

employees of the lab and their family 

members. members of the community. 

or patients from neighboring cities who 

were in need of diagnostic exams. All 

participated consensually, and no one 

was ever injured in the course of the 

experiments. Additional discussion of 

the volunteers, the doses, and the risks 

appears at the end of this article and in 

the 4debar “Child Volunteerc: One 

Dad Tells the Story.” 

Tritium 

Soon after the Soviets detonated their 

first atomic weapon in August 1949. 

Los Alamos began intensive work on 

the development of the hydrogen bomb. 

Along with this work. however. came a 

new hazard, hy- 

drogen-3. Com- 

monly known as 

”tritium,” this ra- 

dioisotope emits 

low-energy beta 

particles upon 

decay. Because 

low-energy beta 

particles are easily 

stopped by clothes 

or skin, tritium 

isn‘t a serious 

threat as long as it 

remains outside 

the body. But in 

the Los Alamos 

Health Division. 

scientists were 

concerned that the 

tritium might es- 

cape into the 

workplace and 

find its way inside 

the body. They 

knew that if tri- 

tium were to es- 
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difficult to detect in biological samples 

that little was known in 1950 about its 

behavior in humans. Therefore, to pro- 

vide radiation protection for its work- 

ers. Los Alamos had to start from 

scratch. They had to develop adequate 

equipment for the measurement of tri- 

tium in biological samples. perform ex- 

periments to determine the pathway of 

tritium in the body. establish safe levels 

of exposure. and monitor the exposure 
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cape into the work environment. it 

would, like hydrogen. form a gas. 

Most of the tritium would form “tritium 

gas,” HT (where T stands for tritium), 

while the rest would oxidize to form 

“tritiated water.“ HTO. which could be 

inhaled, ingested or absorbed through 

the skin. Once in the bloodstream, the 

tritium would follow a path through the 

body similar to that of hydrogen and 

damage neighboring tissues with its 

beta particles. 

No tritium safety standard existed in 

1950. and although tritium had been 

discovered a decade earlier. it was so 

Figure 2. The Tritium Accident 

The concentration of tritium in the urine 

of six accidentally exposed’scientists was 

measured daily for over two weeks. This 

logarithmic plot of the concentration (ar- 

bitrarily normalized to the same initial 

value) versus time, shows that the biolog 

ical halftime for tritium varied from 9.3 to 

13 days for five of the six scientists. The 

sixth scientist, who “forced fluids” for 

four days, was able to reduce his tritium 

biological halftime from an initial value of 

12.5 to only 4.8 days. When this scientist 

resumed normal water intake, his biologi- 

cal halftime increased to roughly 14.3 

days. 
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of workers, a challenge that was taken 

by Drs. Ernest C. Anderson and Ernest 

A. Pinson of the Los Alamos Health 

Dikision. 

In March 1950, Anderson and Pinson 

were just finishing their new measure- 

ment apparatus when six physicists ac- 

cidentally inhaled some tritium gas 

while repairing a leaking tritium target 

at the Van de Graft' accelerator. (One 

of the exposed scientists. Harold 

Agnew. became the Laboratory Direc- 

tor during the 1970s . . . evidence that 

radiation respects no one!) Although 

Anderson and Pinson had intended to 

perform their measurements on mice 

and rats. they rapidly changed their 

plans. Fortunately, none of the scien- 

tists were harmfully exposed, and the 

occasion was 5imply regarded as an 

outstanding opportunity to learn about 

the behavior of tritium in humans. At 

this time. written protocols and signed 

consent forms were not deemed neces- 

sary, and because they were just as 

eager as the investigators to proceed. 

the six scientists quickly volunteered to 

become the subjects of the first human 

tracer experiment performed at Los 

Alamos. After a brief verbal explana- 

tion of the tests to be performed. these 

\ix men readily agreed to provide sam- 

ple\ of urine. blood. expired air, sweat, 

and sputum as needed for study during 

the following six weeks. 

Daily urine samples were measured for 

their tritium content with Anderson and 

Pinson's apparatus: a Borkowski-type 

ion chamber connected to an instrument 

culled ;I "\.ibrating reed electrometer" 

for measuring the ion current. The pro- 

cedure was not easy. First, the urine 

\\as didilled to evtract the water com- 

ponent that contained the tritium. This 

Lvater was vaporized and passed over a 

"reducing agent." powdered zinc. The 

zinc readily combined with the oxygen 

in the water ~apor and left hydrogen 

gas as a by-product. To the degree that 

the urine contained tritium. this hydro- 

gen gas contained HT. The beta activi- 

ty of the tritium gas caused a cascade 

of ions in the ion chamber and the ion 

current was measured by the electrome- 

ter. The magnitude of the current indi- 

cated how much tritium was present in 

the urine. 

Anderson and Pinson used this arduous 

technique to determine many .features 

of tritium metabolism. and for that mat- 

ter. the metabolism of normal water. 

They detemiined that the rate of excre- 

tion of tritium was fairly constant for a 

given individual but that it varied wide- 

ly between individuals. For five of the 

3ix subjects. they estimated the "biolog- 

ical half-time" of tritium (see Figure 2). 

or the amount of time it takes for the 

tritium in the body to decrease to half 

of its initial value, and their results 

ranged from 9 to nearly 13 days. For a 

certain period. the sixth subject drank 

as much water as he could during the 

course of his normal activities and 

thereby reduced his biological half-time 

from 12.5 days to less than 5. This 

technique. called "forcing fluids." is 

used to this day to reduce the dose 

from significant accidental intakes of 

tritium. With this information. Ander- 

son and Pinson were able to determine 

a safety standard for tritium. In a mat- 

ter of weeks, their preliminary but fun- 

damentally important work was docu- 

mented in a laboratory report 

(LAMS- 1099), which was immediately 

delivered to 38 academic and govern- 

ment institutions. 

In 1951 and 1952, Anderson, Pinson. 

and their colleagues produced a com- 

prehensive account of tritium metabo- 

lism by performing controlled human 

studies on three of the investigators 

themselves. Not only did this Lkork 

provide the information required for tri- 

tium protection at the lab. but it also 

determined many facts of biological in- 

terest. In one experiment. the three 

men inhaled some HT gas. The) dis- 

covered that the HT is oxidized into 

HTO inside the lung before it i\ trans- 

ferred across the lung into the blood- 

stream. The oxidation rate is so dow 

that only about 0.004 per cent 01' the 

total activity of the inhaled HT is trans- 

ferred to the body fluid; the rest is sim- 

ply exhaled. On the other hand. anoth- 

er experiment showed that about 99 per 

cent of inspired HTO enters the body 

fluids. and consequently, this mode of 

exposure poses the greatest hazard to 

workers. 

They also investigated the absorption of 

tritiated water through the skin and the 

gut. In one experiment. a man's arm 

was immersed up to the elbow in water 

containing some HTO, and the rate at 

which the water entered the man's 

bloodstream through his skin was deter- 

mined to be about the same rate as that 

of insensible perspiration (exchange of 

water through the skin when the sweat 

glands are inoperative). A quick calcu- 

lation showed that this rate was so 

small that a man would have to be en- 

tirely submerged in pure HTO for a 

month for this means of exposure to be 

any serious hazard. 

In the course of their work on radiation 

protection, the Los Alamos researchers 

also determined a number of facts of 

biological interest. In one experiment, 

a man ingested 200 milliliters of water 

with some HTO in it. They observed 

that the water began to be absorbed 

through the stomach into the blood- 

stream after 2 to 9 minutes and was 

completely absorbed after 30 to 35 

minutes. Because the absorption was 

roughly linear with time, the rate of ab- 

sorption was somewhat greater than 5 

milliliters per minute. In another ex- 

periment. they determined the water 

content of skin and fat in man. 71 and 

20 per cent, respectively. 

The tritium studies performed at Los 

Alamos served as the basis of the tri- 

tium standard established by the Inter- 

national Commission on Radiolpgical 

Protection in 1956, and in 1957. the 

studies were compiled in the review 

paper "Physiology and Toxicology of 

Tritium in Man" (Pinson and Langham. 

1957. Joirriicil of Applid Ph~..siolngy. 1. 

This classic work was reprinted in the 
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twenty-fifth aniversary issue of Health 

Physics, June 1980, as one of twenty- 

two articles considered to have made 

the most important contributions to ra- 

diation protection since 1897.* 

Lastly, the tritium work stimulated the 

development of a simple and sensitive 

radiation detector for low-energy beta 

particles, the Los Alamos Coincidence- 

Anticoincidence Model 530 Liquid 

Scintillation Counter (see "Los Alamos 

Radiation Detectors for Biology and 

Medicine"). 

Fallout and Other Metabolic 
Studies 

Hundreds of atmospheric nuclear 

weapons tests have been performed by 

the United States. the Soviet Union, 

Great Britain, France and China. mainly 

in the period from 1945 to 1963. These 

tests were performed in remote, sparse- 

ly populated areas, like the tiny atolls 

of the Pacific, central Siberia, the Arc- 

tic. and the Nevada desert. Yet. fallout, 

the radioactive debris that is ejected 

into the environment by a nuclear ex- 

plosion, does not remain confined to the 

vicinity of the test. Riding the circulat- 

ing winds of the atmosphere, fallout ra- 

dionuclides can be carried a great dis- 

tance from the original test site before 

they fall back to earth. Sometimes they 

fall on grazing or crop land where the 

radionuclides stick to the vegetation or 

are taken up by the plants through the 

soil. These plants are then either 

processed into foods or eaten by cows, 

thereby entering the human food chain. 

As we consume dairy products and 

foods derived from plants, fallout ra- 

dionuclides become incorporated into 

our bodies. 

*The same honor was given to two other Los 
Alamos reports: "Distribution and Excretion of 

Plutonium Administered Intravenously to Man" 
(Wright Langham, et al. 1950. LAMS-] ]SI) 
and "Retention and Excretion of Radionuclides 
of the Alkali lMetals by Five Mammalian 
Species" (C. R. Richmond. 1958. LAMS- 
1-207.). 

Figure 3. An Auspicious Guest Is Measured for Fallout 
The study of the worldwide distribution of fallout at Los Alamos benefited from the par- 

ticipation of the numerous laboratory visitors. In this picture, a smiling Prince Ali Khan, 

son of Aga Khan 111, slides into HUMCO I under the supervision of Wright Langham. 

Although the short-term effects of nu- 

clear weapons tests were observed from 

the start, our understanding of the long- 

term effects developed more slowly. 

During the early 1950s, when nuclear 

fallout became the subject of an intense 

worldwide debate, scientists began to 

undertake research to predict its long- 

term impact and to determine how 

much fallout is too much. Fairly quick- 

ly, the radioisotopes iodine- 13 1, stron- 

tium-90, strontium-89, and cesium- 137 

were identified as some of the most im- 

portant potential hazards. At Los 

Alamos, two types of human studies 

were performed to address the question 

of fallout, both of which were made 

possible by two highly sensitive and 

convenient whole-body radiation detec- 

tors developed at Los Alamos, 

HUMCO I and I1 (see "Los Alamos 

Radiation Detectors for Biology and 

Medicine"). 

The first type of study quantitatively as- 

sessed the worldwide distribution of 

fallout in man. as well as the change of 

fallout contamination with time. The 

individuals who volunteered for these 

experiments were examined in the sen- 

sitive whole-body radiation detectors, 

HUMCO I and 11. to determine the 

amount of cesium- 137 present in their 

bodies. Because the procedure was 

simple and nonintrusive, volunteers for 

this study were easy to find. In fact, 

nearly fifteen hundred persons from 

around the world participated in the 

study of the distribution of worldwide 

fallout, including prominent figures 

such as the Prince Badouin of Belgium, 

Prince Ali Khan, son of the Aga Khan, 

spiritual leader of the Shia Ismaili Mus- 

lims (see Figure 3), and the US. astro- 

nauts. Within the United States. this 

work confirmed the expectation that the 

pattern of fallout would trace the pat- 

tern of rainfall, such that the California- 

Arizona region had the lowest level of 

fallout, whereas the Northeast and 

Northwest had the highest. 

Frequent measurements of the fallout 

radionuclide cesium- 137. present in 

Lr)s Almios Science Number 23 1995 I 
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Figure 4. The Rise and Fall of Fallout 

To determine the variation in the level of fallout with time, New Mexico residents were 

measured periodically for the concentration of cesium-137 in their bodies from 1956 to 

1965. Because the variations show a delayed correlation with atmospheric nuclear 

weapons testing activity, this graph and others like it prompted the USSR, Great 

Britain, and the United States to ban atmospheric weapons testing in 1963. 

New Mexico residents between 1955 

and 1965, demonstrated the change in 

fallout contamination with time (see 

Figure 4). The results of this work 

showed that by the end of 1960, only 

three years after the 1958 moratorium 

on nuclear weapons testing, the conta- 

mination in New Mexico had decreased 

by about a factor of two but began to 

rise again in 1961 when the Soviets 

broke the test ban. In part because of 

studies such as this one, the United 

States, the United Kingdom and the So- 

viet Union agreed to an atmospheric 

test ban in 1963, the effects of which 

began to show in 1965. 

The second type of human studies were 

performed to determine the radiation 

dose a given amount of fallout radionu- 

clide would deliver to the body. In 
these experiments, small amounts of 

radioisotope were administered to 

human subjects who were then "count- 

ed" in the whole-body radiation detec- 

tors, HUMCO I and 11. In this proce- 

dure, the subject would first slide into 

the detector (see Figure 5). The 

gamma rays that were both emitted by 

the internal radioisotope and able to 

emerge from the body were then de- 

tected by the whole-body counter. The 

intensity of the gamma radiation was 

measured at periodic intervals to deter- 

mine how much of the radioisotope 

was absorbed by the body and how 

long it was retained. This information 

enabled researchers to calculate the 

dose delivered by each of the different 

radionuclides. Because they were so 

sensitive, HUMCO I and I1 enabled 

't HUMCO consisted of a cylindrical container filled with 140 gallons of liquid 'scintillator 

and surrounded by 108 photomultiplier tubes. The person being measured was placed 

in a slide and pushed into the detector. Gamma rays emitted by the naturally occurring 

radioisotope, potassium-40, or the fallout radioisotope, cesium-137, for example, would 

largely penetrate the inner wall of the detector, excite the scintillator, and be detected. 

From the rate of the gamma-ray emission, scientists could determine the amount of 

radioisotope inside the person. 

963 
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Table 1. Examples of Los Alamos Metabolic Studies of Radionuclides 

Radionuclide 

cesium-1 32 

cesium-137 

tritiated hydrogen, HT 

tritiated water, HTO 

iodine-1 31 

iodine-1 31 

rubidium-86 

strontium-85 

zinc-65 

Mode of exposure 

intravenous 

oral 

inhalation 

inhalation and oral 

oral 

skin 

oral 

skin 

oral 

scientists to perform these experiment 

with very small, very safe quantities of 

radioisotope. 

In 1963, M. A. Van Dilla and M. J. 

Fulwyler performed an experiment to 

accurately determine the absorption and 

retention of iodine- 13 1 in the thyroid. 

They held a sodium-iodide detector as 

close as possible to the front of the 

neck and measured the intensity of the 

gamma rays emitted by the iodine- 13 1 

in the thyroid. This measurement was 

used to calculate the amount of the io- 

dine- 13 I that was absorbed. By repeat- 

ing the measurement over time. they 

also determined how long the iodine- 

13 1 was retained. 

However, there was one difficulty. 

Because the gamma rays were partially 

absorbed by the neck and because the 

measurement was very sensitive to the 

location of the thyroid relative to the 

detector, they needed to measure the 

depth of the thyroid in the neck. Van 

Dilla and Fulwyler solved this problem 

by administering htv radioisotopes of 

iodine, iodine- I25 and iodine- 13 1, that 

emit photons of different energies. Be- 

cause the low-energy x rays from io- 

dine- 125 are more readily absorbed by 

the neck tissue than the high-energy 

gamma rays from iodine-131, van Dilla 

and Fulwyler were able to accurately 

determine the depth of the thyroid by 

comparing attenuations. 

2 63 

Average uptake 
(per cent) 

100 

- 100 

< 1.6 

98 

15 

0.1 

- 100 

0.4 

75 

Milk is the main pathway by which io- 

dine- 13 1 in fallout is introduced to our 

bodies. Therefore. it was feared that 

children, who drink the most milk, 

might be more seriously affected by 

this radioisotope than adults. To ad- 

dress this concern. Van Dilla and Ful- 

wyler performed their study on eight 

children. all of whom were children of 

scientists in the Health Division be- 

tween the ages of four and ten (see 

“Child Volunteers: One Dad Tells His 

Story”). Each child drank ;I glass of 

water containing 11 nanocuries of io- 

dine-I 25 and 15 nanocuries of iodine- 

13 I, only a small percentage of the 

amount given today in radioiodine diag- 

nostic tests. The results, which showed 

that, for a given intake, the absorption 

of iodine per gram of tissue in the thy- 

roids of children is higher than in those 

of adults, provided a basis for the,as- 

sessment of the risk posed by iodine- 

I3 1 in fallout. 

Chester Richmond and his colleagues at 

Los Alamos performed experiments to 

catalog the biological behavior of a 

wide variety of radioisotopes in the 

human body. many of which were rele- 

vant to the issue of fallout. This long- 

term project, sometimes described as 

“chewing through the periodic table.“ 

included experiments to determine the 

biological half-times of cesium- 132. ce- 

sium- 134. cesium- 137. tritium gas, triti- 

ated water. iodine- I3 1. rubidium-86. 

Average biological half-time 

(days) 

88 

135 
- 

11.5 

- 100 

- 100 

80 

154 

- 

sodium-22 and sodium-23, strontium-85 

and zinc-65 (see Table I). In one ex- 

periment. two volunteers from the Lab- 

oratory’s staff ingested about one mi- 

crocurie of cesium- I37 and two others 

ingested cesium- 134. The four were 

then counted in HUMCO I once every 

week or two. One volunteer was 

counted for only 15 weeks. another was 

’counted for more than 2.5 years. The 

biological half-time for the four sub- 

jects ranged from I IO to 147 days with 

an average of 135. Because of this rel- 

atively short biological half-time. ce- 

sium- 137 is much less dangerous than 

another fallout radionuclide. strontium- 

90. which remains essentially perma- 

nently in the bone. 

Richmond also made an “interspecies 

comparison” in which he showed that 

animal data can be used to predict the 

retention of radionuclides in humans 

when extrapolated by body weight. 

Studies were made with cesium- 137. 

iodine- 13 1, rubidium-86, sodium-’?. 

tritiated water, and zinc-65. Figure 6 

shows the retention of cesium- 137 in 

five mammalian species compared with 

their body weights. 

A few Los Alamos studies examined 

the rate of absorption of radionuclides 

through the skin. The cutaneous ab- 

sorption of strontium-85 was measured 

in two volunteers. sodium-23 in one 

\ olunteer. and iodine- 13 1 in one volun- 
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o Man 

Animals 

1 o1 102 1 o3 1 o4 1 

Body weight (grams) 

Figure 6. From Mammals to Man 

An extensive effort was made by Chester Richmond at Los Alamos to compare the be- 

havior of radionuclides in other mammals with that in man. This is one of Richmond’s 

graphs showing the equilibrium retention of cesium-137 versus body weight for five 

mammalian species. The lower line was drawn on the basis of the animal data alone 

and extrapolated to the body weight of man. The upper line was fit to all five species. 

The small error in the extrapolation suggested that this was a reasonable method of 

determining the retention of cesium-137 in man. 

’ 

teer. Absorption through the skin was 

hhown to be too slow to be important. 

Lastly, Los Alamos researchers ex- 

plored the effect of diet and drugs on 

the retention of deposited radionuclides. 

For one volunteer. ten milligrams of 

stable zinc were observed to increase 

the rate of excretion of zinc-65 by a 

factor of three during the first IO days 

after exposure. In another. two grams 

of nonradioactive Prussian Blue (ferric 

ferrocyanide) per day were observed to 

reduce the biological half-time for ce- 

sium- 137 from 135 days to about 50 

days. And in another, 150 milligrams 

of stable iodine reduced the biological 

half-time of iodine- 13 I to 20 days, 

rather than 55. These treatments are 

still used today to reduce exposure to 

zinc-65, cesium-1 37. and iodine- 13 1. 

In 1987. for instance, when forty-six 

people were seriously contaminated 

with cesium-I37 in Goiania, Brazil. 

they were treated with Prussian Blue 

for two months or longer, such that , 

their exposure was only 29 per cent on 

average of the exposure they would 

have received without treatment. 

Development of Diagnostic 
Tests for Nuclear Medicine 

In the late 1940s. several physicians in 

the Health Division at Los Alamos, 

who had established a close working 

relationship with the physicians at Los 

Alamos Hospital, began to perform 

medical diagnostics using sodium-24 

and iodine- I3 I. These radiotracer diag- 

nostics had been developed years be- 

fore (see “The Origins of Nuclear Med- 

icine“), but because they required 

specialized training and equipment. 

they were not yet conimon in hospitals 

around the country. With the laborato- 
ry‘s radiation detectors and radioiso- 

topes. the physicians at Los Alamos 

were well prepared to perform these di- 

agnostic tests. and as certain medical 

needs arose. they responded as they 

uniquely could. Patients were referred 

to Los Alamos from miles around to 

.take advantage of these tests. w8hich 

provided diagnostic information that 

was not available by other means. 

These studies were not performed as 

part of the formal. mandated research 

of the Health Division but rather as a 

service to the patient. 

Sodium-24 was used to measure the 

circulation time of the blood. a tech- 

nique that was first applied in 1924 by 

Blumgart and his colleagues at Harvard 

Medical School using radium-C (his- 

muth-2 14). Typically, sodium-24 was 

injected into the patient’s right arm 

after which it traveled in the blood 

plasma to the patient’s left arm. A 

Geiger-Muller counter held next to the 

patient’s left arm indicated the moment 

that the sodium-24 arrived and the time 

was recorded. Circulation times in ex- 

cess of about 30 seconds might be in- 

dicative of arteriosclerosis, frostbite. or 

any number of circulatory diseases. 

Iodine- 13 1 was used to examine thyroid 

function, a technique developed by 

Joseph Hamilton during the late 1930s 

at Berkeley. In this diagnostic. the pa- 

tient was asked to drink a glass of 

water containing iodine- 13 1. which en- 

ters the bloodstream. From there, the 

iodine is largely absorbed by the thy- 

roid gland. which uses iodine to pro- 

duce the hormone thyroxine. The 

physicians would hold a Geiger-Muller 

counter near the thyroid to examine 

both the amount of iodine- 13 1 taken up 
by the thyroid and its distribution. If 

the thyroid took up too much, the diag- 

nosis was hyperthyroidism, whereas too 

little could mean hypothyroidism or 

thyroid cancer (see “A Successful 

Diagnosis”). 
contintreti on po,qe 269 
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Child Volunteers: One Dad Tells the Story 

The use of children in human radiation experiments has been a special ethical concern of the 
President's Advisory Committee on Human Radiation Experiments. At Los Alamos, in 1963, one 
such experiment was performed in which eight children were given a small amount of radioactive 
iodine. Responsibiiity for the children who participated was taken by the parents. Dr. 

three parents who invited their children to participate in this experiment. Here is his story. 
a former deputy leader of the Health Division and biochemist at the lab, was one of 

lmost immediately after the Sec- it emits beta particles and gamma rays. 

ond World War, the scientific The beta particles deposit most of their 

community split into two groups energy in only a few tenths of a mil- 

on the issue of radioactive fallout from limeter and so are very effective at 

atmospheric nuclear weapons testing. damaging the thyroid. On the other 

radioactive iodine produced by nuclear 

weapons falls on pastures, cows eat 

the iodine, the iodine is concentrated in 

the cow's milk, and then people drink 

the milk. Because the thyroid picks up 

A 
I 

One said, "We've got to stop. ,We're hand, the gamma rays are highly pene- iodine preferentially, the radioactive io- 1 

going to hurt somebody," 

while the other said, "We 

can't afford to stop. We 

need to test if we are going 

to survive militarily, even 

though it might be haz- 

ardous." And then there 

were all shades of opinion 

in between. The person 

who really clarified the de- 

bate was Willard Libby. 

Libby realized that neither 

the people who said, 

"We've got to stop," nor the 

people who said, "We've 

got to do this regardless," 

had any quantitative infor- 

mation. So, in 1951, as 

Atomic Energy Commission- 

er, he started Project Sun- 

shine. 

Under Project Sunshine, the 

Atomic Energy Commission 

funded the various national 

laboratories to study fallout. 

Along with strontium-90 and 

cesium-137, iodine-131 

Dennis the Menace provided the incentive for this child to sit still in 

front of the sodium-iodide detector in Van Dilla's and Fulwyler's ra- 

dioiodine experiment. 

dine in the milk had a 

straight shot at that tiny 

organ. Children were 

potentially at greater risk 

from iodine-131 fallout 

than adults because they 

drink more milk. Also, 

because they are still 

growing, it was thought 

that children's thyroids 

might take up more IO- 

dine per gram than 

adult's and that they 

might retain the iodine 

longer, both of which 

would enhance the risk 

for children. 

A lot of information had 

been gathered over the 

years during the devel- 

opment of medical diag- 

nostic tests on the reten- 

tion of iodine in the 

thyroids of adults. But. 

because the amount of 

iodine-131 that could be 

detected by existing 

ended up being one of the most studied 

fallout radionuclides because it is an 

abundant fission product, it is highly ra- 

dioactive, it enters the food chain al- 

most unimpeded, and it concentrates 

inside the body in a small gland called 

the thyroid. As the iodine-131 decays, for children in particular. You see, the 

trating and many of them pass right techniques was large enough to be of 

through the thyroid and surrounding concern, there was little information on 

neck tissue. That makes in vivo detec- children. By 1963, however, measure- 

tion of iodine-131 rather easy . ment techniques had been developed 

that were able to detect iodine-131 at 

The iodine-131 in fallout was a problem the level of only 50 picocuries. There- 

fore, it became safe to perform these 
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experiments on children, and two Los Van Dilla and Fulwyler made sure that 

Alamos researchers, Maw van Dilla and the kids who were interested would be 

Mack Fulwyler, decided to do so available for the length of the study be- 
cause you wouldn’t want the children to 

To make the absorption and retention leave in the middle of the experiment to 

measurements, they had to administer go on vacation. In the end, four of one 

the iodine-131 and then measure the of the investigator’s kids, two of my 

intensity of the gamma-rays by placing kids, and two of someone else’s kids 

a large sodium-iodide detector right up participated My children were quite 

close to the thyroid. This measurement young, ages five and seven, so there 

was repeated periodically to determine was no point in trying to explain to 

how long the radioactive iodine re- them, in physical terms, about radiation 

mained in the thyroid. Of course, hold- I just described the kind of physical en- 

ing still in front of a large detector for vironment they would be in, that they 

any period of time without fidgeting is would have to go into a dark room and 

very tough for a small child. But the sit very, very still for a substantial peri- 

real uncertainty in this experiment was od of time, like 15 or 20 minutes. Be- 

the depth of the thyroid in the neck cause the doses were so low, van Dilla 

The tissue that overlays the thyroid at- and Fulwyler couldn’t get a good Count, 

tenuates the gamma rays. Thus, the Alamos human radiation experiment. a statistically significant count, unless 

thickness of this layer must be known the children sat for a fairly protracted 

to determine the amount of attenuation dioactive materials on a daily basis in period. The children would then come 

and, thereby, the actual amount of io- our labs. When we saw the size of the back three or four times, spaced about 

dine-131 present in the thyroid. It dose, we realized that it was far below eight days apart, since eight days is the 

doesn’t take much of a mistake to the level at which we would expect any physical half-time of iodine-1 31. 

make a factor of two difference in the consequences. Convinced that 

calculated radiation dose to the thyroid, the radiation risk was negligible, 

which may be enough to conclude erro- the parents went to their chil- 

neously that the child is or is not at risk. dren and asked them if they 

were interested in participating. 

Van Dilla and Fulwyler came up with a 

very elegant method for determining 

the depth of the thyroid in the neck 

and therefore for making an accurate 

determination of iodine uptake [see 

main article, p. 2641. It was a very 

neat measurement that could only be 

done at a place like Los Alamos. 

Furthermore, it could be done with es- 

sentially zero risk to the children be- 

cause they needed to be given only a 

few nanocunes, or billionths of a 

Curie, of iodine Of course there was 

an uncertainty in the dose to the thy- 

roid-that’s why the measurement 

had to be made-but the upper limit 

on the total dose was very low, about 

160 millirem to the thyroid Once 

they had worked out the details, Maw 

van Dilla and Mack Fulwyler ap- 

proached those of their colleagues who 

had young children and described the 

experiment. We were all familiar with 

radiation because we worked with ra- 

” 

is one of three Los Alamos 

dads whose children participated in a Los 
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The experiment showed that the 

depth of the thyroid in the children’s 

necks ranged from about half a cen- 

timeter to nearly one centimeter and, 

from this measurement, van Dilla and 

Fulwyler were able to derive an aver- 

age correction factor for the attenua- 

tion. This experiment was a “one 

time only” deal. Once the correction 

factor was determined, it could be 

applied to all future measurements of 

iodine absorption in children, not only 

fallout measurements but also mea- 

surements involved in children’s med- 

ical diagnostics. This work also 

demonstrated that the biological half- 

time for iodine was similar in children 

and adults and that the fraction of the 

administered iodine that was taken up 

by the thyroid was about the same for 

children as in adults. Unfortunately, this 

implies that children, whose thyroids are 

smaller than those of adults, receive a 

higher dose for a given amount of io- 

dine-131 intake. 

The children who participated were “sub 

jected to certain amenities. For exam- 

ple, their daddies didn’t drive them over 

to be counted-instead they got picked 

up at the front door of their house by a 

Zia taxi. There was also a really neat 

technique to keep them still-a little 

Sony television sitting right on top of the 

sodium-iodide detector. It took no time 

at all for those kids to figure out that the 

best counting times were when the best 

cartoons came on. The children were 

never physically restrained. But they 

were told to hold very, very still and the 

cartoons assisted in that. You could get 

good counts even from a five year old. 

Three of my children were the right age 

for the study, but only the older two, 
who were 5 and 7 at the time, participat- 

ed. The youngest one just didn’t want 

to hold still and so she said no. She 

was kind of an ornery little kid at the 

time anyway! 

Yet, as much as I feel that participation 

in this experiment was completely safe 

and appropriate for my children, I am 

not sure how to deal with the strong 
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feelings of the general public or our 
Human Studies Committee here at Los 

Alamos or the President’s Advisory 

Committee. When I testified before the 

President’s Committee, someone in the 

audience suggested that we, the par- 

ents of the children involved, should be 

incarcerated. What bothers me the 

The children who 
participated were 

“subjected” to certain 
amenities. For example, 

their daddies didn ,t 
drive them over to be 
counted-instead they 
got picked up at the 

front door of their house 
by a Zia taxi. 

most about that kind of statement is that 

it’s completely at odds with my under- 

standing of the concerns that guided 

our actions. I remember those times, 

and I remember the attitudes of the 

people involved in the experiment. As 

in the Hippocratic Oath, which says do 

no harm, everybody performing these 

experiments performed them with 

ground rules that said, “We’re not going 

to hurt anybody.” Everyone was trying 

to help. In particular, the studies that 

were performed at Los Alamos were al- 

ways driven in the direction of reducing 

doses and minimizing risk. 

I am concerned that in the 1990s peo- 

ple are beginning to equate the kinds of 

biomedical activities that took place in 

this country immediately following World 

War II with the things that Nazi doctors 

were being tried for at Nuremberg. 

There have actually been accusations 

that the experiments were similar. Oth- 

ers have claimed that we should have 

been much more aware of the Nurem- 

berg Code. As I recall, nobody involved 

in tracer studies at Los Alamos saw 

even the remotest connection between 

our work and the things being dis- 

cussed at Nuremberg. The Nazi physi- 

cians used people against their will and 

in a harmful manner that included caus- 

ing horrible deaths. Our work was done 

from the premise that we would hurt no 

one, and we never did. 

To get back to the issue of child volun- 

teers, obviously, if there had been any 

radiation hazard to my kids, I wouldn’t 

have allowed them to take part in the 

iodine experiments. It is true that high 

radiation doses can cause severe con- 

sequences including cancer and subse- 

quent death. But the doses required 

are thousands of times larger than the 

tracer doses used in diagnostic medi- 

cine, and that’s what we’re talking about 

here in the case of the children. 
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With the success of these early radio- 

tracer diagnostics behind them, Los 

Alamos physicians went on to perform 

more experimental medical work. 

About 400 diagnostic tests. a number of 

which are summarized below. were 

conducted between 1956 and 1966 ei- 

ther upon request or as part of the de- 

velopment of new diagnostic proce- 

dures. Although these diagnostics were 

experimental, the physicians used their 

prior experience to ensure that they 

were conducted safely with radiation 

exposures kept to a minimum. 

Improving upon Hamilton‘s technique, 

Dr. C. C. Lushbaugh and Dorothy B. 

Hale developed an advantageous whole- 

body counting technique for the diagno- 

sis of thyroid disease using iodine- 13 1. 

Their technique was both more sensi- 

tive and more accurate than the earlier 

method using the Geiger-Muller 

A Successful Diagnosis 

In 1994, when the LOS Alamos information phone number was publicized 
as part of the openness initiative of the DOE, a woman called to tell the 

story of her diagnosis at Los Alamos. In 1948, when she was only 14 

years old, her private physician in Albuquerque had arranged for her to 

have a diagnostic test for her thyroid in Los Alamos. The test revealed a 

“cold nodule,” a section of her thyroid that failed to absorb the iodine-1 31, 

and she was diagnosed with thyroid cancer. Surgery successfully cured 

her cancer and now, 46 years later, she is the mother of two healthy 

daughters. Although she expressed no particular concern about the radia- 

tion dose involved, she did recall with trepidation the breakneck speed at 

which her doctor drove on the dirt roads to LOS Alamos! It was a different 

time, a time when physicians would personally chauffeur their patients two 
hundred miles for a diagnostic test. 

counter. In addition to measuring thy- 

roid function, they used their technique 

to determine the effectiveness of vari- 

ous therapeutic drugs for both hyper- 
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Figure 7. Anemia and Iron Retention 

The retention of iron-59 can be used to differentiate between healthy and diseased 

states. This graph shows the typical patterns of iron retention for a healthy man, a 

man after giving 500 milliliters of blood, a moderately anemic woman, and a severely 

anemic child. 

and hypothyroidism, to assess the 

completeness of thyroidectomy, and 

to watch for the recurrence of thyroid 

cancer. 

Iron is an essential part of hemoglobin. 

Therefore, Lushbaugh and Hale used 

iron-59 to study the formation rate of 

red blood cells in people with disease 

and in healthy people. They measured 

the retention of iron-59 in 66 volun- 

teers, some of whom were healthy. oth- 

ers of whom were patients suffering 

anemia, various cancers, traumatic or 

surgical blood loss, and a variety of 

other conditions. The absorption of the 

iron differed significantly among the 

volunteers (see Figure 7). The varia- 

tion in the absorption of iron-59 with 

different amounts of dietary iron was 

also examined in healthy volunteers and 

compared with that of patients. One 

important discovery was that healthy 

women absorb and lose iron about 

twice as fast as men but that women 

with menorrhagia (abnormally profuse 

menstrual flow) absorb and lose iron al- 

most ten times as quickly. 

In contrast with iron, which is only ab- 

sorbed by the youngest members of the 

red-blood-cell population, chromium 

is present in red cells of all ages. 

Therefore, chromium-5 1 is useful in 

determining how long red blood cells 
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Figure 8. Muscle Mass by Age and Sex 
Because potassium concentrates in muscle, the amount of potassium in the human 

body is proportional to the body’s muscle mass. In 1959, Wright Langham and Ernest 

Anderson measured the amount of potassium-40, a naturallyoccurring gamma-emit- 

ting radioisotope, in 1590 people using HUMCO 1. From this measurement, they calcu- 

lated the total amount of potassium in each person’s body and divided by their body 

weight. Their results are plotted on this graph, which shows the variation in potassi- 

um concentration with age and with sex. 

survive. In one study at Los Alamos, 

some red blood cells were removed 

from each of a group of volunteers, 

tagged with chromium-5 1, and injected 

back into the subject. The retention of 

chromium-51 was measured with the 

whole-body counter and urine samples 

were taken to determine the excretion 

rate. Red blood cells were shown to 

live approximately 120 days in healthy 

subjects. 

Potassium concentrates in the muscle of 

the body, so potassium-40, a naturally- 

occumng radioisotope. can be used to 

measure the body’s muscle mass. Such 

measurements were made in men and 

women ranging in age from less than 1 

to 79 years (see Figure 8). Those mea- 

surements demonstrated that muscle 

mass increases steeply before puberty 
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and then declines steadily beyond the 

age of 20. Potassium-40 measurements 

were also used to compare the lean body 

mass of athletes with that of sedentary 

people and yielded the expected result. 

And finally, a number of diagnostics 

were performed using radioisotopes as 

labels for compounds of interest. Io- 
dine- 13 1 was used as a radioactive 

label on albumin to diagnose internal 

bleeding, on fat to diagnose fat malab- 

sorption, and on Rose Bengal to mea- 

sure the liver function in a recovering 

hepatitis patient. In one very notewor- 

thy case, cobalt-60 was used as a label 

for vitamin B- 12 to diagnose a patient 

with the life-threatening illness lateral- 

column disease. The patient ingested 

the labeled vitamin, and the scientists 

measured the amount of radioactive 

cobalt in the patient’s blood. The 

amount turned out to be miniscule, 

demonstrating that the patient absorbed 

bery little of the vitamin B-12 through 

the gastrointestinal tract. For treatment, 

the patient was injected with large 

amounts of vitamin B-12, and before 

the doctor‘s very eyes, the patient re- 

vived and went on to live in good 

health for another 30 years. 

Synthesis of Labeled 
Compounds 

In addition to the tritium, fallout, and 

diagnostic studies, Los Alamos per- 

formed a few human experiments with 

specifically labeled organic compounds. 

These experiments were a natural out- 

growth of a program in organic synthe- 

sis that began at Los Alamos in 1947. 

As part of this program, organic com- 

pounds were labeled in specific posi- 

tions within the molecule for use within 

the biomedical community. This work 

culminated in the comprehensive text 

Organic Syntheses With Isotopes. by 

Arthur Murray, 111, and D. Lloyd 

Williams. which remains a landmark 

reference in the field to this day. 

Los Alamos scientists participated in 

three experiments using Los Alamos la- 

beled compounds, all in the early 

1950s. Dr. Harry Foreman and 

Theodore Trujillo conducted one study 

that focused on EDTA, a chelating 

agent used to remove deposited ac- 

tinides, such as plutonium, from the 

body during the forties and fifties. Car- 

bon- 14 labeled EDTA was used to de- 

termine the retention of EDTA, infor- 

mation that enabled scientists to 

determine optimal dosage schedules. 

Another study conducted by Dr. Irene 

Boone focused on a drug called isoni- 

azid. which, in conjunction with antibi- 

otics, virtually eliminated tuberculosis 

in the late 1940s. In this study. isoni- 

azid was labeled in specific positions to 

determine how a certain compound, 

para-aminosalycilate, affected drug in- 

teraction with the tubercle bacillus. 
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Certainly. the personal rapport between The third study was performed jointly 

between Gordon Godd at LO? Alamos the investigator- and the volunteers 
and researchers at the University of made a difference, Furthermore. the 
Chicago. These scientists used tritium- volunteers were treated with considera- 

tion. For example, volun- labeled cholesterol and car- 

teers for the fallout studies bon- 14-labeled acetate to 

were instructed in the use study the cause of atheroscle- 

rosis. a disease commonly of the “panic button” be- 
known as hardening of the ar- fore entering the small ten- 

teries. The patients ingested tral compartment of the de- 
the cholesterol and acetate tector (see Figure 9). 

after which the lesions of 

their arteries were examined. At LOS Alamos, proposals 

Interestingly, they discovered for human experiments 

that the vast majority of the were always reviewed in- 

cholesterol found in the le- ternally by the director of 

sions was labeled with car- the Los Alamos Health Di- 

bon- 14, whereas a minor vision, Dr. Thomas Ship- 

amount contained tritium. An Figure 9. Peering Into HUMCO I man. Today, that safe- 

interpretation made a decade guard has been replaced by 

later was that the cholesterol an Institutional Review 

in the lesions was synthesized Board according to the re- 

in the patient’s liver from the quirements of federal poli- 

carbon- 14-labeled acetate cy for the protection of 

whereas dietary cholesterol human research subjects. 

played only a minor role in the disease. In 1956, guidelines for human radio- 

tracer research were issued by the AEC 

Division of Biology and Medicine that 

specified, “doses for research shall be a 

microcurie (a millionth of a curie) or 

less and administered to informed pa- 

tients by a physician.” Because of the 

strict precautions taken, no human ex- 

periment performed at Los Alamos vio- 

lated this guideline. even those per- 

formed prior to 1956. 

stood the experimental objectives as 

well as the biological effects of ionizing 
radiation. It is interesting to note that 

many Laboratory employees willingly 

HUMCO I was not designed with the comfort of the claustrophobic 

in mind. However, in the interest of the volunteer, a “panic but- 

ton” was installed on the interior wall of the detector. If the vol- 

unteer pressed the button, the detector operator would stop the 

measurement and let them out. 

participated in more than one study, 

some receiving more than one radionu- 

clide. The remaining volunteers were 

family members of Lab employees as 

well as 27 volunteers from the commu- 

nity of Los Alamos, 12 firemen and 15 

women from the Hospital Auxiliary. 

The large, formidable detectors and the 

unfamiliar laboratory surroundings 

the lab to ask many questions and their 

consent was contingent upon thorough 

dures. When children were involved, 

the experiment was explained to the 

parents and usually to the children as 

well. On the basis of the explanation, 

parents consented to let their children 

participate only if their children were 

interested and willing. Unlike today, 

obtaining the volunteer’s consent in the 

1950s and 1960s was informal, and typ- 

ically, no papers were signed. Al- 

though this procedure of informing the 

volunteer and obtaining his or her con- 

sent was considered adequate at the 

time, it would not meet current regula- 

The Volunteers 

The experiments described above were 

performed between 1950 and 1967, just 

as the fields of radiation protection and 

nuclear medicine were coming of age. 

In all, approximately 2000 volunteers 

participated. Nearly 1500 were simply prompted the volunteers from outside 

“counted” to measure the radioactive 

fallout in their bodies, approximately 

ical diagnosis. and about 130 were vol- 

unteers for radiotracer experiments. 

These 130 were administered radionu- 

clides in the course of experimental re- 

search, and the circumstances of their 

involvement are directly relevant to 
the ethical issues being discussed as 
part of Secretary O’Leary’s ”openness 

initiative.“ 

At Los Alamos, the vast majority of the 

volunteers in the radiotracer experi- 

ments were employees of the Laborato- 

ry: some were simply the investigators 

themselves. These volunteers under- tory standards. 

100 were referred patients seeking med- explanation of the experimental proce- The Doses 

The $64,000 question asked by volun- 

teers was, “What is the risk to my 
health from this radiation exposure’?” 

The investigators answered that there 

was no risk associated with the low 

doses involved in the experiment. NO 
follow-up studies of the volunteers’ 

health were made to verify this claim. 

Now, decades and many radiation stud- 

ies later, this answer has been re-exam- 

ined by Bill Inkret of the Los Alamos 

Health Division. Inkret recalculated the 

range of doses received by volunteers 

in tive representative Los Alamos ex- 

’ 
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periments. He used current models of 

internal dosimetry recommended by the 

International Commission on Radiologi- 

cal Protection as well as the quantities 

of radionuclides administered in the 

various studies according to published 

reports. The results are listed in Table 

2. For tritium. Inkret has calculated the 

range of cumularii~ doses from all of 

the tritium studies, which involved only 

three volunteers. 

Because the vast majority of the dose 

from iodine- 13 I goes to the thyroid. it 

is more appropriate to compare the 

dose with that of thyroid diagnostic 

tests than with the natural background. 

The largest dose received in the iodine- 

13 I experiments, 13,000 millirem. is 

comparable to that of thyroid diagnostic 

tests in the 1950s. Of all the people 

who have had thyroid diagnostic tests. 

no detrimental effects have been ob- 

Table 2. Radiation Doses to Volunteers 

Nuclides Number of Doses (mrem)’ 
volunteers 

hydrogen-3 (tritium) 3 
cesium-137 4 

iodine-I 31 117 

zinc-65 4 
sodium-22 3 
rubidium-86 3 

200 - 900 
50 - 70 

1 - 400t 

10 
1-10 
1-10 

*effective doses 

tthe thyroid doses range from about 30 millirem to 13,000 millirem 

The doses given in Table 2 are “effec- 

tive doses.” This means that the dose 

has been calculated so that it is equiva- 

lent, in terms of health risk, to an equal 

dose of uniform whole-body gamma ra- 

diation (see “Effective Dose,” page 31). 

All effective radiation doses to the vol- 

unteers in the Los Alamos experiments 

were less than 1 rem-a very low dose. 

To get a general idea of the risk in- 

volved with levels of exposure such as 

that. it is useful to compare the effec- 

tive doses in Table 2 with the natural 

background radiation. The U.S. nation- 

al average of the natural background ra- 

diation is about 300 millirem per year. 

Out of all the Los Alamos human ex- 

periments. the largest effective dose to 

volunteers was 900 millirem, or the 

equivalent of about three years of expo- 

sure to natural background radiation, 

and typically, the doses were equivalent 

to a small fraction of one year of natur- 

al background. No health effects have 

ever been observed at such low levels 

of exposure. 
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served, including no excess thyroid 

cancer. In light of this. the answer to 

the volunteers’ question is still “none.” 

In Retrospect 

Looking back over the hundreds of re- 

ports and publications pertaining to Los 

Alamos human experiments, one could 

ask many questions. Was the effort 

worthwhile? Was the work appropri- 

ate? Would researchers do it again? 

These were the questions we asked our- 

selves at the time. To ask them again 

is like asking, if you had your life to 

live over, would you change anything? 

Now. from the vantage point of expen- 

ence, most of us could think of a few 

things we would like to change, and the 

same answer holds true for research. 

Certainly past research experience has 

pointed out the need for people of dif- 

ferent backgrounds and training to care- 

fully review experimental procedures. 

It has also shown the benefit of obtain- 

ing consent from volunteers in a fomal 
setting in which the volunteer feels 

comfortable to ask plenty of questions. 

Learning from the past is only natural 

and those changes are not intended to 

be confused with regrets. There is no 

doubt that the use of human volunteers 

in medical and biological research has 

been a valuable and well-justified re- 

source. 

As for the volunteers, the fact of the 

matter is that people want to be helpful, 

sometimes to help themselves, but also 

to help others. This is a wonderful. 

quality of our human nature. There- 

fore, in the future, when information 

about humans is required. there is little 

doubt that human volunteers will re- 

spond eagerly, as they did in the fifties 

and sixties at Los Alamos. w 
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George Voelz, a native of WiFconsin. received 

his h1.D. degree in 1950 from the University of 

Wisconsin Medical School followed by an in- 

ternship at the University of Oregon Medical 

School Hospital and Clinics. In 1951 George 

completed an Atomic Energy Commission Fel- 

lowship in Occupational Medicine at the Ketter- 

ing Laboratory of the University of Cincinnati 

and in 1952 completed a Fellowship at the Los 

Alamos Scientific Laboratory. From I957 to 

1970, George was the Medical Director at the 

National Reactor Testing Station for the U.S. 

Atomic Energy Commission, Idaho Operations 

Office. where in 1967. he organized and became 

Director of the Health Services Laboratory. 

George returned to Los Alamos in 1970 to serve 

as Health Ditzision Leader until 1982. For the 

next five years. George served as Assistant Divi- 

\ion Leader of the Health Division, primarily in 

administration of research programs. From 

1987- 1990 he led the epidemiology section in 

the Occupational Medicine Group. Since then 

he has continued his studies on the health of 

workers in the nuclear industry with a special 

intere<t in the effects of plutonium exposure. 

George has been certified as a diplomat of the 

American Board of Preventive Medicine since 

1959 and has served on numerous committees 

including a IifetIme Honorary Council Member 

of the National Council ,In Radiation Protection 

and Measurements. He has served as a commit- 

tee member for the International Commission on 

Radiological Protection. and in 1994, participat- 

ed a5 a member of the Laboratory's Human 

Study Project Team. George retired from the 

Laboratory in 1990 but has actively continued 

his research as a Laboratory Associate. 
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cycle studies and investigations of chromosomes 
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Deputy Health Division Leader in 1974 with re- 
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search Program ranging from very basic htudies 

of cell-cycle regulation to the carcinogenehis of 

plutonium particles and genetic effects of radia- 

tion. When the Health Division was split in 

1979. he organized the Life Sciences Division 

and served as the Division Leader until 1982. 

From 1982 until his retirement in 1989. he was 

the Program Manager for Department of Defense 

Health Effects Programs and a member of the 

Advanced Concepts Group. He has served on 

editorial boards. committees and advisory panels 

on radiation effects. radiotherapy, and other in- 

terests of the U.S. Army Medical Research and 

Development Command. In 1994. he became a 

member of the Laboratory's Human Studies Pro- 

ject and actively continued his involvement in re- 

\each related to military health issues. 
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Figure 1. Supersnoop 
This early alpha-particle detector, called 

Supersnoop, was produced at the Chica- 

go Metallurgical Laboratory and distrib- 

uted to places such as Los Alamos for 

the detection of plutonium, uranium, and 

polonium in the work environment. How- 

ever, because of the shortage of instru- 

ments like this one, Los Alamos began a 

detector development program of its own. 

By 1945, the program yielded a sensitive 

light hand-held alpha detector called 

Pee Wee. 

I 
Los Alamos Radiation Detectors 

n 1940, Otto Frisch and Rudolph Peierls wrote a memorandum to the British I government warning of the possibility of a German atomic bomb. In it, they 

impressed upon the British government the importance of determining, in the af- 

termath of the explosion of an atomic bomb. "the exact extent of the danger area, 

by means of ionizing measurements. so that people can be warned from entering 

it," Even as Frisch and Peierls made the first serious consideration of an atomic 

bomb, they were mindful of the need for radiation detectors to define the bound- 

aries between hazard and health. This concern for radiation protection. which 

was articulated well before the Manhattan Project was even conceived, was inher- 

ited by the workers who built the atomic bomb. 

Radiation detectors were needed at Los Alamos to delimit safe and dangerous 

areas and, even more challenging. to monitor internal exposures to plutonium and 

other radioisotopes. In 1943. when Los Alamos first opened, Los Alamos scien- 

tists were preoccupied with research on the atomic bomb and. therefore. relied 

upon the Chicago Metallurgical Laboratory to supply the radiation detectors need- 

ed to monitor uranium and plutonium in the work environment. Yet. despite 

heated correspondence between Los Alamos and the Met Lab, the detectors were 

not forthcoming. Los Alamos suffered an acute shortage of radiation detectors 

well into 1944 and, in the interest of the workers, began a detector development 

program of its own. At the forefront of this work was Richard Watts of the Elec- 

tronics Group in the Physics Division who developed a number of alpha-particle 

detectors+ulminating in the portable "Pee Wee"-named for its mere 19 

pounds, to detect uranium and plutonium in the work environment. This work 

initiated detector development at Los Alamos and set the stage for later work. 

After the war, Los Alamos began the development of some very special radiation 

detectors for monitoring internal exposure to radioisotopes. Wright Langham, the 

leader of the Radiobiology Group of the Health Division, organized a group of 

scientists of diverse and complementary talents to produce detectors that not only 

provided radiation protection but also had a great impact in the fields of biology 

and nuclear medicine. 

i 

During the late 1940s, while Los Alamos was busy maintaining its newly ac- 

quired nuclear capability. a number of discoveries led to the rebirth of a promis- 

ing class of detectors called scintillation counters. In 1903. scintillation counting 

Every time an alpha particle struck the scintillator, zinc sulphide, the scintillator 

would emit a flash of light. With his eye. Crookes counted the flashes and, with a 

pen, he recorded the tally. Because this technique was so laborious and uncertain, 

scintillation counters fell into disuse in the 1930s as Geiger-Muller counters and 

, 

was first used by Sir William Crookes to detect alpha particles emitted by radium. 1 

ion chambers. which produced electronic output, took their place. Two events re- 

vived scintillation counting in the forties and fifties: the development of the pho- 

the discovery of a variety of new types of scintillators. liquid and solid, organic 

1 
I 

tomultiplier tube (an instrument that converts light into an electrical pulse), and 

and inorganic, each with their particular advantage. Scintillation counting devel- 

oped through the 1950s to produce the most versatile, sensitive, and convenient 

detectors of the time. 

j 
I , 

I 

Los Alamos scientists became involved in these dekelopments in the early 1950\ 
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for Biology and Medicine 
Donald Petersen 

as they began intensified research on the hydrogen bomb and boosted fission 

bombs. This work involved tritium. the radioactive isotope of hydrogen. ,A\ a 

result the Los Alamos Health Divi\ion began to develop techniques to monitor 

internal exposures to this low-energy beta-emitting isotope. Unlike gamma rays, 

low-energy beta particles cannot penetrate the body. and therefore internal tritium 

exposures must be monitored by measuring the tritium in samples of body fluids 

such as blood and urine. The beta particles are hard to detect even in the body 

fluids because they tend to be "self-absorbed' before they reach the detector. 

Consequently each sample had to be prepared in many tedious steps. including 

complete distillation or combustion followed by vaporization and reduction (see 

"Tracer Studies at Los Alamos"). before its tritium content could be measured 
with a standard detector. either an ion chamber or Geiger-Muller counter. Fur- 

thermore. those standard detectors were fairly inefficient at measuring the very 

low-energy (less than 18 keV) beta particles emitted by tritium. 

Once discovered, it was immediately clear that liquid organic scintillators would 

eliminate many of the problems associated with tritium detection in biological 

samples. Self-absorption would not be a problem because the blood or urine was 

directly mixed into the liquid scintillator such that the tritium beta particles 

would immediately collide with scintillator molecules. Depending on the energy. 

the beta particles would excite thousands or possibly millions of scintillator mol- 

ecules. The excited molecules would quickly re-emit the absorbed energy in the 

form of photons. which would travel freely through the transparent scintillator to 

3 photomultiplier tube where they would be converted into an electrical pulse. 

The scintillation counter was also highly efficient. 

Wright Langham. who had been an investigator in the tritium human studies. was 

well aware of the advantages of liquid scintillation and decided to put the excep- 
tional talents of his scientific staff to work on a liquid scintillation counter. F. 

Newton Hayes-a brilliant organic chemist who discovered the "p-terphenyls," a 

family of organic chemicals which yielded many of the best liquid scintillators 

ever known-produced the scintillator. Ernest C. Anderson, Robert Schuch, and 

Jim Perrings-who were familiar with the difficulties of low-energy beta detec- 

tion froin their work with Willard Libby and Jim Arnold at the University of 

Chicago on radiocarbon dating4id the instrumentation. 

Even the earliest liquid scintillation counters were several times more efficient 

than the ion chamber and very convenient, requiring minimal preparation. Yet. 

for all these advantages. there was one serious problem: the false cignal. or 

"noise." produced by the photomultiplier tube. This noise was so large that it 

could easily overwhelm the signal from a typical biological sample. Richard 

Hiebert and Watts. the experienced detector physicist who developed the much 

needed alpha detectors during World War 11, were the first to rectify this prob- 

lem. Instead of using only one photomultiplier tube to detect the light emitted 

by the scintillator. they used two and created a "coincidence circuit" to eliminate 

background noise. Signals that appeared in both photomultiplier tubes at the 

mue time were counted. whereas signals that occurred in only one photomulti- 

plier tube were thrown away. Of course. occasionally the false signal trom the 

two photomultiplier tubes would occur at the same time and be counted in the 

Figure 2. The Early Version . . . 
As big as a refrigerator, the early Packard 

TriCarb Liquid Scintillation Counter of 

1954 was a marked improvement on exist- 

ing techniques for the detection of tritium 

and other beta-emitting radioisotopes, 

such as the biologically important car- 

bon-14 and phosphorus-32. 

Figure 3. . . . and the New Version 

Sleek and computerized, the modern 

Packard Liquid Scintillation Counter still 

uses the original basic design developed 

at Los Alamos. This detector, or a detec- 

tor like it, can be found in virtually every 

biochemistry or genetics laboratory 

around the world. 
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data. However, this technique immediately reduced the noise from 10.000 to 

20,000 counts per minute to only 10 counts per minute in the Los Alamos 

Coincidence-Anticoincidence Model 530 Liquid Scintillation Counter. 

As has so often been the case, once the basic design was worked out, industry 

began to produce commercially successful models of the liquid scintillation 

counter. In 1953. Gordon Gould was collaborating with George LeRoy at the 

University of Chicago on a study of the role of cholesterol in atherosclerosis, or 

hardening of the arteries. Cholesterol and one of its building blocks,’acetate, were 

labelled at Los Alamos with tritium and carbon- 14, both low-energy beta emitters. 

Although they did not use the liquid scintillation counter in this study, Gould in- 

formed LeRoy about the work done at Los Alamos on 

the Model 530. LeRoy was so enthusiastic about the de- 

tector that he went to Lyle Packard and asked him to 

build him one of these detectors. This interaction result- 

ed in the first commercially successful version of the Los 

Alamos Tritium Counter, called the Packard Tricarb. 

The value of this detector extended well into the fields of 

biochemistry and nuclear medicine and, in fact, a mod- 

em equivalent is found in every biochemistry or genetics 

laboratory to this day (see “DNA Repair and the Scintil- 

lation Counter” for examples of how these counters were 

used to make major discoveries in molecular biology). 

Figure 4. The Neutrino Detector 

This top view of the giant Hanford neutri- 

no detector shows the interior of the ten- 

cubic-foot vat for the liquid scintillator 

and the 90 photomultiplier tubes peering 

inside. This detector was the first step 

toward the discovery of the neutrino, 

work for which Fred Reines (see Figure 

5) earned the 1995 Nobel Prize in 

physics. 

At more or less the same time that the Model 530 scin- 

tillation counter was being developed, an elusive particle 

called the neutrino brought about the development of a 

second branch of liquid scintillation counters at Los 

Alamos: the whole-body counters, HUMCO I and 11. 

The existence of the neutrino had been hypothesized by 

Wolfgang Pauli as early as 1930, but the particle had 

never been “observed,” and Fred Reines and Clyde 

Cowan of the Los Alamos Physics Division decided to 

test Pauli’s theory. Because neutrinos interact extremely weakly with other mat- 

ter. they needed to build a colossal. high-density detector and put it near a nuclear 

reactor, where the Hux of neutrinos was expected to be high. Liquid scintillators, 

which are quite dense and can be produced in large quantities, were perfect for 

the job. Reines and Cowan approached Wright Langham with their idea and were 

apparently so persuasive that Langham “loaned’ them Hayes, Anderson, and 

Schuch. They built a cylindrical vat, IO cubic feet in volume, and filled it with 

liquid scintillator. They surrounded the vat with 90 photomultiplier tubes, con- 

nected them to a coincidence circuit, and placed the detector beside the Hanford 

nuclear reactor. This work produced a tentative confirmation of Pauli’s neutrino 

in 1953 and in 1956, after some modifications on the original detector. the first 

positive observation of the neutrino (see Figure 3). 

276 

The neutrino detector was developed out of pure academic interest, yet it yielded 

the practical rewards of HUMCO I and 11. In the course of their work on the neu- 

trino detector, Reines and Cowan decided to determine the degree to which the 

natural gamma ray activity of the materials used to shield the neutrino detector 

would add noise to the experiment. They built a large “top hat” about 23 cen- 

timeters in diameter and 75 centimeters high and inserted it, top down, into the 

cylindrical vat of scintillator. The shielding materials were placed in the concavi- 

ty of the top hat. Most of the gamma rays emitted by the materials would pene- 

trate the top hat. enter the scintillating material. produce photons, and be detected. 
COfllfI2~lCd 011 [JtiSC 278 
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DNA Repair and the Scintillation Counter 

Before the invention of the liquid 

scintillation counter, there seemed 

to be a conspiracy in nature 

against the biochemist, that tritium 

and carbon-14, two of the most im- 

portant radioisotopes to the study 

of biology, were also some of the 

hardest to measure. The scintilla- 

tion counter, which was developed 

in the 1950s, made the detection of 

these low-energy beta-emitters sim- 

ple and efficient. Consequently, tri- 

tium and carbon-14, along with 

phosphorus-32, soon became the 

backbone of biomedical research. 

A few of the contributions to our 

understanding of DNA repair of ra- 

diation damage that were made 

possible by the scintillation counter 

are given below. 

In 1964, R. 6. Setlow and W. L. 

Carrier at Oak Ridge National Lab- 

oratory used a scintillation counter 

to produce some of the first bio- 

chemical evidence that cells repair 

ultraviolet damage to DNA. Earlier 

in the 1960s it had been demon- 

strated that ultraviolet radiation in- 

duces chemical bonds between two 

neighboring pyrimidine DNA bases 

(thymine and cytosine), forming 

pyrimidine “dimers.” Those dimers 

distort the normal helical shape 

DNA, stop DNA synthesis, and pre- 

vent cells from replicating. Setlow 

and Carrier examined the cellular 

response to pyrimidine dimers in a 

culture of bacterial cells. 

The cell$ were grown in a medium 

containing tritium-labeled thymidine, 

which was incorporated into their 

DNA. After irradiation, the DNA 

was degraded into single bases, 

dimers, and other DNA fragments, 

which were analyzed by process 

called “paper chromatography.” In 

this process, bases and dimers 

separate onto different locations on 

a piece of paper by virtue of their 

different solubilities. The paper 

was cut into segments containing 

single bases and others containing 

dimers, and the segments were 

tqssed directly into a scintillation 

counter. Fortunately, because of 

its broad range of sensitivity, the 

scintillation counter was able to 

measure the activity of both the 

bases and the dimers, even though 

they may differ by as much as a 

factor of one hundred thousand. 

Setlow and Carrier observed fewer 

dimers in the DNA of cells that 

were allowed to incubate, indicating 

that those cells somehow repaired 

the dimers, and they also demon- 

strated that the cells cut the dimers 

out of the DNA, the first step in a 

type of genetic repair called “nu- 

cleotide excision repair.” 

In 1964, David Pettijohn and Philip 

Hanawalt at Stanford University 

demonstrated the second step of 

the repair, the replacement of the 

excised piece of DNA. In this ex- 

periment, two labels were used: 

carbon-1 4-labeled thymine and a 

higher-density, tritium-labeled 

thymine analog. The cells were 

grown in the presence of the first 

label, irradiated, and allowed to in- 

cubate in the presence of the sec- 

ond label. The DNA was broken 

into fragments of similar length and 

separated in a centrifuge by densi- 

ty. Then the DNA was dried on fil- 
ter paper and put it into a scintilla- 

tion counter. They observed that 

the higher-density thymine analog 

was incorporated into the DNA in 

the small quantities that demon- 

strated the replacement of the ex- 

cised piece of DNA. 

In 1966, R. A. McGrath and R. W. 

Williams of Oak Ridge National 

Laboratory used the scintillation 

counter to produce the first evi- 

dence that cells repair “single- 

strand breaks,” or breaks in one 

side of the DNA double-helix, 

caused by ionizing radiation. The 

cells were grown in tritium-labeled 

thymidine and irradiated with x 
rays. The cells were divided into 

batches and allowed to incubate for, 

different amounts of time. The 

DNA from the cells was then divid- 

ed into its two single strands, such 

that it fell into pieces at the single- 

strand breaks. Using a centrifuge, 

they separated the long molecules 

of DNA from the short molecules. 

The DNA was dried on small disks 

of filter paper which were then 

thrown into the scintillation counter. 

McGrath and Williams observed 

that the DNA from the cells that 

were allowed to incubate was in 

large pieces, not very unlike the 

DNA of unirradiated cells, while the 

DNA from the cells that were not 

allowed to incubate was in short 

pieces. Clearly, the DNA had been 

significantly repaired during incuba- 

tion. 

The scintillation counter has contin- 

ued to produce breakthroughs in 

the study of cellular repair of radia- 

tion damage since then and fe- 

mains as important today as when 

it first became available in the 

1950s. 
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Schuch was the one who suggested 

making a larger insert, 5 1 centimeters 

in diameter, so that they could put a 

small person inside and use the detec- 

tor to measure’the gamma activity of 

people. Before trying it out with a per- 

son, a dog was lowered into the insert 

and counted before and after injection 

of a solution containing 10.’ curies of 

radium. It was concluded that a radi- 

um body burden of about 5 x 10.‘ 

curies could be detected. an immediate 

improvement by a factor of about 100 

on the sensitivity of Robley Evans’ 

early instrument for measuring the 

body burden of the radium dial 

painters (see “Radium-the Benchmark 

for Alpha Emitters”). 

Figure 5. Getting Down to Work 

Wearing his characteristic tie, Wright 

Langham was the only one small enough 

to be lowered into the “top hat” inside the 

neutrino detector. Fred Reines (left) and 

Kiko Harrison do the honors. 

Figure 6. A Captive Audience 

Wright Langham lectures on the uses of 

Remab (left) and Remcal in the calibra- 

tion of the whole-body counters, HUMCO 

I and II. These plastic “phantoms” en- 

abled the researchers to perform 

“human” experiments to determine the 

efficiency of the detectors. 

By crouching. a small person could 

also fit into the top hat and Langham. 

as the smallest one around. was the 

first person to try (see Figure 5). He 

was counted twice, once with an exter- 

nal 0. I millicurie radium source and 

once without. Later, a water ”human 

phantom” (see Figure 6) was made and 

radioactive potassium salt was dis- 

solved in it. With this phantom. the 

scientists determined that the detector 

efficiency for potassium40 was 10 per 

cent. That was very useful because 

potassium40 is a naturally-occurring 

gamma-emitting radioisotope which is 

found in humans. A number of people 

were counted to determine the amount 

of potassium40 in their bodies. and 

given the ten per cent efficiency of the detector. these measurements agreed well 

with expected results. 

This preliminary work was rapidly brought to fruition. By September 1954, a col- 

laboration between Schuch and Anderson at Los Alamos and Marvin van Dilla at 

the University of Utah resulted in the development of the K-9, otherwise known as 

the “dog counter.” This detector was used to perform radiation experiments on 

animal subjects, and it also served as an intermediate step before the development 

of a whole-body detector for humans. In January 1956. Anderson, Schuch, Per- 

rings. and Langham developed the Human Counter or HUMCO I, a whole-body 

gamma detector for people. Because it was highly sensitive, this detec’tor made it 

possible to measure the amount of potassium40 in a person in only a minute and 

40 seconds with a 5 per cent error. 

Immediately, the detector was put to practical use. By 1959, the potassium40 con- 

centration had been measured in 1590 men and women from the ages of 1 to 79. 

Because potassium40 resides largely in muscle, the amount of potassium40 in 
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PRIVACY ACT MATERIAL REMOVED 
the body is proportional to the body's lean mass, The 

measurements were mainly for the benefit of the pub- 

lic. but they also revealed the fundamental facts about 

the evolution of muscle mass with age for men and 

women (see "Tracer Studies at Los Alamos." page 

770). At the same time. under Project Sunshine. 

HUMCO W;IS. used to .;tudy ihe worldwide distribu- 

tion of fallout and the change of fallout with time. 

The concentration of f:imma-rtiiirting fallout radionu- 

clides was measured in dried milk from threc: New 

4leuico dairies as well as in New Mexico residents 

:ind laboratory visitors. The sensitivity of the whole- 

body counter not only made those measurements 

quick and accurate, it also enabled medical tests and 

biological experiments to be performed on people 

using very small amounts of rlldionuclide-so srnall 

in tact that diagnostic tests could be performed safely 

even on newborns. In 1962. HUMCO I was superceded by HUMCO 11. which 

had nearly ten-fold greater sensitivity and therefore made measurements that much 

der and quicker. 

This story is a good illustration of the benefits of the interdisciplinary approach to 
problem solving that was common at Los Alamos at the time. If an investigator 

had an interesting idea, he was not required to seek permission from his superior 

or consult him to see if the idea was worthwhile. He would simply talk to scien- 

tists in the fields that related to his idea. perhaps perform a preliminary experi- 

ment. and then, if the idea seemed promising, he would begin research. That ap- 

proach to problem solving was in stark contrast to the strong disciplinary 

segregation that was the fashion in academic institutions, and, in light of stones ' 

such as this one about the Los Alamos liquid scintillation counters. it proved quite 

successful. rn 

Figure 7. A Young Volunteer 
Many New Mexican residents were moni- 

tored for the level of fallout radionu- 

clides in their body. Here, a young resi- 

dent enters the cylindrical opening of 

HUMCO I under the supervision of the at- 

tendant, Annie Hargett. Several young 

volunteers were counted weekly to deter- 

mine their cesium-137 body burden. 
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“Ethical Harm” and the 

wing the 1940s researchers in 

the United States injected plu- D tonium into eighteen hospital 

patients without their informed consent. 

Reports of this research in the scientific 

literature and investigations during the 

following decades did not raise public 

concern, but in 1993 a series of news 

articles identified five of the patients 

and drew more attention to the plutoni- 

um injections. DOE Secretary O‘Leary 

publicly questioned the ethics of the re- 

search. Subsequent news articles de- 

scribed additional studies that had ex- 

posed human subjects to radiation 

without their informed consent. Public 

concern mounted, Congress held hear- 

ings, and President Clinton appointed 

an Advisory Committee on Human Ra- 

diation Experiments. 

The Advisory Committee’s assignment 

was to determine the ethical and scien- 

tific standards for the human radiation 

experiments and to evaluate whether 

the experiments met those standards. 

After reviewing a mass of information? 

conducting hearings, and deliberating at 

monthly meetings for a year and a half, 

the Advisory Committee issued its 

Final Report in October 1995. We re- 

view this report and the issues it at- 

tempts to resolve below; the human re- 

search with plutonium is described in 

“The Human Plutonium Injection Ex- 

periments” in this volume. 

As first recounted in the news, the plu- 

tonium injections seemed disturbingly 

similar to the experiments for which 

several Nazi doctors were imprisoned 

or executed after trials at Nuremberg. 

The scientists in the United States had 

opportunistically used hospital patients 

as unwitting subjects in non therapeutic 

studies of exposure to radiation. Al- 

though the researchers expected the 

patients to die soon of their existing 

illnesses, some survived for decades 

after the plutonium injections. Their 

survival intensified questions about the 

effects of the experiments. 

Clarification of the news was soon 

forthcoming. Radiation scientists fa- 

miliar with the plutonium research 

pointed our that the patients received 

very small amounts of radiation consid- 

ered unlikely to cause injury or illness. 

Furthermore, the purpose of the re- 

search was not to determine the effects 

of exposure to plutonium, but its path- 

way through the body. Comparison of 

the amount of injected plutonium with 

the amount of plutonium excreted by 

the patients enabled the researchers to 

develop a model for estimating occupa- 

tional and accidental exposures of 

atomic weapons workers from their ex- 

cretion. In its investigation, the Advi- 

sory Committee found no evidence that 

the plutonium injections injured any- 

one. Also, the Committee agreed with 

the scientists that the plutonium injec- 

tions “produced results that continue to 

benefit workers in the nuclear industry 

today.” 

The Committee confirmed, however. 

that the patients “were not told that 

they were to be used in experiments for 

which there was no expectation they 

would benefit medically, and. as a con- 

sequence, it is unlikely they consented 

to this use of their person.“ The failure 

to inform the patients might be attrib- 

uted to the difficulty of discussing a 

substance whose very existence was 

classified, and to the customs of med- 

ical research at the time. The Commit- 

tee determined that “it was not uncom- 

mon in the 1940s for physicians to use 

patients as subjects in experiments 

without their knowledge or consent” 

even when the research held no 

prospect of benefiting the patients. 

Thus, Some have argued, the plutonium 

injectees suffered only “ethical harm”- 

an unexceptional invasion of their 

rights without practical consequences. 

By contrast, the moral transgressions of 

the Nazi doctors involved unspeakable 

acts of maiming and murder. 

The Advisory Committee confronted 

several difficult issues in evaluating ex- 

periments that did not cause physical 

harm or deviate from common practice. 

The problem of “retrospective moral 

judgment” was especially challenging: 

could the Committee apply current ethi- 

cal standards to research conducted a 

half-century ago. or should the ethical 

evaluation be limited to the standards 

and values of that time? The Commit- 

tee also considered whether the families 

of the patients (now all dead) should be 

compensated for “ethical harm” and if 

so. by what measure. Perhaps most 

important, the Committee drew lessons 

for the future from its review of the 

plutonium research. 

Judging the past 

Federal regulations now require in- 

formed consent for most experiments 

with human subjects. At the time of 

the plutonium injectians, however. there 

were no regulation or professional stan- 

dards that required the consent of hos- 

pital patients to participate in research. 

On what basis, then, could the plutoni- 

um injections be criticized’? 

From the outset of its deliberations, the 

Committee attempted to avoid judging 

the past by today’s standards. The 

Committee concluded that in addition 

to government rules and professional 

standards, which are applied only 

prospectively, there are also “basic ethi- 

cal principles” that are not limited by 
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time. These fundamental principles, 

which include obligations to respect 

self-determination and not treat people 

as means to others’ ends or deceive 

them. provide an ethical framework for 

judging past actions. 

Informed consent 

The principal of respect for a compe- 

tent individual’s right of self-determina- 

tion serves both practical and idealistic 

goals. The idealistic goal appears to 

predominate: respect for the individual 

is ;I fundamental. virtually unquestioned 

value in western society. But informed 

consent serves practical goals as well. 

including the encouragement of rational 

decision-making, enhancement of the 

physician-patient relationship. and re- 

duction of unfavorable public reaction. 

Clearly. obtaining informed consent to 

the plutonium injections would have 

sen.ed the last goal well and avoided 

the subsequent outcry. 

Although informed consent was not ob- 

tained in either the Nazi medical exper- 

iments or the plutonium injection ex- 

periments. significant distinctions can 

be drawn. Hospital patients are a vul- 

nerable population, but they do not en- 

dure the inhumane, sharply reduced cir- 

cumstances of the concentration camp 

victims, Competent hospital patients 

retain the ability to give informed con- 

sent. but voluntariness was impossible 

in the concentration camps. Also, there 

was a substantial difference between 

the drastic experimental procedures of 

the Nazis and the injections of tracer 

amounts of plutonium. Exposure to ra- 

diation above certain levels will have 

severe consequences. but the Advisory 

Committee found no evidence that the 

low doses of the hospital patients 

caused harm. 

Still. the low risk of the plutonium in- 

jections and the important national secu- 

rity interests served by the resxrch did 

not justify the failure to obtain informed 

consent. If the eighteen hospital pa- 

tients had been asked. most of them-or 

others in their place-would probably 

have consented to the plutonium injec- 

tions. They would have been told the 

research posed little risk to them and 

was important to assure the safety of 

workers involved in protecting national 

security. During the post-war period 

when the plutonium research was con- 

ducted, the patients’ response to this pa- 

triotic appeal would likely have been 

positive. Although they would have 

based their decisions to participate in 

the research on limited knowledge. their 

The Committee 
concluded that in 

addition to government 
rules and professional 
standards, which are 

applied only prospectively, 
there are also “basic 

ethical principles’’ that 
are not limited by time. 

These fundamental 
principles, which 

include obligations to 
respect self- de t e rm inn t io n 
and not treat people as 

means to others’ ends or 
deceive them, provide 

an ethical framekvork for 
judging past actions. 

consent would have been recognized in 

later years. Their story in the 1990s 

wJould not have been about exploitation, 

but about their contribution to this coun- 

try’s efforts to become a nuclear power. 

Ethical evaluation 

In the absence of informed consent. 

however, the Advisory Committee con- 

cluded that the plutonium experiment 

was unethical. Using patients as means 

to the ends of the researchers and de- 

ceiving the patients about the nature of 

the procedures violated basic moral 

principles without justification. The 

needless failure to obtain informed con- 

sent. not the research methodology. 

drew the Committee’s condemnation. 

“Only extraordinary circumstances can 

justify deception and the use of people 

as mere means by government officials 

and physicians in the conduct of re- 

search in the conduct of research in- 

volving human subjects. . . . [Wle see 

no reason that the laudable goals of the 

research could not have been pursued 

in a morally acceptable fashion.” 

Furthermore, the Committee was dis- 

mayed that the government kept the 

identity of the plutonium subjects secret 

for many years, not for national security 

purposes, but apparently out of concern 

for public relations and legal liability. 

The Committee concluded that the secre- 

cy deprived the subjects and their fami- 

lies of any opportunity to pursue griev- 

ances based on the plutonium research. 

Distinguishing actions 
and actors 

Although the Committee condemned 

the failure to obtain informed consent. 

it did not severely censure the well-in- 
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tentioned researchers who had followed 

the customary practices of the time. 

The Committee distinguished between 

the wrongfulness of actions and the 

blameworthiness of the actors: “Even 

when wrong was done. it does not fol- 

low that anyone should be blamed for 

the wrong.” Although a wrongful act 

should be condemned. the individual 

who committed the act might be ex- 

cused for “culturally induced moral ig- 

norance” that the actor could not rea- 

bonably be expected to remedy, or 

because the details of applying a prin- 

ciple evolved subsequently. 

The Committee concluded, somewhat 

opaquely, that “government officials 

and investigators are blameworthy for 

not having had policies and practices 

in place to protect the rights and inter- 

ests of human subjects” in nonthera- 

peutic research. But “to the extent the 

research was thought to pose little or 

no risk, government officials and 

biomedical professionals are less 

blameworthy”. 

Compensation and 
other remedies 

The Advisory Committee was not 

specifically asked to make recommen- 

dations about compensation, but this 

topic was unavoidable. It received 

much attention at the Committee’s 

meetings. particularly in testimony by 

individuals who were exposed to radia- 

tion in occupational, environmental, and 

research settings. Those exposed 

persons face many legal obstacles to se- 

curing compensation, including govem- 

inent immunity, the difficulty of prov- 

ing that illness or death was cqused by 

radiation exposure, and, for those who 

were not physically harmed, the ab- 

4ence of a legal remedy solely for an 

infringement of rights. 

The Committee adopted a position that 

distinguishes ethics from law, holding 

that “people who were used as research 

subjects without their consent were 

Thus, the plutonium 
research subjects- 

or their families, since 
the subjects are all 

dead-are due an apology 
from the government. 

In addition, the 
Committee found that 

the government k 

self-protective policy 
of secrecy for many years 
following the plutonium 

research had denied 
subjects and their .families 

the opportunity 
to pursue potential 
grievances, there by 

compounding the original 
wrong in a manner that 
could have had material 

efect. Accordingly, 
the Committee recom- 
mended that Jinancial 

compensation be provided 
to the families of the 
plutonium research 

subjects-a remedy that 
may require legislation. 

wronged even if they were not 

harmed’. However, the Committee 

also concluded that financial compensa- 

tion is not an appropriate remedy in the 

absence of material harm-a result that 

reintroduces the legal standard. In such 

cases. the government should apologize 

to those who were wronged. 

Thus, the plutonium research subjects- 

or their families, since the subjects are 

all dead-are due an apology from the 

government. In addition. the Commit- 

tee found that the government’s self- 

protective policy of secrecy for many 

years following the plutonium research 

had denied subjects and their families 

the opportunity to pursue potential 

grievances. thereby compounding the 

original wrong in a manner that could 

have had material effect. Accordingly. 

the Committee recommended that 

financial compensation be provided to 

the families of the plutonium research 

subjects-a remedy that may require 

legislation. 

Lessons for the future 

What lessons can be gained from the 

human radiation experiments? ,Mem- 

bers of the Advisory Committee believe 

their assignment offered a valuable op- 

portunity not only to redress past 

wrongs, but also improve existing 

mechanisms for the protection of 

human research subjects. 

In particular, the current informed con- 

sent requirements were found ineffec- 

tive. Jay Katz. a member of the Advi- 

sory Committee who has long been 

concerned with this issue, saw prob- 

lems in three-quarters of the current 

protocols for greater-than-minimal-risk 

mdies reviewed by the Committee. 

Although local committees (Institution- 

al Review Boards, or IRBs) had ap- 

proved the informed consent forms in 

these studies, the forms failed to distin- 

guish the research goals of the studies 

and their consequences for the subjects. 

Instead, a mass of unnecessary detail 

obscured the significance of participat- 

ing in the research. 

There were even indications of a prob- 

lem uncovered more than two decades 

ago: the Committee’s interviews 

with many subjects revealed they did 

not know they were participating in 

research, although they had signed in- 

formed consent statements. The legal 

niceties of the consent process had been 

observed and the signed forms pro- 
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I 

The Advisor?; Committee 
)vas not spec$cally 

asked to make recommen- 
dations about compensa- 
tion, but this topic tvas 

unavoidable. It receiiied 
much attention at the 
Committee’s meetings, 

particularly in testimony 
bv individuals who 

were exposed to radiation 
in occupational, eriviron- 

mental, and research 
settings. Those exposed 
persons face many legal 

obstacles to securing 
compensation, including 
government immunity, 

the difJiculty of proving 
that illness or death 

was caused by radiation 
exposure, and, for those 
who were not physically 

harmed, the absence 
of a legal remedy solely 

for an infringement 
of rights. 

duced. But the research subjects were 

<till treated as a means to the scientists’ 

ends. not as informed participants in the 

research. 

To improve subject protection in the 

future, the Committee recommended 

that IRBs (1) focus on more-than- 

minimal-risk experiments: (2) assure 

that consent forms clearly distinguish 

research from treatment, identify the 

sponsors and purposes of the research. 

and specify the financial implications 

of participating or not participating in 

the research; and (3) assure that partici- 

pation in research does not diminish 

the subjects’ opportunity for medical 

benefits that would be available to 

nonparticipants. 

“Ethical harm” 

The effects of the plutonium injections 

were not as damaging to the cubjects as 

the early news stories painted. nor were 

they so inconsequential as many scien- 
tists. then and now. believe. Our soci- 

ety demands that human subjects of ex- 

means to the researchers‘ end. In ret- \taff attorney in ly8y and ha\ pro\ ided legal ad. 

rospect, the greatest harm of the Pluto- \ice to Laboratory management on protection of 

nium injections ma); be the erosion of human research \uhject\. information practices. 

public trust in the institutions of sei- taxation. and environmental litigation. \to\t re- 

cently Michael has been workin@ on pre\enti\e 

Intended [(I 

priated decisions that belong to individ- illaLe legal con\ide~;~tions and materials more dc- 

uals. cejsible to Laboratory employee\. Michael wa\ 

the \taff director of the Sational Commi\\ion for 

the Protection of Human Subject\ from 1971 [o 

1978. whohe reports were iinplemented in the 

federal refulations that now gobrm human sx- 

perimentation. Following the National Cornmi\- 

perimentation not be treated mew as Michael s. yes&,, came to Lo\ AIamos it\ 

ence and governn’ent for having appro- law and legal information 

Further Reading 

Advisory Commlttee on Human Radiation Exper- \ion post. Michael has practiced law and ha\ held 

irnents. 1995. Firrril Rcporf. I’ S. Go\ernrnent \everal po\itions on bioethics conimlrtees. among 

Printins Oftice (October IY95) them Chairman of the In\titutional Re\ iew Board 

at RAND. and coordinator of the DOE program 

on the Ethical. Legal and Soci;rl Implicntions of 

the Human Genome Project (ELSO. 

nator of the ELSI. he compiled ;L basic ELSI 

wurce. a bibliography. and has \pol\en on ELSI 

i\\ues at numerous meetings in the United States 

and abroad. Michael i\ a member of the Human 

Genome Organization (HUGO). the American 

Society of Law. Medicine and Ethics. and the 

Bioethic\ Committee of St. Vincent Ho\pltal in 

Santa Fe. From October 1991 to February 1995 

Michael directed the Laboratory‘\ Human Studies 

Project Team. He earned a B.A. in philosophy in 

1960 and a law degree in 1963 from Hanard 

University. 
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