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On the cover are tha images of {en men who have worked with plutonium
and now carry measurable body burdens of this radloactive element.
Some of those Individuals were at Los Alamos during the days of lhle__
Manhattan Project, and some of them are hete today. [n this volume on
radiation protection and the human radiation experiments, these men
share their experiences with plutenium, the stories of their accldents, and
their perspectives on the human plutonium infection experiments. We
thank them for their generosity. No doubt their stories will help others
who come into similar circumstances.
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As much as the plutonium Injectlon 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. Thosa
data relate the amount of plutenium excreted In the urine to the amount
retained In the body. The graph (above right) shows data poinis for the
amount of plutonlum In the urine versus time for one Individual. The (it
ta that data made using the maximum-eniropy method is shown in red.
Fifty-year committed doses in rem are calculated from the urine results
using biokinetic models of the time-dependent distributlon of plutenium in
the body. Those models are based on data gathered from the plutonium
injectees as well as from the tissues of deceased plutonlum workers.

Because piutonlum [s an ongoing responsibillty of this Laboratory, the

protection of those who handle that dangerous material Is also cur ongo- _ .
ing responsibility. This volume is dedicated to opennass and to the

proper handilng of our role In plutonium work.
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Comments from the Director i
Siegtried S. Hecker

I. Radiation, Cancer. and Risk—Three Primers

Ionizing Radiation——It’s Everywhere! |  There are a variery of mviths and misconceptions about the ioniZing radia-
Roger Eckhardt tion that surrounds und penetrates us all. Dispel a few of these by (aking

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

made sources of lonizing radiation, und of the way doses are calculated.

End vour tour by estimating vour own annual dose.

Radiation, Cell Cycle, and Cancer =0 By damaging DNA and inducing genetic murations.

Richard J. Revaolds and Jav A. Schecker tonizing radiation can potentially initiate a cell on the
’ ’ road 1o cancer. We review what is currentlyknown

about regulation of cellular reproduction, DNA damage and
repair, cellular defense mechanisms, and the specific “can-
cer-causing’ genes that are susceptible 1o ionizing radiation.

Radiation and Risk: A Hard Look at the Data 96 This rapid survey of the data on radiation effects
Mario E. Schillaci in humany shows that high radiation doses increase
the risk of cancer, whereas the effects of low

A Brief History of Radiation Protection Standards 116 doses are very difficull to detect. The hypothetical

William C. Inkret. John C. Taschner risks at low doses, which areestimated from the
an‘ d Chm:i'es & M"ein hold ’ atomic-bomb survivors, are compared to the low-

dose data so that the reader can assess the present
fevel of uncertainy.

II. On the Front Lines——A Roundtable with Los Alamos Plutonium Workers Past and Present 124

The Participanis ) As part of the openness initiative, ten
individuals who have worked with plutonium
during various periods in the Laboratory's his-
tory were asked to share their experiences in-
The Early Years—1944-1946 in D Building cluding their aecidental intakes. Their frank-

Middle Years—1952-1978 at DP Site ness, their courage, and their pride in their

i uccomplishments are an example for all of us.
Modern Times—1980 to the Present at TA-55 The history and prognosis of people who have

Accidents with Plutonium had plutonivum exposures is discussed by the
Laboratory's leading epidemiologist.

Setting the Stage in Chicago
Working with Plutonium

Follow-up Studies, Expert Opinions. and F urt:rre Prospects
Opinions about the Plutonium Injection Experiments

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

Ed Hammel nium sample large enough 10 be analvzed for its phvsical properries.
The Future of Plutonium Technology 168 Activities at TA-33, the Laboratory's plutonium facility, are
Dana Christensen more challenging than ever even though the cold war is over,
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RADIATION PROTECTION AND THE HUMAN RADATION EXPERIMENTS

[1. The Human Radiation Experiments

Introduction to the Human Studies Project 174 The Los Alumos Humna Studies Project Team was ap-
’ William C. Inkret pointed to search for and release to the public ail
documents relating to human radiativn experiments.

The Human Plutonium Injection Experiments 176 During World War II and into 1947. scientists

William Moss and Roger Eckhardt working in the Manhattan Project had 18 people
) injected with plutonium. Why were ~hese experi-

Wright Haskell Lungham [911-1972

ments performed? How dangerous were they to
the people who were injected with plutonium?

Lowis H. Hempelmann 1914-1993 Was consent obtaindd? How was the informa-

Radium: The Benchmark for Internal Alpha Emitters 224

tion used? How is it being used today’

A True Measure of Plutonium Exposure: The Human Tissue The charge of “body-snatching” is here refuted
Analysis Program at Los Alamos 234 by the leader of the tissie analysis program.
James F. McInrov The author also explains how the distribution of

plutonium in deceased plutonium workers has
supplemented rhe data from the human injection

Authorization and Collection of Tissue

The Cecil Kelley Criticality Accident:

experiments and improved the estimation of risks

from plutonium intakes.

The Origin of the Los Alamos Human Tissue Analysis Program 250

The Karen Silkwood Story; What We Know at Los Alamos 252

Tracer Studies at Los Alames and the Birth of Nuclear Medicine 236
George L. Voelz and Donald Petersen
as told to Debra A. Daugherty

Child Volunteers: One Dad Tells the Story 266
Donald Petersen

Los Alamos Radiation Detectors for Biology and Medicine 274

Ethics: “Ethical Harm” and the Plutonium Injection Experiments 230
Michael §. Yesley

Art and Photo Credits 282
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Benween 1950 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 experimenrts themselves,
the volunteers, and their doses.

The Final Report of President
Clinton’s Advisory Commitiee on
Human Radiation Experiments is

reviewed herein with an emphusis on
ethics and informed consent.



Comments from

ume ot Los Alamos Science. The volume
culmipates a two-year effort by our Labora-
- tory’s Human Studies Project Team. The team
was formed to address questions oncerning the
ethics and conduct of human radiation experi-
ments that were carried out by Los Alamos re-
searchers from the Manhattan Project days
through the 1960s. The credibility und torth-
rightness of the weam’s effort has a very special
meaning in the context of today’s mission and
omomrow’'s challenges. This Laboratory con-
tinues to-be the steward of nuclear weapons
technology. As the world tries to roil back the
number of nuclear weapons and reduce their
impact on the commumty af nations. it is our
job to help make that possible by maintaining a
credible nuciear weapons technology base in
the absence of testing and by developing the
specific technologies needed to safeguard nuclear matenals and retire them perma-
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 at 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 shaning of expenences and information.

o Uis with pleasure that I introduce this vol-
"

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 ard other human radiation experiments. Challenged by De-
partment of Energy Secretary Hazel (' Leary’s openness initiative and encouraged
by Dr. Tara O'Toole, the DOE Assistant Secretary for Environment, Safety. and
Heaith, 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. 1 encouraged all employees to keep open minds because 1 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.

Qur 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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the Director

Stegfried S. Hecker

ed scientists, physicians. lawvers. ethicists, archivists, and others, some from the
Luboratory, some from local universities, and a few representatives from state gov-
ernmenl. At the beginning there was tension between the retiree experts on the
eamn, who had participated in the radiocactive tracer studies done at Los Alamos
Juring the 1950s and were 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 tor the past. But everyvone wanted the truth to
«urface and the team soon became a smoothly functioning body. The documents
that were tound were reviewed on a weekly basis. decisions were made about re-
moving material that was confidential under the privacy act. and the material was
released 1o the public. That process continued feor over 15 months unul the entire
team was satisfied that all exisiing documents had come 1o tight. Over 300,000
pages of historical documents were reviewed. and the relevant ones were 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 £,600 documents. The members
also 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 m all it was an extraordinary accomplishment.

However. there remains 4 second ongoing job. It concerns our own evatuation of
what happened w the past and our efforts to learn from that past. This volume,
written by members of Human Studies Project Team in collaboration with the Los
Alumos 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 aiso dedicated to saying things as they are. Some of the
facts about the plutonium injection experiments are difficuit o accept, especially
for those of us who take pride 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 immedtately foilowing the results from the
frst three injectees and about ten times the amount that we allow today. In gener-
al, the health of the injected patienis was not followed afier 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
subject of plutonium became declassified, the injectees were apparently never told
what 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 Committes 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 conctusion, 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-
sults of accidental intakes of plutonium was enormous and immediate. The choice
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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 delaved effects, in particular cancer, were ex-
pected to be quite small: The expertences. for example. of the radium-dial
painters {many of whom had ingesied large guantities of radium, another alpha-
cmitting 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 @t Oak
Ridge and the Umiversity of Rochester did not expect the injectees o 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 tinding. The press often wrongiy states that the tiniest amount
of plutenium can kill vou. To the contrary. we know from our own plutonium
wotkers that individuals carrying accidental intakes comparable to the amount
given to the injectees have lived healthy, vital. and productive lives, some for over
30 years from the time of intake. As part of the effort to educate ourseives. 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 stories and comments that were
shared at the wotkshop. 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 gratitade for their skill, their courage, and their
dedication in handling very difficuit work in the safest and most expeditious fash-
ion. We aiso hope that their stories 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 plutontum exposure. As far as we know, among the thousands of indi-
viuals who have worked with plutonium, there are only about ) 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 plstonium 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 concemtrate
plutonium. The exposure records are admittedly incomplete. Nevertheless. it ap-
pears that the worker protection standards and the adherence to them have served
us weil. Remarkably, those standards and the means to implement them were and
still are based on the information gathered trom 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 s0 tmportapt. it has been analvzed 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 ancther ac-
complishment to emerge from the Human Smudies 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 approprniately in-
formed. and the studies were important both for radiation protection and nuciear
medicine. A most exciling spinoff from the radiotracer work was the invention of
4 new type of radiation detector made from a liquid scintillator. The device was
Jeveloped in Wright Langham’s Radiobiology Group for the detection ot low-en-
erey beta particles from tritium so that the metabolism ot “-ttium in the body could
be studied. But word got out. and Fred Reines and Clyde Cowan. Ir.. then at our
Laboratory. came to the Radiobiology Group for help in designing and building 1
very large liquid-scinnllation detector for neutrinos. Naturally, they got the help
thev needed from the very talented scientists wham Langham had recruited. and
the resulting detector was used to make the first ebservation ot the neutrino. Fred
Reines was awarded the 1995 Nobel Prize in Physics for that discovery. In a to-
ally different vein, that large detector became the forerunner of the whole-body
counter for in vive monitoring of radicactive 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 storv of the
human radiation experiments reached the media in the fall of 1993, ail kinds of
numbers were being quoted to describe the events—picocuries of radioactive iron.
((0-millirem doses of iodine-131. microgram quantities of plutonium. Only the
experts knew what those numbers meant. and everyone else was batfled. 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 vatuable
contribution of the present volume is a three-part primer summarizing what we
know about radiation and risk. The first part, “lonizing Radiation—1It's Every-
where!.” introduces the physical properties of radiation in a way that should be en-
gaging even 1o young students and describes various sources of naturat 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 inductien. 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
epidemiclogical data on radiation effects in humans. The article is entitied “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 nisk 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 epidemioclogical 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 Story and the Records”
and the “Final Report” of the President’s Advisory Commitiee on Human Radia-
tion Experiments.

Tara 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
seeve as an example for all of us in the Laboratory and eisewhere. It is now up 10
us to continue. | :
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It’s Everywhere!

Roger Eckhard: 7

N *
. .

e are surrounded and permeated by radiation—sunlight, NN

radio and television waves, medical x rays. infrared o Y\ E

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

a few, Sunlight drives the wind and ocean currents and sustains life.
Radio and gelevision broadcasts inform and entertain us. X rays

roduce the images needed for medical diagnosis. [ntrared radiation ﬁ?
7 ~

_ Arms us;and radiates bacig into space not only the energy brought

: tovthe Eafth by sunlight but also the entropy produced by lite and

i I oth% prgcesses on Earth. All societies, from the most primitive to (( ))

. the technological. depend on these various fluxes of natural and A\
/ artifictal radiation,

The dictionary defines radiation as “the emission and propagation of Y
waves or particles.” or as “the propagating waves or particles them- /N_
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 carried

by radiation is what makes it so useful to life and civilization. O
Because much of the radiation we encounter has relatively low B
energy, its effect on our bodies is benign. For example, radio waves

pass through us with no perceptibie etfects to our health. However, 174 @\D'AT‘ON

-b— for many people, the word radiation has a negative connotation—it's
.\[

linked strongly with danger to life. This association comes from KEEP OUT’
focusing on the so-called nuclear radiations, which are highly
energetic. and especially on those generated by the radioactive
materials of nuclear weapons and nuclear power plants. {t's not
always remembered that similarly energetic radiation is generated
within 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 vear.
The dual nature of energetic radiation, as both a killing and a healing
agent, 1s sometimes difficult to keep in mind.




Tonizing Radiation—1It's Evervwhere!

In this article. we'll atempt to sort through much of the confusion about radiation.

We'll use two radiation experts. Irene and Carl. 1o introduce many of the topics,
and they'11 iilustrate 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
modern film—high-speed Polaroid™."

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 abourt 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.”

Radiarion emitted by radioactive materials is born deep within atoms—in unstable
nuclel undergoing changes that involve sirong nuclear forces. As a resuls, the ra-
diation has very high energies, thousands or millions of times higher than radiation
proc...ed by typical atomic processes. Such energetic radiation can create many
thousands of ions and moiecular 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.”

When ionizing radiation traverses living cells, it leaves
H Cmnm I 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
\ w'\ death of cells. If the exposure is very high, it will destroy
L& the cells of the immune system and lead to illness and possi-
bly death by infection. Even more massive exposures Kilk celis
in the central nervous system and can cause death within hours
or days.

INFRARED
e

AL the lower exposures typically encountered by radiation work-
“’ J”::@ ers 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 successtul passage is so small that the inheritance of
such mutations has not been observed in human pepulations.

k2
[
[ ]
[
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Recause of the very specific
effects of ionizing radiation.
it’s helptul to split the sub-
ject of radiation into two
broad categories—ionizing
and non-ionizing. In both
cases. the radiation interacts
with matter by transterring
its energy to molecules and
atoms, thrusting them into
excited states. However,
jonizing radiation breaks
chemical bonds: non-ioniz-
ing radiation usually only
heats the molecules—a more
benign process.

In addition to being either
jonizing or non-ionizing, ra-
diation has other properties
that we should krow about.
For example, most of the ra-
Jiation we encounter in
everyday life. such as visible
light and radioc waves, con-
ststs of electromagnetic
waves traveling at the speed
of light. Other radiation
consists of massive particles
with a variety of masses.

Ionizing Radiation—17t's Evervwhere!

The Electron Volt and lon Pairs

One of the most impertant 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 voit—the kinetic energy a free electron acquires
when it's accelerated across an electric potential of gne volt. (If you're familiar with
mks units, an electron volt is 1.60 x 10°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,
eventually to add its charge to an-
other molecule. The two charged
entities are called an jon pair. On
the average, it takes about 25 ;
alectron voits (25 eV) to create an ion pair in water, aithough the minimum energy
needed is anly 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 radicactive materials has energies
of the order of thousands of electron vaits (keV, or kilo-electron voits) or millions of

electron volts (MeV, or mega-electron volts). Such radiation is capable ¢f 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 expiain the physical properties that
determine their effects on the body. We’ll also explain how radiation doses are
cal lated, and then survey the ordinary sources that we're all exposed to. Finaily,
vou'il find a guide to help vou 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—Ilight!—is a tiny partion 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 t0 gamma radiation. All these radiations are waves of fluctuating electric
and magnetic fields that travet through space at the speed of light and that can be
classified solety in terms of 4 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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lonizing Radiation—it’s Everywhere!

ELECTROMAGNETIC SPECTRUM

ReDIO WAVES \WHRARED VlgﬂLE!‘ X-RYS
_ ¥ _

4
~ A
CeOWAVES VISIBLE
,mfm}' L ) ) H&ND RALAR J_UJ’“T : . .
LAY, 0 < ™ o 8 70 7z
\ mlbf' 10* 10'3 0 e [#] 10 (0] 10 10

(METERS) &4 1z o s 8 P —— L-iu
oy O o Ion 0% v kg% o7 T
eY) 1™ 0% o 10 0F 1o° (oF 1Y 1o* jo®

leV |V tMeV
pe————— NON- ION[ZIN & —~———ec—— |ONZING —>

Einstein estahlished that light actually has a dual nature—it behaves both as an
electromagnetic wave and as particles, or quanta. catled photons. The wave parti-
cte-duality is captured in the equation:

E=hv,
where £ is the quantum energy of the photon. v is the frequency of the corre-
sponding wave, and # is called Planck's constant. Because energy is directly pro-
portional 10 frequency. the electromagnetic spectrum becomes 2 visual guide 10 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 10-1 eV for a photon in
the AM broadcast band, 2 «V for a photon of visible light. and on the order of
MeVs for a nuclear gamma-ray photor.

Non-Ionizing Radiation. What happens when electromagnetic radiation interacts
with matter? It can be absorbed, reflected. or transmitted—usuaily 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 wransparent to visible fre-

. quencies; these photons mainly pass through unaffected, although some are reflect-
Negat:ue 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 inieraction 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 eleciric and magnetic fields of the ra-
diation can interact with these fluctuations and transfer energy to the atom. 1f the
electromagnetic waves happen 1o be oscillating in resonance with the atom, that ts. if
their frequency is close to a natural frequency of the atom. they'll transter energy
more efficiently. We see the same thing pushing a child on a swing—you transfer
energy most efficiently if vou match the natural rhythm of the swing.

12507 .4
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‘Wavelength, Frequency, or Energy?

in vacuum, all electromagnetic radiation travels at the speed of fight. As a
resuit, there is a one-to-one relationship between the frequency ang the
wavetength of the electromagnetic waves:

Av = ¢,
where A is the wavelength of the oscillation, v is the frequency, and cis the
speed of light (¢ = 3.0 x 10% meters per second).

The choice of parameter characterizing electromagnetic radiation can, thus,
as easily be wavelength as frequency. In fact, because radio waves have
wavalengths of the order of meters and microwaves have wavelengths of the
order of millimeters (milli = 10-3), these radiations are often identified with
their wavelengths rather than their frequencies. Similarly, visible light may
be characterized by its wavelength, generaily in nanometers (nano = 10-9).

At the upper end of the spectrum, very short wavelengths and very high fre-
quencias make both frequency and wavelength cumbersome. It's easier to
identify the radiation with the guantum 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-
derstand 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 How through the
radio is detected, amplified, and finally converted by the speaker into the sounds
we hear.

What about the dual nature ef light? What does it mean for a photon, which is a
particle. to be in resonance with.an atom of 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
ditference needed 1o 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 varety of things. For example, microwave ovens operate at a frequency cho-
sen to be in resonance with an energy transition of the water-molecuie. Thus, mi-
crowave energy is effectively absorbed by most foeds. If the radiation were “out
of syne.” it would simply pass through without losing intensity or heating the food.
Certain regions of the spectrum are absorbed by the atmosphere, whereas cther re-
gions penetrate to the surtace of the earth. The sky is blue because blue light is
more effectively scatiered out of the direct path from the sun than other celors.
Plants appear green because chiorophyl! 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—{t’s 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 etectromagnatic
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 colerful

and expressive, the phrase is mislead-
ing because the energy of microwave
phatons (about 0.001 eV} is even
lower than those of infrared heat
radiation or visible light. Thus, fmi-
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 efficiant heating of tis-
sue. The frequencies gensarated by
microwave ¢vens match the rotational
frequencies of water motlecules, spin-
ning them up like litte tops. Because

AN TR

water is the rnost common substance
in cells, the microwave energy is
quickly absorbed and converted to
heat energy as spinning melecules
collide randomly with their neighbors.
Possible heatth effects of direct expo-
sure to microwave radiation range
from “cooking” of tissue o changes in
cardiac rhythm, damagse to nervous
systems, and cataracts. Microwave
ovens are generally wall shielded,
and proper use results in minimal ex-
posures. However, sach of us should
take mentai note of the real dangers
when we “riuke” cur next meal.

Most peopie are much befter 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 sffects of ultraviolet ra-
diation. Such protection is aven
morg important now that there's evi-
dence of a thinning czone layer in
the upper atmosphere. The ozona
layer serves as “natuse’s sun block,
absorbing much of the ultraviolet ra-
diation before it reaches the surface
of the Earth.

The public's concem about the num-
baer and extent of medical x-ray expo-
sures is also weli-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
absorhed 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
mora 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 heaith 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 understoed the
full health implications of x-ray expo-
sures. Researchers were carried away
by the excitement of what the rays could
reveal and frequently ignored waming
signs from high exposures, inciuding loss
of hair, inflammation, and skin bumns,
Although these visible effects were usu-
ally only temporary, the massive ioniza-
tion damage of frequent exposures over-
whelmed normal celluiar repair
mechanisms. The long-term effects of
the practice were numerous cases of
cancer and radiation-induced disedses
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.
Modemn guidelines for the safe use of x
rays stress the lowest practical dose per
exposure, exposures administered infre-
quently and anly when needed, and
avoidance of exposures for pregnant
women. Damage under such
circumstances is minimal and usually is
repaired easity by the cells. Qur society
has decided that, in most cases, the
benefits from such use 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 bio-
logical effects
of ionizing
radiation.) @
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fonizing Radiation, “But now.” you ask. “where in the spectrum does elec-
tromagaetic radiation first become ionizing ™

~well. the dividing point is a bit fuzzy. but we can use what we know about
the spectrum to sort it out.” Carl suggests.

As we move up the frequency scale. we reach a point at which the energy per
photon is sufficient to break molecular bonds—a few electron volts. Ultraviclet
jight of 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 motlecule and leave behind a positively charged ion. It takes
an energy of at least 12 eV 1o ionize water or oxygen molecules. or 15 eV to
jonize nitrogen. Thus, radio waves, microwaves. infra-red radiation, visible
light, and low-energy ultraviolat light are all non-ionizing. High-energy uliravi-
n.lue[, x-ravs. and gamma-rayvs and beyond are ionizing.

At photon energies of thousands of electron volis (kilovelts, or keV) and high-

er. the ejected electron itself may have enough kinetic energy 10 damage molecuiar
honds 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.

What happens to the photon in this process? When the photon has just enough en-
ergy 10 eject an electron, it’s almost always completely absorbed. At higher quan-
um energies, such as the hundreds of eVs for x-rays,
the photon is more likely to lose only part of its energy
1o the ejected electron and then continue on as a lower-
energy photon untij it collides again. Each such colli-
sion creates another region of ionization until either the
photon passes out of the material of interest or ap-
proaches the threshoid energy, ¢jects one last electron,
and 1s 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
tor 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-
rel 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
bumn up. Beequerel just happened to be dealing with ma-
terials that took such a long time to do so that he could
not detect the gradual decrease in radiation being emitted -
by the source.

Number 23 1995 Los Alamos Science

{2000

lonizing Radiation—I{t's Evervwhere!




Ionizing Radiation—{t's Evenwhere!

Radioactivity—What Is [t?

Now. imagine yourself in a room with your new friend and radiation expert, lrene,
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 smail beaker of coloriess
solution, and a Jarge, clear glass bottle closed at the top with a valve. The only
thing that alerts you to the fact that these are not ordinary materials is the standard
magenta and yellow trefoil symbaol tor radiation.

SODIvMm TRIT
lODIDE C-:Ag "

Irene tells you that the metal is piutonium, a heavy, radioactive element and one
of the last in the pericdic 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 Nagasaki 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 Metal

Ptutonium is a soft, silvery metai that's highly reactive. It oxidizes so
easily that & fine powder of the pure metal will bum in air spontanecusty.
Such high chemical reactivity is one of the reasons plutorium is difficult
to work with. : '

in raal life, the jump of plutonium you're looking at would probably have
baeen coated with something, perhaps a thin layer of platinum-rhodium
alfoy. This coating wouid seal out oxygen and allow you to handle the
plutonium without getting radicactive particlos of the metal on your skin.
The coating would also absorb most of the radiation.

‘? |
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fonizing Radiation—Ir's Everswhere!

fact, it's the first. or lightest element. The trivum torm of hydrogen is radiactive
and is one of the important ingredients gr' the hydrogen homb.

The liquid in the beaker is a ditute solution of saodium iodide. In this case, the 10-
dine. called iodine-131, Is radioactive. This type of iodine can be used for thyroid
treatments,  [E's also of concern as a radiation hazard in nuclear power plant acci-
Jents o with fallout from atmospheric weapons testing.

[rene dpologizes about the glassware—for safety purposes. <he should be using un-
hreakable metal containers. You remind her that this i1s only a thought experiment.
.o it doesn’t matter. She grumbles anyway. tiguring she’ll bave 1o ill out a sheaf
of tmaginary safety report forms later.

Now. what physical evidence is there that these radioactive elements are emitting
continuous streams of highly energetic ionizing radianion? [s there anything that
vou 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
weems 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 lonizing radiation 1s 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
ir. Even the warmth vou feel in the plutonium is an effect—the metal is being
heated by its own radiation,

To assure yourself about the source of the radiation. vou move around the
room with the detector. The readings increase as you approach the iodine so-
lution and drop off as you move away. [s 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 plutoniam. C‘K’K
and the counts skyrocket! As you pull the counter back slowly. the buzzing sound LK
holds steady until. just a few inches from the surface, the counts suddenly drop. ' CLICE

There seerms 1o 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-
Mililer counter except gas can flow directly through it. She releases some of the
Iritium gas into the counter, and this time there's 4 sirong response.

Apparently, the-. three materials emit different types of radiation because the ema-
nations behave so differenily. To understand what's happening we need to look
more closely at the structure of the three radioactive atoms. We'l} start with the PLUTONIUM
plutonivm.
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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 imptlicadons of this structure is a neat division between chemisiry 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.

PERIODIC
TABLE

Radioactivity. on the other
hand, comes trom deep within
the atom—it’s the emission of
A+ radiation due to changes in
Alpt'ﬁ %(tl(’.‘e the nucleus. Radioactive
properties are nearly indepen-
dent of chemical properties.

Many of the atoms that are
-radioactive-—uranium. pluto-
nium, thoriwm, radium,
radon—are located at the bot-
tom end of the pertodic table.
These are ail heavy atoms.

In fact, all the elements heav-
ter than bismuth are radioac-
tive. Have the nuclei of these
atoms grown too big for their
own good?
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The Gelger-Miiller Counter

A common radiaticn detector is the Geiger-Mdller
counter, which has a long, narrow tube containing a gas
that's easily jonized. The tube has a wire down its cen- Electricat
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 1o be pulled toward the walls and negative
electrons to accelerate toward the wire, creating an elec-
trical discharge—a mintature lightning bolt. The resulting
current pulse in the circuit is registered by the counter.

IONIZING
rAD

Sometimes radiation may not be counted by the detactor

because it's blocked by the wall of the tube or it passes through the tube without ionizing any of the gas. Soto
understand your measurements fully, you need to know the type of radiation you're trying to measurs and the effi-
ciency of the counter for detecting that radiation.

Still, a Geiger-Mufler 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 ail-around tool for detecting most types of ionizing radiation. You can leam a
lot about your environment and your own exposures taking measurements with a simple hand-held Geiger-Mitier
countar. There are several such counters availapla today in the $250 to $350 price range.
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{onizing Radiation—{t's Evenwhere!

One of the favorite ways for these atoms to decay is by ejecting a charged particle
from the nucleus called an afpha particle. Why do they do this? We'll need to
examine nuclei and their forces before we can understand this type of radioactive

decay.

[f we start by looking closely at a plutonium atom, we'd see that Plltomum

it has 94 negatively charged electrons on the outside. ‘balancing N{K'.[ﬂb

94 positively charged protons in the small volume of the nucleus. \ 145 Neutrony

The number of electrons 1o an atom s called the atosnic number

hecause it determines the atom’s chemical properties and its place ' 4 P z3 Nuclgons
in the periodic tuble. Plutonium is the 94th element. rotons

But that's not all. Besides the 94 protons in the nucleus, there's H‘ 23‘1
many of & second particle. called the neatron. squeezed in as qq \

well. The mass of the neutron is about the same as a proton (an NUCIE: I ther
atomic mass unit). and the proton and the neutron (called nucte- T

ons) constitute more than 9995 per cent of the mass of any given . )

atort. Looking again at the plutonium atom, we see that it has At"‘"c NUHM
{43 neulrons, giving it a total of 239 nucleons (94 protons plus 145 neutrons).

Thus, 239 is both the approximate atomic mass of plutonium and its aucieon num-

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

Isotopes

if two atorns have the same number of protc: s. they have the same num-
ber of electrons, making them chemicaily identical, or tha same slement.
But chamically identical atoms can have different nurnbers of neutrons.
Changing the nurmber 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,

Wae identify different isotopes by appending the total number of nucleons
tc the name of the element, as we did when we called the metai piutoni-
urn-239. Thers is, in -

fact, a whole series of
plutonium isotopes. rang-
ing from plutonium-232

to plutonium-246. Each
of these isctopes has 94
protons but different
numbers of neutrons,
ranging from 138 to 152.
The isotope used in the
atomic bornbs, plutani-
um-239, was chosen be-

cause its particular mix FLUTONIOM FAMILY PRTRA\T .
of neutrons and protons '

give it nuclear properties suitable for a rapid and efticient—explosive!—

release of its nuclear energy.
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Npha farticle
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To understand how the neutrons and protons are held together in the nucleus, we
need (o examine the torces between the particles, First. there are the electrical
forces. We can experiment with these. for example, by rubbing a balloon against
our hair—creating a slight imbalance of charge on the two materials—and then
noticing that the balleon arracts our hair. Because of electrical torces. particles
with opposite charge are uitracted to each other, whereas those with the same
churge are repelled from each other. Thus, a proton and an electron attract each
other. whereas two protons or 1wo electrons repel each other. Neufrons, with no
charge, are unaffected by electrical forces. [n fact, we can picture them helping to
mediate the electrical forces trying to push the charged protons apart.

If there were only electrical forces. the protons would separate, each would attract
an electron, there would be only one kind of arom. and chemisiry would be very
dull. Teo dull in fact to sustain life. Nuclei as we know them are formed because
ot 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 vou were very close to the nuclear sur-
face. at which point strong nuciear forces would suck the neutron into the nucleus.
The sensation would resemble pushing a marble along a level surface uniil'it sud-
denly rolled into a deep basin.

If you were to do the same experiment with a proton. there'd be a major ditfer-
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 rol! into a deep basin. In other words. vou'd begin to feel electrical repul-
sion at very long range and the repulsion would increase in strength, making it
mote and more difficult to get the proton next to the aucleus. 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 atemic 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 dorminant force

inside is attractive (the nuciear force holding rthe 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 twa neutrons, come together. the
energy they gain from binding allows them to make it. This group of nuclecns,
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 tdentical to the
nucleus of a helium atom (atomic number 23, the lightest of the rare gases (or
more exactly, it’s the nucieus of helium-4. the most comon isotope of helium).

conrinied on page 14
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Alpha Decay of Heavy Nuclei

To understand in more detail why heavy nu- \ aner aagll

clei undergo alpha decay in which an alpha ; '

particle “unnels oul,” we need to discuss the L

characteristics of the forces inside nuclei.

To start with, the volume of a nucleus is pro- i thckor oo
ortional to the number of nucleons it con- N ' (1Y

[pains,-just as a water drop has a volume pro- Repolsive-Force ZZL ,/e, E—.?«E ﬂ:«. 21 for Smaller Nuclei

portional to the amount of water it contains. Outer Walls o B

Although two nucleons attract one another f

very strongly when they get very close, at

aven shorter distances they repel even more

strongly. This “repulsive core” keeps the density pwacg[m_gome Basin

of nucleons from rising indefinitely. The repulsive

core and the shart range of nuciear forces means that a nucieon in the center of

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

e o Laner Nule

A useful analogy here is to think of the nucleus as the crater of a volcanc with the
basin and inner walls being the attractive potential of these nuclear forces and the
outer walls being the repulsive potentiai 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 diamater
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 rim and to make the walis thinner as you move below the rim. Also, the
attractive force between nucleons is constant, so the drop from the rim to the
crater fioor 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 aipha particle.. The shape of the potentiai-energy volcano for an
alpha particle is qualitatively the same as for.individual nucle-
ong. The major diffarence is that the binding energy gained in
forming the alpha particle puts it at a level above the outside &) 6" Ié !
plane, and tunneling can take place. S

—= BT

As we already pointed out, the walls of heavy nuclei are thinner
(for a given height above the fioor) than the waiis of light nu-

clel. Thinner walis makes tunneling mere probable, so heavy —
nuclei decay frequently by ejection of an aipha particle, where-
as light nuclei do not. When tunneling does occur and the - J

alpha particle finds itself.outside the walls, the repulsive alectr-

cal forces push it away from the nucleus (in our analogy, it careens down the side
of the volcana). The released particles achieve high velocities and kinetic energies
of several MeV. m
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continued from page 12

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

- ic energy. a tvpical 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, very dense trail of ion pairs. In air. they rravel only
an inch or two. This is why the detector in our experirent 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 lavers of our skin. While they are losing their energy, they
each pick up two electrons. become neutral helium atoms, and foat 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, 1t becomes uranium-235, an isotepe of the 92nd clement
in the penodic table.

Plutoniom-2H Urmiw:,?ss Alpha-Pacticle

Plutoniom-23%

J

Alpha m" 94 protons 92 protons

145 neutrons 143 neutrons

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 resuit, 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 surrbunding 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.
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The Plutonium Alpha Particle

Initially, the alpha particles emitte-! by plutonium-239 have about 5 MeV of kinetic
erergy and are moving at a spe< . Jf about 1.5 x 107 meters per second (5 per
cent of the speed of light). This relatively slow speed and the particle's deuble
charge create a characteristic ionization trail that's short and thick. Usually,

most of the alpha particles from a given radioactive material have about the
same energy, so all the trails are essentially the same langth.

in air, the 5-MeV alpha particles from piutenium-239 generate about 44.000 ion \\
pairs per centimeter {centi = 109). As a resuit, they travel 3.5 centimeters (1.4
inches) before their 5 MeV of energy is depleted, and they generate a total of

apout 150.000 ion pairs. Am mm

in denser matter, such as human tissue or paper, the path length of the 5-MeV Tm Fm‘
alpha particles will only be 32 micrometers (micro = 10°€). This distance is less A SINGLE SQuUiCE
than the thinnest part of the epidermis, the dead layer of extemal skin cells, and .

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

shol. B
Tensity
of lon
Rsirs
4 - + '
o e 0 s
PISTANCE (wicrons)
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Beta Emitters. Now let’s look at the - tiurn gas to see what's going oa there.
We're at the opposite end of the periodic table—the smallest atom-—so it isn't ra-
dioactive because of its size! As (t turns out. there’s another reason—the ratio of
neutrons to protons in the nucleus of particular isotopes can be cut ot balance.

Balance in the nucieus is determined by three things. First. the proton is more sta-
ble than the neutron. On that account. stable nuclei would have more protons than
neutrons. Second, there's a quantum mechanical principte—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 ng-
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 etfects.

Now let’s examine hydrogen. which has three isotopes—hydrogen- |, hydrogen-2
(deuterium). and hydrogen-3 itritium). The first two isotopes are stable thydrogen-

1 with a single proton and hydrogen-2 with a proton and a neutren). but the third
isotope is radioactive. Why? i

r/. /
/‘ * ,‘/j ) ’
/

HYDROGEN DEUTERIOM TRITIOM
"1 H: H'.'»
i 1 1

For nuclei with three nucleons, the fact that protons are more stable than neutrons
is the kev 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-1 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 mote 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 0 4
proton while emitting an electron and another particle, called 2 neutrino.

The neutrino has no charge. negligible mass, and interacts with matter only
through what's called the weak force, the force respensible for beta decay. In
“ict, the force is so weak that a neutrino passes through our radiation detector or
sur bodies with almost no chance of causing any ionization. Only the electron, or

Los Alamos Science Numper 23 13993
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Mass, Energy, and Stability

why does the neutron decay into a proton rather than something elsa?
First, the neutron is a bit heavier than the proton. Einstein's equiva-
lence of mass and energy {E = mc?) says that a heavier particte has
more energy. Systems with 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 canserve
energy. charge, and a few other things that remain constant in isolated
systems. One of those things is a nuclear quantity called baryen num-
per—which is one for nucleons but zero for lighter particles, such as
electrons, photons, and neuirinos. Thus, ejection of a negative elactron
in beta decay means a plus charge must remain behind. [n addition,
the neutron decays into a proton rather than into gamma rays or neutr-
nos alone because the baryron number must be conserved.

beta ray. creates signiticant ionization in matter. Thus, when radioactive nuclei
undergo beta decay. only the electron is detected and only the electron generates
biclogical ettects 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 oi .. 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 neutrine. and the available energy can be shared between them in a some-
what arbitrary way. As a result, beta panticles emtted from a single source have a
continuous distribution of energies rather than all the particles having essentially
rhe same energy, as is the case for alpha rays.

Typicul energies for beta particles are hundreds of keVs {a factor of ten lower than
for alpha particles), although some radioisotopes emit beta particles with energies
1several MeV) that range higher than alpha paniicles. However, the fact that elec-
trons are almost 8000 times lighter than alpha particles means that the beta parti-
cles travel much faster.

TRITIOM HELIUM-3 ION
Y 1PN T ) P

NEUTRINO
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Electron Capture

Ancther process that reduces
the nurmber of protans in the
nucleus is one in which a pro-
ton capturas one of the elec-
trons surrounding the nucleus,
turns intc a neutron, and emits
a neutrine. This process is
called electron capture and is
related to beta decay because
it involves the weak force and
the same four paricles, the
electron, neutron, proton, and
neutring,

PARTICLE  Tritium Bets
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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-
ttum 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 aipha particle. We'll meet stronger beta rays in our next exarnple,

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 lass 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-Miillar
counter. It takes a special detsctor—the tritium sniffer—just to record its
presence.

The tritium beta is neither a shotgun blast nor a rifie 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 scurces, tritium can be dangerous in the right place and at high
enough concentrations. If tritium gets in the body, it can go everywhere
(after alf, 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 sodiumn-iodide
solution that Irene put out for us, let’s
return brefly 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. [t may undergo a
whole series of further decays. called a
decay chain. The chain tor 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 10 undergo all the decays
and reach its finat stable contiguration.
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Radioisotopes. What can we say about the beaker of sodium-io-
dide solution? T_he solution was actually the most interesting be-
cause our detector was registering significant counts from the
heaker gven sgveral feet awav., What sort of radiation is the {odine

it 1[’1g ott?

Every clement in the periodic table can have a range of isotopes,
«me stable. others unstable and radioactive. The latter are called
}u‘jioisotopes, Many of these radioisotopes emit more than one
tind of radiation. Such is the case with iodine-131. In the period-
ic table. iodine is roughly halfway between plutonium and hydro-
cen—it's the 33rd element. All the natural 1odine found in nature
is iodine-127, which is stable and non-radioactive. The iodine- 131
radioisotope has 4 more neutrons than iodine-127. and this excess
makes it unstable. It has 1o be produced artiticially—in nuclear
reactors. tn 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 10 xenon-131.
So far, this is similar 10 tritium. except the betas are more energetic and leave
Jonger ionization tracks.

The lodine-131 Beta Particle

lodine-131 emits beta particles with energies up to 810 keV and an averagse
energy of 180 keV, considerably more than the energy of the beta particles
from tritium.” The average iodine-131 beta particle is traveling very fast—67
per cent of the speed of light—which is much more typical of beta particies.

tn 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 that-from a tritium beta particle. In water

or tissue, the density of ion pairs rises to 180,000 per TISSUE IAALL
centimeter, and the range drops to 0.04 centimetaer, or
400 micrometers.

CELLS

Ay — {ON PAIRS
Thus, despite the higher energies, most of the betas asel;
never get out of the iodine solution or through the BETA /
glass walls of the beaker. Some of the betas emitted  PARTICLE
at the water surface gscaps, fraveling up to ten feet
through the air. But piacing an aluminum sheet that's *
2 millimeters thick over the beaker will easily block all
of them, even the most energetic.

The main threat from beta radiation occurs, ence again, from ingestion. In
fagt, since iodine tlikes 10 concentrate in the thyroid, iodina-131 can be used
to help kili 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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Kadiocactive
Decay of
Todine 13}

The Gamma Rays of lodine-131

We speak of the gamma rays of iodine-131 even though the real source of
the gamma- rays is the daughter nucleus, xenon-131. One or more gamma
rays with energies ranging from 80 keV to 723 keV follow sach beta decay.
By far the most commaon 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 amit 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, aithough 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.

Another major difference between todine-131 and tritiurn is that the beta decay of
iodine-121 leaves the nucleus in an excited state. The newly formed xenon-13!
atom has a balance of nuclecns 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
gamma-ray photons. Photons have no charge and no mass. so after the gumma-
ray emission, the xenon-131 remains just that—xenon-131. Except now it's happy
and relaxed. In fact xenon is one of the rare gases, so it ditfuses out of the solu-
tion and floats away.

EetA menclE
Vel
XENON =i

2

IODINE- 121

XENGN-13)

a 71';

5N PROTONS

GROUND STATE
T NEUTRONS  NycLeys

EXciteD
NULEUS

T8 NEUTRONS

Almost all the radiation we measured in our thought experiment with the Geiger-
Miiller counter was gamma radiation from the jodine, 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, knecking electrons free to create local re-
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 wiil
scatter about 10 per cent of the inci-
dent photons from iodine-131. and in
the process. absorb about 3 per cent
of the incident energy. Doubling the
thickness of water will 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 torm of reduced-energy
photons. In general, alpha and beta
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 {onizing radiation emitted by radioactive sources, We use
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Alpha, Beta, and Gamma Radiation

Radivisotope Radiation Energy (MeV) Range or Mean-Free Path in
water or tissue (millimeters)

Uranium-238 Alpha 42 Range: 0.027

Polonium-210 Alpha 5.3 Range: 0.037

Carbcn-14 Beta ‘0.154 maximum Maximum range: 0.29

Phosphorous-32 Beta 1.71 maximum Maximum range: 8

lodine-125 Gamma 0.035 Average distance to collision: 33

Colbalt-60 Gamma 1.33 Average distance to collision: 184

other examples than the ones we've already discussed. In particular. alpha radiation
produces short. dense lonization tracks: beta radiation produces sparse tracks that are
longer: and the highly penetrating gamma radiation leaves scattered. local regions of
'u_mi-zation where the photons have knocked electrons free of their atoms. These
Jocal regions have the same type of ion density as the tracks from beta particles. .

If the radiation source is external to the body. then only gamma radiation poses a
threat. Alpha and beta radiation do not penetrate far enough o be very dangerous.
However. if the alpha and beta sources have somehow been deposited 1n the body
fo become internal sources, they may be very dangerous.

Radiation Doses

Now vou turn to your friend. Irene. and say. “This is more complicated than I
thought. ['m beginning to realize why health physicists always seem to hedge
when they're asked to explain how they calculate radiation doses. They can't give
a simple answer.”

"Exactly,” [rene 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
exposure. Let’s discuss these for our three radioactive matenials.”

The most important. thing to know. of course, is how much energy carried by the
tonizing radiation is actually deposited in your body, because biotogical damage
increases with the energy absorbed by the cells. Thus. absorbed energy is the
hasis tor several quantities that health physicists cail dose.

When the tritium gas is inside the bottle, figuring the dose is casy—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 amoust of gamma and x radi-
ation, but we'll ignore this.) The energy of the beta particles from the tritium is
ubsorbed 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 maiterials themselves, and the radiation never escapes.)

It 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 relutively
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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TR\"'IU;‘\ WATER

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 rthe plutonium alpha particles). And if vou
happen to be weuring 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. vour glasses. and exposing your gntire +. iy,

Of course. all this changes if the sources are internal. [If you made water using tri-
tiurm gas rather than hydrogen and then drank it, there’d be a beta dose every-
where, in all your organs and cells. [n that case. it's the source that would have
penetrated the body, not the radiation.

If vou drank the sodium jodide 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 ruys that ravel
out from the thyroid and deposit energy throughout the body (1o be accurate, you
shouid also add in dases from the small fraction of iedine outside the thyreid).

If you breathed plutonium dust. the particles would initially be deposited in your
luags. You would then need 1o know the eventual distribution of the plutonium, 1
that is, what fraction ends up in each organ or tissue type and what fraction works
its way out of vour body. A significant traction, for exampie, can be cotghed up,
swallowed, and passed on though the gastrointestinal tract. On the other hund, if
the plutonium is in a soluble form. say a plutonium salt. it can move quickly to

aious 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 gualitatively about whether the
radiation ever reaches you and where it deposits its energy. But to calculate the
stze of the dose we first need 1o know the amount of energy emanating from the
source. The amount of energy depends on two factors: the activiry of the source,
that is, the number of radiation particles being emitted each second, and the ener-
gy per panticle. 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 bedy 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 vou by the air or by shielding, and the

I, v
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enetrating power of the radiation once it reaches you. For example. if you dou-
hle how long you stand bestde an external source with constant activity, vou dou-
ple your dose because wice as much energy gets deposited. Many of these tactors
can 'eusily be overlooked in discussions of radiation EXpOsUres.

Wwhat ubout distance? Radiation from a localized source spreads outward as it
iravels. For example. the intensity of gamma or X radiation falls off with the in-
verse square of the distance. Absorption in air reduces the intensity stll turther,
<o doubling your distance from a gamma-ray source reduces your dose by a factor
of more than four.

In the case of alpha and beta radiation, the range is what's important. Staying be-
vund this distance keeps the dose from those charged particles at zero. If you're
within the range. you still need to subtract the energy lost to the air before the par-
tivles reach you as well as to account for any spreading of the beam.

Common Radiation Units. Irene suggests that to understand dose calculations
vou need to become familiar with several radiation units. The three most impor-
\ant are activiry. absorbed dose, and dose-equivalent. We've already explained
that activity. 4. 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,
is the energy absorbed per gram of tissue in the body, which is frequently given in
2 unit calied the rad. Finally, the dose-equivalent, A, is the absorbed dose multi-
piied by a biological effectiveness factor and is typically expressed in rem. The
most relevant quantity for determining an individual's risk from o radiation expo-
sure is the dose-equivalent. A. but its calculation requires knowledge of the other
wo. We'll now explore these units more fuily.

Activity. The activity. A, of a radicactive source is equal to the number of atoms
decaving every second in the material. The more matertal that’s present. the high-
er 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. ' O‘Rl
CURIE
A common unit of activity is the curie, which is 3.7 X 10'C disintegrations, or ra-
dioactive decays. per second. The curie was originally defined in terms of radium,
the second radicactive element discovered and-isolated by Marie and Pierre Curie
{the first was polonium). One gram of radium-226, the isotope the Curies had
found. has an activity of t curle, that is, 3.7 X [0'? atoms decay per second.
Since there are 2.7 X 10°! atoms of radium per gram, it takes a long time for the
radiom to disappear ¢ | 1,000 years for more than 99 per cent 1o decay).

]
The specific activiry is the number of curies per gram of material and measures the 3 -{ | [+]
o A% (0" DECAYS

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 PEESECOND

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 10? alpha particles per second.

| gram
Radium

Two radioactive substances can have considerably different specific activities. An
1sotope with a very high specific activity, such as iodine-131. has a significant
fraction of its atoms decaying every second. As a result, such isotopes don't hang
sround very long. We say they have short halif lives.

Many of the radioactive sources discovered at the turn of the century—such as
uranium and radium—tave low specific activities and long half lives, ‘Only a

b
Ll
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The Radioactive Halt-Lile

Biological life is a series of progressive stages from birth
through aging to death. When you met Irene, you knew with-
O ! l set GF a m out asking that she wasn’t two or even ten years old, and you
' probably could make a pretty good guess as to whether sha
was closer to 30 or B0. 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 genaraily increases with age. Radioactivity is very differ-
ant. There 3 no way to tell how long ago a radioactive atom
was created. A nucleus of uranium-235 created yasterday by
the decay of plutonium-239 is identical to one that has been
on Earth since the planet was formed. QOne aspect of this in-
distinguishability is that the “life expectancies” are the same.
So, it halt of a set of identical nuclei decays in a set time, half
of the remainder will decay in the next equai time interval, etc.

_ - T y—» The time interval needed for half the atoms to decay is a
20 40 &0 80 commonly used parameter, called the half-life. For example,
TIME IN YEARS odine-131 has a half-life of & days. If we start with, say, 1023
atoms of iodine-131, one-half (5 x 1022 atoms) will remain
after 8 days, one-fourth (2.5 X 1022 atoms) after sixteen days,
one-eighth (1.25 x 1022 atomns) after 24 days, and so forth. An important rule of
thumb in radiation protection is that after seven haif tives less than one per cent of
the radioisotope will remain {(1/2)7 = 1/128). Ragdioactive decay thus
follows an exponential decay law:

N = N,g0.693¢T

small fraction of the atoms actually decay every second, sa those sources
appear to have a conslant 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 mass of irradiated tissue. A commeon unit for absorbed
dose is the rad, which is 100 ergs per gram of material.

Note that absorbed dose is not the rotal 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 1o 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 atienuation from
any shielding or the airl. You then use tissue absorption coefficients or particle
ranges 0 calculate the total energy absorbed in the body.
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where N, is the initial number of atoms at time { = 0. Nis the re-
maining number of atoms at time 1, and T is the haif-life expressed

in the same units as 1. Eaﬂl . ve
we can use this formula to show, for example, that the fraction of NUMM N‘a\ls T;'me

plutonium-239 (with a halt-life of 2.4 X 104 years) that remains

after 8 days is N/N, = 0.9889994—only 6 atams out of ten million ' (D
nave decayed! Quite a few less than the five million out of ten mil-

lion for iodine-13t.

As these examples lllustrate, the half-life of a radicisctope is an im-

portant indicator of the material’s radiological activity—the shorter 50
the half-iife, the more atomns disintegrate per unit time. The specif-

ic activity (curies per gram} of a particular radioisotope is inversely

propertionately to the isotope’s half-life and its atomic weight. The

half-life of iodine-131 is about 10° times shorter than that of pluto-

nium-239, and each atom weighs about half as much. As a result, 25
iodine-131 is 2 x 106 timas more radioactive per gram. Let's hope

our solution of radicactive sodium icdide was pretty dilutet

The first measurement of radicactive half-life was made by Ruther-

ford in 1900, about four years after Becquere! discovered radioac- l 2
tivity, Rutherford measured the half-life of racon-220, or “thorium

emanation,” which is 55 seconds. With such a short hal-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 % 10'* years. m

The last step is to calculate the absorbed ener.. 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 bera radiation of 10dine-131 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
source). the mass of the whole body is obviously appropriate.

L Absocbed!
However, comparisons between different kinds of exposures Onaau D"’e(-"“*s)‘-’ Mazs of Craan

are tactlitated if the doses are all put on the same basis. To

do this. organ-specific doses can be recalculated using the mass of the entire body
to vield the whole-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.
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Dose Equivalent (rews)
H-GD,
Radiation A;a\orbecﬂ

Weiohti
l%g'ar“a 8:;)

Radlation-Weighting Factors

Type of Radiation Q
Alpha particles 20
Beta particles S
Gamma radiation 1
Protons, Fast neutrons 20
Slow (thermai} neutrons 5

1258 qu

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 thar 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 two),
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 1s 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-weighting factor,
0, that represents the effectiveness of each 1ype of radiation to cause biologicul
damage. The factors are determined by measuring the occurrence of various bio-
fogical 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, A. The idea
is that equal dose-equivalents generate equivalent amounts of biclogical damage.
The common unit for dose-equivalent is the rem.

Looking at the table. vou 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 haif the enetgy of 5-MeV gamma-
ray photons is absorbed as theyv pass horizontatly 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 ¢jected 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 ioruzation in the cells per gram of tissue.

Irene shows you some calculations about pessible 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 11
rem, It takes about 4000 rem of aipha 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 todine-131 (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 paim 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 will receive more. On the average, however, every gram of tissue
in your body receives 1.3 microrem per second, not just a smail 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-131 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

Type of Unit  Explanation
Activity, A The number of radio-

' active decays per unit
time occurring in a
given source.

Absorbed The energy absorbed

Dose, D from the radiatien per
unit mass of exposed
tissue.

Dase- Absorbed dose weighted

for the effectivhess of
the radiation for causing
biological damage.

Equivalent, H

Type of Unit Expianation

Effective Dose,

Basic Units
Qlder Unit
curie {Ci)

3.7 x 10'° decays
per second

rad
100 ergs per gram

rem

H (rems} = Q x D {rads)
(Q = radiation-weighting

factor}

Othar Derived Units

A dose calculated for the whole 6ody in which
Hg the dose-squivalents for various organs are
weighted to account for different sensitivities of

the organs o the radiation.

Whole-Body Dose,

Dose-aquivalent, H, for an exposure that irrad-
Hy iates the entire body uniformly, or the effective

Newer Sl Unit

becquerel (Bg)
1 decay per second

gray (Gy)
1 joule per kilogram

slevert (Sv)

H(Sv) = Q x D (Gy)
(Q = radiation-wsighting

factor}

Equation

Conversion

1 Ci=37x10°Bq

1 Gy = 100 rad

1 Sy = 100 rem-

where wris the tissue-weighting

all organs.

dose, H. when the exposure irradiates the body
non-uniformly and different organs experience

differant doses.

Collective
Effective Dose,
CED

A measure of total risk to an exposed population
based on the average effective dose, <Hg>,
and the numbper of people being exposed.

CED = <Hg> N,

factor and the summation is over

Hy, = H (for uniform dose to body)
H, = Hg (for non-uniform dose)

where N = number of people in the
exposead population.

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 2000 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!
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Say you have 0.1 microgram of plu-
tanium-239 coating the paim of your
hand in a 5-centimeater diameter
arsa. 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 haif
gees into the air. Earfier, we'd
shown that the activity of plutonium-
239 is such that one gram of pluto-
nium emits 2.2 % 10° alpha particles
per second. Thus, from 1077 gram,
the skin would absorb the energy of
110 alpha particles per second, or
‘since there are 1.8 x 10 erg per
MeV and 5 MeV per particle) about
0.0009 erg par second.

The alpha particles penetrate 30 mi-
crometers into the skin, so the enet-
Qy is deposited in a dis¢ of tissue
with a volume of about 0.06 cubic
centimeter, Using
a density for tis-
sue of approxi-
matety 1 gram per
cubic centimeter,

we find that

0.015 erg per Pose E@ awlant _
second are ( m;ﬂ - -
being absorbed vé

by each gram

of exposed skin tissue, which gives
an absorbed dose raie of 1.5 x 104
rad per second mgﬁ» tissue,

if we apply the radiation weighting
factor for alpha particles of 20, we
get a dose-equivalent rate of 3 mil-
lirem per sacond. If you go an hour
before serubbing off the plutonium,
the dose-equivalent to the irradiated
skin is 11 rem, not encugh to cause
observable skin damage.

What about the dose from the

irene’s Calculations

gamma rays of iodine-1317 The
activity of icdine-131 is 1.24 x 105
curies per gram, about two miilion
tirnes 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 avery
second. As we discussed earfier 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 bDeing 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 simpiified
geometry ingicatas that the body is
intercepting about 6 per cent of the
rays. A 364-ke¥Y gamma ray is at-

e Rk

(Am m) <

tenuated, that is scatters, with a
mean fres path of about 10 cen-
timeters in water, but only about a
third of ils energy is lost in this
scattar. This begs for the use-of
the build-up factor defined eartier.
Howaver, for absorption in water at
these energiss, it's not too bad an
approximation tc assume that ener-
gy deposition is constant, 1/30th of
the initial energy in each centime-
ter, or about 2/3rds of the energy in
the 20-cantimeter thickness of an
average torso. Combining these

numbars, 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 104
grams to arrive at about 1.3 X 104
arg per second per gram, or 1.3 X
10°® rad per second. With a radia-
tion-waighting factor of 1 for
gamma rays, the body is receiving
1.3 % 10 rem per second as weil.
Standing next to the solution far an
hour gives a whole-body dose
equivaient of 5 miliram.

i we compare the two examples,
the body receives about ten thou-
sand tim&s more total energy from
iodine-131 than from piutoniurn.
However, sach gram of skin lissue
irradiated by the plutonium abscrbs
about a hundred times more ener-
gy (0.015 erg per second) than that

Fraction of
Absor

Radiation Weianti(
Factor, Q g

absorbed by each gram of body
tissus from the iodine-131 (0.00013
erg per second}. When the radia-
tion-weighting factor of 20 for alpha
pariicles (versus 1 for gamma rays}
is included, the dose-equivalent
rate to skin tissue from plutonium is
about 2000 times higher than the
dose-equivaient rate for the iodine-
13l. = :



Sources of Natural Background Radiation

~These numbers are all very nice.” you say. “but I've nothing to compare them
with.”

Just then, Carl enters the room: “"What you need 15 & tour of natural sources of
lonizing radiation. It we look at the types of doses everyone is receiving every
Jav. you'll have a much better feeling for what we're talking about.”

~To give you a reference point,” says [rene, “the average person in the United
Srates receives about 360 millirem of 1onizing radiation every year. Eighty-two
per cent of that—about 360 millirem per year—is from natural sources.”

360 millivew per person
] Nstum| 82%
M Hanwsde (8%

8o the three of you grab radiation detectors and head outside to start measuring.
Along the way, Carl and Irene discuss the major sources of natural background ra-
diation. They expiain that most people are not aware they're coustantly 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 Seil.  Our planet was formed from a cloud of dust containing al the natural
elements. Many of these. including a vanety of radioisotopes, were trapped in the
Earth's crust. Where did this cloud of debris come from?

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,
torming many of the other elements and spewing their material outward. New
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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 plan-
ets, which have all the elements necessary tor 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 1sotopes 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 10° vears) and thorium-232 (1.4 % 10!0 years}, remain
te 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 millica urani-
um), as well as in bitunincus 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 pans per million! Thus. we breathe radioactuive dust, we
fertilize our gardens with radioactive materials. and we pour thousands of tons of
radicactive 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 = 10-) per
second. 1000 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 raceive the dose from the soil every second for
most of our life, We can get away from it onty 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-131 solution.

Raden. Uranium and thorium both undergo a long chain of radicactive 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-
wmn-238 undergoes eight alpha decays and six beta decays before it reaches the
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«able iead-206 isotope. Thorium-232

Midway 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-
cure changes from an exiernal dose to a significant internal dose. Isotopes before
cadon on the decay chain remain in the seil. Radon. however, can diffuse out of
the soil and accumulate in the air we breathe. The most commeon radon isatope—
radon-222—is 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-
215} have short half-lives (55 and 4 seconds, respectively), so these radon isotopes
lypically decay before they can percolate out of the soil.

On the average, more than half of your total exposure to 10nizing radiation is due

undergoes six aipha decuys and four beta
Jecays before it reachies the stable lead-208 isotope.

to radon and its daughters (200 miilirem 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 raden 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 dissoived. However, water
pumped from wells can have relatively
high concentrations of the gas that are
released afier 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 1o ten thousand

€ases of lung cancer annuaily are due to
radon (6 to 12 per cent of the total num-
ber of cases). Many uncertainties make
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Effective Dose, H::
Waighting the Sensitivity of Organs

- The average annual dose from radon is usually cited as 200 millirem (55

(o

per cent of a person’s average total dose} even though the actual dose-
equivalent to lung tissue is estimated to be 2,400 millirermn 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 differant sensitivi-
ties of organs or tissue types and we need to change the basis from an

organ-specifit dose to a whole-body dose.

A new factor, called the tissue weighting factor is applied. For lung tissue
exposed fo the radiation of radon daughters, this factor is estimated to be
0.08, a combination of the radiation sensitivity 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 effective dose, Hg, 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 aumong uranium miners, where exposures
0 radon are hundreds of times greater than the average exposures tn 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, altowing the radon daughters to be ab-
sorbed on the charcoal. The canister is then sealed and returmed to the lab,
where the gamma radiation is measured. This type of device is especially
good for initial screaning tests, but atypical conditions during the measure-
ment pericd could lead to an unrealistic value for the radon lavel,

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 manitor because the alpha
radiation from the radon daughters creates damage tracks in a piece of plas-
tic. An eiching process 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 1s 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 vou're not a handball or rac-
quetbali fan, a similar experiment is to
blow up a balloon. charge its surtace
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
plcacuries per liter of air {the level at
which the EPA recommends remedial
action) increases the background counts
on a simple Geiger-Miiller counter heid
near the collapsed balloon by a factor
of 10 or 20. You can even plot the
decay rate and see the composite half-
lite for the radon daughters of about
45 minutes.

A more accurale way to measure raden levels is (o 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 veantilation in the home, and 50
forth., As a result of so many variables, two similar houses built on adjacent lots
may show vastly-ditferent concentrations of radon.

[
]
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Cosmic Radiation. The /

avens contribute further o
EZ‘:‘k:uukground with coymic ‘_\P\R\‘; m‘c

pdation. {n outer space. such

cudiation consists of the com-

plete spectrum ot photons l_rom

radio frequencies to ultra-high-

cnerzy gammas as well as

high-eriergy particles (protons . S
. other atoms stripped of ; D
their clectrons). On their way '/
1o the moon. the Apalio astro-
pauts Literally “saw” this last S ' : L
p1pe of cosmic radiation— PR N
when their eyes were closed. :
theyv would occasionally notice

tm\;' flashes of light as ener-

sotic heavy nuclei hit their

Sewnda
Sno:ne rm

eveball.

Cosmic radiation is constantly
bombarding our atmosphere.
This radiation has a very wide
range of energies. but on the
average. it's about 000 times
more energetic than that emit-

ted by radioisotopes. Fortunately, the high-energy primary radiation is degraded ' CO&M fC
by the upper atmosphere in collisions with atoms and molecules that generate a QD“ 0
shower of lower-energy secondary radiation. ? ‘ T N 8

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 atrive each second at the top of the atmosphere. but
even with the many-particle showers occurring. only one particle per square cen-
timeter per second remains at sea level.

Occasionaliy, an ultra-high-energy cosmic ray hits the atmosphere. generating a
shower of millions of particles that spreads over several square kilometers of the
EBurth’s surface. The initial particles have energies up to 10?3 times that of normal
radioactivity. but they hit the upper atmosphere with a frequency much less than
one per square kilometer per year.

On the average. your dose-equivalent from cosmic radiation is about 39 millirem
per year. People living at sea level receive the least—26 millirem. People living
in a mile-high city receive 55 millirem, adding about 7 percent to their total
annual. dose.

Traveling 2000 miles in a jet airliner. adds another 2 millirem. A Geiger-Miiller
counter that reads about 10 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
trew members receive a higher occupational radiation exposure than x-ray techni-
cians or nuclear power plant workers!
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Gelger-Miller readings in counts per
minute collected by Irene and Cari at
various slevations while in a boat on a
lake (lowest alevations), in a small
plane with an altimeter (3000 to 17,000
teet), or during commarclal flights
while on business or vaction (above
20,000 feat) with the elevations an-
nounced by the pilot. '
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rernal Exposures. Because we ure the stuff of stars, we also have long-lived
divisotopes in our own bodies! In fact, about 11 per cent of our total annual
ragiols o . . .
Jose of ionizing radiation is trom intemal exposuces. This amounts to an etfective
¢ E:

SOULRCES IN THE BoDH 1%

There are two main sources of these radioisotopes—long-lived primardial elements
\nd radioisotopes generated by cosmic rays, The most important example of the
fiest type 15 potassium-4} which has a hait-life of 1.3 ¥ 10* vears. Potassium is a tassium- 40

major ¢ clement in the biochemisiry of lite and is distributed throughout our bodies, cu(aaf“bfﬂ‘l'-lq
Pdrun.uldﬂ\ in muscle. Potassium-4) constitutes only 117 parts per million of nat- Thon:::‘-‘ésg
ural potassium. but this small amour  2nough for a 70-kilogram person to have Rad;

more than 4500 beta disintegrations . . rring in his or her body every second! ""m =26
This isotope is by tar the predominant radicactive component in normal foods and .

human Lssues,

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 n'ucrograms ot urani-

um, which translates to about 0.3 disintegration per sec-
ond (or one every three seconds). Thorium is the least
wrve and least soluble of these three elements, so its
contnbution to our internal dose is small compared 10
uranium and radium.

Radium-226 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
10 have radium concentrations a thousand times greater
than those in the foods making up the average diet (al-
though this sounds large, it's still hard to detect with an
ordinary Geiger-Miiller counter and is not a particularly
good reason 1o stop eating brazil nuts).
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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 skeleten 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 etfects 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-14 atom in the atmosphere and
a proton is ejected, converting the atom to carbon. Carbon- 14 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 incarporation 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.

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

fow (153 keV compared to the 1.31 MeV betas and 1.46 MeV gammas ot potassi-
um-40}. so the ionization energy deposited in the tissue is about a factor of ¥ less.

Variations in Background. The choice of where vou live is a major lactor in
vour day-te-day exposure 10 ionizing radiation. Living in the Rocky Mountain
states. such as Colorado, Wyoming, or New Mexico, can more than double vour
average exposure from environmental sources over the national average. This in-
crease is due to both the geoiogy (adding 65 millirem per year) and the mile-high
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 expesure trom the
national average by 6 or more miilirem 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 aiong the Brazilian coast
and in the State of Kerala in India have
monazite sands or scils 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 (3
millirem per hour versus the normal 3 mi-
crorem per hour).

t
i

People fiving in these areas do not. of
course, spend most of their time directly on
the beach but may, nevertheless. receive an-
nuai exposures higher than the maximum
permissible occupational exposure to ioniz-
ing radiation in the United States {5 rem per year). Studies have tried 10 -measure
whether or not such continually high levels of radiation have caused detectable bi-
ological effects on populations tn these areas, but so far they’ve been inconclusive.
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where's the best place 0 minimize the natural bag‘kgmund radiation'.‘_ One possi-
pility 1§ 10 live in a mine shaft that's been drilled 1110 a thick layer of salt several

wand teet below the ground! The salt will cor .0 very little uranium. and the
mm; will shield out most of the cosmic radiation. {n this environment. a Geiger-
i?:llcr counter would record, say, about 2 cpunts pgr minute_. rather lhf‘.n 10\to E‘E}.
.H..w. aver. only physicists trying to do experiments in an environment free l‘}I Fadla—
qorn. <uch as detecung the highty penetrating exotic particles in cosmic radiation,
consider spending much time in such a habitat. If you continued eating normal
faod. vou'd be the most radioactive object down there!

4 rongue-in-cheek recommendation is that it's better for you and your companicn
(o sleep in twin beds 50 as nat to receive additional radi.;ion from each other’s
podivs. However. at high elevations, it might be preferable to sleep close rogether
.o that your bodies provide a degree of mutual shielding from cosmic rays!

\T'S WU TURN 12 SHIELD

Man-Made Sources of Ionizing Radiation

“Well.” you say. “What about our highly technological society? Aren’t we adding
all sorts of radiation sources™

“Let's find out?” Irene says, and the three of you expand your search by exploring
man-niade 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
o the public. such as the fallout from atmospheric weapons testing (which peaked

n 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-
treases a person’s annual dose by about three per cent (10 millirem), a thyroid
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scan bsing radioactive odine may double the dose (adding another 300 or 200
millirem), and a dental x ray may only add 1 percent (1 millirem).

The purpose of diagnostic exposures 18 to see if a medical problem exists. Asa
result. there's a need to balance the potential benetit of learning about a serious
but treatable problem . st the damage thar the radiation itself may do. The L
controversy over the use of x rays for detection of breast cancer in women. for ex.
ample. is essentially a soctal exercise in deciding how to weigh the benefits
against the costs. How often shouid such 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 fow that. for this age group. the risk of x rays generating damage or
even the econemic cost mav outweigh the infrequent benetit of detecting an early
tumor.

Advances in technology (such as more sensitive x-ray flmy allow medical factli-
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. fodine-i31 has an 8-day halt-lite
and emits beta particles, whereas iodine-123 has a 13-hour half-life and decays

MEDICAL X-TAYS 1%
 Chest
* Dental

* Spine
° Broken Pones
* Bacium Enews

NUCLEAR MEDICINE 4%
Diagnostic Exams &
«Cone
*Liver
¢ Thyroid,
.
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 kilt 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-specitic. using the ion-
izing energy to kill the targeted cells with less coliateral damage to healthy tissue.
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Consumer Products. “What if I manage to stav out of my doctor’s and dentist’s
tices™ you ask. “Where am [ most likely 1o be exposed to ionizing radiation
[&] - - v

o
trom nan-made sources!

(ar! answers that it depends on life style and choice of consumer products. He
snd Trene discuss several exampiles to show the wide range of possible sources.

Before and during World War 1I. radicluminous paint containing radium was used
on gauges, markers. instrument dials, and clocks and watches to make the numbers
.mdhmurks visible in the dark. After the war and into the seventes. millions of ra-
Jiolurninous timepieces were sold annually. Graduaily. though. radium was re-
placed by other radioisotopes, such as tritium and promethium-147. both of which
emit relatively low-energy betas that. unlike the gamma radiation of radium and its

daughners, can be stopped by the waich or ¢lock © 2. The average annual expo- meMER

wure to radicluminescent sources is now probably .-ss than 10 microrem. PRODUCTS 3%
\fany smoke detectors use an alpha source of amernicium-241 to detect smoke. ‘Td?afco

How"does this work? In the detector. a continuous current flow is created by ° Buildi Materigls
using a voltage on a metal plate to accelerate and capture the alpha particles and « Natural Gas .
the 1ons they create as they travel through the air. The distance between the ® S'W‘cke D@Cfbrf}
source and the metal plate is about an inch, just at the edge of the normal range of :

the alpha particles. [f smoke particles float into this stream, thev alter the current .

How, and the alarm goes off.

Is 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 tiny amount of gamma radiation (from impurities and the neptunjum daughters)
escapes. Even with a radiation detector placed against the case of the smoke de-
tector. radiation above

normal background is dif-

ficult to detect. The main é_—_\

exposures from the ameri-

cwm-241 are to workers

assembling the devices. \ O x} OOO
Another concern. of ' N mts

course, 1s the possible - .
leakage of the radioiso- M‘ mmblte
tive of consumer devices —e e

is the static eliminator,

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

tremely active when you first buy them. However, the half-life of poionium-210 is
only 138 days, so atier seven half lives {2.5 years), the ionizing ability of the de-

tope into the environment ’

when the detectors are ‘ —

discarded. E ’{\/ )(&_/) =
such as certain brushes '

that the range of the alpha particles in air is about the distance from the source to
¥ice will be a hundredth of what it was when purchased. If the brush has been

—
One of the most radioac- !
E—
used to clean negatives
the surface being cleaned. Generally, these devices use poelonium-210 and are ex-
used regularly for that iong. the bristles will be dirty anyway.
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In past vears. a source of ionizing radiation in the home was certain types of ce-
ramic dinnerware. Manutacturers would mix uranium oxides or sodium uranite in =~ !
their glazes w render colors of black, brown. green. and the spectrum from yellow

to red. Such tableware can add

Experimenting with Alpha Sources tiny amounts to a person’s unnual
.wposure, More important, though.

You can use the alpha source from a smoke detector or an anti-static brush to is ingestion of uranium if the giaze
itiustrate the limited range of alpha particies in air. Holding the source close to is cracked or hasn’t been applied ‘
the mica window of a Geiger-Miller counter will give tens to hundreds of thou- property. Also. in some cases. the
sands of counts per minute and a sound that's close 1o a steady buzz. uranium can be leached from the

glaze. The main hazard. however,  §
As you move the source away from the window siowly, the buzz dcreases slight- is the chemical toxicity of the ura-  #
ly because the beam of alpha particies is spreading. But at an ineh or so from nium (and Iegd) rather than the ra-  §
the tube, the buzz suddenly disappears. This drop in activity happens because diation, But it’s interesting o 1
you've reached the end of the range of the alpha particles—thay're losing all check your ceramic dinnerware,
their energy ionizing the air and no longer reach the counter. such as the older. red-arange Fi-

estawre, with a Geiger-Miiller
counter to see if U's radioactive,

-

Other surprising sources of smail but steady exposures {tenths of a rem per year)
to ionizing radiauon are dental products and eveglasses. Uranium has commonly
been used in porcelain teeth and crowns to add whiteness and Auorescence—
sparkling white! Centain ophthalmic glasses used for lenses and eyeglasses con-
tain oxides of thorium and rare earths that make them radioactive. Rose-tinted
classes that have had thorium salts added as the tinting compound are especially
bad. With increased regulation and the greater use of plastic lenses. this tvpe of

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. . Potentially one of the most serious radiation exposures for many

people is cigarette smoking. The large tobacco leaf—like the absorbing surface of
charcoal in a radon test device—provides an excellent surface for collecting the

125850 o . .
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Jong-lived daughters of airborne radop, As a result, tobacco has abm-'e'—alverage
CO.-lcentrmic‘ms of lead-210 and polonium-210. A 1987 ceport by the National
Council on Radiation Protection and Measurements states that “tobacco products
pmbab!_v contribite the highest dose to the U.S. population of all consumer

pmdu:.‘ts."

slthough external exposures to people from these radioisotopes is minute, smok-
ine the tobacco creates large exposures to the tungs. The compounds of poloni-
ur;l.EIO are generally volatile and are probably just breathed in and out. However,
insoluble particles ot lead-210 may concentrate in “hot spots” where the bronchi
Jivide. leading to the growth there of the polonium-210 daughter and high loca)
gNPOSUTES. Small portions of the lungs receive annual dose equivaients that are ‘\.\
nuge | 16,000 millirem) compared to the dose other cells in the body are getting _ ‘J )
from natural background radiation 1360 millirem). This estimated dose equivalent

is ¥ rimes larger than that to lung cells from raden (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-
gonship between smoking and radoen—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 mitlirem) to your
annual exposure from radioisotopes in the building materials. This exposure is in
addivion to any effects the type of construction has on radon accurnulation 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 sigmficant compared to the natural background is through the workplace. The
medical application of x rays, industrial radiography, and work at nuclear power
piants or for nuclear-weapons defense contractors obviously have the petential to
expose workers to significant doses. Such oceupations are carefully regulated and
the workers are continuously or frequently monitored. Other workers, such as

OTHER
MAN -MADE
{]%

S

* Qecopationa| 03%

* Fallagt £ O3%

* Nuclear Rel Cycle 0.1%
* Mixcelldnecus O.|%
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Non-occupational
dose

125655

mining or airline personnel can also receive significant exposures.

The 1987 report by the National Council on Radiation Protection and Measure.
ments estimates that about 1.6 mitlion 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 aboyy
60 per cent to their annual dose {210 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
millitem to their annual effective dose of ionizing radiation, almost tripling their
total. The annual limit established by nationai standards for people in this group
is 5 rem per vear, |4 times larger than the national annual average.

Underground miners, on the average. tripled their annual effective doses (an addi-

Annual limi
for U.S.radhatio

Exposed |

\ . .
U.S. nuclear U

d

fuelcycle n?frggﬁ;r

workers  ~ i

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 II. 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 miilirem 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 3.2 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,

contnued on puge M
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Splitting the Nucleus

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 (spontanecus fission}, and sometimas energy has o be added to the
nucleus, perhaps by the collision of a slow neutron (siow, or thermal fission) or perhaps
by the collision of a more energetic neutron (fast neutron fission). Usually, severat en-
ergetic neutrons fly out in addition to the two large fragments, If these neutrons collide
with other unstable nuctei, 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:
1 Vi 139 7 1
o'+ gU%8 5 Bat®® + K7 + 30

where the subscript on the left gives the atomic number, the superscript on the right is
the nucleon number, and 4n' stands for a neutron. Note that the totat number of pro-
tons (92) and the lotal nucleon number (239) is conserved in the reaction.

The two main fissicn fragments are typically unstable and, thus, subject to furthar
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 fragmants, 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 repelied by the nucleus and are frequently absorbed
by the nuclei of other atomns, creating new radioisotopes. This process is called neu-
tron activation. (It shouid be noted that when materiais are exposed to alpha, beta,
gamma, or X rays, any similar activation processes only occur at much, much lower
leveds. Thus, irradiating strawberries with gamma rays to kill bacteria does not make
thern radioactive.)

Much of the radioactive fallout of atmospheric weapons testing is a resuit of neutron
activation of ground debris and materials in the air. Likewise, ane of the main design
considerations with nuclear reactors is to minimize production of radicisotopes by
choosing structural materials and coolants that are low neutron absorbers. It's equally
important te eliminate corrosion products and other impurities that can be activated as
thay 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 refeases from reactors are the more volatite fis-
sion fragments present in the core. However, much of the neutron-activated matenal is
present in aqueous waste, which ¢an 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 peopie downwind is from iodine-131. 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-iife.
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continued from page 42

“Actuaily, very little.” Irene answers. “For example. it’'s estimated that the U S,
population recetves only an average of about 0.4 millirem, or 0.1 per ceat of their
average total annual dose, from all operations related to nuclear power generation,”

“From ail operations™

fuel elements. releases by nuclear power plants, waste storage, and transportation,
Of course. these numbers have been averaged over the entire U.S. population.”

i

¢

£
“Yes. That includes mining, milling, and enrichment of the ores, fabrication of .
“What about someone living right next to one of the sites?”
The 1987 report by the National Council on Radiation Protection and Measure- i
ments estimates that the “maximally exposed individual member of the public” re. *#
ceives only (.6 millirem per year from pressunzed water reactors and 0.1 millirem
per vear from boiling water reactors, the two common types of reactors in the U.§,
People living close to other types of operations can receive higher doses. For ex-
ample. the maximum effective dose from airbome 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 mullirem
per vear).

“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 mul-
liremn, and the average dose to people living within a 10-mile radius of the plant ]
was 8 millirem. {

The Chermnobyl accident in Russia on Aprl 26, 1986, was much worse. Thirty-one 1;
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 1o people around the Three Mile Island plant.

The distribution pattern of exposures arcund Chernobyl was very uneven, so that
doses to the public ranged from 0.4 to 300 rem (which means some peopie re-
ceived a dose of up to 800 times their annual background in only a few days!). A
dose of 100 remto an adult normally produces clinicat 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.

e

R

In the first vear after the accident. it has been estimated that residents of seven
western European countries received doses that, for adults, ranged from 130 mil-
tirem in Switzerland to 2 millirem in southern England. Aduits in Poland received
up to 95 millirem.

Pripyat is now a radiation ghost town, Nearly 3 million acres of agnicultural land
continued on page 47
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The Collactive Effective Dose: Looking at Populations

Absorbed dose, dose-equivaient, and effective dosa all apply to
individuals—or at the most, to an average individual. How does
ons esfimate the risk ¢f exposures to various populations?

To start with, we caiculate the average effactive dose for the
people being exposed and then muitiply by the number of
people who have been exposed. The resulting value, the col-
lective effective dose in units of person-rem (or person-siev-
erts), is a measure of the expected cancer risk in the exposed
population.

Let's compare two dras-
tically gdifferent expo-
sures to see how this
might work. The NCRP
reported that in 1980
nuclear-fuel-cycle work-
ers received an average
effective dose of about
600 millirem. There
were 91,000 peaple in
the exposed group, so
their collective effective
dose was 54,600 per-
son-rem. The NCRP
also estimated that peo-
ple using natural gas
cooking ranges received
(from radon in the gas)
an average effective
dosa of about 0.37 millirern—1600 times lower per person
than what the nuclear workers received. However, 125 mil-
lion people were exposad to natural gas coaking 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 trom the use of natural
gas for cooking as from workers involved with the nuclear fusl
cycle.

Do you believe this? Remember, estimates enter the calcula-
fions in at ieast two places. First, radiation weighting factors ane
used so that the nuclear workers irradiated with neutron ang
gamma irradiation can be comparad with people using gas
ranges irradiated with the alpha and beta radiation of radon
daughters. Second, tissue weighting factors are used to com-
pare the whole-body imadiation of nuclear workers o the lung-tis-
sue irradiation from deposited radon daughters.

A key assumption in all such calculations is that risk is linearly

46
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. high doses to a small group of people are assumed to laad

proportional to dose and independent of dose ratel- Thug

tc the same number of cancers as low doses to a propor-
tionately larger group of people. Likewise, a one-ram dog
from a short, single exposure is assumed 10 create the
same harm as a ona-rem dose from a slow, continuous
axposura,

Now what is the increased risk ta the entire U.S. popula-

tion of people cooking with natural gas or of other peopie 4
working in nuclear  §
power plants? We di-

vide the collective af-
fective dose by the |
antire U.8. population

(230 million in 1980)
to obtain the average §
effective dose per
capita. n other _
words, the dose has §
been spread out over §
the entire poptilation. ;

With 54 per cent of 4
populatien cooking

with gas, the annual 4
dosgeis 0.2 millirem pae
parson in the U.S, in-
stead of the onginal 4
0.37 millivem per por- 4
son exposed 10 gas-range cooking. With the nuclear ,
ars, however, the annual dose is 0.2 millirem per person ing
the U.S. compared to the very large original dose per ex- §
posed worker of 600mitlirem. E

In many ways, of course, the average effective dose per
parson in the U.S. is highly artificial, especially when the 4
group of people actually exposed is small. But this dose i8

a measure of the expected increase in cancers in the U.S.

due to the particular activity. Such a number is the basis ¥
of staternents you may read in the newspaper (at least, it *
shouid 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 mast 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. m
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1 the region have been lost for decades hecause of contamination with fission-
roduct radioisotopes and plutonium. As this single accident shows, the potential

Jamage from nuclear power plant accidents is very serious.

How wuch Do I Get?

As our discussion of natural and man-made radiation sources makes evident, the
1ypes and amounts ef exposures to ionizing radiation vary cmsidcrably from place
o 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
annuai effective doses.

As we've shown, doses from natural sources, including radon. account for 82 per
cent of the average dose. Radon by itself. including radon in water pumped from
underground. accounts for 35 per cent—the largest single factor. Cosmic and ter-
restrial sources each add another 8 per cent. Internal sources. such as potassium-
30. 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 bedy is irradi-
ating vou 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, continsous bom-
bardment; medical x rays are cccasional. refatively intense doses, Furthemmore.
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
vear 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 exampie 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-
sponse is nonlinear, Nevertheless, the average collective effective dose remains
one of the more useful ways to draw risk comparisons between apples and or-
anges—or rather. between cosmic rays and thoriated camera lenses.

The table that follows (next page) is an attempt to hetp readers make a mote
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 10 manipulate radioactive materi-
als and 1o create new sources of radiation is adding to the amount of ionizing radi-
ation we receive each vear.

contimied on page 49
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Personal Radiation Dose Chart

(Adapted from Personal Radiation Dose, American Nuclear Soclely, 1990
with further data from NCRP Report No. 83 and NCRP Report No. 95.)

Estimate your average annual effective dose in millirem by adding the numbers in the right colurnn,

inctuding 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 1000-2000 ft: 5 2000-3000 ft:
3000-4000 ft: 15 4000-5000 ft: 21 50000-6000 ft.
6000-7000 ft: 40 7000-8000 ft: 53 8000-9000 ft:
9000-10,600 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 eise in the United States: 46

intemnat:

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

Life 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 airine travel - each 1000 miles traveled annually: 1
Smoke cigarettes - multiply packs per day by 870 (high degree of uncertainty)
Use a typical distribution of modern consumer products (U.S. average): 10
Cock and heat with natural gas: 2
Work with commercial fertilizer products (e.g., farming): 1

Medical Exposures:
Received a diagnostic x-ray (L.S. average). 40
Received a thyroid scan: 590
Woear a phitonium-powered cardiac pacemaker: 100
Received other medical radiaion exposure (ask physician):

Occupational:
If you work with radiation sources, add your annual dose in millirems, or select
the 1980 average value for exposed workers in you occupation:

9
29
70

Air flight crew: 670 Nuciear fuel cycle: 800 Medicine: 150
Industry: 240 DCE Contractor. 180 Weil logger: 420

Governmaent: 120 U.8. Public Health Service: 47
Open-pit uranium mining: 115 Underground mining: 700

Publlc Exposures from Nucisar Age:
Transponation of radicactive materals: 0.6
Falliout from atmospheric testing: 0.5

Your Annual Effective Dose (mlllirem): Sum the numbers in the right column:
{U.S. Average: 360 miltirem)
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avd from page 47

\fany of the new radiation sources are highly beneficial to man and ‘socicty as
;ources of energy. as research tools. and as diagnostic and therapeutic tools for
;"cdiciﬂﬂ- but eaéh source presents additional risks as well. Other sources of jon-

ing radiation are an incidental result of our consumer goods and lite styles.

L it

For out society 10 use radiation wiselv, it's necessury to understand the specitic
Jangers of individual sources rather than to bring wholesale condemnation to 1on-
izin:é radiation. Reaching such understanding certainly requires more effort, but in
the long run. such etfort will czlfnainly serve our society. We will be much more
capable of ﬁnding the most satistactory halance between the risks and the benefits
I ionizing radiation. @
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We have seen the enemy, and he is us!

—Churchy LeFemme, aka Walt Kelly

Radiation, Cell Cycle, and Cancer

Richard J. Revnolds and Jav A. Schecker

¢ 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.

The 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-
ern Europe. and Asia will die of it. [tis 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. [i has led (0 the identification of various cancer-causing
substances. or carcinogens, in our diet and within our environment.

lonizing radiation® is one of those carcinogens, and its ability to induce cancer s pg
in doubt. The tragic experignces of the radiumn-dial painters during the earty part of
this century and the sobering epidemiological studies of the fomic-bomb survivorg
of Hiroshima and Nagasaki bear witness to the fact that iomizing radiation can insy.
gate a variety of cancer types. The bomb survivors, for example. display a smail by,
statisticalty significant increase in the level of several cancers. including leukemig,
breast, thyroid, and skin cancer. Radiation and cancer definitely correlate.

How dees ionizing radiation cause cancer? How can a brief interaction with invis.
ible particles smailer than an atom or the lransient 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 1o determine the exact role that ionizing radiation plays in cancer in-
duction. Nevertheless. a basic understanding does exist. lonizing radiation can
damage the DNA of chromosomes and potentially mutate the genes that reside on
those chromosomes. Because genes ultimately dictate cell function and bebavior,
tonizing radiation, through its capucity 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.

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 BNA repair mechanisms that
help maintain the genome. It does not reveal that healthy cells have “defenses.” or

_cellular responses, that can limit excess proiiferation and prevent cancer from de-
veloping. Augmenting the basic picture and elucidating what is known specifical-
1y about radiation and oncogenesis (the causes of umor 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 gene expres-
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 o ionizing raditation in this primer, that 15, only nuclear efissions and
x rays. Effects due to lower-energy electromagnetic radiations, such as ultraviolet radiation and cmis-
sions from power lines, will net be considered.
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Genes and Gene Expression

we are what we are because of our genes, This notion. along with the realization
that DNA is the molecular carrier of heredity, are two of the seminal discoveries
of modern science. It has been discovered that a gene is composed of a specific
DNA sequence. and gene sequences are distributed throughout our chromosomes
(see "DNA. Genes. and Protein Synthesis™). Each chromosome is a single. long

Radiation, Cell Cycle. and Cancer

DNA molecule that is woven around a complex protein

wructure.  Every person inherits a set of 23 chromo- W - e
womes 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 46 .’ ‘
chromosomes that compose the human genome can be - J

arranged into 22 pairs of matching, or Aomolagous. 1
chromosomes, plus one pair of sex chromoesomes—the
x and Y chromosomes. Females possess an XX pair,
whereas males pessess an XY pair (Figure 1). Because
each chromosome in a homologous pair contains the
same 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 ae ‘ k4
systemazically investigated by Gregor Johann Mendel 14 20
{1822-1884). the “father” of modern genetics. Over the
course of eight years, Mendel manipulated the breeding
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of several purebred strains of garden pea plants. He

noted the manifestation of certain characteristics of the plants, say flower celor or
peda 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 (1857-1927).) Mendel was also able
to deduce when cettain traits would be observed. or expressed.

Take for example the trait flower color. Mende! found that a pea plant has a
“gene” that dictates Aower color. and that the gene has two “alleles,” one for vio-
let flowers und one for white flowers. He also found that the violet allele had a
dominant mode of gene expression. that is, only ene violet allele had o be present
tor the flowers to be violet. [n contrast, the white allele had a recessive mode of
expression, that is. both ﬁower color alleles had to be white for the flowers to be
white.

Mendel's basic concepts about gene expression have been greatly expanded. The
lerm “gene expression’” is now used to describe the manifestation of traits at the
molecular and cellular level. Expression begins with the processes of gene fran-
scription and transiation in which the DNA sequence that makes up a gene is used
45 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 15 said to be “expressed” when the protein that it specifies is aulually synthe-
sized and functioning 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 chromogomes had as-
sumed their most condensed state.
{For most of the lite of a cell, a chromo-
some is in a very loose, threadlike
form.} The chromosomes shown above
were traated 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. Bsacause the two
sex chromosomes are different (X and
Y), or not homologous, the genome
shown is that of a maie, nameiy the
well-known cytogeneticist T. C. Hsu of
the University of Texas System Cancer
Center. (Photo courtasy of T. C. Hsu.)
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Figure A. Basic Components of the
Cell
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DNA, Genes, and Protein Synthe'sis

The cell is a marvelous ensemble of proteins, organic malecules, and organelles,
Although it is on the order of ten microns or 5o in diameter, a cell is an incredibla
chemical factory with the capability to synthesize more than 10,000 different pro-
teins ang enzymes and the ability to oversee thousands of simuitaneous chemigal
reactions. Figure A is a simple depiction of a mammalian cell in which we've se.
lectively drawn only a few basic components (nof to scale). The cell boundary is
defined by an outer, bilayer lipid membrane. The cell interior is filled with an aque.
ous colloidal fluid called the cytoplasm. Fleating 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).

If the DNA melecules found in a human cell were laid end to end and stretched
out, the resuiting 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. Thereforg, our DNA
is packaged into dense constructs cailed chromosomes, each of which consists of
a single, linear DNA molecule containing millions of base pairs. The DNA is twist-
ed and packed around proteinsg called histones, and that structure 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 transcrintional activity {described below) and the stage of the
cell's reproductive cycle.

Human beings have a total of 46 chromosemes. Two of thosa chromosomes,
called X and Y, determine the sex of the person. All males have an XY combina-
tion, whereas all femmales 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 articte). For simplicity, we
have depicted only faur chromosomes, representing two homologous pairs.

As shown in Figure B, the double-stranded DNA that makes up a chromosome
consists 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 nucieic 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 finkage, 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-
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), gquanine (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 packbones, a base in ¢ne strand pairing with an
apposing base in the complementary strand. The base pairs are chamically linked
by hydrogen bonds. In the standard Watson-Crick base pairing, each pair must be
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comprised of a puring coupled to a pyrimidine. Furthermore, the purine A can anly
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 seguence of
bases along the second complementary strand. Tegether, the two strands incorpo-
rate a level ot information redundancy into the double-stranded DNA molecule, be-
cause each strand can act as a template for synthasizing the cther. Tempiate-di-
rected copying of each DNA strand is called replication.

The information encaded within the DNA molecule enabies 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 segquence is maintained. This is the primary role of
DNA repair mechanisms (see “DNA Repair” on page 78).

To transiate 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 faw differences, to a single-strand of DNA. After
some processing, the ANA will leave the nucleus and enter the cell's cytoplasm,
The information contained in the ANA will be transiated by a ribosome, a large
macromolecule that guides the assembly of amino acids into the protein product.

Geng segments range from thousands to millions of base pairs in length. There-
fore, Figure C depicts tha DNA as a solid bar containing different subregions. We
have indicated the coding region, which contains the actual sequence useg for
protein synthesis, and two regulatory DNA sequences that are used to control the
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Regulatory factors Transcription compiex
Transcription factor ANA polymerase Il
— Downstream —»
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Figure C. Gene Structure and Transcription

rate and frequency of transcription. The double helix is actually a fairly open strug.
ture that permits access to the chemical groups of the DNA bases. Proteins callag
regulatory factors will recognize these groups and selsctively 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
{ranscription 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 ANA polymerase Il (RNA Pol (). The ANA Pol Il complex will transcribe
the CNA coding sequence. Thus, the initial step in creating a protein is tied to the
presence {or sometimes the absence) of'transcription factors and regulatory pro-
teins. That is one way the cell has of regutating the expression of a gene.

As depicted in Figure D, RNA:Pol |l instigates the unwinding of the BNA double
helix, which enabies 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 afl of the information that was originally encoded in the DNA strand. As
RNA Pal Il mgves along, the relaxed strands of previously transcribed DNA sec-
tions rewind. After the gene has been completely transcribed, RNA Pol Il will leave
-the DNA and some processing of the RNA molecule occurs. The resulting RNA
strand (now callegd 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 |

ANA - script DNA template RMA precursors
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The process of converting the mRNA template into an actual protein is cailed trans-
lation, &s shown in Figure £. Transiation takes place at the ribosome. The se-
quence of RNA bases contained in the mRANA 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-acikd sequence.

A molecule called transfer RNA (tRNA) is the actual link between a codon and an
aming 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 coden in the mRNA teém-
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 ribocsome 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 amine 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. Numarous ribosomes will often attach to the same mRNA, so that
many copies of the same protein are preduced for each DNA transcription event.
Itis 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 cel!. m

h
|
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crmrinued from page 33

But a question remains. We have approximately 50.000 1o 100,000 genes. Dipe,
every cell muke use of all the genes that are encoded in its genome? The answe
is no. and the reason has to do with a much mare fundamental concept of gene 4
pression—the notion of regulanon. A gene embodies not only DNA sequences
that code directly tor protein construction but also regulatory sequences that cop.
trol vartous aspects of the transcription process. Regulatory sequences include the
promoter region. where transcription is initiated. and regions that contrel the rage
and frequency of transcription. Those regulatory regions are recognized by regy.
latery fuctors, 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 thay
it will he 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 regton and ending with the break-
down and removal of the protein product. Once produced, 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 compiexes are but two examptes 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 tvpe of
domino effect that links the action of one protein 10 the function of another.

Cell Differentiation

Cancer is a disease of cetls, and human beings have lots of them. We are com-
posed of approximately 1013 to 10" individual cells, most of which are not identi-
cal. Instead, they have differenttated int~ roughiy 3350 types. Differentiation
means that a cell has become specializeu 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. 10 create environ-
mental stability, and to provide protection.

This interdependence is distinct from a single-cell organism. A free living cell is
seif-sufficient and behaves in a manner t+.1 best aids its own survival. Certainly.
one survival mechanism is proliferative advantage. For example, the rod-shaped
bacteria Escherichia coli can divide and produce twe new bacteria every 30 min-
aies. 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 multicellelar organism cannot exhibit this type
of proliferative behavior, nor can they be insensitive to the needs of other cells.
Instead. evervthing 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 theoretical extrapalation, The actual number of bacteria that wouid be generated i3
Limited by the availabulity ot resources and by the necessity 0 remove heat amd waste by -produvis.
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qu its inffuence through a multitude of intricate. intercellular controls, the bady
.;m. :--,- that the behavior of individual cells 1s directed towards sustaining the
cmu‘r; heaith of the organism. This paradigm of specialization is obviously a suc-
l“.:‘,r:u[ one that imparts survivability w all the cells of the body and 1o the entire
Wb

UT‘.'.LlI"IIE.'sm-

How do cells differentiate? The process is only beginning to be understood. 1t is
qot sunply that each specialized cell has a different set of genes. because all the
cells of the body are genetic clones and possess the same genome. Nor does dif-
ferentiation result from a change in the information content of the DNA or the
qmount of DNA present. Rather, specialization comes about because only z par-
ieular set of genes are expressed. Those expressed genes determine if the cell
wil! be a nerve cell or a skin cell, if it 1s mobile within tissue (such as a
macrophage), ot it it grows slowly or rapidly. In one sense, the genome is analo-
qous to 2 library that contains books on all subjects. When we wish to specialize
our area of interest, we select from the library only those books that are appropri-
ate for our needs and leave the other books undisturbed.

An epigeneric change within the genome—one that modifies gene expression with-
out changing the information content of the DNA—appears to be the mode by
which cells differentiate. Many differentiated cells pass their traits on to their
progeny: that is, a liver cell begets a liver ceil, which implies that the epigenetic
changes to the genome are conferred to daughter cells. The transmission is be-
lieved to happen through a chemical modification of DNA sequences known as
methylation. The methylation patterns are maintained during DNA replication. but
the way in which they are originally « -ablished and the way they become modi-
Hed is not fully undersiood,

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-
ditferentiated cells cailed stem cefls. 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 losi 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 1o specialize in response to extemal signals.
Those signals evidently help tngger the epigenetic chianges. But each type of stem
cell ts slightly different, and the pathway of specialization that their progeny fol-
low is also distinct. Thus, basat cells are ultimately the source of epithetial celis
ithose 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 cetl 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 thetefore,
the role of the stem cells within the scheme of the organism is that of prolifera-
ton. Unlike £. coli, however, the reproductive potential of a stem celt is strictiy
regulated (as it is for all other types of ceils). 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 o be negative regulators. Normally. cetlular
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Figure 2. Cell Differentiation and
Stem Cells

The hemopoletic stem cells are respon-
sible for generating about & dozen dif-
ferent types of celis, including the vari-
ous kinds of biood cetls and the cell

types that make up the immune system.

The figure illustrates the generation of
a highly speciallzed cell, the
macrophage (a cell that lives within tis-
sue and is descended from a white
bicod ceil), from a relatively undifferen-
tiatad 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 cetl divides into two ceils,
oneg of them will remain a stem ceil.
The other, in response to external sig-
naig, beging to specialize. This daugh-
ter expresses new genes (colored seg-
ments on the chromosomes) that are
transcribed and translated into proteins
{colorad shapes in the cytoptasm). The
new proteina modify the cell's function
and appearance. The process of spe-
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 siem cells and
their partially diffarentiated progeny di-
vide frequently, cancers often emerge
from these cell types.

1236 ic%

Hemopoetic stem cell

(] . I External differentiation
» signals
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differentiated
stemn celdl
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\‘ hi signals
v
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signals !'.
4
*
Expressed Protain product

gena of expressed gens

B! ¢
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{phagocytic progeny {phagocytic

white blood celf) whita blood cell)

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
laiter responds in an unbalanced manner to regulatory signals and proliferaies at
inappropriate times. A precancerous, ot reoplastic cetl. might undergo changes in
the way it responds to regulatory signals, and it might divide independently ot the
needs of the tissue. If the modified behavior results in a proliferative advaniage
for a cell line. the uncontrolled growth can ultimateiy lead to the disruption of tis-
sue function, Because stem cells are the most rapidly and frequently dividing cells
in our body, they are in one sense “primed” to express proliferative advantages.
Moast cancers originate from the various types of stem cells or from the partially
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ierentiated progeny of stem cells. Because different sets of genes are expressed
S nose stem cell variants. the cancers that develop also differ from each other,
?hc\ might present different charactenstics and have altogether different conse-

._!u-:ncﬂﬁ-

Proteins and Signal Transduction

we have stressed that cancer is a distortion of cell behavior and that a cancer cell
Jitfers from d normal cell largely because of malfunctions in processes that control
cellular proliferation. From a mechanistic point of view, this translates into the
Gilure of protens o properly regulate what is called the cell ovele, which is the
.equence of stages that a cell passes though
when it undergoes reproduction. But the initia-
iion and regulation of the cell cycle cannot be
appreciated without a better understanding of
how proteins work and how they can act as cat-

dlysts,

A protein consists of a chain of amino acids
areng together like beads on a string. There

are 20 common amino acids, which are distin-
suished from each other by a unique chemical
:ide chain that is attached t~ a “core” carbon
stom, [nieractions between (he various side
chains will fold a protein molecule into a con-
voluted, three-dimensional shape. That shape is
a critical feature that is central to a protein’s
function. for it atfects the accessibility and posi-
tion of individual amino acids. Typicaily, most
of the protetn merely serves as a means to con-
figure a small subset of amino acids into a
untquely contoured region. That region, which is often in the form of a cavity or
small protrusion, is called a binding site. Because of its unique shape, and be-
cause the amino acids that compose it have specific sizes, affinities. and chemical
properties, the binding site allows only a select group of target molecules, called
livands. 1o interact and bind 10 the protein at that area. A ligand can be any type
of 10n 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 chemicat 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 Cdk2. . his protein is one of several that are at the heart of
cell-cycle regulation. Cdk2 is shown hotding a molecule of ATP (the cofactor)
within 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 Cdk?2.
The rransfer and covalent attachment of a phosphate group to a target protein iy
called phosphorviation, and the enzymes that catalyze phosphorylation are called
kinases. Thus CdK2 is an example of a kinase.
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Figure 3. Cdk2 Protein

The cyclin-dependent kinasea, or Cdk,
ara a major class of regulatory proteins
of the cell cycle. This representation of
Cdk2 shows, not atomic detail, but the
‘amino-acld chein as a continuous rib-

bon. That depiction gives a fesl for the
protein's three-gimensional structure,
which can provide insight into the pro-
tein’s function. The catalytic binding
site of the Cdk lles at the center of the
protein. The cofactor, a molecule of
ATP (yellow psntagon with branches),
already lies within that binding pocket.
A Hgand 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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Inactivatea Cdk “
Complex
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Figure 4. Activation of a
Cyclin-Cdk Complex

The Cdk protein has a potential kinase

actlvity that enables it to phosphorylate
other proteins. To become an active ki-
nase, the Cdk protein must first com-
plex with a cyclin moleculs. The bind-
ing initlates a structural change that
enhances accassibility 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 Itseif become phospho-
rylated. Cdk activity may also be regu-
latect through phospharylation at yet
another site (not shown in the figure).
Activation would then require removal
of the Inhibitory phosphate {dephos-
phorylation). The thres separate steps
of complex {ormation, phosphorylation,
and dephosphorylation are the means
by which Cdk is regulated. In reference
ta Figure 3, the cyciin binds to the Cdk
along the blue ribbon area on the left
side of the image.

02 12567175

Phosphorylation is a very common means of activating (or inhibiting) the functigy
of a protein.  Kinases, therefore. can play a regulatory role within the cell by help.
ing to rurn target proteins functionally on or off. The kinase itself may be regula;.
ed in that some type of protein interaction is required to activate its enzymatic ¢y
pability. For example. Cdk2 15 a cyclin-dependent kinase, which means it musy
couple to a cyclin protein betore it can catalyze phophorylation., (The cyelin fam;.
ly of proteins. like the Cdk, are major components of cell-cycte regulation, The
cveling will be discussed in the following section.) The joining with a cyclin mog.
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 jp
activating the kinase achivity of a Cdk. The states of phosphoryiation at two distingg
sites are also involved. The phophate group at one site keeps the binding pocket
“open,” whereas the phosphate group at the other site {s an inhibitor of the Cdk's kj.
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
transduction 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. Ofien, 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 ussue has been stimulated to grow by a mitogenie signal. The mitogen
may have been excreted into the extracellular medium by other cells of the tisspe
or else may have been released from distant organs and transported to the tissue
by way of the circulatory systern. In either case. the signaling molecule will bind
to protein structures embedded in the cell membrane calied 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 protrudeas
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 enzymaiically 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 wili
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 gow. 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 cur 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. Signai-Transduction Cascade

Signal-transduction cascades relay external signais from the tissue or from other parts of tha body into the cell. The one we've
shown here is representative of a cascade that might stimulate an epithellal cell to grow and divide. The cascade starts with the
binding of a signaling molecule, in this case a mitogsn, to the extracellular part of a raceptor. The part of the receptor that lies in-
side the cefl 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 nucisus. There a trangcription factor becomnes activated that will initlate the pro-
duction of other transcription factors. We've indicated the production of serum rasponse factor, which can then go on to help tran-
scribe the cyclin-D gens. As a major regulatory protein of the cell cycle, the presence of cyclin-D protein within the nucleus is nec-
esgary to initiate cell division. Alt'hough the signaling pathways may procead through any of several routes, often those ditferent
routes are channeled through one or two critical p.roteins. Improper expression of those proteins can therelore lead to an abnormal
response to external signais and erratic cell behavior,
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transduction cascade that could conclude in any number of ways, such as the
blocking of a second cascade that is ransmitting a positive growth signal. The
cascade might terminate by blocking the transeription of a positively regulateg
gene. It might result in the production of a protein thar will ultimately carry gy
some regulatory function through a direct interaction with another protein. Af.
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 intraceilular target.

Figure 5 and our description greatly understates the complexity of signal transdye.
tion. [tis a far more intricate process than we have indicated, with many enzyme,
often participating in multiple pathways. A particular enzyme may be positively
regulated in one pathway and thus help stimulate growth, whereas it may be neg,.
tively regulated in another pathway. Proteins can be activated not only by the ag-
dition of phosphate groups but also by their removal. A protein may further be ij.
hibited by either of those methods. The cell employs all mechanisms, and it is no
unusual to And several ditferent 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 1o
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 !
50 through various growth-stmulating factors that instigate signal-transduction
cascades, The cascades relay the information into the cell bedy or into the cell
nucteus where processes that help coordinate and carry out cell division will be
mitiated. Coordination 1s 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, fora ’
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- é
branes must form as the parent cell cleaves itseif in haif.

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 continucus and nondistinct growth are the
discrete events of DNA replication, chromosome separation, and the actuat divi-
sion of the eell. 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,. 8. G,, and M. Newly generated cells are born into G, phase. and it is there
that slowly dividing cells will typicaily spend the majority of their lives. In partic-
ular. a nondividing cell may enter a resting state often refered to as Gy During
Gy, the cell-cycle machinery is partially dismantled. and the cell may acquire spe-
cialized characteristics or may differentiate. Under the proper conditions, a Gy
cell can re-emter G, and. thus. continue cycling.

During S phase (for DNA synthesis). DNA replication duplicates the eatire
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R is the commitment point. Once
past this paint, a cell is committed
to completing a cell cycle

Oifferentiation - — — — -
4 Cyclin £
CdK 2
Cyclin D Cyelin A
GO CdK 4.6 CdK 2

Gp State. The cell is in
a resting state and does
not progress through the
cell cycle, Terminally

\

Cyclin B, Cyclin A
CdK 1

differentiated cells may
baecoma permanently
arrested at this step.

M Phase. The cell's chromosomes
condense and the duplicated
chromosomas are separated. Af
the end of mitosis. the cell divides
into two daughter celis,

genome and produces two copies of each chromosome. During G, phase. the ceil
continues to grow as it prepares for mitosis. or division of the ceil 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
split into single chromosomes, which are then segregated 1o opposite sides of the
cell. Next. new nuclear membranes torm. creating two nuclei, and at the end of M
phase. the cell divides into two cells. Each new cell is complete, and cach 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 it
DNA replication or other celtular activities are not duly coordinated, one. or possi-
bly both. daughter cells may be bom incompiete. By necessity then. the entire
cell-division process is extremely well regulated. That regulation is carried out by
a series of protein-protein interactions and protein modifications.

Starting within the G, phase. and then again at distinct times during the cell cycle.
the concentrations of specific cycling increase within the nucleus. These cyclins
assoctate 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
tFigure 4) and that by controlling phosphorylation, kinases can regulate other pro-
teins. Cyclin-Cdk complexes are the mair conirol eiements that regulate the pro-
gression and activity of each phase of the cell cycle.

Cycling are actually a family of closely related proteins, and fo date, eight general
tvpes, cvclin A through H. have been identified. {Some types—for example. ¢y-
clin D—are themselves families consisting of several related proteins.) With the
mportant exception of ¢yclin D, each type of cyclin is synthesized during a
unique and relatively discrete period of the celf cycle. Each is also degraded at a
second, relatively discrete point. The cyclin concentration. therefore, varies over
time, and as it changes. new cyciin-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 ot Figure 6. For
example. cyclin-D-Cdk4, cyclin-D-Cdk6, and cvelin-E-Cdk2 all control the pro-
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5 phase. The cell synthesizes.
aor replicates, all its ONA and
thereby produces two identical
copies of each chromosome.

Gy 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 caollec-
tively calied the cell cycle. A newly cre-
ated cell |s "born" intc G, phase. Cell
differentiation will emerge from G,
phase. Also from G,, a cell can enter a
nonreproductive state, called Gy, 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 bagin to produce cy-
clin D and cyclin E and form active cy-
¢lin-Cdk complexes. Those will halp ad-
vance the cell to $ phase. The various
activated cyciin-Cdk complexes that will
regulate the progression of the cell
cycia from ono phase to the naxt are in-
dicated in the center of the diagram.
The cycle is completed aftar M phase
with the cell dividing into two new celis.
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M phase
Prophase. The chromosomes Mitotie
) ; ] spindle
condense inte microscopically
visible threads. Microtubules ra- Microtubule —

diating from the two centrosomes
coliectively campose the mitotic
spindle.

Prometaphase. The centro-
somas migrate to opposite sides
of the cell. The nuclear mem-
brane disintegrates sa that the
microtubities ¢an bind to each
chromosome at the cantromere.

Meataphase. The chromosomes
have assumead their most con-
densed state. The X shape is a
result of the two identical chro-
mosomas being joined at the
-centromere.  Each chromosome
is aligned afong the midpiane 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.

Telophase. A new nuclear
membrane forms around each
segreqated set of chromosomes,
the chromosomes begin to de-
condense, and the cell begins to
divide.

G, phase. The cell has cleaved
into two cells. The chromosomes
decondanse 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 whareby a nucleated cell segregates, partitions Its aiready

Generating cell

Cenfrosome

Progeny

duplicated genome, and divides in two. The result is a set of chromosomes,

identical to those initially possessed by the generating cell, being transmittad to

each of the progeny cells.
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-mitted to continuing with the rest of the

gression of the cell cycle through G1 and , |
transition into S phase. whereas cyclin.5. ¢
Cdk2 is necessary for progress through §
phase. Typicaily. a phase or process wij
end when the cyclin is degraded. (ln myg,
genically stimutated cells the regulation of
cvelin D comes about through the contry)
over its subcellular localization and degfﬂda.
non rate.)

It has been learned that many of the protejp, &
that operate within G, phase facilitate cance,
development when they fail to function Prop-
erly. We will therefore describe the G155,
phase transition in some detail. Also. mapy
cellular responses to DNA damage are {rig:
gered from a point in G| called the G,
checkpoint, and thus a section describing
checkpoint control will foliow. Alithough-
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 stmulated 1o
divide by mitogenic signals. Among other
things, this initiates the positive regulation, or §
enhanced transcription. of ¢velin D and cyclin 4 1
E. Loosely associated with this wanscrip-
tional activity is a point in G calied R ifor
restriction point). Prior to R, cell-cycle pro-
gression remains sensitive to a variety of neg-
ative regulatory signals that can counter the
effects of mitogenic signals. The cell can
either return 1o G, or else begin to different-
ate. Once past R. however, the cell is com-

cycie,

Much of the metabolic activity that occurs
during G, is directed towards prepanng the
cell for S phase. It is during S phase that the
entire genome is duplicated, and so a sub-
stantial number of proteins and nucleotide
precursors must be synthesized. The start of
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-1, E2F-2, and so
on. Qur discussion will be limited to EZF-1]
If E2F is available, transcription and. hence.
S phase can begin. But the availability of
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o 8. G1-to-S Phase Transition DNA raplication requires the production of numerous proteins, including
thymidylate synthetase, which is necessary for producing nucleotides, DNA
. polymerase o, 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 cantiral arrow indicates (E2F activa-
tion), E2F is normally complexed with pRb protein and Is therefore inactive.
Activation ot cyclin D-Cdk 4/6 To release the transcription tactor, pRb must undergo successive phosphory-
Complex , lation steps, a process that is catalyzed by actlvated cyclin-Cdk complexes.
; The side arrows show the steps involved in bringing Cdk 1o an active state.
k478 a —> Cyetin VCaK, g The start of S phass therefore invoives several ayers of regulation. First, cy-
clins that will bind to Cdk, actlvating it. are manufactured; then pRb can be
phospharylated, leading to the release of E2F. The subsequent transcription
of S-phase genes advances the cell cycle into 5 phase. (Figure adapted from
C. She and J. M. Roberts, 1995, Genes and Development 9:1149-1163 (& 1995,
Cold Spring Harbor Laboratory Press), Figura 1.)

Figur

E2F
activation

7

Thymigine kinase

Transcription of S-phase genes

Tl

Activation of cyclin E-Cdk 2

E2F is carefully regulated by several mechanisms. Early in G; 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 ather than the activated cyclin-
Cdk complexes discussed earlier.

In tact. 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
E2F 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 G, into 8 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 malfung-
tion, the celt cvcle may be compromised or it may simply break down. Thus. we
have returned to our basic picture. Gene mutations that atfect the function of cer-
tain proteins can lead to erratic or even deranged cell growth and cell behavior.
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All other phases of the cell cycle behave in a manner similar to the G-t0-S-phyg,
ransition.  They are contredled by cyclin-Cdk complexes that. once formed. gre
able 1o activate proteins that can initiate a chain of subsequent events. The chorag
of a specific phase get carried out. und the celi advances to the next stage of it p,_
productive cycle. But the cell is not 2 simple. ngidly behaving automaion. The
progression of the cell eyvele and the advancement to each new phase can be regy.
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 celf-cvele checkpoints.

Checkpoints and the G,-Checkpoint Response

The only geal 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
rransmisting incorrect genetic information. it should not be surprising to find that
the status of the cell's DNA is intemnaily manitored at the vanious checkpoints lo.
cated within each phase ot the cell cvele. If abnormalities in DNA structure or ‘
conditions that might affect DNA integrity are detected, then a checkpoint may

stow the cell-cycle progression so as 1o allow time for the damage to be repaired.
Through checkpoint control. the cell can prevent complications that result from a.
tempts to replicate or segregate damaged DNA. and a cell can thereby minimize
the consequences of the initial damage. Alternatively. a checkpoint may aiso re-
spond to external signals, thus permitting the ¢ell to halt reproduction if, for exam.
ple, it detects that the tissue 1s not providing a favorable environment.

B

Checkpoints in G, and throughout 5 phase safeguard against damage in the DNA
template. The G, checkpoint also controls the entry into 8 phase. A checkpoint
in G, monitors the completion of DNA replication and the absence of chromo-
some damage. and it regulates the entry inte M phase. A final checkpoint in M
phase arrests mitosis if chromosomes are not properly aligned aleng the mitotic
spindie (Figure 7: Mitosis). Thus, each checkpoint menitors 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 G are located beyond R. the cell-cycle com-
mitment point. They can. theretore. only suspend the cycle’s progression. without
stopping it. Only the G, 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 G| checkpeint 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 apoptosis. 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. Itis
a progess that leads to the rapid elimination of the affected ceil. Apoptosis ap-
pears to respond to the abnormal accurmulation of cebls that is characteristic of ma-
lignantly transtormed cells and, thus, might help limit excess projiferation. [tis
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 senescence, which refers to a permanent
quiescent state that is triggered atter a cell has undergone a finite number of divi-
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qons. 1he entire cell line simply stops dividing, First observed in cell cultures of
]I:[uﬂldn ckin fibroblasts. it is generally believed that this phenomenon applies to
lls under normal phy btoioyual conditions as well. Senescence can be thought of

Jn internal constraint on ‘the life-span of a cell line. By limiting the total num-
;Lr of vell doublings and hence the number of progeny. cell senescence will alsi
_onstrain the effects that any
mdl\ldu-l[ cell can exert on
the TESt of the tissue.

Cell senescence:
Limits number of
cell dvisions

rhese three cellular end-
pt,m[b—-—thn G, arrest. apop-
s, and cell senescence
jee "Apoplosis” and
~genescence and Immortali-
(U 1—can be viewed as de-
jense mechanisms that are

G checkpoint
{associated with R):
Monitors extarnal
envircnment, cell
growth; checks

.ammoned to prevent the DNA damage
propagation of an altered
cell. The first two are in-
woked it response to a broad
runge of insulis, trom DNA
Apoptosis:

Jamage 10 nutritional depri-
vation. whereas senescence
i« more of a fail-safe method
for limiting an excessive
aumber of cell divisions.
However. some cell types,
especially those that are not
prone [0 apoptosis, appear to
become prematurely senescent following exposure to ionizing radiation.

Programmed cell death;
self-elimination of
cell from tissue

Those
cells seem (o use senescence more as a defensive response. Figure 9 summarizes
the points just made concerning checkpoints and the G,-checkpoint responses.

Each of those responses involves a critical protein calted p53. This protein is a
rransactivating protein, which means that it initiates the transcription of other
genes. In the case of the G, arrest, p53 will induce the production of negative
regulators that inactivate G -cyclin-Cdk complexes. As stressed in the previous
scction, those complexes are the major control proteins of the ceil 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-
feracting with the E2F-activation pathway. As in most cell processes, this happens
in a somewhat convoluted manner.

DNA damage triggers a G, arrest through its effects on the stability of p33 pro-
tein. Under normal conditions, ¢ 3 is synthesized continuously throughout the cell
cvele. 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
steps involved in going from DNA damage to this structural modification are
presently unknown. although one possible mechanism is presented in "DNA Re-
puir” on page 78.

The stabilized p53 protein is a positive reguiator for the transcription of several
continued on puge 72
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S-phase checkpoint:
Mondors for DNA
damage

Gz checkpoint:
Monitors for completion
of S Phase, cell growtn;
checks for breaks n
chromosomes

M Checkpoint:
Monitors proper
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 sansitive to anviron-
mental signals, such as nutritionai sta-
tus or tissue requirements, and wilil
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 farm of cell death. An ex-
cessive number of transits through the
cell cycle can trigger cell senescence,
which is thought to arigs from the G,
checkpoint, The chackpoint in M
phase is triggered by faulty chromo-
some segregation, which is a severe
breakdown of normal mitosis. The call
typically dies before passing this ab-
normality onto its progeny.
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Figure 1. Apoptotic Nucleus

A DNA-binding fluorochrome was used
to stain the cell's chromosomes, and a
series of aptical imagea, using a fluo-
rescence, laser-scanning contocal mi-
croscope, werg taken at diffsrent
depths within the cell. The images
were then used to reconstruct a three-
dimensional Image of the chromosomes
within the nucleus. The top figure of &
normal human lymphocyte shows that
the chromosomes are uniformly distrib-
uted throughout the roughly spherical
nuciear volume. The bottom picture
shows an apoptotlc cell. -Tha chromo-
somes and the nucleus have fragment-
ed and collapsad into small vessicles
{apoptotic bodies). The ceil will induce
its own death by attracting a macro-
phags that will engulf and destroy the
coll. {Photos courtesy of B. L. Marrons,
Los Alamos National Laboratory.)
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Apoptosis

Apoptosis is a metabolically triggered form of cell death that is defined by Progras.
sive, cytologically observable changes in cell structure. It can occur in any one o
.everal different situations, including the normal devetopmental process of 8liming,
Ing unwanted tissue, such as webbing between fingers and toes. the physiologicy
response to excess cellular division {(hyperpiasia), and the suicidal response to g,
cessive damage to celiular DNA. Apaptosis aisc appears to respond to the abngy.
mal accumuiation of ceils charactenstic of malignantly transformed cells ang May

be inactivated in tumorigenic celis. Each of these individual processes meets thg

cytological criteria for apopiosis, and as a group, they appear to share biochemicy
features. To what extent they are actually mediated by the same or similar malgg.

ular processes, however, remains unclear.

The induction of apoptosis by DiNA-damaging agents shares many features with
the induction of G, arrest (see main article). Not only are both triggered by ONA
damage, but hoth alse appear to depend upon the transactivation of the p27 angd
gadd45 genes by the p53 protein. Apoptosis and G, arrest are mutually exclusivg
responses, The exact mechanisms regulating which response actually takes place
have not been efucidated, but it is bejieved to depend, at teast in part, ipon the
ratio of p21 to Gadd45 proteins. Irradiation of mitogenically stimulated cells favors
the induction of G1 arrest over apoptosis. lrradiation of unstimulated cells favors
apoptosis. Mitogenic signals are positive reguiators of p21 synthesis but have ng
effect on the synthesis of Gadd45 and, therefora, act to increase the p21 o
Gada45 ratic. The p53 protein, the levels of which rise in response to p53 stabi-
lization in irradiated cells, probably induces both p2? and Gadd45 to similar ex-
tents, It is therefore believed that mitogenic signals act through their influence on
the levals of p21 and that a high p21 to Gadd45 ratio favors G, arrest over apopte-

sis, whereas a low ratio favors apoptosis.

Apoptosis is also responsive to a second set of regulatory proteins, Bel-2 and Bax.
As with p21 and Gadd45, the ratio of Bel-2 to Bax seems te be important. In this
case, Bcl-2 acts to inhibit apoptosis. However, Bel-2 can become complexed with
Bax, and in this form, it is no longer abie to inhibit apoptosis. What controls the
relative levels of Bax and Bel-2? Both Bax and Bal-
scriptional lavel by p53. The pa3d protein stimulates the transcription of the bax
gene while it represses synthasis of the bel-2 gene.

2 are reguiated at the tran-

-Under normal conditions, Bel-

2 is continuously present and apoptosis is reprassed. When p53 concentrations in-
creasa, as they do after cellutar exposure to ionizing radiation, then the concentra-
tion of Bax increases relative to Bel-2, and apoptosis is favored.

At this time, the relationship between regulation by p21-Gadd4s and Bcl-2-Bax sys-
tems is unclear. It is not known if these are sequential switches in a cornmon
pathway or if they represent paraliel responses. Furthermore, it is not known if
these switches are in some way linked to each other or it they are regulated by

systems that are totally independent of aach other.

But it is clear that apoptosis is

an important response for celis that have sustained DNA damage and, in this role,
may act to eliminate severeiy damaged cells. It is aiso clear that apoptosis is im-
portant for maintaining the appropriate density of cells, such as B-lymphocytes, and
that a breakdown in this process initiates a hyperplastic stata 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
sscatating accumulation of chromosomal aberrations with each new cell-division and
an increased liketihood of cell death. Eventually, at a stage termed cnsis, nearly all

calls die. Under the appropriate conditions,
nowever, a few transformed cells survive crisis
and divide indefinitely. These cells acquire im-
mortality. It is believed that to generate fife-

Radiation., Cell Cycle, and Cancer

Table 1. Similarities Between G1 Arrest and Cell Senecence

threatening tumors, a tumor cell must first es- G1 arrest

cape the proliferative controls imposed by

sengscence and then must acquire immartality. Can enter S-phase? yes
DNA content diploid

In many ways, senescent cells resembie cells

arrested at the G, checkpaint (Table 1). This Gene Expression

suggests that the mechanisms mediating these cyclin 01 high

two cellular responses may also be similar. A cyclin E high

model has been proposed in which senescence Cdk activity low

is viewed as a specialized form of the G, p21 etevated

checkpoint response, only triggered by a natu- pRb hypo-p

rally oceurring chromosome instability. Each cyclin A absent

end of chromosomal DNA terminates in a spe- cyclin B absent

cialized repeating structure, the telomere, In cdc2 absent

normal cells, the number of repeats forming a

telomere gradually decreases with each popula- metabolically active yes

tion doubling. Maintenance of telomere length

Cell Senescence

no
- diploid

high
high

low
elevated
hypo-p
absent
absent
absent

yes

would nermally be the responsibility of an en-

zyme called telomerase, tbut the synthesis of telormarase is apparently terminated
early in embryonic development. Thus, the absence of teiomerase activity in aduit
celis resuits in the gradual erosion of telomere langth.

It has been proposed that. at some point, one or more telomeres become too short
to perform their mormal 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 respense {which is also required for
the maintenance of the senescent state) and would, therefare, be expected to con-
tinue celi-cycle progression even in the presence of DNA damage. Those ceiis, by
continuing their profiferation, would further reduce the teiomere length of their chro-
mascmes 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 wouid lead to restoration of missing telomeres and to the stabilization of
telomere tength 'during DNA replication. With the loss of checkpoint controls and
the restoration of telomere stability, crisis would be avoided, and the surviving ceils
would presumably be able to grow indefinitely and, therefore, be immortal. @
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genes. including the p2/ gene.* The p27 gene is an impertant 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 cip/ ifor cyclin-dependent-kinase imhibiting protein 1)
by a group that was seeking negative regulators of cyclin-dependent kinases. It
was also cloned as wafl (an acronym for wild-type p33-activated factor 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 sdif (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.**
Thar protein binds to and is a negative regulator of several G, proteins. including
cyclin-D-Cdk and cyclin-E-Cdk2 complexes.

As illusirated in Figure 10, the p21 protein blocks the kinase activity of the cyciin-
Cdk complex. It does so through a protein-protein interaction, although the exact
mechanism is not known. {Other than p21. 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 1o be
a CKI) The end result is that the cyclin-Cdk complexes are prevenied from phos-
phorylating pRb, and thus. the E2F transcription factor is not released. The S-phase
proteins necessary for the G,-to-§ transition are not synthesized, and the cell cvcle
cannot advance into S phase. Instead, the cell remains in an arrested state in G,.

*We witl designate the name of a gene in italics. and the protein product of that gene in normal type:
tor example, p2f gene and p2! protemn.

*¥¥The full name is p2Jor!waiAdil, throughout this article. it will be shortened to p2i.
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Figure 10 also shows that the stabilized p33 protein induces the expression of at
least two more genes. Gadd43 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-
sponse 1s triggered (see “Apoptosis”). Another interesting pathway in the figure
involves the protein product of the third gene transcribed. Mdm2. Tt acts to block
the ability of p33 to transactivate its normal target genes. By negatively regulating
tts own enhancer, Mdm?2 etfectively establishes a negative feedback loop on the
enlire transactivation pathway. That is one established way that the G, arrest itself
is regulated and controlled, and it is potentially the means by which the cell will
shut off the blocking mechanism so that it can continue with a new cell cycle.

Once again, a mutation in any of the genes involved in the G, checkpoint, includ-
ing p33, p2i. and mdmn2. could result in abnormal cell-cycle regulation. 1n fact.
the importance of a mutated p33 in carcinogenests ts underscored by the fact that
tnore than fitty per cent of human umors have cells containing mutations in this
protein.  But it must be noted that the checkpeints, by providing time to repair cor-
rupted DNA. also help maintain the fidelity of the genome. Thus, a mutation that
inactivates p33 may allow some cells to advance inte S phase and replicate DNA
even 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 instabiliry, or
progressive accurmulation 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-replication controls. A cell that
incorrectly expresses some of its cell-cvcle regulatory proteins therefore establishes
within itself a positively reinforced mechanism that s 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.
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Figure 10. G1-Checkpoint Re-
sponses to DNA Damage

lonizing 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 cell-cycle progression and

—_—
Cyclin A =

- arofolate reductase,

—
DNA polymerase o 4

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 compiexes. Those enzymes are no
longer able to phosphorylate pRb, and
the crucial trangcription 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
trangcription of the mdmz2 gene which
produces a proteln that can inhibit the
tranacriptional 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 gaddds.
In conjunction with p21, the protein
product of this gena helps to trigger the
apoptotic response. Whether DNA dam-
age results in a GT arrest or apoptogis
depends in large part upon other fac-
tors. In either case, by triggering one of
thegse two responses, the cell minimizes
the potential consequences of attempt-
ing to replicate a damaged genome.
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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 al., 1994,
Molecular Biology of the Cell, third
edition, New York and London: Gar-
jand Publishing, inc., Figures 24-10
and 24-16.)

{a) Normal tissue.

Basai cells (an epidermal stem celi} are
normally the only ceils of the epithelium
that underge mitesis. They produce the
differgntiated cells that lie above.

Separating the basal celis from the con- -

nective tissue is the basal lamina; a mat-
like sheet ot proteins that serves {among
other things) as a support structure.

Initiating event

Cancer

Cancer is a gross distortion of cell behavior caused by numerous gene mutationg
and numerous abnormalities in the production and functioning of proteins. The
specitic abnormalities vary greatly. depending on the type of cancer as well as rh,
type of tissue from which the cancer originated. Thus. there is not a single de-
scription of cancer or oncogenesis. because cancer 18 not a single disease, {t is rp.
allv a class of diseases ali pertaining to unlimited cell growth thae is potentially
tatal to the organism. Broadly speaking though. carcinomas are cancers of epithe.
lial cells, sarcomas are cancers of connective tissug or muscle cells. and lenkemiag
are cancers of the blood and lymph systems. In the normal human population,
over 90 per cent of all human cancers are carcinornas.

A substantial body ot evidence now suggests that cancer initiates from a single
cell that has been transtormed due to a particular change in its DNA. Some even.
such as exposure to radiation or exposure to a chemical carcinogen, creites a
change in the genome. This may be a DNA mutation, or an epigenctic modifica-
tion. Then, gither 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 tuture cell generations.

In general. a precancerous. transformed cell progresses through the characteristic
stages and changes that are discussed in Figure [1. In comparison with a normal
cell, a neoplastic cell is hyperresponsive to growth factors, underresponsive 10
growth inhibitors. and has an increase in metabolic ransport 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) Call initiation.

Some initiating event, perhaps an inter-
action with ionizing radiation, creates a
mutation in cne of the basal cells. The
mutation causas a slight alteration in cell
‘behavior, although outwardly, the cel
appears 10 be normal.

{c) Dysplasia.

More DNA mutations bave occured, either
as a consequence of the initial mutation 2
or due to other, random events. The
initiated cell has been transformed and ¢
has gained proliferative aavantages.
Relatively undifferentiated, rapidly

dividing cells begin to accumulate within

the epithelium.

{DNA mutations?)
—_—
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ok Jifferent. 2row excessively. and behave abnormally. The time scale needed
o e . .
it ccumulate sufficient genetic damage to produce these derangements in cellular
3o - . - . -
t s i tvpically decades, but for certain leukemias. it may be as showt as a few
[TAMCRENS :

Lors.

s autonomously growing. solidd mass of cells like that shown in Figure 114 is
.._';]Hﬂd a twinot. or a neoplasm. {Not all neoplasias form tumors. Leukemias are a
cesult OF 40 unregulated increase in white blood cells, but these cells continue to
;.m«u[arc as individual cells within our bodies.) By necessity. a umor requires an
nhanced blood supply to provide nutrients and to remove waste. Called angio-
enesis. wmaor cells will help stimulate the production of blood vessels that help
;he peoplasm grow. By the time it 1s visible to the naked eye. a umor may con-
st of over a billion cells. bath normal and transtormed.

But a tumor is not necessarily cancerous. Cell senescence may still limit the pro-
[ferative potential of sach cell and. thus limit. the size of the growing cell mass.
Iﬁ that case, the mass may have little physiological effect. A tumor may also be
penign, which simply means that the neoplasm remains as a well defined cluster
that does not spread into neighboring cells. Benign turnors in humans can often
be tdentified and removed surgically with generally favorable results.

To be diagnosed us cancer, a tumor must become mafignant (Figuge 1ie). It must
gain 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 interceilular adhesion enables invasive
twmor cells to insert themselves between cells in the surrounding tissue and 1o mi-
grate. Those cells can then disperse themselves throughout healthy tissue and form
new growths.

{d) Benign tumor {e) Malignant tumor () Tumor metatasizes

Mare changes within the gernome of the The tumor breaks through the basal Cancer cells break through the wali of a

proliferating cell line leads to full tumor lamina. This increased mobility and in- lymphatic vassel or blood capillary. The

development. All layers of the epi- vasive property is characteristic of the cells can now migrate throughout the

thalium contain undifferentiated cells. malignant tumor. The cells are typicaily body and potentiaily seed new tumors
_irregularty shaped, with an enlarged in differant organs.

and irregularly shaped nucleus, have a
noticeable genomic instability, and the
cell ling is immonai.

(DNA mutations?) (DNA mutations?}
—_—— —_———
30 years
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Base alteration

Singla-strand
hreak
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Abasic site

Figure 12. DNA Damage |: Base
Alterations and Single-Strand
Breaks .

DNA bases consist of elther cne or two
ring-like structures that contain both
nitrogen and carbon atoms. A base ai-
teration occurs when additional bonds
between atoms are formed or brokan
or new chemical groups attach to the
base. All of those situations rasuit in a
moedified 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. AN three of these
general types of lesions are repaired
with only a slight risk of genetic
change.

76 o

The disease develops. Plagued with many growing tumors that are difficujy y,
eradicate, the tissue gradually loses its ability to carry out its normal functiopg, I
resources are diverted to feed the growing cancer. The cancer may metastasiz,
(Figure 1 11). which means that the tumor cells will leave the original tissue, trave)
by way of the circulatory or {ymph system. and invade other organs. As it SPreag
throughout the body, the wmor can invade and destroy tssue until one or more o
gans becomes so compromised that death ensues.

Radiation and DNA damage

This primer is about radiation and how radiation can act as a carcinogen to indug,
cancer. So far. we have only hinted at that relationship by stating that ionizing ry.
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 musg be
linked together. Establishing that link. however, has plagued researchers for
decades. The remainder ot this primer will examine each piece and discuss why
is currently known about the link.

Radiation is everywhere. It's invis;i  and penetrating. Radiation emandtes 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 dees 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. [n particujar, 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,
lonizing 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 12 illusirates
some of the above mentioned DNA jesions.

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 abour-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 ysually 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 lethat lesions 1o a cell if they are present
Juring 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 sirand known as point mutations. Damaged bases must be re-
paired, because they might possess aitered or ambiguous Watson-Crick pairing
properties. As for an abasic site, the DNA structure is compromised due to the in-
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ity to form hydrogen bonds between the complementary DNA strands. [n both
Jb!.:: however, the DNA backbone iy intact, and during S phase. DINA replication
’:i:hotie lesions will be attempted. The lesions can cause the replication to be
c;r‘fk‘f prone. potentially resuiting in changes in the nucleotide sequence of the ncw.‘ly
“ mhesized strand.  Because the change in base sequence can affect the amino-acid
Jucture and. hence, the protein structure, point mutations might alter the activity
af regulation of the gene’s protein product. Like single-strand break damage, how-
ovel. gencrulion of base alterations and ubasic sites within the genome are dominat-
o by processes other than lonizing radiation, and the repair of those lesions is
.nilarty rapid and -~zient. Probably as a consequence of that repair. ionizing ra-
jju[iun is a relative.  oor inducer of point mutations compared with most chemical
Jarcinogens.

slthough single-strand breaks. abasic sites. and base alterations are induced by
ﬁoth jonizing radiation and normal metabolic processes. one particularly dangerous
iwpe of DNA lesion, the double-strand break, i1s induced prefereatially by i nizing
radiation. This 15 due to the manner in which radiation creates radical species
within the cell. versus that of metabolic processes. Normal metabolism generates
radicals one at a time and at essentially random locations throughout the ceil 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, [f 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
very complex lesions comprised of abasic sites and base alterations in addition to
sirand breaks. as illustrated in Figure 13.

The probability of a double-strand break occurring in any given cell is actually
quite low. Thermal diffusion and chemical anmbhilation will quickly reduce the
free-radical density within a radiation track, It has been estimated from Monite
Carlo simuiations 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 ceil-culture studies that approximately twenty to forty double-strand
breaks oceur per genome at 100 rad of exposure. At that rate, exposuzes equiva-
lent to ordinary background radiation (typically about 0.3 rad per vear) shouid pro-
duce only one double-sirand 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 {east 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 proximat
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
rermanently removes bases, Simple rejoining of the exposed DNA ends is proba-
oly the major mechanism for the repair of doubie-strand breaks. but this mecha-
msm would result in a loss of genetic information. Remarkably. another mecha-
nism, called homologous recombination, exists within the cell that can cestore
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
vonttraied on puge 82
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Figure 13. DNA Damage II:
Double-Strand Breaks
Doubie-strand breaks resuit from two
single-strand breaks that are induced at
¢losely opposed positions in the com-
plemantary strands, Simple double-
strand breaks (uppaer red box) can often
be repairad by a simpls end-joining
procedure. lonlzing radlation often in-
duces a complex lesion {lower red box)
with basse alterations and base dels-
tions accompanying the breaks.
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Figure 1. Base-Excision Repair

An altered base (slanted red line) re-
suits in a minor disruption of the DNA
structure.

The lesion s 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-endonuciease and
the ramaining sugar is released by a
deoxyribo phosphodiesterase.

The resulting one-base gap is tilled by
a DNA polymerase. Watson-Crick base
pairing will dictate which base is used
tor the repair. The polymerase ieaves a
nick in the DNA backbone.

The repair is completed when a DNA
ligase seais the nick. The DNA has
been repaired with no loss of genetic
information.

8 1256767

DNA Repair

lonizing radiation induces four major types of DNA lesions. These are Nucieic-goy
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 reterred 1q a
base-excision repair. This is a generalized repair mechanisr -at fixes many g
the hase alterations that are induced by ionizing radiation. The steps are Outlineq
in Figure 1. Briefly, the damaged base and its associated sugar are femoveq from
the ONA helix in a two-step process that leaves a one-base deletion. The missip
base is replaced, using the undamaged complementary strand t¢ ensure that the
gap is filled with the correct hase. Abasic sites are repaired in a similar manner,
Repair of both base aiterations and abasic sites by base excision restores the orig,
nal nucteotide sequence.

DMA glycosylase O
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c ﬂg|e.51rar1t:| preaks. which are lesions in the DNA backbone, frequently result
:om hydroxy! radical {OH"} attack on the deoxyribose sugar unit. The radical at-
;acﬁ initiates the rupture of the sugar unit, leading to the release of the attached
;Tu,deic-acid hase and mast of the sugar unit from the DNA rmolecule. The result is
2 small, single-strand deletion, which is also repaired in a manner similar to base-
excision repair. An exonuciease removes any sugar remnants, aiong with the
phcsphate group on the 5’ side of the sugar. The resulting gap is fifled by a DNA
polymerase. again using the complementary strand as a template. and closure of
e remaining single-strand nick is catalyzed by a DNA ligase.

gecause there is an intact com-
plementary DNA strand that is
ysed in hoth base-excision repair
and single-strand-break repair,
these lesions pose littie or no risk
of permanent genetic change.
This is not the case with double-
strand breaks, which can be

-at . \ .
% Track of
U "ionizing radiation Y
thought of as individual single-
strand breaks that occur in oppo-

sita strands and within several

bases of each other, The DNA molecule is completely broken in twa. This type of
damage usually results from severe insult to the DNA and is sometimes accompa-
aied by significant base alterations in both strands. Thus, there may be no com-
plementary strand immediately available with which to initiate repair.

Centromere

Couble-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 refarence to an intact partnér. There are several mecha-
nisms by which this can occur, the simplest employing a DNA ligase that ligates
the two ends together. DNA topeisomerases | and Il have also been identified as
mediating the untemplated fusion of two DNA molecules. Although these mecha-
nisms serve to rescue parts of a braken chromosome, they do so at the risk of in-
troducing mutational changes and random genetic rearrangements.

Because end-joining reactions de not empley templates to guide the rejoining
process, there is no means to replace missing information. Recall that sach single-
strand break is actually a one-base delation. 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 daletion of one entire base pair,
and the formaticn of a deletion mutation. Furthgrmore, without a template, simple
end-joining cannot even ensure that the ends being joined were fram the same ini-
tial break. A chromoscme deletion can accur 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 {calied 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 unreiated 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 ONA
molecule that is broken into three
pieces. if two of the end pieces are re-
joined, such that the middle section of
DMA is unattached, it is no longer asso-
ciated with a centromere. This free
fioating piece, called an acentric frag-
ment, may be lost during mitosis.
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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 translaca-
tions. Figure 3 shows one such trans' - zation.

Remarkably, there is a mechanism that is thought to be active in human celils 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 cail,
This can potentially be found on a homologous chromosome. The intact version is
Figure 3. Chromosomal used as a template on which the fragments of the broken ONA moiecule can be
Translocation aligned in proper register. Figure 4 describes homotogous recombinatidn.

A transiocation occurs when large sec- ’
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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 ara indicated as sepa-
rate moleculas, but they might alsc be sep-
arate regians of the same molecule.)

The introduction of a DNA double-strand
break into one of the two regions of homol-
ogy provides the starting point for homoio-
gous recombination.

Unprotected ends genarated by the double-
strand break provide sites for strand-specif-
ic exonucleolytlc degradation and the gen-
eration of protruding single-strand ends.

Invasion of the secor!d DNA molecule by a
protruding end can resuit 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 moleculs. Displace-
ment.of the sacond strand of the intact
malecule {the D-loop) provides a single-
strand region that can pair with the remain-
ing end of the damaged molecule.

DNA synthesis proceeds along the dis-
placed D-loop strand. Again, missing infor-
mation is restored. This stage of the repair
leaves two singis-strand nicks.

Two cross-strand structures (Holliday junc-
tions) forrn when residual single-strand
nicks are seaied by a polynuclectide ligase.

Each Holliday junction can ba resolved in
two possible ways, resuiting in four general
typas 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 ONA sequences have been
replaced and the double-strand break
sealed.
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contined from puge 77

are repaired using this mechanism. It is known. however. that ionizing radiatioy,
induces many deletion mutations and that these mutations probably arise during
the repair of the doubte-strand breaks.

Because the repair of a double-strand break is generally nonspecific. tree ends thay
urise trom multiple breuks in chromosomes can get mixed and spliced back to-
zether arbitrarily.  The result s a chromosomal rearrangement. These rearrange.
cents include chromosome deletions, in which an entire section of a chromosome
is spliced out, or a rransfocation, in which a piece of one chromosome is reat-
tached to another chromosome. Chromosoemal rearrangements that result in large
DNA deletions, multipie translocations. or incomplete or distorted chromosomes
are frequeatly 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 sl he
observed in the atomic-bomb survivors of Hiroshima and Nagasaki.

Oncogenes and Tumor-Suppressor Genes
The correlation of specifically mutated genes with specific cancers and the identif-
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
tumor-suppressor genes, on the other hand, are recessive in nature. Both alleles
must be mutated or eliminated to disrpt cell functioning. Tumor suppressors nor-
mally act in a manner that regnlates or impedes progression through the cell cycle,
and it is the ahsence 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 mixiure of oncogere activation and tumor-suppresset
inacrivarion.

Many proto-cncegenes are pant of regulatory pathways and exert their influence
through the phosphorylation of target proteins, the formation of protein-protein
complexes, or the regulation ot transcriptional activity of target genes. Tellingly.
most proto-oncogenes panicipate 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 cel} transformation.

Proto-oncogenes become oncogenes through the induction of one of several differ-
ent genetic events, including DNA point mutations. For example, the ras gene is

a proto-oncogene that is trequently made oncogenic by point mutations. The pro-
tein product of ras is pRas. the protein mentioned earlier as part of a signal trans-
duction cascade {see Figure 3). A single point mutation at a ¢ritical site in ros
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Observed Trait Tumor-Suppressor Genes

Proto.oncogenes
yion into encogene {mutation is recessive}
.5 dominant}

auele 1 affeie2

utd

alfele 1 allele?

Normal growth

! normal * normai
¢ normal - mutant

normdl - normal | mutant normal

Cancerous growth

normal  mutant
mutant  narmal

mutant  mutant mutant mutant

1.y be sufficient to produce an abnormally fuctioning pRas protein that is always
in an enzymatically active state. It no longer requires an activating signal to phos-
phorylate other proteins in the pathway. The entire cascade behaves erraucally

und continually sends a growth stimulatory signal to the nucleus. The cell either
responds abnormally or else counteracts the signal via negative regulatory proteins.
The ras oncogene is found to be mutated in about thinty per cent of slf human
cancers. including bladder and colon cancer.

Oncogenes may also be activated through a variety of cytogenetic events. such as
large chromosome deletions, inversions, and translecations. 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 onentation. A translocation occurs when a
section 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 breakpeints occur at the appropriate positions, the rearrangement
can link a proto-oncogene to the distal end of another actively transcribed gene.
[n this way, transcription of the proto-oncogene can come under the control of a
different and potentially more active gene. As an alternative s¢enario. the fusion
protein may have aitered properties, such as increased stability or resistance to
negative effectors.

An example of oncogene activation through a translocation is the bei-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
4. 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 tvpe of white blood cell that is important for immune responses.
The wranslocation positions the b¢l-2 gene downstream of the Ig H-chain promoter,
which results in enhanced transcription of bef-2 and an overexpression of the Bel-
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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Figure 14. Proto-Oncogenes and
Tumor-Suppressor Gene Action
The mutation of a proto-oncogene into
an actlve oncogene répresents a gain
of gene function. The abnormai gene
behavas in &4 dominant fashion and,
therefore, only one of the two alleles -
normally present need be mutated (or
overexpressed) to promote abnormal
cellular proliferation. The mutant
forms ol tumor-suppressor genes rep-
resent a loss of function and are,
therefore, recessive to the normal al-
lele. Because the mutant forms are re-
cessive, both alteles of tumor-suppres-
sor genes must be inactivated by
mutationat.changes.

- 83



Radiation, Cell Cycle, and Cancer

will trigger an apoptotic response in some cetls, The B-cell population wilj pe S,
bilized due to an equilibrium between cellular reproduction and apoptotic deay
Cells that overexpress Bel-2. however, become abnormally resistant 1o apoplosi‘s
and exhibit an extended life-spun. The continued proliferation of B {ymphocyieg
in the absence of uppropriate cell death results in clonal expansion and an abngr.
mal accumulation of cells that is ultimately recognized as leukemia.

Oncogene activation cin be achieved by another process known as gene amplificy.
tion. That phenomencn occurs when a region of DNA is replicated many more
times than other regions of the cell’s genome. Prior to gene amplification, a cel|
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 cel]. i
each ampliied 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-D1 oncogene was recognized as an amplified
gene associated with parathyroid cancer. Cyclin-D1 protein was previously dis-
cussed in the context of regulating the E2F-actuvation 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 en
ceil-cycle control. Under those circumstances, cellular proliferation is favored ang
a tumaor can resuit.

Buz the regulation of cell reproduction is a resuit of a balance berween positive
and negative effectors. As cutlined above, oncogenes are positive regulators that
tend to stirmulate cell growth ior 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 alieles) 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 resul:
in a loss of function. Tumor-suppressor genes may be inactivated through the in-
duction of point mutations. chromosome rearrangements. or the loss of pari 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 © - per cent of all human cancers. In the majority of
cases examined, the inactiv 1 mutations were found to be point mutations, The
p33 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 demain have been found to
correlate with human cancer.
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Table 1. Some Oncogenes and Tumor-Suppressor Genes Active in the Cell Cycie

oncogene Activation Human Cancer
cychin A disruption by viral infection hepatocarcinoma
eyelin D inversion B-cell lymphomas
cyclin O transiocation B-cell lymphomas
cyelin D gene amplification breast {-20%), gastric, esophageal carcinomas,
parathyroid adencmas
pei-2 transiocation B-ceil lymphoma (85%)
EOF overaxpression Cell culture and animal model systerns
cokb overexpression osteosarcoma
cak4 gene ampilification sarcomas
madm-2 gene amplification soft-tissue sarcomas, metastatic osteosarcomas,
malignant gliomas
as point mutation ~10% of all human cancers, including
calorectal cancer {~30%), lung (~20%)
pancreatic cancer (70-80%)
p53 point mutations ~50% of all human cancers, including
{deletion mutations) breast, colon, liver, and lung
{chromosome [0ss)
{chromosomal rearrangement}
rb deletion mutations retinoblastomna (~100%)

chromosome loss osteosarcoma
{point mutations)

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 anticle is given in Table 1. These genes
are “built™ into our genomes and cannot be elirninated because they are so inti-
mately tied to the proper functioning of the cell. For example; the rb gene, whose
pratein product, pRb, is essential in regulating the E2F wranscription factor, is a
well-known tumor-suppressor gene. A mutation of rb can lead 1o retinobiastorna,
a rare cancer of the retina that typically shows up in childhood. Just as r# is
central to the cell cycle. so is E2F. which is known to be an oncogene from celtlu-
lar and animal studies. Those and all other oncogenes or tumor suppressors have
been identified as such preciselv because they are the genes that regulate cell be-
havior, and their improper expression, therefore. leads to neopiastic wransformation.
This lends itself to an inleresting observation. Many “cancer-causing™ genes
specifically regulate cellular reproduction and thereby enable an organism 1o
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maintain itself throngh 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

lonizing 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
biclogist, the damage tends to be nenspecific. Genetic mutations appear in irradiat.
ed cells but with no apparent bias towards any particular gene. From the alterna-
tive perspective of the cancer rescarcher, specific oncogenes and turnor-suppressor
genes have been correlated with specific cancers. Therefore. one concludes that ge.
netic mutations do lead o cancer. Despite the apparent connection between the twg
viewpoints, there is stll 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-
v oot possible to say that radiation has induced a specific gene mutation and. fir-
ther, that that specific mutation then results in a specific type of cancer. 3

There are several reasons for this lack of connectivity. The types of cancer nor-
maily found to be elevated in irradiated populations are also observed in nonirradi- Hi
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
cotnplex process, normally requiring muitiple mutational changes that are accumu-
lated over a period of many years. It is ditficult to determine the order in which
these changes arise. Establishing which of those genetic changes was the specific
consequence of a radiation exposure that occured 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 concemns
the rer 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-surtace re-
ceptor similar to those known to function in signal-transduction pathways. Since
the ret proto-oncogene is known (o be expressed more in fetal tissue than in adult
tissue, it is hypothesized that the pathway is imponant for developmental growth
and the maturation of tissue.

The oncogene was actually first recognized as a rearranged gene assoctated with
thyroid cancer, and radiation-induced activation is thought (o occur by this mecha-
nism. The activating translocation occurs between a point within the rer 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-
ciftc rearrangement has been confirmed with cultured human cells. Moreover, ina
recent study exarning thyroid cancers in children from areas contaminated by the
Chernoby! accident. this rearrangement of the ret oncogene was found in tour out
of a total of seven cancers examined, a remarkably high correlation.

Tonizing radiation is also believed to activate another oncogene. ber/abi, through the
induction of a specific ranslocation. The c-abl gene, located on chromosome 9. be-
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comes fused with the ber gene on chromosome 22, Each gene was vriginally locat-
od on one side of the breakpoint. and the fusion results in an abnormal. but still
functioning. protein product. The ber/ubl oncogene has been strongly linked with a
major form of radiation-induced B-cell leukemia called chronic myelogenous
teukemia. Under normal conditions, the abl gene product is believed to act as a neg-
ative reguiator of apoptosis in B'lymphocytes. The ber/ubl fusion product becomes
resistant to those signals that would normally override its protective influence. The
increased resistance to apoptotic signals conferred by the ber/abd oncogene leads to a

© clonal expansion and abnormal sccumulation of the cells apd. thus, to leukemia.

The only rumor-suppressor gene that is specifically correlated with radiation expo-
qure 18 rb. which is a gene located on the short arm of chromaseme 13, Mutations
in both gene copies of rb are necessary to bring about retinoblastoma. which is a
care type of malignant cancer arsing from the neural precursor celis in immature
refinas. Retinoblastoma occurs in childhood and atfects about one in every 20,000
children. Chiidren that inherit only one defective rb gene have a predisposition for
the disease. In the past. retinoblastomas were successfully treated by radiation ther-
apy. Treatment with radiation, however. carries an increased risk of radiation-in-
duced twumors when used o treat children with a tamilial 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 p57 gene. Increased levels of lung can-
cers have been feund in uranium miners exposed to radon gas. (Radon is a decay
product of uranium, and se it wilt always be found in uranium mines.) Mutations
of 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 particularty good at creating that type of genetic change.
Thus. correlating the p53 mutations with raden is a litile suspect. That suspicion
should be coupled with research that indicates that p5.3 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 p33. 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 compiex mixture of carcinogens, and it cannot be concluded that ion-
izing radiation was the cause of the p53 mutation in the lung celis 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.

Conclusion

Tonizing 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
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into permanent genetic change. lonizing radiation is an activator of onocogenes ang
an inactivator of tumor-suppressor genes. Oncogene activation promotes celiular
proliferation, and the checks on this proliferation are removed through the mactivy.
ton of tumor suppressors. Together. these genetic events, when induced in cells thy
still grow and divide, can lead to uaregulated 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 thy
are strongly correlated with radiation exposure are also observed in “unirradiated”
control populations. And although the data are still limited, radiation probably initj-
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 rer proto-oncogene appears to be commonty associated with thyroid
cancer in both irradiated and unirradiated populations. Activation ot abf 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 invoive inactivation of the remaining normai r# allefe.
Each of these genes is involved in the regulation of ceitular proliferation, and simi-
lanities between spontaneous and radiation-induced cancers are striking.

Akbough radiation can induce DNA damage, human cells are not without their de-
fenses. Many of the DNA lesions induced by ionizing radiation are simular or iden-
tical to those induced as a consequence of normal metabolic activity. DNA repair
mechanisms can act 1o reduce the consequences of this damage. Most single-strand
breaks and base alerations can be repaired perfectly. Even double-sirand 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 o
segregate genetic information in a normal manner during mitosis. Homologous se-
combination can actually restore missing information (although this process is be-
lieved to mediate the repair of only a smail fraction of double-strand breaks). To-
gether these processes act o 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 atterapt 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 remnarkable
times. Research is progressing at an increasingly rapid pace. and amazing insights
are reported daily. We have only recently begun 1o appreciate the remarkably active
role that the cell plays in preventing the full development of cancer. Through celly-
far 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 proiifera-
tion, and the impact of radiation on these processes will undoubtly lead 1o additional
insights. New proto-oncogenes and winor suppressors will be discovered. Precise
roles for known and soon-to-be-discavered genes will be defined. Qur knowledge of
DNA repair mechanisms and their contribution to genomic stability and genetic
change in irradiated cells will be expanded. Each of these discoveries wiil mave 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 primer will need to be rewritten. Perhaps then it will optimisti-
cally be called “Radiation. the Cell Cycle, and the Prevention of Cancer.” m
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Radiation and Risk
a hard look at the data

adiation, and its effects on humans, may be the maost

studied, most regulated and most feared of the physical.

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 extrapotations 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.
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The red circles in the photo at left
graphicaily poriray 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 circte, The purple cir-
cles represent excess cancer
deaths above the normal rate. The
jok of the radiation epigdemiclogist
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,

Bacause the rate at which radiation
causes cancer is guite 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
tairly large. Consecquently, risk
estimates for radiation-induced
cancer are hased primarily on data
trom the Japaness atomic-bomb
survivors.

Yl



Rudiation and Risk—A Hard Look at the Data

. . . 39
What i3 the level of hadlgground l‘ad_l.l-l Cosmic
ton. and is there any evidence that it is rays

harmtul? Thé world-wide average an-
nual whole-body ctiective dose (o hu-
mans from natural sources of 1omzing

racdiation 18 238 millirem i~ec “Radin-
tion E'nits™). Figure | shows the aver- 130
age contributions to the world-uverage Radon

annual dose per person from each of
the major natural sources of ionizing
rudiation. The components that vary

vreatly, depending on location. are cos- gamma rays

miy ravs, terrestrial gamma rays, and
radon. Variations of up 1w a factor of
twi are common, and up to a factor of
ten are not that rare. In contrast. the
dose associated with internal rachation

45
Tarrestrial

e

23

Matural backgroyne
world-average
annual dose.

238 millirem total

varies much less from person + er-
son. regardless of location. Thus dose Radionuciides
in the boay R

is due mainly to potassium-43, which
is 4 naturally occurring 1sotope of
polassium. an essential chemical ele-
ment that is ingested whenever we gat

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

foods containing it. sources of background radiation. These estimates for world-wide averages wera made by
the United Nations Committee on the Effects of Atomic Radiation (UNSCEARS3). They git
ter somewhat from those shown for the average U.S. citizen {made by the National Councjl
on Radiation Protection and Measurements)} in “lonizing Radiation—It's Everywhere!" page

29. Aiso, the total annual background dose quoted here, 238 millirem, does not include

Is there a correlation between cancer
incidence or mortality and exposure to
background radiation? It is known,

both from ammal experiments and
human exposures 10 high lavels of radi-
ation. that ionizing radiation can induce
some cancers: however. epidemiologi-
cal studies generally have failed to find
a statistically sigaificant correlation be-
tween cancer mortality and levels of
background radiation (see “Epidemiolo-
gy and Statistical Signiticance™. A
few studies claim to find a negative
corretation, 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 celtular
studies, that small amounts of radiation
may induce an adaptive response that
serves 0 protect humans trom 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 tar int the epidemiological siud-
ies. Adaptive responses to low doses

92 S

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 args of energy

per gram of tissue. Sorne radiations are more effective, per unit of energy

deposited, at producing biclogical damage than others. To account tor these
differences, the absorbed dose {in rad} is multiplied by a quality factor to cb-
tain the dose-eguivalent, which is expressed in rem (roentgen-equivalent-
man); ona millirem {mrem) equals one-thousandth of a rem. The rad and
the rem are being repiaced intarnationally by a new pair of units, the gray
{Gy) and the sievert (Sv). The unit of absorbed dose, the gray, corresponds
to one joule of energy deposited per kilogram of tissue, so one Gy equais
100 rad. The sievert is the corresponding unit of dose-aquivalent; one Sv

equals 100 rem,

of radiation have definitely been ob-
served in experiments with human cells
in vitro: however, the jury is still out
regarding the existence of adaptive re-
sponses in kumans at the ¢lintcal level
(UNSCEAR9Y4, Annex B). In summa-
r¥. o 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-
et on e M
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Epidemiology and Statistical Significance

gpidemiciogy, the statistical study of the occurrence of disease in populations. is
she primary means of determining the relationship between radiation exposure and
cancer risk. And yet such studies are no simpie task. Their credibility is directly
related to the strength of the numbers, or mare technically, the statistical signifi-
cance of the data. Using cancer as an example, we first explore the mathematical
framework in which the significance of the data is evaluated. '

sample size and statistical significance

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-
ologist 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 assumgtion implies that
any pessible confounding factors
are negligible and that known fa-
milial (genetic) factors are ig-
nored. [t is as if everyone's fate
were determined as they walkad
in ting past a giant barrei 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 biue
marble is picked, cancer will be
your fate, otherwise, not. Now
suppose that there is a popula-
tion of 1000 whose fate was de-
terminedt 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. Aithough 200 is
the most likety 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 200Q,
the less likely the result.

For a population of 1000, the probability of any given outcome lies on a pell-
shaped curve, as shown in Figure 1. The curve is centered about 200, which is
both the mean value {u) 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, o. [n these types of studies, a useful approximation of the standard devia-
tion is simply the square roct of the mean, which in this case is about 14. As you
tan 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 probabie resuit, we would be
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Epidemiologists treat cancer as a
randoms event. it Is as if everyone’s
fate regarding cancer were deter-
mined by whethet or not he or she
chose a blue marble from a giant
barret in which one out of five mar-
bles were blue.
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Probabibty of n

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 statist-
cally significant. If the abserved number is greater than the mean by mere 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 inferreg if the observed number of cancer deaths is less than the expecteq
number by more than two standard deviations.

Two standarg

deviations

v 100

200

Number of cancer deaths. n, in a population of 1000

Figure 1. Fluctuations in the
Number of Cancer Deaths

The probability of a certain number of
random cancers accurring in a population
of 1000 is represented by a beli curve
centerad about 200. The mean number
and most probable number of cancer
deaths is 200, The width of the curve is
characterized by the standard devistion
. which is approximately equal to the
square root of the mean, or 14. The
shaded area under the curve between
the vaiues 200 + 27 and 200 — 2« is
about 85 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 correia-
tion between, say, radiation exposure and
cancer, the number of cancer deaths
would have to be greater than 200 + 2.
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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. /N, decreas-
es as the sample size, N, increases.

FN=VNN=1IN -

Figure 2 iltystrates 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
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

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
- extess cancer deaths in a very large sample than in a smail one.

Now that the statistical framework is defined, what's the next step for the cancer
epidemiclogist? Statistics on the “normal” cancer incidence and maortality 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 cerificates 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 montality
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 totaily 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 populations as
well as accurate records of individual radiation exposures. Only a few identified
exposed groups meet these requirements: the atomic-bomb survivors, patients that
have received radiation for the diagnosis or traatment of various diseases, and
nuclear workars.
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' Certain populations exposed to relatively high natural-background levels have been

compared to those living in areas with more normal radiation levels. but in this
case, only the'average popuiation doses are known. not the individual doses. In
occupational studies. and especially in nuclear-industry studies, it 1s often the case
mat both the exposed and the unexposed populations are chosen from within the
industry.  That choice helps to insure lifestyle similarity ang minimizes the so-called
-healthy-worker effect” which is the built-in bias among the working popuiation of
raving fewer diseases and a iower mortality rate than the general popuiation.

The interpretation of eépidemiclogical studies is ancther chal-
lenge. In a perfect world, one would be able to compare the
rates of cancer incidence and cancer montality in two popula- r
nons whose members have identical cancer risks except for the §
tact 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 o
chemical carcinogens, and perhaps certain lifestyle factors
such as smoking and sociceconomic level. A study must take
into account any significant differences in these factors be-
tween the exposed and unexposed group. Ancther complica-
trion is that, within the exposed population, the cancer risk
varies depending on the age at which cne is exposed. the size
of the dose, and the time since exposure. Conseguently, one N=1300
must have information on these three factors for all the mem-

Probabiity of vy

bers of the exposed population to assess the cancer incidence
or mortality data properly. Moreover, because the latency time i
from exposure to detection may be 30 to 40 years for most e 0'2
cancers, bpth populations should be followed for the lifetimes Fraction of Cancers. i
of the subjects.

In general, epidemiciogical studies do not prove causation, rather they determine Figure 2. The Advantage of Large
the correlation between two or more variables. A positive correlation suggests a link  Sample Sizes

or association of some kind. the significance of which must be evaluated. in the The two bell curves represent the proba-
worst case, the correiation may be due 10 a systematic bias in the study or to so- bility tor a given fraction of cancer deaths

called "confounding factors” that were not explicitly inciuded in the study. yet had a P(n/N) versus the fractlon of cancer /N
profound impact on the results. (For example, if bars were thae only public places in  deaths in a population of size N, where N

which one were allowed to smoke, it wouid be incorrect to attribute ali excess iung equails 1000 and 10,000, respectively.
cancer among frequenters of bars o the intake of alcohol.) It's easy to be focied— The two curves are centered about the

there are many kinds of hidden variables in the selection of the population, the gath-  mean valus of 0.2. Note that the width of
ering of the data, and the analytic procedures for interpretation that may bias the re-  the curve is much narrower for the larger
sults of the study. Sir Bradford Hill, a well-known epidemiclagist, listed nine factors population because, as N increases, the

that must be taken inte account in evaluating the significance of data. Among them standard deviation of the fraction /N de-

are the strength of the numbers themselves (Is the observed excess large or just creases (approximately as 1/ N ).
marginally elevated? s there a correlation between the size of the dose and the

size of the excess?), the agreesment hetween biclogical data and theory, and the

consistency of the result with other studies done using different methodotogies 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-

818 10 critique, are the studies that should be most trusted, discussed, and vused to

support conclusions about the effects of radiation. m
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continued from page 42

fects in humans. Therefore, those re-
sponsible for making recommendations
regarding dose {imuts rely on human
daty whenever possible. Human data
eenerally come trom four sources:
Japunese atomic-bomb survivors. radia-
tion secidents. occupational exposures.
and medical exposures, '

All of the observed effects of onizing
radiation in humans occur at relatively
high doses ithat is. greater than about
20 rem). At the low doses that are of
interest 1o 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 morali-
ty that might occur at such low doses is
less than the variations that occur tor
all other reasons. both known and un-
known. Consequently. the risks associ-
ated with fow-dose exposures must be
hvpathesized.  The conventional
choice. considered prudently conserva-
tive. 15 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
(LNT) hypothesis.

[s 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 guestions are important tor risk
assessment. They are also impoertant
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
vadety 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, uiti-
mately. is paid by our society.

The recent re-examinations of human
radiation experiments that were carried
out in the [940s and 19305 have to-
cused new atention on the possible bi-
ological effects of radiation. Actually,

[+ Lo ol TS
6 }.{.Ju:ﬂ;{;

very litile media attention focused on
the health etfects that resulted from
these experiments. s this would have
ptade very dull copy. In the interest of
gaining o better perspective with which
to cvaluate the possible detrimental ef-
fects of those human radiation experi-
ments. it is worthw hile to review what
is known about the ctfects of wonizing
radiation in humans. the dose levels at
which these effects occur. and the nisks
deduced from these effects. The nature
of the radiation protection standards de-
rived from these high-dose risks by ex-

" rrapolation o low doses is also of inter-

est. More broadly. this review can help
us to understand the significance of the
levels of radiation that we ourselves
might encounter and (o evaluate 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 exXposures,
both historical and current. that have re-
sulted in observed effects. All the siud-
ies reported in this section are at dose
levels above 10 rem; below this level,

-results are not statistically significant.

Radiation effects fall into two bread -
categories: deterministic and stochastic.
At the cellular level. high doses of ion-
izing radiation can result in severe dys-
function, even death. of cetls. At the
organ level, if a sufficient number of
cells are so atfected, the function of the
organ is imparred. Such etfects are
called "deterministic.” Deterministic
effects have definite threshold doses.
which means that the etfect is not seen
until the absorbed dose is greater than a
certain level. Once above that thresh-
old level, the severity of the etfect in-
creases with dose. Also, deterministic
effects are usually manifested soon
after exposure. Examples of such

ettects include radiation skin burning,
blood count effects. and cataracts.

In contrast. stochastic effects are caugeq
by more subtle radiation-induced cel|y.
tar changes (usually DNA mutations)
that are random in nature and have ng
threshold dose. The probability of such
etfects increases with dose. burt the
severity does not. Cancer is the only
ohserved clinical manifestation of radiy.
tion-induced stochastic etfects. Not
only is the severity independent of
dose. but also. there is a substantial
delay between the time of exposure ang
the appearance of the cancer. ranging
from several years for leukemia to
decades for solid amors. Cancer can
result from some DNA changes in the
somatic cells of the body, but radiation
can also damage the germ cells {ova
ang sperm) to produce hereditary ef-
fects. These are also classified as sto-
chastic; however, clinical manifesta-
tions of such effects have not been
observed in humans at a statistically
significant level.

Nuclear Accidents, During the first
few decades of nuclear weapons devel-
opment, several incidents occurred dug-
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 2500, During these so-called crit-
cal excursions, workers received very
high, sometimes fatal. whele-body
doses of neutron and gamma radiation.
High dose fevels also have resulted
from industrial radiation accidents and
accidents invelving improperly discard-
ed or lost high-level radioactive soutces
(for example, medical sources used it
radiation therapy). The Chernoby! ac-
cident resulted in high dose levels, par-
ticularly to reactor personnel and fire-
men: the Three-Mile Island accidem 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 whole-

R
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pody exposure o tonizing radiation.

scute radiation syndrome, the same
:b_q'u:n to the body's reaction to high-
dose high-dose-rate exposures. involves
shree basic functional systems ythe radi-
Jion-sensitive organ 1$ given in paren-
(hesis): the hematepoietic. or blood
forming. system (bone marrow): the
castrointestinal system {epithelial lining
\:ﬂ' the small intestine): and the central
pervous system {(brain), Of the three,
the hematopoietic system is the most
ensitive to radiation, with syndrome
and death thresholds of about 100 rad
and 200 rad (whole-body effective
dose . respectively, I[rradiation causes
the death of bone-marrow stem cells.
which diminishes or stops the resupply
of circulating red and white blood cells
and vther blood constituents, After
about three weeks the reduction in
blood supply causes immune deficien-
cies. infections and fever. bleeding.

and even death unless the blood mar-
row has begun to regenerate. The
curhiest svmptoms of fatigue. nausea,
and vomiting probably involve ali

three functional systems. One mea-
sure of lethal dose is referred to as

the LD30/60 dose. which is the acute
dose that results in death within 60
davs for 50 per cent of the exposed
individuals. The LD50/60 in humans
tor hetnatopoietic syndrome is 300 to
350 rad (whole-body effective dose).

Radiotherapy for Caacer. Radia-
tion therapy for the treatment of can-
cer 1S another context where both
doses and dose rates are high, and the
radiation effects are dramatic. The
observable outcomes, both immediate
und long-term, are an important

source of information on radiation ef-
tects. The irmmediate effect at the cel-
lular level is similar to that in acute ra-
diation syndrome, namely the death of
proliferating celis. The goai is to kill
all of the malignant cells in a tumor,
while sparing the surrcunding healthy
tissue. Dividing the total dose deliv-
ered into several smaller fractions pret-
erentially spares normal tissues com-
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X-ray machines of the type shown here (200-300 kilovolt} were the workhorses of radi-
ation therapy from the 1930s through the 1860s. 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 200 rad per day,
five days per week, for 4 10 6 weeks.

In terms of the goal of local tumor con-
trol, radiation therapy is successiul for
about two-thirds of the pauents treated.
However, it is estimated that approxi-
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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 tumor-control rate
leads to a higher rate of complications,
whereas decreasing the dose to reduce
complications reaults in a lower tumar-~
control rate. {Reproduced with permis-
sion from M. R. Raju, 1980, Heavy Parti-
cle Radiotherapy, New York: Academic
Prass.)

matefy 5 per cent of second cancers
that develop tollowing radiation therapy
are caused by the radiation delivered in
therapy. As shown in Figure 2, there is
a delicate trade-oft between controlling
the tumor and causing complications in
nearby tissues. Although it is possible
to reduce the rate ot complications by
lowering the treatment dose. this may
be achievable only at the expense of
decreasing the rate of controt of the ini-
tial tumor.

Some individuals are particuiarly 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
1o tadiation. 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
disptay progressive neurclogical and
immune disorders. In addition, they are

sures to radiation. but studies with cul-
tured celis show only a small increase
in radiation sensitivity. [t is estimated
that AT heterozygoles represent 1 t0 3
per cent of the general population and 9
ta 18 per cent of all breast cancers in
young women.

Historical Medical Exposures. Dur-
ing the decades from 1930} 10 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 pamary cancers. Epidemi-

Maas chest screening for tuberculosis was common during much of the century. Full-
sized films were often used, but here the fluorsscent image was reduced to a 100 mil-
limeter tormat. 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 4 resuit of radiation therapy. AT isa
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 10 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 (detect
on only one copy of the gene) also are
at increased risk of developing cancer,
both with and without medical expo-
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ological data have been collected from
several of the exposed groups (UN-
SCEAR94, Annex A). Although the
data are not sufficiently detailed to pre-
dict the quantitative increase of cancer
risk with ¢« they do demeonstrate that
doses in tt  “.ndreds, even tens, of
rem have resulted in statistically signifi-
cant increases in cancer morality. 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 tigures (o indicate the mag-
nitudes of doses given that resulted in

statisticaily observable effects: they g,
not intended to be interpreted as thregp
old values for those effects.

The following four studies all involve
the use of large x-ray doses for diagn,.
sis-Or reatment:

* More than 14,000 persons in Gregy
Britain (1935-1934) were given x rays
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 1 144 rem).

* A study of about 19,000 female -
berculosis patients in Canada 71930-
1952) who received multiple diagnostic
chest-x-ray fluoroscopies tound sigmifi-
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).

s About 11,000 children in lsrael
(1948-1960) and 2200 in New York
{1940-1959) with tinea capitis (ring-
worm of the scalp) were treaied by x-
ray epilation, resuiting 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
dose of the order of 40 rem seems suf-
ficient to produce cancer in some cases.
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Measuring Risk

saveral definitions of risk are commonly used in epidemiclogy. 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 refative
risk (AR is defined as the ratio of the ocbserved number of cancer
deaths (O} in the study population to the expected number (£) for a sim-
ilar, but unexposed, population (RR = (¥E). By similar, we mean simiiar
in age and sex distributions, economic status, life style, and habits, The
excess relative risk (ERRA} is defined as the ratio of the excess number
of cancer deaths {O-E) to the expected number (£):

ERR=(0-E/E=(OE)-1=RA-1.

Note that the absolute excess rale of radiation-induced cancer mortality
is obtained by multiplying ERR by the expected rafe 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 exampie. Suppose a popula-
tion ¢f 1000 persons is exposed to an acute dose of 100 rem. And sup-
pose that 220 are observed to die from varicus cancers, whereas the
expected number is 200 (the expected rate is 2001000 = 0.2). The rel-
ative risk and the excess relative risk are given by:

AR = 220/200 = 1.1,
ERAR =11 —1 =0.1.
The relative-risk factor and the excess-relative-risk factor are given by:
AA factor = 1,1/100 rem} = 0.011 per ram, or 1.1 x 102 rem™
ERA factor = 0.1/(100 rem) = 0.001 per rem, or 103 rem1.
Finally, the absolute excess cancer mortality rate is ERA X (0.2) =
(0.1)(0.2) = 0.02, and the corresponding factor is 0.02/(100 rem} =
0.0002 per rem, or 2 X 10~% rem’!. An additional point to be made for
this example-is that, at the 85 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 “Epidemiciogy and
Statistical Significance”). m

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 s more
suggestive than definitive. Of particu-
lur concern is the trend for increased ra-
dicsensitivity among younger patients.
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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

Radiation and Risk—A Hard Look at the Data

importance because the developing
tetus, 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 1.4—that is. children irra-
diated in utero were tound to have a 10
per cent higher incidence of cancer than
unirradiated children. However. some
researchers have expressed reservations
about these resuits. 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 Japunese
atomic-boemb survivors. no association
was found between childhood cancers
and in utero exposures (mean utering
dase of 18 rad). As is often the case in
epidemiology, these results seem 1o
raise more questions than they resolve.

Another past medical practice that re-
sulted in excess cancers was the injec-
tion of radium sclutions for the treat-
ment of various diseases. Radium 1s a
naturally occurring radicactive 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 s later deposited in
the bone. where it and its radivactive
daughter products bombard the sur-
rounding bone tissues with radiation,
most notably, aipha particles. Approxi-
mately 2000 persons in Germany
{1944-1951) 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 resulung average skeletal
dose was more than 400 rad. primarily
trom alpha particles. which are consid-
ered 20 times as damaging as x rays t1
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rad absorbed dose of alpha radiation
corresponds to 20 rem dose-equivalent).
The subsequent incidence ot bone sar-
comas was tound to be 280 times that
expected from an unexposed popula-
tion. Similar effects were observed in
patients in the United States who were
given radium-226 {1600-vear half-lite
and radium-228 (5.8-vear 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 19305 to the early 1950s.
it is deposited at severad 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 Jevels of
exposure were fairly common and. in
some cases. caused serious conse-
quences for numerous workers. Per-
haps. the most widespread serious bio-
logical effects trom occupational
exposure to radiation eccurred 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 wm of the century. radon
concentrations in the mines of central

Table 1. Whole-Body Doses for Mayak Nuclear Weapons Facility Workers

A

Average
curnulative dose (rem)

Average
annual dose (rem)

Per cent with greater than
100 remn per year

*Groups are defined in the text.

122

32.6

65

Warker Groups”

HA B nB

49.2 245 71.8
6.4 704 7.2
0.15 22.8 0.1

Natural thorium consists entirely of tho-
rium-232, which has a very long half-
life (greater than 10'? 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 spieen. 300 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

scess rates of several other types of
vancer.
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Europe were so high that about one-
half of the miners died of lung cancer.
A more recent comprehensive study of
over 60.000 uranium miners from |1
iocations 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-fevel-months.” Such an expo-

*a working-lavel is defined as a potential aipha-
particle energy concentration of 1.3 = 10¥ MeV
per cubic meter, which carmesponds o an activity
concentration for radon-222 in equilibrium with
its daughiers of 100 picocuries per liter of air. A
working-level-month is defined as an exposure to
one working-level for 170 hours. or one working
manth.

sure results in a lung dose of almost
2700 rem. which corresponds 1o a
whole-bady effective dose of about 32p
rem. This risk is not confined to urani-
um miners. For example. tin miners ip
China, who were also exposed to radon,
suffered comparable excess lung cancer
risk. '

The occupational exposure that finaliy
revealed the dangers of intemal emitters
was that of radium-diat painters, who
were exposed to radium while painting
tuminous dials in the U.S. 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 exposuré of bloed-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 10 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 bene sarcomas
combined). No skeletal tumors were
observed in 1391 subjects who received
skeletal doses less than 20,000 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 [arger, but less homoge-
neous, population of more than 4000
subjects, including radium-dial painters.
radium chemists, and patients who were
therapeutically treated with sadium 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 tewer than
2 that would have occurred in an unex-
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osed population. In addition, 35 sar-
comas of the paranasal sinuses and
mastoid air cells occurred. compared 1o
fewer than | that would be expected
for an unexposed population. The me-
dian cumulative skeletat dose at the
rime of tumor diagnosis was about
(20,000 rem for the bone sarcomas.
Three head-sinus carcinomas and three
pone sarcomas (including a British dial

sinter} have occurred in individuals
with skeletul doses of less than 24,000
rem. whereas only 0.2 would be ex-
pected for an unexposed pepulation.
For cach type of cancer, the smallest
cumulauve 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
sgem to contradict the indtcation of a
possible threshold skeletal dose of
20,000 rem, but the small number of
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 industiry
and weapons laboratories have been
controtled from the beginnings of the
nuclear era in the eariy 1940s, in part
as a result of the experience of the radi-
urn dial painters and the subsequent ad-
herence to radiation protection stan-
dards. Consequently. the average
annual exposures have been kept 1o a
few rem or less, and the health effects,
if any. are very difficuit 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-weapoens tacility 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
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period 1948-1953 (1) or 1954-1958 (1),
and second, whether they worked at the
nuclear reactor (A} or the reprocessing
plant (B). Statistically sigmficant ex-
cess mortality risk for cancers of the
hematopoietic and lymphatic svstems.,
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 commen. but rarely oc-
curred in workers with less than 235 rem

annual dose or 10{) rem cumuiative
dose. Workers who exceeded both of
these values had substantially higher

X-ray fluoroscopy began arcund 1800.

In this technique the x rays cause crys-
tals on the screen of tha instrument to
fluoresce. The image is thus seen direct-
ly by the oparator. Flueroscopy was ini-
tially considered more effective than radi-
ography because sxaminations could be
conductad rapidly and without the use of
expensive photographic plates. However,
radiation damage to operators became
well known sven in the early years of the
twentiath 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 3
rem. which was the internationally rec-
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ognized annual limit tor individual cadi-
ation workers at that time.

Studies on health effects of radiation on
radiologists and radiology technicians
20 back to the early use of x rays in
medicine. British radiologists who
began their professional work before
{921 had a 73 per cent higher cancer
death rate than other medical practition-
ers. Cancers of the pancreas. lung.
skin. and leukemia were significantiy
elevated. Doses received by those early
workers are not possible to estimarte,
but whole-body doses of the order of
106 to 300 rad might have been accu-
mulated by those entering the protes-
sion berween 1920 and (943, The can-
cer deash rate for British radiologists
who started in the profession after (920
was not significantly elevated.

Until about 1950. radiologists in the
U.5. were also observed to have excess
cancer mortality. especially leukemia.
lymphoma, and muliiple myeloma.
when compared with internists or other
medical specialists who have less po-
tendal 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 nsks for cancers of the

‘esophagus, liver, skin, large intestine,

central nervous system, and leukemia.
in ali studies, a consistent finding for
medical x-ray workers in earlier peri-
ods. when they accumuliated higher
doses, is an increased nisk for ail 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
cxposures were generally chromic. At
high levels, both have been associated
with elevated cancer incidence and
mortality.

Risk Fstimates Based
on Japanese Atomic-Bomb
Survivors

What ts 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 uan analy-
sis of the most recent data for the
Japanese atomic-bomb survivors (UN-
SCEARY4, Annex A). In addition, we
examine non-carcinogenic prenatal ef-
fects in this group (UNSCEARG93,
Annex H). '

ductien of cancer in humans is the Life-
Span Study of survivors of the atomic
bombings of Hiroshima and Nagasaki.
The study involves a large homoge-
neous popuialion, the subjects have
been followed with great care for

decades, and they represent ail ages at
Atomic-Bomb Survivers. Perhaps. the time of exposure, both sexes, and a

best source of data on the radiation in-

Expected number of cancer deaths Observed cancer deaths

for unexposed Japanese populafion among atormic bomb
SUNVIVOTS
| -
= | Expected fluctuations
S | about the mean
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Number of cancer deaths

Figure 3. Excess Solid-Tumor Deaths among Atomic-Bomb Survivors
The observed number (6900) of solid-tumor deaths among Japanase 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 i3 3.7 standard deviations from the mean,
indlcating that the number of excess cancer deaths is much greater than can be ac-
counted for by fluctuations in the expected number. (Data from UNSCEARS94).
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wide range of doses. The data on solid-

wmor 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 1930 to 987 and in-
clude about 86,000 individuals for each.

The 19835 1otal Japanese populatien 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 15 about 6300). As shown in
Figure 3, this excess of 300 cancer
deaths represents a statistically sigmtl-
cant in¢rease 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. sa it deserves
emphasis. Of approximately 86.00%
persons that survived exposure o atom-

-
)
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i bombings in 1945, only 300, or (.35

or cent. are estimated to have died Table 2. Statistically Significant Radiation-Induced Cancers
uter { 1950-1987) from radiation-in-
Juced wolid cancers. In the leukemia Cancer Site Excess-Relative- Mortality Rate per
incidence cohort. 73 persons, or (L0387 Risk Factor for Mortality* 100,000 person-yearst
ger cent. are estimated to have devel- (rem™) male female
oped radiation-induced leukemia, leukemia _ 0.052 85 5.0
multiple myeloma ©0.023 3.4 2.2
Table 2 lists those cancers for which breast 0.018 0.2 272
cuiistically significant (Y0 per cent con- bladder 0.012 : 55 1.6
fidence ) etfects were seen fqr cancer lung 0.0076 73.0 30.9
mormli‘ty and for cancer lnc1depce, _ colon 0.0047 233 15.6
Also given are _the exgess_—yelam'e‘-f‘lsk Yver 0.0044 a6 17
FaCTOTS. Slatlst{call?«' s;lgmhclant_ eftects stomach 0.0022 61 28
were not seen. in either the incidence or
mortality data. for cancers of the esoph-
agu>- bo.ne and conne'cm-.e t_msue' and Cancer Site Excess-Relative- Incidence Rate per
brain ‘“_md.‘f‘"x.mm‘ nervous system. - Risk Factor for incidence* 100,000 person-yearst
Also, statistically significant effects 9
were not seen in the incidence data for {rem™) )
non-Hodgkin's lvmphoma. Unfortu- , '
nately. un earlier analysis, which as- thyroid 0015 25 64
skin (non-melanoma) 0.0088 —unavailable—

sumed that neutrons and gamma rays
were equally effective for carcinogenic
offects. had to be used for the leukemia *Excess- relative-risk factors are calculated using a guality factor of 10 for neutrons. except

and mulliple myeloma mortalit}' data, for leukemia and multiple myeloma mortality, where a quality factor of unity is assumed.

as these were not available in the most TNormal age-adjusted cancer and incidence rates in the U.S. (1387-1991).
recent analysis, which assumed that

Table 3. Life-Span Study: Solid-Tumor Mortality {1950-1987)

Absorbed Mean Weighted Person Number of Observed Expected
Dose Dose-Equivalent Years Subjects Deaths Deaths
{rad) {rem} -
< . 0 1,385,374 46,176 3,435 3433
1-10 4 693,935 23,147 1,868 1,837
10-20 14 171,130 5713 472 444
20-50 33 188,444 8.283 582 508
50-100 74 93,116 3111 312 234

100-200 142 46,891 1,543 178 108
= 200 252 9.984 338 40 18

This table divides the exposed population into groups according to the dose received. The daia in the first row, comesponding to
abserbed doses of less than 1 rad, have been assigned a mean equivalent dose of zero ram. The first column gives the absorbed-
dose intervals into which the data are organized, and these correlate with distancs from the bomb blast. The second celumn gives
the mean dose-equivaient (D } in rem received by each subpopulation. The third column gives the total number of person-years of
foliow-up (PY) for the subjects in each dose category. The fourth column gives the number of psrsons in eatch dosa category. The
next-to-last column gilves the actual number of ohserved cancer deaths (O} in the time interval 1350-1987. The last column gives the
number of cancer deaths expected (E) in each sub-popuiatlon, based on a comparison of the age and sex distribution with an unex-
posed Japanese population.

Number 13 1995 Loy Afames Science M3

1256751



Radiation and Risk—A Hard Look at the Data

neutrons were ten times as effective as
gamma rays.

The solid-tumor mortality data for
Jopanese survivors are given in Table 3.
grouped according to level of exposure,
estimated from cach subject’s distance
from the bomb biast. The data on
doses are sufficiently consistent and the
numiber of subjects in ey ‘ose inter-
val is large enough 10 alit »+ 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.

With regard to hereditary health effects
and prenatal carcinogenic effects, the
numbers observed, even among this
large cohort. are too smail (o 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 13
weeks atter conception was identified.
Radiation 1s 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 ¢1Q)
distribution. This downward shift is es-
timated to be about 30 [Q) points per
100 rem. for exposures in the critical
period of 8 to 13 weeks after concep-
tion. Severe mental retardation is clini-
callv defined as more than two standard
deviations {about 30 1Q 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 [Q disiribution. 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 etfect is believed to have
i threshold of about 10 rem.

Risk Estimates for High Doses and
High Dose-Rates. How should the

104
125

[

I T
FOG

Excess relative risk (O/E - 1)

Slope=4.5x102 per ram

0 50 100

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 bara correspond to plus and

Dose {rem)

[ f i

150 200 250

minua one standard deviation. A straight-line fit to the data yields the high-dose, high-
dose-rate relativa risk factor of 4.5 x 10 psr rem. Note that the two data points below
20 rem, although lying on the striaght line, are alsc conasistent with zero risk. {Data

from UNSCEARS4.)

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 (0 determine a
risk factor corresponding to the acute
high-dese exposure experienced by the
Japanese survivers. Following current
practice, we shall use the excess-rela-
tive-risk mode! (see “Measuring
Risk™). We plot in Figure 4 the ERR
for solid-tumor mortatity 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 estimated assuming that
the uncertainty in O tor E) is given by
the square-root of O (or £); 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 stope of 4.5 % 1073
per rem. which is the excess-relative-
risk coefficient for sokid-tumor cancer
mortality. If we muitiply this figure by
the solid-turmnor mortality rate in the
general unexposed population. we . .un
obtain the absolute rate of radiation-in-
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duced cancer mortality per unit dose.
In the Life-Span Study. "ne 1985
Japanese population and death rates are
gsed as the unexposed population,
from which i1s obtained the solid-tumor
death rate of 24.3 per cent. Thus, we
obtain the risk factor for radiation-in-
duced solid-tumor mortality of 0.001]
per rem. 1f we include leukemia, the
risk fuctor rises to 0.0012 per rem,
which is the appropriate overall risk
factor for high-dose high-dose-rate ex-
posures. For exampie. if a population
of 1000 persons is exposed to an acule
whole-body radiation dose of 20 rem,
we should expect. based on this analy-
sis. 24 extra cancer deaths (1000 X
{3.0012 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
compasison, an individual living in the
U.S. has, on average, about a 1.5 per
cent chance of dying in an automobile
accident.

Referring to Figure 4. it will be noted
that the soiid-tumor data comresponding
to doses below 20 rem {which is 84
times the average annual world-wide
dose due to background radiation) are
consistent with zero effect. [f 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 sk factor derived
ubove may or may not apply to the
low doses angd 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 tor establish-
ing standards and guidetines 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 low-dose data from Figure 4 with a straight-line extrapolation from the high-dose
data, as well as other possibie fits to the data, including (a) threshold/linear, (b} sub-
Iiner, {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, oftfi-
cial organizations have been
established to recommend radiation
protection standards. The most influ-
enttial international organizations are
the [nternational 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

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 3) is to ex-
trapolate the straight line drawn
through the high-dose data in Figure 4
all the way dowa to zero. This choice,
known as the linear-dose-response, no-
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threshold (LNT) hypothesis. implies
that the risk is proportional t¢ dose ail
the way down to zero dose. This hy-
pothesis further 1::plies that the sume
number of ¢xcess cancers would anse
from exposing 100 persons to 100 rem,
or 10 thousand persons to | rem. or 10
million persons to 1 mullirem (all doses
are in addition te natural background),
In the latter two cases. the predicted
excess is well within the normal fiuctu-
ation of the expected number of cancer
deaths for an unexposed population
and. therefore, not identiftable as due
to radiation exposure.

Figure 5 also shows some other possi-
ble choices for extrapolation frorm the
high-dose datz. namely: (a) threshold.
where there is some value of dose
below which there is no effect: (by sub-
linear {dose exponent greater than 1),
where the effect per unit dose at low
doses is less than at high doses: (¢} su-
perlinear {dose exponent less than 1),
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 celiular DNA. as well
as the fallibility of cellular repair mech-
anisms. afso 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 cellular experi-
ments. the cell's repair effecti. .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 etfectiveness is seen to increase
with increasing time between doses,
and with lower dose rates.

12557y
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The radiation-protection community has
adopted the LNT hypothesis as a con-
servative basis for estimating risk.
However, they have chosen 1o modify
risk estimates based on this hypothesis

“ta take 10to account results from animal

and cellular experiments indicaring 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 iless than 0.6 rem per hour) is set
equal to one-half the risk tactor for
high doses (1.2 X 1073 per rem) (see
UNSCEAR 94). The risk factor for ra-
diation-induced cancer mortality then
becomes 6 X 10~ per rem for the gen-
eral population. which is within the
range of uncernzainty of the official
NCRP and ICRP- recornmended risk
factor of 5 X 10"* per rem. Because
the working population does not in-
clude chiidren, the risk factor for work-
ers is set somewhat lower, at 4 X 10
per rem.

Thus. the risk factors for low-dose (less
than 20 rem} or low-dose-rate (less than
(3.6 rem per hour} radiation exposure
that are generally used throughout the
world today are 5 % 10 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 natu-
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 incured an
excess risk for cancer mortality ot (.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 mornality. Thus,
the person on the East Coast incurs a
greater risk than the persen in Denver,
despite the fact that the persor in Den-
ver is receiving a higher total dose per
vear than the person on the East Coast.
If this seems strange to the reader, you

are not-alone. It should also be noteg
that radiation received from medical ¢y.
posures is not included in records of
occupational exposures.

What is the risk factor for radiation-ip.
duced hereditary effects? It is known
that radiation ¢can cause mutations in
the DNA of germ celis (ova and
sperm). and those changes can be prop-
agated from one generation to the nexp,
These radiation-tnduced mutations are
similar to those that occur spantaneoys-
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,
statisticadly 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 .;weir expe-
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,
{INSCEAR estimates the risk in the re-
productive segment of the population
for serious effects in the two succeed-
ing generations following exposure (o
be about 3 X 1077 per rem. {Serious ef-
fects include stillbirths, major congeni-
tal defects, and cancer incidence betore
the age of twenty.) A risk value of

1.2 x 104 per rem is given for all gen-
erations after exposure.

Population studies show that diseases
with an important genetic ¢ ~ponent
accur in five to six per cent of 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 nisk
from low radiation doses is trivial com-
pared with the genetic load carried in
the general popuiation.
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" Population Requireménts of Low-Dose Studies

Statistically significant results showing a definite correlation (either posi-
tive or negative) between low-ievel exposures and excess cancers are
very difficult to obtain, primarily because the risk factor for excess can-
cer mortality per unit dose is so smail. Thus, for low doses, one needs
to follow & very large population for several years for there to be a
chance of detecting any correlation at ail.

As an illustrative example of the statistical difficulties encountered at low
doses, consider the problemn of trying 1o 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°)DON, where 5 x 107 rem™! is the hy-
pothetical cancer mortality risk factor far the general public and D is the
dose in rem {above normal background). The expected number of can-
cers for an unirradiated popuiation is 0.20 N, where 0.20 is the cancer
montality rate for the general popuiation. The expected fluctuation in the
number of expected cancer deaths is given by the standard deviation,
(0.20 M2, 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,
ihe following inequality must be satistied:

(5 x 10°MDN > 3{0.20 N2,

which vields N > 7.2 x 108/0R. Tharefore, to observe a change in can-
car mortality due to an extra dose (from an elevated background level)
of, say, 0.24 ram per year aver a lifetime of 75 years, or 18 rem, re-
quires a study population of more than 20,000 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 (for-example, 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 rmust last for several years. It is, thereforg, not too surprising that
faew such studies are undertaker. m
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factor of two for chronic exposures re-
sults in a minimal estimate of the dou-
bling dose of 40{) rem, which is about
1700 times the average annual dose
from background radiation (UN-
SCEAR93).

Radiatien Protection Standards.

Both the ICRP and the NCRP huve rec-
ommended upper limits on radiation ex-
posure that are intended to prevent the
occurrence of deterministic effects and
1o ensure acceplably low levels of risk
for stochastic effects. Both organiza-
tions use the conservative LNT hypoth-
esis 1o 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 cuncer
mortality risk factors (5 X 107 per rem
for the general public, 4 % 10+ per rem
tor workers) are often applied. especial-
ly for public exposures, at dosc levels
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 (NCRPIi6) 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 ail other or-
gans. Also, the NCRP recommends
that a worker's lifetime etffective dose
not exceed 1 rem muitipied by the
worker's age in years. Thus. for exam-
ple, a worker who retires at an age of
635 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 107 per rem X 63
rem = 0.026) of dying from radiation-
induced cancer. The robability 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-

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-  frequent exposure. Thus, a person ex-
o double the normal incidence of the able, but the figure is thought o be posed to 0.1 rem per year for 75 vears
observed effect. which is estimated to conservative. Applying a low-dose-rate  has a hypothetical probability of about
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0.4 pet cent (5 X 104 per 20
rem X 0.1 rem per year X 75
years = 0.00375) of dying
from radiation-induced €ancer.
Al} 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 articie "A
Brief History of Radiation Pro-
tection Standards.”

Huntan Exposures to
Low Doses of Radiation

Lung cancer mortality (in units of 1 in 105 per year)

In previous sections of this ar-

ticle, we described human ex-

posures to radiation that resuit- 0
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 tevels 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 amtempt o
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 also apply the
risk factors derived in the previous sec-
tions to determine the hypothetical risks
for cancer mortality associated with
these low-levei exposures and compare
the results with epidemiological data,
where possible.

Envirenmental Exposures. As stated
earlier, the world average annual etfec-

o 125077

| 1 l | } 1

applied to exposures in gy.
cess of natural backgroung
This exposure {240 Milliren,
per year), taken over a 7s.
year life span. would resuly,
hypothetically. in an in-
creased risk of cancer mer.
tality of 0.9 per cent (5 x
10 per rem X 0.240 rem
per year X 75 y1s = 0.000),
Thus. according to the sk
estimates extrapolated from
high doses., background ra.
diation may account for lesg
than 5 per cent {0.009/0.2%;
of all cancer deaths.

U be  rround radiation is
responsible for some cancer
deaths, then the consider-
able-variability in back-
ground levels with location

1 2 3 4 5 )
Mean radon level {picacuries 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. countles.
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 abtained by applying the linear-no threshoid
(LNT) hypothesis to higher-dose data for miners. The theorsti-
cal risk increases at a rate of 7.3 per cent per picocurie per Jiter,
whereas the data show a decreasing risk with increasing radon
concentratign. Thus, the LNT hypothesis is contradicted by
this study. (Reproduced from B. Cohen, 1985, Health Physics
68: 157-174.)

tive dose from natural sources is about
240 millirem. with a little rmore than
half due to radon and its decay products
and 23 millirem from radionuclides
within the body. particularly potassium-
4(. Cosmic rays and terrestrial gamma
rays account for the remainder. No one
knows what percentage of observed
cancer deaths. if any, is due 1o 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

] and altitude might result in
observable variations in
cancer mortality from one
region 10 another. The
magnitude of the variability
of this natural background
radiation is noteworthy,
While cosmic radiation ac-
counts for about 25 mil-
lirem per vear at sea level,
this rate is approximately
doubled for the "mile-high”
cities of Aibuquerque and
Denver, and approximately
.quadrupled for Quito,
Ecuador. at 9350 feer, be-
cause of the decreased at-
mospheric shielding at higher altitades.

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 13 to 1350 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
menazite sands occur, notably the Ker-
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zla Coast of India. dose rates of sever-
a1 hundred mitlirem per vear are found
for the terrestrial contribution.

fndoor radon represents the largest con-
ribution to the average annual back-
ground dose. and it can vary by a factor
of ten or more. Studies of U.S. homes
have found a mean activity concentra-
tion 1n the ground ficor (lowest livable
area) of 1.25 picocuries per liter, which
would correspond to an annual whole-
body effective dose equivalent of about
100 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-
demioclogists 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-
edse 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 swdy, involving some
70.00¢ persons, tock place in two
neighboring regtons in which a differ-
ence in annual dose of 200 to 300 mil-
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Table 4. Medical Diagnostic Procedures

X-ray Examinations*

{1985-90) average annual total number of

examinations

(1985-80) average annual number of
dental examinations

(1980} average annual effective dose per
patient

{1980} annual collective effective dose

1200 per 1000 persons
400 per 1000 persons
50 millirem

9.2 x 10% person-rem

Effective Doses from Diagnostic X-Ray Procedures’

lower Gl tract 720 millirem
upper Gl tract 410 millirem
angiography 680 millirem
urography 310 millirem
compuyted tomography 430 milliremn

dentai examinations

Muclear Medicine Procedures*

{1985-90) average annual number of
procedures

(1982) average annual effective dose
per patient

{1982) annual collective dose

a few millirem

26 per 1000 persons
500 millirem

3.2 x 10° person-rem

Effective Doses from Diagnostic Nuclear-Medicine Procedures?

. cardiovascuiar 1400 millirem
brain 870 miilirem
bene 630 millirem
thyroid scan 380 millirem
thyroid uptake 250 millirem

*Data far the US.

TData for a group of nations for which there is at least one physician per 1000

parsons.

lirem was associated with nearby de-
posits of monazite sands. Based on es-
timates from the Japanese Lite-Span
Study (omitting the dose-rate reduction
factor), an excess risk for leukemia in-
cidence of 27 per cent by age 50 vears
would be expected for the group with
the higher annual dose. However, the

it

leukernia 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 resuit that the
risk factor based on extrapolation trom
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 montality 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 i negutive correlation up to con-
centrations of at least 7 picocuries per
liter. This result would seem to imply
that up to dose-raie 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
mortalitv. The LNT bypothesis, of
course, predicts an increasing lung can-
cer mertality 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
Denmurk was found to have a higher
lung-cancer rate thap Sweden despite a
lower mean radon concentration.

Diagnostic Medical Exposures. Med-
ical diagnostic examinations represent
the largest exposure of the general pub-
lic te 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
tetal annual collective dose equivaient
trom diagnostic x-ray and nuclear-med-
icine procedures in the U.S. js 1.24 X
107 person-rem, which is rather large.
How many excess cancer deaths might
be attnibuted (o this collective medical
exposure? Simply muitiplving the col-
lective dose by the risk tactor for can-
cer mortality (3 X 107 per rem} yields
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Table 5. Distribution of Cumuiative Doses in JARC Study of Nuclear Workers

Dose Range {rem)
0
0-1
1-5
5-50
50 - 100
> 100

Fraction of Workers
oM
0.48
0.20
0139
0.009
0.001

6200 hypothetical excess cancer deaths
per vear for the £2.5.. which is about )
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. shouid be observable, if real. In-
terpretation of these data would be
complicated by a number of contound-
ing factors—for example. many persons
=xposed in diagnostic procedures have
pre-existing disease. and up to one-half
of the procedures take place in the last
vear of life. These confounding factors
would diminish the significance of ob-

served mortality statistics.

Nuclear Industry Exposures. The nu-
clear industry provides u 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 (acilities 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 10 12.4 rem. which, when
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Excess relative nsk (G/E -1% tar all leukermas excepl GLL

Slope = 2,15 x 10°2 per rem

0 2 4 6 8 10 20

Cumulative dose {rem)

Figure 7. Nuclear Worker Data for Leukemia Risk

Excess relative risk for. mortality for all leukemias, excluding chronlc lymphoeytic
leukemia, versus cumlative dose for 96,000 nuciear 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-line fit to al of the data yields a rela-
tive risk factor of 2.15 x 10-2 per rem. However; If tha highest-dose data point is ex-
cluded, the remaining data show no increase of risk with increasing dose. {Data from
E. Cardls, et al., 1995, Radiation Ressarch 142: 117-132.)

muliiplied by the risk factor for workers
of 4 X W per rem. yield a hypothetical
average risk range for radiation-induced
cancer mortality of 0.03 per cent 10 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.

Lowking at specific cancers. a signifi-
cant excess risk (about 27 per cent) was
found for lung cancer in workers at
Qak Ridge planis, with the average in-
dividual cumulative dose a very low 1.7

I 2
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rem. This dose yields a hypothetical
risk for cancer montality of 0.07 per
cent. However, there is some indica-
tion that smoking may be a confound-
ing factor in these resuits. At the Sell-
afietd plant in the United Kingdom., the
average individual cumulative dose was
12.4 rem, which yields a hypothetical
cancer mortality risk of 0.3 per cent. A
“significant rend” was reported for ex-
cess ienkem:a risk when exposures
were lagged by 15 years to better ai:.n
them in time with the appearance ot the
disease. However. it should be noted

that there were 10 leukemia deaths
overall at Sellafield, whereas 12 would
have been expecied if the radiation ex-
posures posed no fsk.

The International Agency for Research
on Cancer (IARC) Study Group an
Cancer Risk among Nuclear Industry
Workers performed an independent
stucty of the combined data. mentioned
above, trom the United Kingdom,
United States, and Canada. This study.
involving more than 95.000 individu-
als, 15 the most extensive study to date
for cancer montality risk associated
with protracted exposure to low levels
of radiation. The distribution of cumu-
lative doses received by the study pop-
alation, iisted in Table 3. was rather
skewed in that 60 per cent of the co-
hort received doies of | rem or less
and only about | per cent received
doses of 50 rem or more. All doses
are assurmed to be at low dose rates.
Excluded from the study were [9
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 < 10 10 +30 X 107
per rem, which is consistent with zero
risk. For teukemia, excluding chronic
tymphocytic (CL) leukemia, which is
thought not to be induced by radiation,
the excess relative risk (ERR) was re-
ported 1o be positive at 2.2 X 10> per
rem. with a 90-per-cent confidence in-
terval from 0.1 X 102 to 5.7 X 10 per
rem, which is barely significant (the 93-
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
exirapolation 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 muitiplier is quite large
(0.027-1.7).
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Table 6. Plutonium Experiments in Humans (1945-1947}

Subject Isotope Intake (nCi) Time {(yrs) Dose {rem)
CAL-I Pu-238 3500 20.7 6400
Fu-239 46
CAL-ll Pu-239 169 0.698 13
CAL-IH Pu-238 51 45.0 155
CHI- Pu-239 400 0.438 19
CHi-i Pu-239 5900 0.0465 29
CHI-IN Pu-239 5800 0.465 300
HP-1 Pu-235 280 14.2 380
HP-2 Pu-239 310 2.45 80
HP-3 Pu-239 300 372 880
HP-4 Pu-239 300 1.42 46
HP-5 Pu-239 310 0411 14
HP-6 Pu-239 330 38.3 990
HP-7 Pu-239 390 0.715 30
HP-8 Pu-239 400 297 100G
HP-9 Pu-239 390 1.25 52
HP-10 Pu-239 380 10.9 410
HP-11 Pu-239 400 0.0184 0.8
HP-12 Pu-239 290 8.1 230

LNT Probability (per cent)

< 100,

0.65
7.7
1.0
15
15,
19.
4.0
a4 -
23
07
50.
15
50.
26
20.
0.03
12,

The authors of this study give the rela-
tive risk (RR) for all leukemias except
CL leukemia for 10-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

112 -
'ZSCJM

is a positive effect observed {Figure 7).
The risk factors quoted above are found
by forcing a linear fit to all of the data;
howevey, if the one data point for doses
above 40 rem is excluded. the remaining
6 data points for deses beiow 40 rem
show a fiat 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
tow doses. in addition to the assumed
lirear 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 al low doses {less than 20 rem).
However, this study does provide viiu-
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
camied out in the United States. during
the 1940s and [950s. Most of the ex-
periments in which Los Alamos were
involved are discussed in part III of this
volume. Here. we wish to examine the
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doses received and the hypothetical
rsks associdted with those experiments.
The experiments ini:lude_ the plutonium-
injection experiments and three series
of tracer studies done at Los Alamos,

Plutonium Injections. Starting in
April 1943 and continuing for a period
of about two vears, 16 persons were in-
jected with plutonium-239. one person
with plutonium-238, and one person
with 2 plutonium-238/239 mixture {see
Table ). The subjects in the studies
were patients at the following hospitals:
Manhattan Engineer Discrict Hospital in
Ouak Ridge (subject designated HP-12):
Billings Hospital of the University of
Chicago (CHI-I to NIy University Hos-
pital of the University of California,
San Francisco {CAL-{ to {II); and
Strong Memorial Hospital of the Uni-
versity of Rochester (HP-1 to 11}

Both plutonium-238 and plutonium-239
are alpha emitters and are retained in
the body for several decades. The
amounts injected ranged from 100 to
3900 nanocuries. The purpose of these
investigations was 1o detertnine the ex-
cretion rate of plutonium over time for
known intakes. These data. together
with extensive animal data, were criti-
cil for constructing models that were
used to deterrnine the plutonium intakes
and consequent body burdens. based on
gxcretion data, for workers in the na-
tion’s nuclear-weapons complex. {t 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-
Jjects 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 intormed 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 2803 Here, we wish to examine
the doses received and the associated
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hypothetical risks of cancer mortaiity,
based on the current risk factor 15 X
0+ per sm) derived from the LNT
hypothes.s and the subsequent hifetimes
of the subjects. Tt should be noted that
the recommended limit for plutonism-
239 in the bodv during most of the
Manhattan Project was 3 ‘micrograms
(310 nanocuries). Around the ume the
injections were begun. a provisional
iimit of 1 microgram (62 nunocures)
was adopted. In 1950. the official limit
was lowered 10 0.5 microgram (31
nanocuries).

Let us denive the risks associated with
the radiation exposures resulting from
these plutonium injections by naively
applying the hypothetical nsk factor
recommended for radiation protection
appiications. In Table 6. we give the
relevant data for each of the subjects:
the fourth column is the remaining iife-
time from time of injection tor each
subject. The current radiation risk tac-
tor tor cancer mortality is applied to the
cumulative whole-body effective dose
equivalent, which is given in the fifth
columa 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 smail probabilities,
and it overestimates relatively large
probabilities. Excess morality proba-
bitities of greater than 100 per cent are,
therefore, excluded, as in the case of
CAL-1. 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 40 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 piutonium. Although the num-
ber of cases is too small to be signifi-
cant, this conclusion is consistent with

L2306 11

the observed results for the radium-dial
painters. [n 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.
Even in these cases. in which the activ-
ities injected are known precisely. sub-
stantial uncertainrities in rthe resuliing
doses remain, primarily related 1o the
activity distribution in the body and to
the subsequent biological damage pro-
duced.

Tracer Studies: Radiociodine. During
a period of almost two decades follow-
ing World War [I, 42 persons. includ-
ing 8 children {under 1 yrsi and 6
teenagers, ingested iodine-13] and io-
dine-125 in studies at Los Alamos with
the dual objectives of improving diag-
nostic technigues to detect thyroid dis-
e and estimating doses due to inges-
tion of food containing radioiodine that
came from the fallout of armospheric
nuclear-weapons tests. The volunteers
in these studies comprised the re-
searchers themselves, their children and
their colleagues. The activities of the
radicisotopes ingested by the adults
were in the microcurie range, resulting
in doses to the thyroid of a tew rem
and whole-body effective doses of
about 100 millirem or less. The chl-
dren ingested about 10 nanocuries of
radioiodine. resulting in thyroid doses
of 80 to 160 millirem. depending on
age, and whole-body effective doses of
about 3 mitlirem or less. For both
adults and children, the whole-body
dose was a small fraction of the annuval
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 radioioding
in fallour from nuclear weapons tesis.

Tritium. During the 1950s. three vol-
unteers from Los Alamos ingested -
tium in the activity range of 2.5 10 14
microcuries, resuiting in whole-body ef-
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fective doses of about 200 to 900 mil-
lirem. which cotresponds 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 10 days. The purpose of these
experiments was o 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 camed out with volunteers
at Los Alamos using a variety of ra-
dionuclides, tncluding sodium-22,
potassium-42. zinc-63, rubidium-86, ce-
sium-134, and cesium-137. The activi-
ties administered were in the range of
0.1 1o 1.4 microcuries, resulting in
whole-body effective doses of 0.1 to
L0 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-
1zing radiation have been observed with
statistical significance in a large varety
of sitnations. 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
stili 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+ -5
represents the most complete source of
information on human exposure to ion-
izing rachation, with doses spanning the
range from low to very high, and with
several tvpes of cancer induced. From
these experiences, we know that radia-
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tion is relatively effective at inducing
cancers of the thyroid and breast, as
well as leukemia, and refatively ineftec-
tive for bone cancer and cancers of the
brain and ¢entral nervous svstem. Our
knowledge of clinically observable
hereditary effects, on the other hand, is
gained mostly from celiular 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 jonizing radiation at
doses above about 20 rem. deliverad 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 Avpethesis 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 remshr)
1s approximated by multiplying the nisk
factors obtained at high doses and high
dose rates by one-half, resulting in a
cancer mortality nisk factor for the gen-
eral public of 5 X 10 per rem (or |
chance in 2000 per rem}, and for occu-
pational workers of 4 X 10** 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 10
involve sufficient numbers for good sta-
tistics is the U.8. study that found a de-
creasing mean lung-cancer incidence
rate with increasing mean indoor radon
CONCEnLration on a county-by-county
basis. However. when all studies of
radon-induced lung cancer are consid-
ered together, the resulis are inconclu-
sive. A second such study is the one
dealing with background radiaticn due

to monazite sands in Guangdong
Province, China, which failed o find 4
increased leukemia risk. as predicted by,
the LNT hypothesis. A third study
with the potential for good statistics is
the study of nuclear workers in the
United Kingdom, the United Stales, ang
Canada. which failed to find an in-
creased risk for all cancers combined,
excluding leukemia. A positive risk
was reported tor non-CL leukemia;
however. an examination of the data
shows that, below 40 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 cbserved
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- i
cal power become available to settle the
question {see “‘Population Requirements
of Low-Dose Studies™), the linear-dose-
response, no-threshold hypothesis must
be viewed as a prudent chotce 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 evervone from naturat background
radiation represents a small fraction of
the sum of the real nsks that ali 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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rding, hang-gliding. and so forth, are
measured quantities: they are not hy-
pmhesized‘ It seems reasonable to this
quthor 10 cut off our concem with the
risks accompanying exposure Lo man-
made radiation a some sensible frac-
tion of the dose due 1o natural back-
ground radiation. since we all seem o
;cccp[ with alacrity large variations in
the natural background as we move
from place to place. Within the context
of the linear-dose-response, no-thresh-
okd hypothesis for extrapelating risks to
low doses, there is no difference in col-
lective cancer rnortality risk between
1000 persons receiving 10 millirem and
one person receiving |0 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 rationally 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-
rinue to wasie societal resources that
:ight be spent more constructively. and
it 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 1o oppose nu-
¢lear generation in the hope of getting
environmentatly “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 1s definitely not envi-
ronmentally “friendly™ {for example,
smog, respiratory ilinesses, 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 witl be bome by someone
else; but in fact, that cost is borne by
our society and. ultimately, affects us
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all. We have the freedom 1o base our
choices on reason or on emotion. but we
are not immune trom the consequences
of our choices. m
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Mario E. Schillaci came to the Laboeratory in
1967 a5 a postdoctoral fellow in 1he Theory Di-
vision. [n 197, he joined the Medium-Energy
Physics Dhvision where his proncipal inerests in-
cluded non-nuclear research appiications of
[.AMPF beams. During his tenure with
LAMPF. Marto completed Investigations in sev-
eral diverse fields including: radioisotope pro-
duction. muon chemistry, muon spin rotation.
pien channeling, the neutrine oscillation experi-
ment (LSND}. and pien radiotherapy. for which
he helped develop codes for determiming energy
deposition o tissue from pion beams. In [982.
as an outgrowth of this colaboration, he [oined
u radiobiology research project headed by M. R,
Raju. of Life Sciences Division. that studied
mechamsms of biological damage in mammalian
cells using ultrasoft x rays. Mario's interest in
hinlogical effects of radiation led him wn [993 10
join the Dose Assessment Team {ESH-12) of the
Environment, Safety, and Health Division.
Mane wis a member of the Human Studies Pro-
ject Team that investigated the Laboratory’s in-
volvement in human radiation experiments. He
recerved his B.S. in physics trom Drexel Uni-
versity and eamed his Ph.D. from Brandeis U'ni-
versity in theoretical elementary particle physics.
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Wilhelm Conrad Roentgen (above)
discovered x rays in 1895 in Wurzburyg,
Germany. Alsc 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.

e 1256 150

A Brief History of Radiatiop

ealth physics is concerned with protecting people from the harmful effeptg

of ionizing radiation white allowing its beneficial use in medicine. scienge.

and industry, Since the discovery of radiation and radioactivity 10 yegrs
avo. radiation protection ~tandards and the philosophy governing those standards
have evolved in somewhat discrete inter.
vals, The changes have been driven by
two factors—new information on the q
fects of radiation on biclogical systems
and changing attitudes toward acceptuble
risk. The earfiest limits were based on
preventing th: onset of such obvious ef.
fects as skin wicerations that appeared
atter intense exposure to radiation fields.
Luter limits were hased on preventing de.
layed effects such as cancer that had been
observed in populations of people receiv-
ing high doses, particulariy from medical
exposures and from the atomic-bomb ex-
posures in Hiroshima and Nagasaki.

During the evotution 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 Io low doses and
low dose rates 10 estimate the risks that occur in occupa-
tional settings.

Immediately after the discoveries of x rays in 1893 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 ervthema 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 about 20 minutes for 600 rad) of
exposure, and moist desquarnation {equivalent to a third-degree burn} occurs after
about 110 minutes {or about 2000 rad) of exposure. {For comparison. recall from
the primer “lonizing Radiation—It's Everywhere!™ that for x rays and gamma rays
the rad, the unit of absorbed dose. is equai 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.)

Los Alamos Science Sumber 23 19935




'. Radiation and Risk-A Hard Look at the Data

Protection Standards

witliam C. Dikret, Charles B. Meinhold, and John C. Taschner

Earls ignorance of the hazards of radianon resulted n
qumerous unexpected injuries 1o patients, physicians,
and seientists, and as a resull. some researchers ook
Jeps to publicize the hazards and sct limits on expo-
wre. In July 1896, only one month after the discov-
ery of % rays, a severe case of x-ray-induced dermaci-
tis wits published. and in 1902, the tirst dose limit of
apout 10 tad per day ror 2000 rad per vear). was rec-
ommended. The N rad-per-day limit was based not
on biological data but rather on the lowest amount
that could be easily deiected. namelyv. the amount re-
quired to produce an observable exposure. or fogging.
o a photogruphic plate. By 1903, animal stdies had
shown thit % rays could produce cancer and kill liv-
ing tissue and that the organs most vulnerable to radi-
ation darnage were the skin, the blood-forming or-
mans. and the reproductive organs. Table 1 contains
estimates of dose rates encountered by radiation
workers in the early part of the 20th centurs.

fn September 1924 at a meeting of the American
Roentgen Ray Society. Arnthur Mutscheller was the

Rrst person to recommend 4 “tolerance™ dose rate tor radiation workers. a dose Antolne Henrl Becquere! discoverad
rute that in his judgement could be tolerated indefinitely. He based his recommen- radioactivity in 1896 in Paris. He is
dation on observations of physicians and technicians who worked in shielded work shown here in his laboratory.

arcas. He estimated that the workers had received about one-tenth of an ervthema
dose per month (or about 60 rem per month) as measured by the x-rav-tube cur-
rent and voltage, the filtration of the beam, the distance of the workers from the

Table 1. Dose Rates for Radiation Workers in the Early Part of the 20th Century

Occupation Approximate Dose Hate
{rad min~}
fluaroscopist 3.6 - 6 {hands)

0.006 - 0.06 {body)
x-ray therapy technician 0.006 {body)

radiur ~herapist or technician 0.0C6 - 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 <hielded rooms were acceptable. but in proposing a tolerance dose. he applied
a safety factor of ten and recommended that the tolerapce limit be set at one-hun-
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Radiarion and Risk-A Hard Look at the Data

" 1t 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 uitimately caused by
cutright killing of many cells. In the
case above, dermal basal cells and
tHood vessels were criticatly injured In

the fingers, scar tissue probably

plugged the blood vessels and stopped
the flow of blood. The loss of blood

supply uitimately led to the death of tis-
sue in the fingers and the loss of those

extremities.

S

dredth ot an ervthema dose per month (equivalent to about 70 rem per vear), A
tolerance dose was "assumed 1o be a radiation.dose to which the body can be sub-
jected without production of harmful effects.” Mutscheller presented his recom-
mendation in a paper entitied, “Physical Standards of Protection Against Roenigen
Ray Dangers.” which was published in 1925. Quite fortuitously. F. M. Sievert ar-
rived at about the same limits using a similar approach.

[n 1934, the U.S. Advisorv Committee on X-ray and Radium Protection proposed
the first tormal standard for protecting people from radiation sources. By then the
guantitative 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 Jine with Mutscheiler’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 2 technical difference in the way the roenigen 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 biclogical 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 1o 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-
sams who were exposed internailly to radium, in combination with quantitative

~The roentgen, the first formal radiation unit, wus adopted in {928 and specifies the quantity of iomz-
mg radiation in terms of the amount of electrostatic charge it produces passing through a volume of
air. [n panicular, the Roentgen is defined as that amount of wmzing radation that produces § clectro-
static unit of negative charge in (0.00129 gram of air i1 cubic centimeter of air at standard temperature
angd pressore). For < rays. | orad = | ren = (.96 reentgen,
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' Radiation and Risk-A Hard Look at the Data

easurements of their radium bodyv burdens. were the basis for the radium stan-
gard. In particular. it appeared that the retenition of 1.0 microgram or more was
rcquired o produce deleterious etfects. Applying a safety factor of ten to that r§—
.ult. the commutiee members responsible for recommending a standard (many o
«hom had performed the clinical research on the radiwm patents) suggested that
(.1 microgram {or .1 microcurie) of radium would be an appropriate tolerance
limit. Again, the ultimate criteria used was a judgement call: They ulll agreed that
{hey would teel comfortable even if their own children had that amount in their
wodivs. That initial standard has essentially remained in effect up to the present.

In 1934, the radium standard was nsed as a basis for setting the first tolerance
iimit for internal retention of plutonium. A working-litetime limit of 3 micro-
grams (0.3 microcuries) was proposed on the basis that plutonium was long-lived
;nd would be a boneseeker like radium and that the alpha-particle emissions from
5 micrograms of plutonium would deposit ionizing energy at the same rate as the
alpha emissions from the allowed 0.1 microgram of radium. In 1945, as a result

- of animals studies on the relative toxicity of plutonium and radiom and on their
refative distribution in the body. the Manhattan Engineer Disirict reduced the plu-
tonium limit 4 factor of 3 to (1.06 microcuries. The Hantord Site. where plutonium
was being produced in reactors. reduced the limit even turther wo 0.03 microcuries.
Although 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 {ICRPY translates to a In the 19308, Robiey D. Evans devel-

body burden that is about the same as the working-iifetime limit set at Hanford oped the tirst quantitative technigue

dguring World War I1. The concern for limiting and monitoring intakes of radium for making in vivo measurements of

and plutonium were the beginnings of the tield of internal radiation dosimetry. radium body burdens. Those mea-
surements were the basis for the

A great deal of research, particularly animal studies, on the biological effects of radium standard set in 1941,

radiation were carried out during and immediately after World War [I. [n 1949
the United States, Canada, and Great Britain held a conference at Chalk River,
Ontarto, 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 concepts concerning the measuremnent of dose had been devel-
oped through animal -.udies. These included absorbed dose (measured in rad),
dose-equivalent (measured in rem). relative biolugicat effectiveness (RBE), which
relates the rad to the rem for different 1ypes of radiations, the absorbed dose as a-
function of photon energy and depth in ussue (depth dose?, the radiotoxicity of
plutonium. and the concept of a reference anatomicai human. The Tripartite report
also recommended standards for internal and external radiation protection. includ-
tng a plutenium body-burden limit of .03 microcuries. a limit on the bone-mar-
row dose of 300 miilirem per week (about 15 rem per vear), and a limit on the
skin dose of 600 millirem per week (a factor of 2 lower than the value initially
recormmended by Mutscheller in his 19235 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 tor the old U.S.
Advisory Committee) in 1933 and 1954, respectively, {The plutonium limit rec-
ommended by the ICRP was somewhat higher at (.04 microcuries for the maxi-
mum permissible amount of plutonium-239 fixed in the body.)

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 survivers of high-dose medical procedures. In particular.
uan 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
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to survivors. At the same time, data from experimengs op
mammals and fruit fiies demonstrated that genetic changsg
coutd be induced from very high radiation exposures. Thus,
radistion-induced genetic etfects became a dominant cop.
cern in the early [930s and led to the first recommendeg
standards for annual dose limits o the public. Later analy.
ses indicated that the early assessment of the atomic-bomp
survivors was incorrect, and to this day. radiation-induceq
genetic changes in humans have rever feen ubserved,
Nevertheless, the fear of future genetic effects lingered on
and probably inspired the creation of such science ficion
characters as Godziila. the Incredible Shrinking Man,
Spiderman, the Incredible Hulk. and many others, The
concern also led (o a reduction in radigtion protection
standards.

In 1957, the ICRP recommended an annual oceupa.
tional dose limit of 5 rem per year. and in 1938 the
NCRP recommended a life-time occupational dose
limit of {{age in vears — 18} X 3] rem. or a limit of

235 rem for someone who works from ages 18 to 63,
The NCRP also recommended an annual limit o the
pubiic of 560 mitlirem per year. In 1960, the Federal
Radiation Council recommended an annual limt of 500
millirem per vear for an individual in the general pubiic
and a limit of 170 millirem per year as the average an-
nual dose to a population group.

By 1961, it was generally understood that the risk of ge-
netic etfects had been overestimated in studies of the
atomic-bomb survivors, but 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-wmor 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 25 to 40 years, and leukemia has a laten-
cy period of 2 to 25 years. The latency periods generally hold irue irrespec-
tive of the particular agent that serves as the carcinogen.

The unmistakable appearance of an increased rate of cancer among the atom-
ic-bomb survivors had a profound tmpact on the radiation protection commu-
nity—it breught into focus the possibility that even low levels of exposure
might induce cancers. Of course, the data regarding malignancies were ob-
tained from populations recetving 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 sisk per person at low doses
Radiation had a big impact on the had 1o be considered in relation to the large number of workers who were receiv-
popular imagination i the 1950s. ing those doses.

->
”

Those considerations resulted in a philosophical shift from mere comphance with
dose limits and the avoidance of deterministic etfects (such as cataracts and per-
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manent damage 10 organs} 1o an emphasis on reducing overall cancer risks to
working populations. The ICRP defined a system of dose control consisting of
chree patt justification, optimization, and iimitation. Justitication requires thit
po new eactice involving radiaton shall be allowed unless its introduction pro-
Juces a4 positive net benetit. Optimizadon requires that all doses <hall be kept ay

Radiaton and Risk—A Hard Look at the Data
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low as reuasonably achievable (ALARA) taking into account the relevant economic
and social factors. Limitation requires that any individual dose not exceed limits
sct 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
duse fimits to lower and lower levels; economic factors are otten ignored; and the
net result is to make operations involving radiation and radioactive materials ex-
wremely expensive.)

ln 1977, the [CRP adopted & more formal risk-based approach to setting standards.
That approach required that the average incremental risk of death from radiation
exposure o 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 1074 per vear.
Studies of the atomic-bomb survivors had shown that the risk coefficient for radia-
tion-induced cancer mortality was about 10" per rem. Based on that risk coetfi-
cient, the ICRP recommended a maximum annual dose limit to a radiation worker
of 3 rem per yvear. The 5-rem annual limit was set under the assumption that the
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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 1o
the present. The 1993 NCRP recom-
mendation for occupational dose limits
allows for an average of about 1.5 rem
per yaar over a working life from age
18 to age 65 (that is, a litetime limit for
an indlvidual 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 life-
time dose limit; rather, an annuat limit
of 2 ram per year averaged over any 3-
year period is recommencied.
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The 1983 NCRP limits on annual radia-
tion doses relate both to stochastic ef-
fects, such as cancer and genetic ef-
facts, and 1+ deterministic effacts, 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
zerd. In contrast, there is a threshold
dose for deterministic effects. That is,
dosas below the threshold wiil not kill
enough celis to cause dysfunction in a
tissue or organ,

average dose would be less than 1 rem per vear. and. thus. the average risk of
death would be the same as for safe industries. Thus, the new 1977 limit wyy un-
changed from the 1957 lirmit. but it was now justified in terms of a risk-based
philosophy.

During the 1980s. estimates of the doses received by the atomic-bomb survivors
were adjusted downward based on new estimates of the ratio of neutrons to
samma rays in the radiation produced by the bomb. Also. new data on cancer |p-
cidence and mortality among the survivors indicated higher rates for some cancery
than previously thought. That meant the risk per unit dose, or the risk coefficient,
was higher. and in fact, it was calculated to be 4 % 1o+ per rem. Based on that
increase. the [CRP released a new set of international recommendations in 1990,
They recommended limiting radiation exposure to 10 rem over any 3-vear period
and 5 rem in any one vear. The pubiic limit was set at a }00 millirem per year
averaged over any 3-vear peried.

The NCRP released its own new set of national recommendations in 1993, Those
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 first recom-
mendations: 50 rem per vear to any tissue or organ and 15 rem to the lens of the
eve 10 avoid cataract formation. The recommended limits on whole-body doses
for stochastic effects. first set at 3 rem per vear in 19358, are now set at no more
than 3 rem in any one vear and a lifetime average of no more than 1.5 rem per
yeur.

Table 2. Current Standards and Associated Estimates of Risk {NCRP Report Number 116, 1993)

Category

Cccupational annual whole-body
limit for stochastic effects

Estimated Risk
at the Annual Limit

Recommended
Risk Coefficient

Annual Limit

4 < 10 ram-
(for fatal cancer}

5 rem {stochastic} 2 in 1,000 per year

8 % 103 rem'!
{for severe genetic
effects}

4 in 10,000 per year

Occupational lifetime [imit

1 rem_x age (years) — 3in 100 at age 70

Occupational annual timit for
deterministic effects

no risk if limits
not exceeded

15 rem to lens of aye
50 rem to any other —
organ or hssue system

Public annual whole body 100 mrem 5 x 104 rem™! 1 in 10,000 per year
limit for continuous exposure {for fatal cancer)
1% 10 rem’! 1 in 100,000 per year
{for severa genetic
effects)
Public annual whole-body 500 mrem 1 x 10 rem™ 1.in 10,000 per year
limit for infrequent exposure
Negligible individual dose 1 mrem — no discernable effects

{annual whole-body dose per
source or practice)

(5 in 10,000,000)

Ju ol
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The current limits represent a culmination of intensive epidemiology and radiobio-
Jogical research. However. there are still many open questions regarding the de-

1ail

od mechanisms that cause biological effects. What are the relative risks of dif-

ferent t¥pes of radiations. acute versus chronic exposures, age of exposure, and
hronic exposure to low doses? Those concerns dominate discussions on the fu-
wre cvolution of radiarion protection standards. @

Charles B. Meinhold has been the Presi-
dent of the Nauonal Council on Radiation
Protection (NCRPY since 1991, He iy also a
Senior Scientist and Deputy Division Head
of the Radiological Sciences Division at
Brovkhaven National Laberatory. Charle’s
field of expertise is the application of radio-
fogical physics and radiobiological data to
radiation protection. He served ax Chair-
man of NCRP Scientific Committee { on
Basic Radiation Protection Criteria from
1988 1o 1992 and was a co-author of the
hasic recommendations of the NCRP and
[CRP. Charies has been a member of the
[nternational Commission of Radiological
Protection ¢ ICRP) Main Commission since
1978 and is presently s Vice Chairrnan.
He was Chairman of Commitiee 2 on Basic
Standards of the NCRP from 1985 1o 1992,
Charles is President of the Intemational Ra-
diation Protecton Asseciation ([RPA) and
has been a member of the IRPA Executive
Council since 1984, He has served on the
aversight commirtees for Rocky Flats and
tor the Indian Point. Shorham. and Pilgrim
nuclear power stations. and was appointed
by the NRC o serve on the Blue Ribbon
panel for Three Mile Island Unit 2. Charles
has a B.S. in physies from Providence Col-
lege and studied radiological physics at the
University of Rochester under an AEC Fel-
lowship. He is certified by the American
Board of Health Physic, and is an Honorary
Protessor of the China Institute of Atomic
Energy.
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John €. Taschner joined the Laboratory in
1997 as a technical staff member in the En-
vironment. Safety and Health Division
{ESH-10 and is involved in radiologmeal
transportation accident exercise planning.
In 1994, he joined the Laboratory™s Human
Studies Project Tea. and was the Praoject
Leader tor the Rala/Bayo Canyvon Project.
Prior to coming to Los Alamos. John was
Deputy Director of the Navy's Radiological
Controls Program Othce in Washingion,
D.C., and has held numerous key health
physics management positions with the U.S.
Navy and the U. §. Air Force. Over 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 Stndards
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 Ameri-
can Academy of Health Physics. John
earned his M.S. in radiation biophysics
from the University of Kansas in 1966 and,
in 1973, received his certification in Health
Physics by the American Board of Health
Physics.

William C. Inkret See biography at the
end of “On the Front Lines.”
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Plutonium workers past and present
share their experiences
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Tntenaame metal i one of the mnor leaacies o the Cold

Wi about 89 tone of gt can presently be found in the pits

ol stockprfed nicle coweapons. The entire world ardently
hopes thur most of that ool fueh will be retired o some sate
plice mrsome benrgn forme A sl tracoon wall ievitably con
ket he ased i the rerveniny nuctear stockpiles. Both aspects,
retnement o the fuel and ooanrenance ol the stockpile, require o
phace o handle plutonmn amd people who are withine aond able o

dothe work salely

L os ALunos was the place where i [9LD reactor produced phiato-
Rum i eram guantitiies swas tiest faslooned mro the pure metathe
form necded to budd an atemic bombs Today the Paboratory e
mhtins one of the few plaes mothe workd where that very dunger:
ous material can be handled satelve The town s abso the present

of former home of muny men and women who worked with phate-

pium on a daily basis. Sorne of those people had accrdents. and as

a result, gow carry in thenr budies small quantines of platomuny.




Open haod in D-Building--1944
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which is dedicated to radiation protec-
tion and the story of the human radia-
tion experiments, we asked a small
group of past and present Laboratory
employees to tell their stories of what it
was and is iike 0 work with plutorium.
All of them have been involved in sig-
nificant accidents or uncontrolled situa-
tions that led to significant intermai ex-
posure to plutoniumn. Some of their
exposures are among the most serious
that have occurred in the history of the
Laboratory. Today. vastly improved
working conditions have made acci-

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 presented
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 Pu!™), which was established at the
Laboratory by Wright Langham in
1951. One had to have accumulated a
significant plutonium body burden to

qualify for voluntary membership.
Those volunteers agreed to be mon;. %
tored periodically and are being mogl
tored to this day. :

A plutonium body burden usually can§
not be detected by an external radiatig
monitor because the alpha particles
emitted by the plutonium are compietsll
ly absorbed and never leave the body, 4
The most reliable detection scheme i
to measure the small fraction of that
burden that is excreted in the : -~ e
daily. So starting in the fortic . e
urine of a plutonium worker was monj.
tored on a regular basis. The amount
measure:! in the vrine is then related to |
the amount retained in the body using
data and methods derived from a seres
of animal and human experments.
Wright Langham, who was responsiblaig
for the protection of workers during ¢
early days at Los Alamos, was instras§
mental in the design and analysis of 4
sorne of those experiments (sec ' .
Plutoninm Injection Experiments™. [f
urine assays and models like the Lang
hase’ equation indicate that 2 worker ha
retined an amount near or above the §
linyit st by radiation protection stan-
dainds, then' he or she is not allowed tos
wnrl" m Mum again,

| Tﬁhvm& was organized into sev-
emaddisinet pars. The participants |
wue first asked to describe their per-

‘_“ sonal experiences working with plutoni- §

um and their concerns about safety.
That discussion illustrates the evolution
of attitides 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 piutonium.
Next, they were given the opportunity
to ask guestions of the health expers
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

sre we introduce the ten men who agreed to share thelr stories of plutonium intakes. It is their belief that open cqmmu-'
H nicasion will help the Laboratory, the community, and the whole of sociery to understand the human factors associated

ith managing our plutonium legacy.

Thes

¢ 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 iniake is expressed as the estimated commitied ¢ffective dose-equivalens in rem, which is
the dose that will be accumulated over a fifty-vear period from the time of intake. These rem doses are divided into classes
as follows: Class I: 10-30 rem, Class II: 30100 rem, Class HI: 100-300 rem, Class IV: 300-1000 rem.

lthough the rem dose is meant to be a universal measure of the cancer risk from radiation exposure, the rem doses for plu-
ronium accumulate slowly and may not have 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.

To put these doses in perspective you may recall thar the average background dose is abour a third of a rem per year. or about
15 vem over a fiftv-vear period. Thus, for example. a person whose body burden of plutonium corresponds to @ Class-I dose
witl receive a total radiatiom dose somewhar greater than background.

Ted Magel (Class I11) and Nick Dallas
(Class I} arrived at Los Alamos in early
February 1944, They are credited with
the irst 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
amount of radioactivity in terms of
counts per minute {cpm), or disintegra-
tions per minute (dpm} when corrected
for counter efficiency.)

Bill Gibson (Class III} came to Los
Alamos in June of 1944 and worked in
the piutonium recovery laboratory,
From 1944 to 1945, Bill received expo-
sures that resulted in four high nose
counts (over 1000 cpm from one nostril,
a level rarely seen in recent years) and
one plutonium-contaminated wound,
which was surgicaily excised. He was
removed from plutonium work in 1954,

Ed Hammel {Class {Ij came to Los
Alamos in June 1944 to replace Ted
Magel as section leader for the plutoni-
um metallurgy laboratory. The reiatively
primitive working conditions in D Build-
ing, as opposed to specific incidents, ac-
count for Ed's intake of plutenium.
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Harold Archuleta (Class ). a lifelong
resident of Espanota, came to work at
the Laboratory’s metal fabrication
group in the plutonium research facility
at DP site in 1958. In i971. Harold
suffered a plutonium-contaminated
wound. which required excision. and in
1987, he inhaled piutonium dust, which
resulted in a high nose count {over
{000 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 11D arrived
in Los Alamos in 1946 1o work as the
recreation director in Theater #2. In
1951, 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 piutoni-
um-238. Art was removed from pluto-
nium work in August 1973.

Jose Gonzales (Class I} was born in El
Rancho and spent summers on his fa-
ther's homestead on Barranca Mesa in
Los Alamos. In [958, he began work
at DP site as 2 radiation-protection
technician. Jose relates pumerous inci-
dents in which intakes have occuired.

James Ledbetter (Class [), a native of
Oklahoma, came to Los Alamos in
1969 and began working on plutonium
heat sources for the Jupiter fly-by mis-
sion. fim 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-35 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 dhat
same year.

Jerry Taylor (Class [V) began work-
ing at TA-35 in 1980. In April 1981,
Jerry cut his left hand with a plutonium
contaminaied knife while working in-
side a glovebox. The wound was sur-
gicaily excised twice, and chelation
therapy was administered for a period
of over one year. Jerry was removed
trom plutonium work and continued to
work at the Laboratory until 1985,
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On the Front Lines

Setting the Stage in Chicago

Ed Hammel: As background for this
discussion, ['d like to read a paragraph
from the diary of Glenn Seaborg. As
most of you know. Seaborg, in coliabo-
ration with Art Wahl and Joseph
Kennedy, was the first to isolate pluto-
nium and to demonstrate that it was a
new man-made element heavier than
uranium. [Trace quantities of the new
element were made by placing samples
af wranium in the Rerkelev cvclotron
and bombarding them with either neu-
trons or degterons. When uraniuwin-238
absorbs a neutron, {1 transforms inte
reptunium-239, which rapidly decays to
plutonium-239, the isotape used in nu-
clear weapons.] That work was done
in 1941, two vears after the discovery

Ted Mugel in 1944

of nuclear tission and just as the possi-
pility of making an atomic bomb was
first being seriously considered by the
United States following communica-
tions from Great Britain.

By April 1942, the decision to build the
bomb had been made, and Seaborg and
his Berkeley colleagues had joined the
Plutonium Project at the Metallurgical
Laboratory [Met Lab] at the University
of Chicago. They were charged with
developing chemical methods for isolat-
ing and purifying reactor-produced plu-
tonjum. Nuclear reactors were stili just
a dream-—Enrico Fermi was under the
west stands of Stagg Field. the Univer-
sity of Chicago’'s athletic stadium,
building the uranium pile in which he
hoped 1o demonstrate the first self-sus-
taining nuclear chain reaction (he did
not succeed until December 1942).
Nevertheless, Arthur Compton, the ini-
tator of the Plutonium Project, was fair-
Iy 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 guantities was
just becoming available 1o the Berkeley
chemists, but gram quantities were soon
to be delivered from the pilat produc-
tion reactor in Clinton. Tennessee. On
January 5, Glenn Seabarg wrote:

As I was making the rounds of the
Laboratory rooms [at the Met
Labj this morning, | was suddeniy
struck by a disturbing vision. |
pictured in my mind the expanded
scale of work with solutions con-
taining plutonium thar will soon
result from the large gquantities of
plutonium svon to be received
from Clinton Laboratories. [ vi-
sualized beakers of pliutonium so-
futions throughour the laboratory
rooms, and it struck me forcibiy

Jor the first time that plutonjym
handling will now no longer p,
confined to micro guantities Manip.
ulated by specially trained eXperrs
Recalling the health problems iy
curred by workers in the radijum
dial-painting industry, [ realizeq
clearly that similar hazards fuce
those of us working with afphg-
particle-emitting plutonium-239, i
was struck by the fuct that despire
the great care in plarning by the
Praject medical people. no one hys
aniicipated and made speciaf pro.
vision for the wide-scale handling
of alpha-active material which pre.
sents special hazards of ingestion,
It became clear 1o me that our
rather ordinary luboraiory hoods
are inadeguate for this tusk and
that rather extensive rebuilding of
our laboratory fucilities o empha-
size adeguate air flove and extraor-
dinarilv clean operations will be
necessary. [ am determined thm
none of the people for whom [ am
responsible shall be subjecred to
anv avoidable dangers from han-
diing alpha-active plutonium,

That note was written nine months after
the Los Alamos Laboratory (Site Y)
ws established and a month before any
plutonium arrived at Los Alamos.
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 menailic
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 Knew
was that we had to do it. And we had
o do it as carefully as we could.

Los Alamos Science: Fed Mucel,
you were the first person to isolate
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plutonir in a pure merallic form. Tell
o5 Bow oIt came 1o work with plitoni-
i .

jan i the first place.

Ted Magel: Well [ was actually at
Berkeley when plutonium was discav-
ered. [ was doing my graduate work m
chemistry under Professor G. M. Lewis,
and Seaborg, Art Wahl, and Joseph
Kennedy were just across the hall. T had
o part in their discovery, but [ knew
about it. Then when Seaborg went 10
Chicago to set up the Met Lab, [ was the
tifth chemist that he asked to join him.
At Hirst, we were working with tracer
amounts of plutonium—and Hnatly with
microgram amounts that could only be
observed under the microscope.

Los Alamos Science: What was the
purpase of the work ar the Mer Lab?

Ted Magel: 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-
num 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
Liniversigy in St. Lowis. That material
way supposed to mock up the material
that would eventually be sent from the
Clinton reactor. We managed to pre-
cipitate out a plutonium compound
[rom this big mixture; it was the frst
plutonium compound seen under the
MICTOSCOPE,

For various professional reasons, [ de-
cided o leave Seaborg’s chemistry
group and wock for Dr. Chipman. He
hiad been brought out from MIT to head
up some metallurgical operations need-
ed for the plutonium-production system,
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On the Front Lines

Inser: Fermi's pile under the siadivm ai Stagy Field, Universitv of Chicage

become available. Nick Dallas and I
went to site B. [ recall that we spent
all of our efforts during 1943 on small-
scale reduction techniques for making
puré 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 vear
Nick and [ developed the hot-cenirifuge
procedure for making smail-scale good-
yield reductions of uranium Huoride to
granium metal.

Anyway. one night [ was awakened by
Mhinean ar abeaat 11O A% danl and

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 plutonivm metai vsing stan-
dard procedures. And the difficulty
was pretty obvious. The smaller the
quantity of materiai, 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 1o get a
good vield of solid. nonporous metal.
But that was the goal, 10 make a solid
button that could be used for measuring
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On the Front Lines

Working with Plutonium

at L.os Alamos

ars—1944 to 1 946 in D Bmldmg

W$

N plutonium chemistry and metai-

lurgy at Los Alamos was done in
D Building, one of the most elaborare
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 official de-
scriptions it had five miles of piping, a
complex air-conditioning svstem with
special pravsions for air washing and
electrostatic dust removal, verv Cbmplex
fuboratories serviced with water, air.
gas, and elecericiry, and “deluge shower
buths™ 10 wash off contumination.

Ted Magel: Nick and I arrived at Los
Alamos about February 3. 1944 and
went immediately to the metal-reduc-
tion area in D Building., Well, the
place seemed like @ morgue to us:
everyone was quiet and working in iso-
lation. | guess they were discouraged.
Dick Baker was having a great deal of
difficulty with his metal-reduction
work, and morale was low. Nick and 1

130 - e
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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 flue-
ride to reduce to metal. That's a very
small amount of material but that was
ali that was available. Nick and |
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 20 milligrams.

That was a 40-per-cent yield. better
than we expected after our Rrst faijure.

We continued 1o refine our methods
and to wait, along with evervone else,
for the arrival from the Clinton Labora-
tory of the first gram samples of pluto-
nium. When they finally came, Eric
Fette and Cyril Smith decreed that Dick

-

Baker would get the first crack at a re-
duction. but Dick's statiopary-bomb
method vielded only a black cokey
mass rather than a coherent button of
plutonium metal. A few weeks [ater, a
second sample became available, and
this time, it was given to us.

Nick Dailas: Ted, you realty should tell
the whole circumstances of that reduction.

Ted Magel: The reduction of a gram
guantity of plutonium was considered a
very big deal because that amount of
metai would allow much improved
measurerents of many crucial material
properties. The reduction was sup-
posed to take place on March 24, 1944
and General Groves and, several top ad-
ministrators had been specially invited
to observe us as we did it.

Weil. when does everything go wrong—-

when you have a whotle lot of observers,
right? So on the 23rd. I said to Nick.

Loy dlamos Science Number 23 (997




Well when does
erervthing go wrong—
whern vou have a whole
jot of observers, right?
So on the 23rd, I said to

Nick, “Let’s go up 1o
the lab and make the
reduction tonight
before all these people
get here.”

~Let's go up to the lab and make the re-
Juction tonight before all these people
ger here.” Nick agreed, and we carmied
out the reduction using the hot-cen-
nfuge bomb method [see “Plutonium
metal—the first gram™],- When it was
done, we cut open the bomb, dropped
the little button of plutonium metal in a
vlass vial and put it on Cyril Smith's
desk with a note that read:

Here is vour bution of plutonium.
We have gone to Samta Fe for the dav.

Everyone was pretty mad at us and
claimed that we had contaminated the
lathe und the back shop when we had
opened the bomb to retrieve the pluto-
nium button. I don’t believe that we
had. but [ undersiood how they felt. In
any case. once they had the button. they
immediatelv started measurements of
denaity und so torth, Also. Dick Baker
vontineed his work on the statipnary
bomb and eventually developed excel-
fent provedures tor working with the
farzer quuntities ot piutonium that con-
tnued to arrive trom the Clinton ple.

Nick Dallas: Ted. after we made
the first button, 1 believe we started
working on plutonium purification
techniques,

Ted Magel: Right Nick. After about
eight more 1-gram reductions. we went
to work on developing ways to make
super-pure plutonium. We needed to
remove all light-element impurities.
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The worry was that alpha particles
from the plutonium would hit light-ei-
ements and produce neutrons, The
high neutron background would then
cadse the bomb to pre-initiate and tiz-
2le betore the critical mass was fully
dssembled.

Well, just as we were getting off the
ground on light-element puriticarion. it
was discovered that plutonium from the
production piles at Hantord would con-
Ltain substantial quantities of plutonium-
240, an isotope that produces neulrons
as it undergoes spontaneous fission.
Since plutontium-240 cannot be re-
moved chemically, the gun method
for assembling the plutonium bomb
was ubandoned and the project
turned to the implosion method.
Thar meant Dallas and 1 were no
longer needed w make super-pure
plutonium,

Oppenheimer told the chemists
that we were welcome to stay and
tind jobs elsewhere in the Labo-
ratory. Nick and [ elected to
leave. I think we were the first
ones gver to leave

Los Alamos 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 toot
high—for holding molien
uranium and plutonium. And
we shipped large numbers o
Dick Baker's group out at

Los Alamos.

Los Alamos Science: Was the
fuct that vou both had body
burdens of plutoniwn one of the
redsons for leaving?

Ted Magel: Notat afl. We did have
4 few mishaps with plutonium.

and we were betng monitored by Dr.
Hemplemann and Wright Langham. but
thut™s not the reason we lett.

e
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On the Front Lines

Los Alamos Science: e I/ wans vou
o discuss the accidenis in the second
half of this discussion. but lfet's vo back
e £,

Ed Hammel: | started work on the
project in 1941 back 1 Princeton, on
the heavy water pant of the project.

Lo
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(On the Front Lines

My wife had serious sinus problems,
and someong told me that there was a
place on the project out west where it
was realty dry. T managed to get trans-
ferred, and [ arrived at Los Alamos at
the end of June 1944, [ was the re-
placement for Ted Magel in the pluto-
nium metallurgy lab. My section got
the reduced buttens 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. [ hadn’t worked with ra-
dicactivity before [ came to Los Alam-
os, and [ learned shortly after arriving
that Magel had received a large dose,
but there was a job 1o be done,

Los Alamos Science: Were vou con-
cernted about the heaith risks of work-
ing with plutonium?

Ed Hammel: I think that everyone in
D Buiiding 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 capabii-
tics. We leamed about the raid on the
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heavy water plant in Norway, We
feared the worst, and { think that every-
one working in [ Building was primar-
ily concerned with not being responsi-
ble tor some stupid accident that would
in any way delay completion of the
overall operation.

Los Alamos Science: What were the
working conditions in D huilding?
Were thev very primitive in terms of
containment 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 cartied out for all person-
nel working with platonium.

Los Alamos Science: What is g nose
couns?

Ed Hammel: Usually twice a day
members of the health group would
turn up to take nose swipes. They

would swab the inside of the nosyijg of
each worker with a damp, rolled strip
of filter paper that was attached 1o 1he
end of a swab stick. After completing
the collection, each nose swipe woylq
be piaced in an alpha counter to see i
there was any radioactivity.

Los Alames Science: Bill Gibson, v,
were here about the same time as Fq
What was your experience”

Bilt Gibson: 1 came here the same
month as Ed, June 1944, 10 work in the
plutonium recovery lab. And like Teq
Magel and Nick Dallas. 'm a member
of what is called the UPPU club. Al
of us in that club got an appreciable
amount of plutonium inside us during
World War II. [ won't sav how much,

" and nobody was really sure until abow

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
o be more meaningful. [ 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 fiction
pieces that I'd seen in the
Sunday newspapers and
rhought, “Oh my God, are
we entering a new age?”

Los Alamos Science: What did you
think about this material ar the time?

Bill Gibson: I was in an Army combal
unit at the time I was assigned to Los
Alamos and I didn’t have a clearance.
so at first, I didn’t know what 1 was
working with. The characteristics of
the material were reasonably close o
uranium but ot quite the same and not
the same as any other element of the
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periodic table. And I began to think of
the science fiction pieces that I'd seen
.n the Sunday newspapers and thought.
(3 my Gud. are we entering a few
qge” After a month. | received my
Jlearance and was told what it was all
sbout. including that [ was working
with a rew man-made clement plutoni-
gm. Of course. [ knew about radioac-
rvity. and [ knew that in the old days
the people who had painted the radium
watch dials had suffered from radium
poisoning and died some pretty temrble
Jeaths. But Wright Langham was a
very sharp man. and he cautioned us
about the hazards of plutonium. He
and Louis. Dr. Louss Hermpelmann,
kept pretty close walch 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 sheif, 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
tble. Sometimes things got pretty
sloppy.  As a maiter 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
torm, one of mv compatriots put it in a
petn dish and pur the petri dish in an
oven to speed evaporation. When he
tried o pull owt the glass dish, the bot-
tlom fell out. and the whoie thing, pluto-
nium and ail, went on the floor. We
cleaned up the spitl, it was about 8 mil-
liliters of liquid. and got it almost to
the final purification. That is, we had it
in the centrifuge ar the precipitation
stage, and while it was whirling around
ke mad. one of the centrifuge cones
broke. and the stutf came out atl over
the inside of the centrifuge and. out
through the ventilation of the centrifuge
onto the floor. Again we cleaned it up,
got it puritied and sent it to the dry-
chemistry operation where their con-
trolier got stuck. and the stuff burned to
a cinder. So we had to start again tor
the fourth time. We finally did get out
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most of the eight grams and gave it
back to the drv-chemistry section. who
prepared it for metal reduction.

As I said. the conditions were not the
vers hest, When we spilled the solu-
Hon, we had to get down on our hands
and knees and clean it up. But we
were able to recover almost all of i
and that was what we were after.

Los Alamos Science: Were vou con-
cerned about your own health when
you 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
| died twenty vears later from working
with this stuff, I would be lucky com-
pared to my compatricts who hadn't.
had the chance to live that leng. My
attitude was to be as careful as possible
and to do the best I could as a soldier
of the United States Army.
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On the Front Lines

Ed Hammel: What was paramo:nnt

in our minds was not the danger of
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 1o protect our-
selves from inhaling plutonium micro-
particles by wearing dust masks, the
kind that miners use. But they weren't
very effective. { don't think there were
many days during World War Il when [
wias without a positive nose count of
between a few hundred and 20,000 dis-
integralions per minute.

Los Alamos Science: Bill. we'll wair
until our discussion of accidents and
health consequences to hear more of
your story. But now we turn 1o another
period in the story of plutonivm work-
ers marked by the move to DP site and
less primitive working conditions.
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B_v lare 1944, the need for a safer
and larger facility to handle fabri-
cuation and recovery of pluronium was
evident. The site selected for the new
complex, originally calted “D Sire,”
WS on g mesa doross from the mod-
erm-dav airport and down about a mile
from the original rechnical area of the
Laboratory, which is now the center of
the town, The new complex was offi-
cially named “DP Site” on March 16,
{945, to avoid any confusion with the
existing D" Building. Although many
theories exist about the exact meaning
of DP, the minutes of the Plant Build-
ing Committee. headed by J. E. Burke.
suggest that P stood for Plant. {in a
1981 article. however, Burke stated
that the P stood for polonium). The
buildings at DP site are made of metal
and were builr with elaboraie ventila-
rion svstems, cinsed hoods, and ulf
kinds of features 1o keep exposires to a
minimum. Operation began ai the siie
in 1945,

Los Alamos Science: Arr, vour experi-
ences began in DP Sive, didn't thev?
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Art Beaomont; Yes. But [ first came
10 the Santa Fe area back in 1946. [
came to look up a gal I had met when |
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.5. 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 | were marmed. A
bit later, [ went back to school at the
University of New Mexico and eamed
a masters degree in educational admin-
istration. Then, in May 1931, I was
hired by the Laboratory. Although 1
didn’t have a degree in chemistry, I had
enough coursework in science that they
hired me o work on the fabrication of
plutonium parts for weapons.

Los Alamos Science: Whar did vou
know about plutonium when you first
started?

Art Beaumont: | didn’t know any-
thing. [ just walked down to Building
5 at DP Site and starred to work. There

was no education; I wasa't even sure
what [ was working with, to be very
honest. There was a stainless steel
glove box with weapons components,
and pne of the first things | did was use
a mece of sandpaper t0 make a certain
iolerance for a weapon item. It was re-
ally kind of amazing. I would be sand-
ing away and all of a sudden I would
see a little fire in front of me. Plutoni-
um dust had accumulated and caught “
on fire. I would use graphite ta put out
the fire or just take a ptece of sandpa-
per and smother it.

Los Alamos Science: The plutonium
would catch on fire?

Art Beaumont: Yes, small pieces of
dust with lots of surface area are pv-
rophoric: it starts burning by itself.

Los Alamos Science: Were vou con-
cerned about the health hazards?

Art Beavmont: Not at all. From

Building 5. the fabrication unit, [ went
to Building 2. which was recovery. and
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[ worked there for a long time. We
were like a family down there. Every-
hody cooperated with evervbody. [
wurked with people like Dr. Baker.
whi evervbody probably knows about.
and 1t was just tun working with him. [
had absolutely no fear of plutoniun.
butl vne afternoon about 330 P L T
was asked 1o go o the administration
building. There they told me. “You've
reached the threshold of allowed pluto-
njum in yvour body, we have to transter
vou.” [ stull have the letter trom Dr.
Baker that 'said I was being reassigned
from DP West to DP East. Since that
day. ['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. [ hope the
Laboratory is doing things differently
with the people who are working today.

Jose Gonzales: [ understand what Art
is saying. [t’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. 1 remember
heanng those convoys passing our
house at 1:00 A.M, in the moming. 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 eise. My father had
had 4 homestead on what is now called
Barranca Mesa. [Us 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
i happy life and died at the age of 85,

Los Alamos Science; Jose, whatr made
vou decide to work at Los Alamos?
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three weeks, and it only takes one <ec-
ond to mess it up. After that, [ feht
good because T understood even more
why [ was needed. and I liked being.
part of a suppoeding group. We were
there to help in whatever manner we
could. Safety was number one. und we
always-ried to be prepared.

Jose Gonzales: [ had a business down
in. Pujoaque. and when it went down
the tubes because the highway depart-
ment was widening the road, I decided
o apply to Los Alamos. Thal was
[958. Dr. Thomas Shipman in the
Health Division called me for an inter-
view and explatned the field of radia-
tion monitoring to me. He explained
what my dutics would be. and then |
wound up being assigned to DP Site.
There I had a chance 1o work with
some of the pioneers in plutonium
work—Ilike Bill Gibson. Art Beaumnont,
and Bill Maraman. I felt comtortable
from the start even though 1 didn't
know exactly what was going on in the
experiments. [ guess what made me
feel good was that T had the equipment
to protect myself and to protect those
people that were out there. A lot of ¢l-
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.

Back in the early days,
the Laboratory people
would 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
1:00 A.M. in the morning.

Then just a month after [
started work, there was a
fatal accident. That sort of
shook me up, but then §
went to guys like Bill Gib-
son, Bill Maraman, and
Dr. Shipman. and they
were able to put me back
on track. [This fatal crit-
icality accident in which
Cecil Kelly was killed is
one of three such acci-
dents that have oc-
curred at Los Alamos;
the others took place in
1945 and 1946, A
criticalitv incident, or
the accidental initia-
tion of a nuclear

chain reaction. usual-
Iv occurs by collect-

ing a mass of fissile
material into a small
space. The nuclear chain reacrion that
results releases a lethal flood of gamma
ravs and neutrons.] | leamed trom the
experience that people can die from ra-
diation—you can plan for a job for
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On the Front Lines

Los Alamos Science: Whar exacrly
way your job out there?

Jose Gonzales: In my tirst vears, I did
routine radiation monitering. [ posted
the dose rates, and T helped people with
routine operations. like geting dressed
in protective clothing and then chuang-
ing back to their own clothes when
they left the area. Alse. T made sure
the right equipment was there. Over
the years. I worked in ali the labs at DP
Site. T assisted with the first baich of
plutonium-238 that came there. It was
zoing to be used as an energy source
for a heart pacemaker. 1 also worked
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 ling, In [978. when we
were preparing to move to the new fa-
cility at TA-35, T 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
1991. I helped assembie the laser-re-
duction apparatus, and | made the first
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jaser-reduction of plutonium. Conven-

tional reductions took 18 o 20 minutes:

the luser method reduced the time 10 6
seconds and also reduced the neutron
exposure. You know back in 19738
when [ was upgraded. my Hrst job was
to helip decommission the metal prep
line before it was moved o TA-55.
Now the Lab is about to decommission
it again, and they have asked me to
work as a consultant preparing a set of
safety checks on their procedures for
decommissioning, [t feels good that 1
can stilt help.

Los Alamos Science: Did you enjoy
vour work?

Jose Gonzales: Yes. | did, but I en-
joved 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 1o the Nevada Test Site. 1 made
about ten trips out there, and at one
point. [ worked on the Rover program,
which was 4 program to develop a

nuclear-powered rocket that could trayg
ww Mars. I really enjoved that expeg.
ence. [ worked for the Laboratory for
33 years, and [ don’t have any grudges
against the Laboratory or the people |
workad for or the people I worked wi,
and that makes me comfortable,

We all called each
other by our first names:
there was none of this
mister stuff. We were one
united family. When
something happened,
evervone went in as one
unit to take care of it.

Los Alamos Science: Jim Ledbetier,

vou ¢iso worked on the Rover program
in the 1960s, didn’t vou?

Jim Ledbetter: Yes. my first expeni-
ence as a radiation worker was at
the Nevada Test Site. I was em-
ployed as a technician in the No-

clear Rocket Development Pro-
gram in the Advanced Space
Program. President John F.
Kennedy was the champion of
that program. He wanted to
premote research that wouid
enable manned space missions
to distances beyond the moon.
more precisely, to Mars. My
job was on the Rover reactor.
which was to be used as the
fuel source for the manned
spacecraft. [ was responsi-
ble for the mechanical arms
that were used to disassem-
ble the reactor parts and
prepare them for diagnostic
tests. The work involved
very high radiation fields,
All of us were very highly

trained by outside contractors before we
were pressed into service. I spent a
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qumber of years out at the lest site
doing pUStMOrem examinations on van-
ous reactor designs built by Los Alamos
and Westinghouse,

Los Alamos Science: Wiry did you
comte te Los Alamaos?

Jim Ledbetter: Following President
Kennedy's death. subsequent adminis-
rations determined that there would be
no mission to Mars in the foreseeable
future. and 1in 1969, the Nuciear Rocket
Rescarch for the Advanced Space Pro-
aram ended. At that time. [ was of-
fered a job at Los Alamaos. It was
similar to the past work in the Rover
Program. | was involved in robotics

and hot ¢ells providing postmertem op-

erations on experinental fuels and
components for breeder reactors. We
were d team of engineers. technicians,
and scientists who. in a six-month peri-
od. developed the primary containment
and 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
lupiter fly-by experiment. The unit
used plutonium-238 as the heat generat-
ing material and a thermocouple pack-
age from TRW 1o 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
disassermble two of the units 50 Los
Alamos scientists and engineers could
assess the performance and recover the
components and malterials.

tollowing receipt of the first unit and
removal of the TRW thermocouple
package, the hot-celt process began.
We campletely dismantled the plutoni-
umn heat sources and rewelded the com-
ponents into tanmalum containers. They
were then removed trom the hot cell
and stored for reuse. The first disas-
sembly went very smoothly with no
maltunctions and no unusual occur-
rences. The process went very well
even though a sense of urgency sur-
rounded our etforts. The experiments
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were being pressed to meet NASA
schedules, so we quickly prepared for
the second disassembly. [t was during
the second disassembly that we encoun-
tered problems. Despite those prob-
lems, the people at Los Alameos persist-
ed, and the NASA schedule for the
tlv-by was met. It was very rewarding
to us that we could be invelved and see
success as the spacecraft trapsmitted

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 ransmitted
signals far bevond fupiter. to distances
as far away as Pluto. Its performance

On the Front Lines
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exceeded expectations and provided
data for a much longer period.

Los Alamos Science: [t soundy like
the vears ar DP Sire were a very ex-
pansive era in the history of the Labo-
ratory. New energy sources, interplan-
erary space travel, all kinds of dreams
were in the air. Now we'll go on 1o the
opening of the modern facilitv at

TA-55 and rthe practices and attitudes
of roday.
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he madern plutonium facility a1 TA-

53 was authorized in 1971 follow-
ing a devastating fire at the Rockv Flats
Plant in Colorado. The Los Alamos fa-
cilirv was designed ro withstand all rat-
ural disasters. accidents, and terrorist
tctivities, and to protect workers under
sl circumsgances such as power
failures. Its modular construction has
permitted continual upgrades so that it
remaing o state-of -the-art facility o this
deav t5ee " The Maodern Role of the Plu-
ronium Facilin™ ),

Los Alamos Science: Jerry Tavior,
vou worked ar TA-53. Whar was it like
when vou first came to the job?

Jerry Taylor: [ was in awe when |
first walked into TA-35. It was like en-
tering the spacecraft in 200/ e
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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 vou?

Jerry Tavlor: 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 [ first started. I went to a safety
course and learned about criticality and
radiation hazards. | saw all the proce-
dures we had o go through, all the safe-
ty precautions. all the monstoring to pro-
tect us. But it never scared me. [ really

&

enjoyed learning the work at TA-53,
We got to go and see what they did in
some of the other labs and down 1o the
vaults where they store plutonium and
all kinds of things containing plutonium.
There are a few fuel rods down there in
a pool of liquid, and they are the most
beautiful aqua color { have ever seen.

It was really amazing to me that we
could make this material. Lots of
times, we started from contaminated
trash, and ail of a sudden, we ended
with a piece of piutonium metal. I was
always in awe of all of it. I enjoyed
the work. It never did scare me uniil
the day of the accident. But then it got
to me, because [ knew the health haz-
ards. That was fourteen vears ago. and
I stilt warry to this day about what the-
long-term exposure to internal radiation
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will do to me. 1 know Bill Gibson, [
ssed to work with him. He had an ex-
posure almost fifty years ago. and he's
qill around. And Art Beaumeont is still
here. even though he's been exposed.
gut I sull have questions gbouat it.

Los Alamos Science: Did anvone efse
i vour family ever have any internal
exposires 1o pluontum?

Jerry Faylors My uncle had a very
<mall exposure, but my dad never has.
1 don't know if my grandtather ever
had one. He was a machinist up here.
My family has worked here all these
vears. and I'm the only one that has a
contamination besides my uncle. and [
shink his is very small.

Los Alamos Science: - How did vou
feel about the fact thar plutonium is
used 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 [ think
it was a good thing., Plutonium is a
dangerous material, and it can make a
very dangerous weapon. | hope we
won't have to see it used again. There
is a lot of good work that goes along
with the radiation work. [ 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: Jerry, can vou
describe what it's like to work in a
glove box ar TA-357

Jerry Taylor: At first it's very awk-
ward, it’s like you don't have any
hands. You keep dropping things.
Once you get used to it though. it be-
COMEs preity easy.

Bill Gibson: You certainly don’t want
to 1ry to set vour watch while you're
working in the glove box. The gloves
are inside the box and are attached to a
pair uf openings in the walls, You put
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on the gloves by putting vour hands
through the walls, so when you work in
the box, your hands are alwuys it the
gloves. There's a big window in front
of you 1o let you see what you're doing.
The glove box is totally enclosed so
nothing ¢an escape. Not only that. any
ventilation ar all is inward since there’s
a slight negative pressure in the box.

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.

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 [ always
enjoyed it. [ wish [ could have done
more of it. [t was a good experience
except for the accident. After the acci-
dent, [ 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-35
Jor a long time.

Michael Martinez: Yes. I came to the
Lab in i980 and worked in the metal
production room at TA-55. There you
convert an oxide 10 a Huoride and then
to a metal. Like Jerry was saying, it
was very mteresting when I tirst went
in there. Everything—the pipes. the
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valves. you name it—it was all interest-
ing. And it was hard to get your hunds
in the glove box at first. It was hard o
do anything inside the glove box with
leaded gloves. Once in a while. you
would catch vourself grabbing vour
hand and trying to pull off the gloves. |
But of course you can’t. You're taught
how dangerous the material is, and ¥ou
learn a lot of safety precauiions. You
know what you can do and what vou
can’'t do. It never did scare me: even
after the incidenis that gave me some
exposure. 1 wasn’t scared.

Los Alamos Science: How did vou
end up working with plutonium?

Michael Martinez: A friend of mine
who was working with plutonium asked
me if [ would like to take a similar job.
He wanted to know whether 1 would be
scared, and I told him. "No.” So { got
the job. At first [ didn’t know much
about radioactivity, but [ leamed as [
went along. Cne October during the
first three years of working there, { was
pulled out of the plant 1o work on salt
casting and other jobs, because I had
already received the exposure that |
was allowed for that year. When the
next year started. I was allowed o go
back into the plant and work with plu-
tonium again. But now, after this last
incident, [ was told I would never be
able to work with plutonium again.

" Los Alamos Science: What did vou

like about the plutonivwm work?

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 [ worked with it. and [
wish [ could continue.

Los Alamos Science: Do vour family
and friends share vour feelings?

Michael Martinez: They wortty some
about the dangers. but I tell them it was
just as dangerous when 1 worked on
cars. If I stick my arm in the fan, my
arm is going 1o go. If [ get under the
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car and the jacks are not set right. the
car is going to fall on me. Working
with plutomum is the same. There are
a lot of rules you have to obey. 50 you
don’t initiate a criticality accident. If
you're going to be doing something,
vou do it safely. It you're not careful.
something is bound to happen.

Los Alamos Science: How frequently
were vou monitored for contamination?

Michael Martinez: You're supposed
to check yvourself with a hand probe
every time vou pull your hands out of
the gloi-e box. and then again as you
leave the room, vou check your hands
and your feet. Finally, betore you
leave PF4 (the plutonium area of TA-
33y, there’s a monitor. a person, who
chiecks you completely. Most of the
time vou're clean. but once in a while.
vou get a couple of clicks. You check
vour gloves—the surgical gloves that
vou wear 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 1o see if you should change

140

«
\.- | .
l

e

Safery excercise ur TA-55

the gioves or whatever. It's kind of
weird because you can't see anything,
you can only hear the clicks.

Los Alamos Science: Harold Archule-
1a, what was your experience in becom-
ing a plutonium worker?

Harold Archuleta: 1 came to work in
1967 at the oid DP Site in group CMB-
11. That was the metal-fabrication
group where castings of various shapes
and sizes were produced. [ had o be
highly trained because the work was
wtally hands-on. At first. I had to just

—_

Of course incidents
did happen and vou deg
with them. If yvou tore

glove, you changed i}
If the window cracked, j
had to be changed. Ang
sometimes you would gey
contaminated.

watch; they wouldn't let me do anything
for the longest time. Then [ started
making ingots. Later, I moved up 10
rods and then finally to hemu-shells.

The hemi-shells had to be perfect. The
group relocated to TA-55 in [978.
There 1 worked as head caster and tech
supervisor. [ was also responsible for
training technicians as well as staff
members, voung and old. Just as [ had
been trained. I would always emphusize
that safety was the number one prionty.
Of course incidents did happen. and
you dealt with them. [f you tore a
glove, you changed it. If the window
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Most of the time vou 're
lean. but once in a while
cou get a couple of clicks.
you check your gloves—

the surgical gloves that

vou wear under the big

Jeaded gloves in the

glove box. You can't
see anvthing, but vou
Lrnow thev're hot, they're
comtaminated with
radioactivity., You call
the monitor to see if you
should change the gloves
or whatever. It’s kind of
weird because vou can't
see anvthing, vou can
onlyv hear the clicks.

cracked. it had to be changed. And
sometimes vou would get contaminated.

The present facility is ditfersnt from the
old DP site. It's not like a tamily any-
more where everyone cooperated and
helped each other out.

Bill Gibson: There's a good reason for
the change. When we were at DP Site
we were 4 group of abuut 30 or 60 peo-
ple. At TA-55. the group suddenly
grew to about 300, and the only people
vou knew well were the pzople in your
own area. '

Los Alamos Science: Were vou proud
of vour work? Did you enjoy your job?

Harold Archuleta: Overall, my job
experience was a positive one. [ 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

In this part of the discussion the
participants were asked to describe
the accidents or incidents that led 1o
their plutonium intakes.

Harold Archuleta: My first incident
occurred after opening a freezer in the
attic at DP West, Room 300. Plutoni-
um was stored in freezers because the
cold remperature keeps it from oxidiz-
ing, One particular Monday morning, [
was given a casting tickel to retrieve
plutomum buttons for casting. Upon
opening the container. [ noticed the but-
rons were oxidized. [ 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 gloves. Shortly
after this incident, Harold [de who was
in charge of H-1 contamination inci-
dents. informed me that [ was required
o give fecal sumples. [ did so for a
few months.

The second 1ncident oceurred while
casting plutonium rods. During the fill-
ing of the molds. a slight overflow oc-
curred. causing 4 sliver to form. While
I was unloading the molds. I felt a pin
prick on my right middle finger. I im-
mediately stopped and reached over
with my left hand and held the neo-
prene glove bringing my right hand out
to the cdge of the glove port opening,

t42

[ called to a monitor who happened to
be close by. He checked. and no conta-
rmination was found. But at the wound
counter, it was found to be contaminat-
ed. | was taken to occupational medi-
cine where [ was told, “There are two
things we can do. We can let vou heal
over, in which case you'll have g body
burden. or we can take vou over (o the
hospital and cut it out.™ I chose exci-
sion. At the hospitai they gave me a
shot and then they started o cut. [
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 tt, about six or seven stitches
on my finger. I was removed from plu-
toniurh work while [ recuperated.

The third incident involved another
nasal intake. I was changing a ther-
mocouple tube in a pressurized fur-
nace. Due to a fanlty helium valve,
the furnace had not been properly de-
pressurized. - Upon removing the ther-
macouple, some contamination was re-
leased. My nose count was found to

" be very low. [ think that what [ have

in my lungs is a result of the first inci-
dent. [t is americium that is detected
when a lung measurement is taken.
{Weapons grade platoniom has abour a
forty-vear biological (residence in the
bodv) half-life. Americium-241, which

is a decay product of plutonium-241, is
more easily detected in the fungs than
plutonium-239, because it ¢mits higher
energy gamma ravs.|

Los Alamoes Science: Huve you wor-
ried about that over the vears”

Harold Archuleta: [ didn’t worrv
until about three or four vears ago. [
started to get this discomfort in my lefi
side around my pectoral muscles. |
didn’t think i1 was the plutonium. We
had to lift a furnace that was inside the
line. and [ grabbed ir with myv left arm.
bt was pretty heavy. After that, I start-
ed to have a lot of weakness in my left
arm. I went to all kinds of doctors. 1
thought it might be my heart. But the
doctors determined that it wasa’t my
heart. it was the design of the glove
baxes. All those years ot 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 muoscles.
There's nothing I can do about ir,

Los Alamos Science: Did that expla-
nation satisfy vou, or do vou still have
questions?”

Harold Archuleta: No. [ asked the
doctors at Lovelace whether the prob-
lem could be from the plutonium in my
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Jungs. and they said no. they don’t
ink it could be that. But when [ talk
o vther people. they all say. "l bet it's
the amouilt of exposure in vour lungs.”
pus § don’t know—-I don’t think so.

Los Alamos Science: Michael Mar-
rines, will you be next?

vichael Martinez: My first incident
';.’.'i]‘:" about 1984, There were six of us
i the vault getting ready 10 send a
.hipment to Rocky Flats. We sent ma-
rerials in containers that resemble pres-
oure cookers, and we use those units
over and over again. This time we re-
moved the belts and took the lid off,
and the stuff inside went airberne. This
gnit was empty. but it was hot. and we
didn't know it. Nothing was marked
on the outside o say it was contaminat-
«d. but it was. Anether person and 1.
who were right by the container. had
the highest nose swipes. That was my
first 1ntake.

The second incident was in 1993, We
were doing reductions in the induction
furnace, and we had just started work-
ing with the laser. If I remember cor-
rectly, it was right after a three-day
weekend. We were doing a laser re-
duction. When the reduction took off,
it sounded kind of funoy compared to
what we were used to hearing. We
checked 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 trom the
reduction chamber. We used the argon
to clean the window after the reduction
was done. This time we turned on the
argon. and it broke or cracked the win-
dow. The plutonium that was airhorne
in the chamber wene through the win-
dow. and we picked up guite a bit.
After thar incident, they shut the line
down for & while. and { transterred out
of TA-53 10 the Chemical and Metal-
furgy Research building.

Los Alamos Science: What happened
after vou knew vou had an intake?

Were vou concerned?
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Michael Martinez: [ wondered how
bad it was. At first. they gave me urine
kits and fecal kits once a day. and then
once a month. ['m still giving urine
samples. Awhile atter the incident, they
called me to the Health Division, and
the doctor gave me the numbers relating
to my exposure. And now vou've given
me another set of numbers.

Hurodd Archidera

One particular Monday
morning, I was given a
casting ticket to retrieve
plutonium buttons for
casting. Upon opening
the container, 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 Alamos Science: How wars ir
having to fili all the bipassay kits”
How did vou feel bringing afl that stuff
home? Did vour family ask gugstions?

On the Froat Lines

Michael Martinez: [ never told them.
["ve never told anybody. § didn't want
them to worry.

Jose Gonzales: ['ve got a long story,
because as a monitor. you're always
iooking for the unknown. At least that
was what it was like during my early
veurs at DP Site, My first episode was
at the waste-disposal site where they
Were (reating americium in 55-gailon
drums. T opened the door, and to my
surprise, [ 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 |
probably picked up a dose there.

The second place where T might have
picked up some dose was in the filter
house. It wouldn't have been from in-
sicle the filter house, because | was
wearing a respirator.  But while un-
dressing afterwards. [ could have golten
some dose from contaminants that had
fallen on my ciothing. Anocther 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 (o pre-
pare for making the transfer. Suddenly
the seams on the plastic bag gave out.
and the button rolled on the Hoor. 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 [ ¢couid do. [f 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 |
could retate. Thev weren't intentional
errors. We were just doing things in
the best way we could.

['ll tell just one more, Tt was 1977 on
the metal prep line. I was holding a ra-
diation-menitoring instrument close o
where a metal reduction was being
dore. When the pressure surge came
during the reduction reaction. a zasket
blew on the reduction vessel. At that
point in the reduction, the vessel was
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Michae! Martine:

There were six of us
in the vault getting ready

10 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 off,
and the stuff inside went

airborne.

under 2.00¢ 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 te evacu-
ate the room. We assembled on the
outside. and thank God. everyone was
sate, But we picked up a dose, I be-
came a permanent fixture in the In Vivo
Lab where gamma-ray lung counts are
dore. That incident bothered me a bir
more than the others. | called my wife
ter tell her we had an incident and that [

wouldn’t be home as early as [ had said.

And sure enough, at ten o'clock it came
on the news that there had been an acci-
dent a1 DP Site. and that five people
were invoived. My wife was concerned
about it. But we got it straightened out.
We put a satety valve on the pressure
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cylinder of the vessel so the same thing
wouldn't ever happen again.

I had an incident at TA-35 when 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, tour bolts that hold the reduc-
tion bomb in place came loose: T velled
for everyone in the room 1o evacuate. ]
saw some sparks 50 1 held some wet
cheesecloth close to the glove ports 1o
keep the gloves from catching fire and
waited to see if the reduction would
stay inside the vessel. We didn't have
time to go tor respirators. Thank God
we were able to keep everything con-
rained inside the glove box. We had a
J-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. [
didn’t want to quit my job. I have pride

~in my work. When [ felt kind of bad, [

talked to my family. I have two healthy
children and two grandchildren, and
they understand. There were a few
times when 1 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 tme it happened. it
Ww... something serious. Today. [ feel

- better physically, mentally, and spiritu-

ally than [ 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,
1 started 1o work with plutonium-238. It
was for the artificial-heart program. We
had just produced the first plutonivm-
238 metal in a regular glove box. and |
was up on the ladder to open the top of
the furnace. I reached in with tweezers,
puiled out a 25-gram button of plutoni-
um-238, and then sparks started to fly
all over the place. The ptutonium-238
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was oxidizing so rapidly because ths at-
mosphere in the glove box was JUSE the
normal atmosphere. [ handed 1he buttor, §
to Larry Mullen who was working right
next to me, and he dropped it. angd th;:n
somebody else dropped it. and then .
nally we got it back into the furmngce.

That raught us that we had to work i

an inert hood. one without any oxygen

or nitrogen.  But [ don’t believe | ot

any dose at that time.

Jose Gonzale:

All these incidents
happened, and still, |
didn’t want to quit my job.
I have pride in my work.
When [ felt kind of bad,
[ talked to my family.

I have two healthy children
and two grandchildren,
and they understand.
There were a few times
when [ had to leave my
underwear at work, and
my son would say, “‘Mom,
daddy’s hot again!”
I'm so grateful that I can
Joke about those things
today.



There Was an incident, though. on an-
ther line irt a room called 401, It was
Jpout 1972, and b was working in 4 set
of gloves right next to another fellow.
All of a sudden his glove ripped oft
from the glove port. He had this whole
glove on his arm. and we were both
Jooking into the glove box through the
open port where the giove had been.
we didn’t hardly breathe. We yelled
for our respirators, and the monitor
curme quickly and put them o our
fzces. That's the one incident in which
1 believe T could have gatten a dose,
hecause [ wasn’t wearing a respirator.
The whole room got contaminated. [t
took several weeks to clean it up.

[ was told I couldn’t work with plutoni-
urm it August 1973, about 23 or 24
vears after [ started, but [ was never in-
formed about any doses. I would send
in unne samples, but they never gave
me any of the results. 1 worked full-
time at the Lab until 1985 when [ re-
tred. and [ came back to work part-
nme as & Lab Associate until last year.

Ed Hammel: [ have a suspicion that
what Art is saying 1s not that unusual.
Probably. there were a lot of people
who were not informed of their internal
exposures because they were consid-
ered too insigniticant. And [ suspect
that the reason we are having this dis-
cussion today 1s because now it has
suddenly become significant. The cul-
ture has changed. and the whoie coun-
wy 15 worrying about these things.
Evervbody is rving to play catch up.

Art Beaumont: [t I was a person with
@ body burden. it would seem to me the
Lab would be interested in it. At one
point after [ moved to DP East, [ ques-
tioned Bill Maraman about why they
weren't asking for urine samples. After
4 big discussion, it turned out that a
secretary had taken me off the list.

Jim Ledbetter; The only incident

I recall in which I picked up an expo-
sure was in 197] during the disassem-
bly of the plutonium-238 Jupiter haat
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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 velled 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 shieiding. The almos-
phere inside the containment was
argon-purged and was maintained at a
very low oxygen content. fess than fifty
parts per million.

The first disassemhly was 100 per cent
successful. We disassembled the
source and welded the plutonium-238
metal into tantalum cans. Then we
began preparting tor the second source.
By then. we'd guthered a lut of atten-
tion. and some of the renowned people
involved in the heat-source program

On the Front Lines

were present at the site for the second
disassembly. Harold Agnew was there,
Dick Baker was therz. and so were the
principal iavestigators, Stan Bronitz
and Bob Multord

Once you start a disassembly. you
can’t stop unal you have all the parts
disassembled and packaged no matter
how long it takes. Sometime late in
the evening, odd things began o 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 heen
happening. We kept working. and we
kept getting spontaneous bursts of
Hame. Somebody said. "We've got to
switch to helivm.” So we hooked a
helium trailer to the manifold and
began purging the primary cu.tainment
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 pnimary contain-
ment. and [ was doing the welding.
After a few minutes, a cam (continuous
air monitor) alarm went off outside,
within six teet of us, We called in the
monitor. and he checked the cam. 1
think we got a blip in power. There's
nothing back bere.” S0 we went back
to work. Shortly after that, the cam
went otf again. We decided to stop
and check things out. Several 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 wem
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 tace masks. We were
hurrving to weld the capsules and put
them away. And while we worked, T
could hear the floor monitor cutside the
three-foot walt starting to pick up a stg-
nal. I could hear it ¢licking away. and
[ recuil 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
hat cell where we were working, we
weren't picking up anything on the ra-
diation momitors. 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
trving to figure out what was wrong.
and we were frantically trving o weld
the plutonium containers.

As it turned out. the helium had caused
a posiiive pressure in the boot arcund
the manipulator so that the airborne plu-
tonium was being sucked owt 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
we 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 scieatists were in coveralls. All of
us were examined pretty caretully 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 | 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-
nence and for many years after.

Jerry Taylor: I remember my acci-
dent to the day. It was April 1981. on
Good Friday. I had been working on a
process in which I had ended up with
two one-liter bottles of luid. When [
came in on Good Friday, the bottles
were collapsed. [ decided to empty
them before they coliapsed all the way
and made a mess over everything. 1
found a sharp pointed knife in the glove
box. which, I learned later, should
never have been there. T picked up the
knife to vent the lids of the bottles. and
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as { made the puncture. the knife went
through the lid like a piece of hot butter
and right through my left glove into my
left hand. [ pulled my hands out of the
glove box and told the supervisor. =1
just got a puncture wound.” We went
to the decontarnination sink and sat

James Ledbetier

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. Harold
Agnew was there, Dick
Baker was there, and so
were the principal investi-
gators, Stan Bronitz and
Bob Mulford.

there for about 43 minutes 1rying to
scrub off the surface contamination,
The wound was still hot. so we went
over 1o H-2, Occupational Medicine,
and they did the first excision. There
were 4 lot of celebrities there, Dr. Grier
and Dr. Voelz. [ started using the
chelating agents that day. They're
supposed to help remove the plutoniem.

Abour a month later, [ had to ger
another excision.

Los Alamos Science: Were vou anyr,
at the time it happened that you had
had u serious uccident?

Jerry Taylor: Yes. I knew what |
wus working with. But I didn't know
how much I had received internally,
Most everybody here received their
doses by inhalation. [ received mine
internally right then and there. [t was
just like playing with a pocket knife,
Usually you poke a hole in your hapd,
and vou don’t think much about it.
There --as plutonium on this knife. I’
funny to think abour. At first, I didn't
think the dose was going @ be that
high. I hadn’t been worrying about
working with the material. But right
after the accidenr, I started wondering
how much of a dose I'd gotten. That
first day the count or my wound was
very high, and that’s when I started
worrying. It was very scary to me.

Los Alamos Science: How did they
explain the chelation process to you?

Jerry Taylor: They just said that p.u-
tonium and americium are bone seekers.
s0 they would give me DTPA [the
chelating agent| either with zinc or cal-
civin. 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 [ 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 friend
wouldn't come clase 1o me for a couple
of months, wouldn't even shake my
hand. Actually, we were the tvpe of
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jriends that would give each other a tug

op & hug, but he was frightened of what -
or i huy

[ had gotlen in me and what I sull had
i my hand. So he would talk to me at
4 JJistance. That really bothered me
chhoiogiua!ly. But 1t's not like that
;m-ymore. For about a month. I went
around wearing a surgeon’s glove to try
(o sweat out the surface contamination.-
| was only off work for a couple of
Jays. and when 1 went back. 1 worked
in the front otfice. They had to tell me
ro stay out of the hallway and away
froim the doors 1o the vault because 1
kept setring off the alarm just by watk-
ing mear them. That first year was very
!u;g, I had a lot of chelating agents.

A lot af urine kits. I saw a lot of num-
ners. frene did a lot of whole-body
Soutts,

Los Alamos Science: Did the chelat-
ing agents do any good’

Jerry Taylor: Yes. From the numbers
[ 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. [t made me kind of shaky and
upset my stomach. T don’t know if it
was just the stress or the calcium in the
chelating agent. Even to this day, if i
take a muitivitamin with calcium, I get
a little shaky for an hour or so. | seem
to be overloaded with calcium, but the
numbers show that it worked real good,

I <till have a fairly substantial contami-
nation. but I don’t think about it
much—unless something like this meet-
ing brings it up. 1t happened fourteen
vears ago. ['ve put it to the back of my
mind. But when { first moved to Albu-
querque eight years ago. it did concern
me. My wife had gotien pregnant, and
[ worried that the radiation in me might
have affected the baby. That was a
pretty stresstul ime. My son was born.
and he was fine. [t was a concern then.
But 1 den’t think about it much any-
more. I go on with my life, and I've
been feeling healthy.
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Los Alamaos Science: Do vou think the
Lub tovk good care of you since the
time of the accident?

Jerry Taylor: [ think they could im-
pro- @ During the first year they

watched me very carefully, and it felt

Jerrn Tavior

it happened fourteen
vears ago. ['ve put it to
the back of my mind.
But when [ first moved
to Albuquerque eight
vears 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 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, [ always wanted to hear
more. [ wanted to know what had hap-
pened to other people who were conta-
minated. [ wanted to know if any new
studies had come out. [ was hoping
that it a similar thing did happen tw
someone else. they could use my expe-
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rience ta belp that person. They did
keep track of me for the five years |
way at the Lab. The accident happened
only six months after T started ar the
Lab, After [ left. | didn’t hear anvthing
unless T called Dr. Voelz and asked tor
another body count. And then they
would do it. [ appreciate that. bur |
think they should be contacting me an-
nuatly at least. The fact that [ haven't
been monitored regularly is one of the
reasons | decided not to volunteer for
the Transuranium Registry.

Los Alamos Science: Would vou ex-
plain what the registry is alf abowr?

Jerry Taylor: It's a way to donate
your body for study following vour
death so they can see what actually
happened to the intakes of plutonium or
urantum or other nuclear materials that
vou had. [For a discussion of the work
done on autopsy tissues see A True
Measure of Plutonium Expostire—The
Human Tissue Analvsis Program uat Los
Alamos. "] 1 like the idea that they are
doing those studies, but [ teel ['ve al-
ready given enough of my body.

Los Alamos Science: Do vou have full
use of your hand?

Jerry Taylor: Pretty much. [can't
spread it as tar as the other guy. If I
catch 4 baseball, it hurts near the area
of the wound, because they tock out all
the fatty tissue around it. But there’s
nothing really wrong with it. I have
tull 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 [ first
came. we were working with the first [-
gram quantity ever made. but then we
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worked with 8 grams. then 16, then 64,
and on up o kilogram amounts.

Wright Langham and Louts Hempel-
mann kept us pretty well posted on our
exposures. They were taking urine
counts by 1945, and we saw the counts
continue to be positive. When we start-
ed working with peroxide precipitations.
things got worse. You know, that staff
hubbles. and we were working in the
open. There was a e 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 thai I had an incident. T was
shoving a piece of rubber tubing onto a
side arm of a filter flask when the arm
broke and a piece of glass got jammed
into my thumb. As [ pulled the glass
out [ could see a little trace of green
under the skin. Green was the color af
the plutenium hydroxide that was in the
flask, so | knew [ was contaminated. [
told my supervisor immediately, and
thev rushed me over to the hospital and
excised the wound. That was the only
dramatic incident that ever happened o
me. but [ don’t know that it added very
greaddy to my overalt count. 1t was the
crude conditions under which we
worked—horrible by today's standards
although they looked very reasonable to
us at the time—that were responsible
tfor my high count. [ went over the al-
lowed limit. and | wasn't the only one:
there were three or tour of us at the
ttme who had to stop doing plutonium
work becuuse of excessive urine counts.

Most of us were in the army. and a sol-
dier. vou know, is expendable. But
Wright Langham didn't think so. He
expressed considerable concem over
our rapidly rising urire 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, bur those
measurements may have been False.
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Los Alamos Science: Do vou remem-
ber what the {imit was at that time ?

Bill Gibson: As [ recall. it was 7
counts per minute in a 24-hour urine

Bill tiihson

It was the crude condi-
tions under which we
worked—horrible by

todav’s standards although
they looked very reason-
able 10 us at the time—
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 | microgram of plu-
tontum. How accuorate that is [ have no
idea. All ] know is that today I'm
healthy. The past is history. What
happened, happened. that's all.

Los Alamos Science: Af that time, in
[943, ne one knew exactiy what the
count meant. The calibration that was
needed to refate the counts v vour

for that calibrafion. They were 1o,

urine sainple to the amouny aof pluton,
um in your bodv had not been done -
vet. In fact Langham's gng Hempey.
mann s rt’*{fonafe for the human inje.
Hon experiments was to obtain the datg
anxiois 10 have a valid basis for i,
preting thuse counts und iaking People
off the job at the appropriate time,

What do you think of the assertion that
having plutonium in your bodv frreveny
colds?

Bill Gibsen: I don’t know about thy
IC's true that ['ve only had about ope
cold in the last twenty or thirty years,
but it may not have anything to do wig
the plutonium. The interesting thing—
which Dr. Voelz knows all .’;bOLlI—-;s
that the members of the UPPU 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 anvthing. it might have helped us
a little.

Los Alamos Science: How about yvou,
Ed? Whar was your experience”

Ed Hammel: | mentioned earlier that
my section was responsible for remelt-
ing, alloying, and then casting plutoni-
um. Essentially all the plutoninm at
Los Alamos. both recycled and original,
passed through our section from the
time we had gram guantities 1o 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 [ can re-
member, during that peried, we didn't
have any incidents of punctures or any-
thing like that in our group. [ don’t
think any of my people managed to be
in the UPPU club.

Los Alamos Science: Bur you could
have been. Do you remember the
circumstances when vou received an
intake ?

Ed Hammel: Not really. There was
no specific instance. [ knew | was
continned on pawe {30

N
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A Recent Incident

On the Froat Lines

geveral weeks after the roundiable, Johnny Montoya was involved in an accident at TA-55. At our request he has been gra-
oS enough to share his personal feelings and emctions cennected with that accident. His words show the human side—
separate from the technical risk, the media-hype. the polit:: - agendas, and the operational tasks. That is the side we, the
nealth protection professionais. must always be aware of &. .. must address in an accident—care of the mind, the emotions,
and the body of the affected individual. Bill Inkret

{ have worked at TA-55 for 14 years
daing various aspects of plutonium pro-
cessing. My accident occurred late in
pprif 1995. I've always thought of plutc-
miumn as kind of a friend, but I'd placed
poundaries on that friendship—as long
as we stayed on our respective sides,
we'd get along [ust fine. When the acci-
dent occurred, my first reaction was ex-
weme anger. Qur borders had been
crossed, and | feit cutraged and be-
trayed. | was alsa very scared when the
pusy activity of medical personnet started
unfolding around me.,

Nose swipes indicated that I'd inhaled
plutonium. A chest count, taken at the In

'Vivo la, indicated that it was substantial.

It was frightening to hear { might have re-
ceived a large dose. Dr. Lowrey sug-
gested a treatment called chelation that
would heip if my intake was extensive.
One of the staff explained the process
and how it would enhance removal of
plutonium from my body. 1 recalled my
father teliing me about - =jation agenis
at his feed store. | was aiso told that
prompt action was vital, and based on
the information, | decided to go ahead. |
remember asking Gina Rey about her
thoughts. She lifted my spirits immeasur-
ably bv saying, "You're deing the smart
thing  * you have what the numbers are
showing, you're hetter off chelating.” The
procedure was explained in great detail,
and shortly thereafter, | was prepped.

I'm sure { was in shock because several
attempts to Qet an 1V i~*o one af my
veins failed—the veins in my arm had
collapsed. it was a nightmare, but Gina
remained at my side, teling me to be
strong and to ask the Lord tor heip, and
her faith gave me faith. Without Gina,
I'm not sure | could have held together
as well ag | did. Everyone did a good
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Johnnv Montoyu

job. and the chelation went smoothiy,

Still, | was totally freaked out, and the
most difficult part was about t¢ begin: 1
had to teil my famity. How do you ex-
plain this to people who hava never
worked with piutonium? People who love
you and are concemed for your weifare.
That was when Dr. Inkret gave me
courage and support. ! asked him, “How
do | tell my wife and children?” He made
suggestions, but he also gave me his
home phone number in case | needed to
talk. Well, believe me, | took full advan-
tage of his genercus offer. He explained
that the emotional stress would do me
more harm if [ wasn’t careful how | dealt
with it. And he said, “In the long hours
and days to come, 'l do my best to ex-
plain it ail to you. Don't worry, Il be with
you every step of the'way.” Believe me,
he was. But that first night was the hard-
est of my iife; 1 was living a nightmare.

It was obvious the next moming that the
anger hadn't left me. Driving up for an-
ather chest count at 7:00 AM., | ap-
proached one of the trucks that bring plu-
tonium shipments to TA-55. Again, | feit
the intense anger of Deing betrayed by

M™J
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someone I'd worked with for the last 14
years. When | got to the lab. Dr. Inkret
was waiting, and | described my emotion-
al state as I'd approached that truck.

| showered and entered the counting
chamber. It was the longest 30 minutes
of my lifle. When | came out, | saw Dr.
inkret, Bruce Matthews, Tim George.
Dave Post. and others. They were jubi-
lant. | knew instantly they had good
news. | was on 10p of the world. DF.
Inkret called his colleague, Dr. Smith, to
explain the results. | got on o express
my feelings of jubilation. Or. Smith said,
“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 i
someone had hit me over the head with
a bat. | was at square one again.

Te make a long story short, | had several
more chast counts in the days to come,
which were all favorable. | was then toid
that the true test would be the fecat and
uring assays. ['d need to wait severai
days for those. As you can imagins, |
went though hell. Finally, they deter-
mined that the dose was nowhere close
to what had first been thought. The rast
of the testing period has been a long
wait. I've spent numarous hours educat-
ing myself and gaining valuable informa-
tion ¢n the implications of my intake. |
now understand batter what it means to
my body. But most important, the anger
is gone. More than likely, the positive
way things tumed out has had a lot to
with this. My tests have all been low
compared to what was first believed.

t hope my experience can, in some way,
do some good. Perhaps | can help
someone through similar circumstances,
though | hope | will never have to.
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continged from puge 148
carrying some plutonium. but it wasn’t
enough to worry abaut.

Los Alamos Science: OK. we 're back
to the beninning, Ted and Nick, and we
want 1o hear about vour innikes,

We called
Wright Langham, and
Hempelmann said, “Hev,
do you want to excise this
thing and get it our of
here?” We went to the
hospital, and they thought
they had cut it all out,
but they hadn't—I still
have some plutonium in
one finger.

Ted Magel: Within weeks of making
the first 1-gram button, I had an inci-
dent in which [ was working in a dry
box scraping the slag from another of
those {-gram butions, and the needle 1
was using slipped. went through the
rubber glove, and embedded in my fin-
ger. Nick would remember that inci-
dgent. I could see some black stutf in
my finger. OK. I thought, that's pluto-
nium oxide. We called Wright Lang-
ham. and Hempelmann said. “Hey, do
you want 1o 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 stili 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 luly of
1944, they developed a method of mon-
toring hew much plutonium we were
getting from breathing. The nose
counts were the primary method for
that. This girl would come around and
sWub our nostrils.
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One time | was getting ready t¢ do a
reduction, and I decided 1o take a last
quick look inside this hule tiny crucible
te make sure I had put all the ingredi-
ents into it. 1 bent down close 1o it and
fitted the lid without bothenng to pat
on my respirator. Apparently I gor a
very high nose count from doing that.
But the big dose was from the needle
stick. Dr. Voelz told me recently that [
have the fifth highest dose of the 26
members in the UPPU club.

Los Alamos Science: Were you wor-
ried about having plutonium in vou?

Ted Magel: [ didn’t get too excited or
worried about it. P'm not super patriot-
ic or anything like that. but it was war,
and we had a job 10 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. [ got one too, but it wasn't
as high as Ted’s because [ was wearing
my respirator. Mackenzie would do
nose counts twice a day, and she would
give us calcinm phosphate pills 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
vear, 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 guantities to
the end of the war. . . .
As far as I can remember.
during that period we
didn’t have any incidents
of punctures or anvthing
like that in our group. [
don't think any of my peo-
ple managed to be in the
UPPU club.
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Follow-up Studies, Expert Opinions,
and Future Prospects

Los Alamos Science:

This is a good time to
avitelt the focus from the
gocidents 10 the questions
i cORCErns Yo may
nave about possible health
offects and about the way
;ﬂ:e Lubaratory has (reat-
ed von over the years,

We have several experts
here t0 UNSWET VOUr gues-
tipms. They're probably
all famifiar to you. First
iv Pr. George Voelz who
was the head of the

Health Division ar the
Laboratory for many
yeurs and iy a recogrized
leader in the field of plutonium epidemi-
ology. Next is Don Petersen, who was
rrained as o pharmacologist and served
as George's depury for many veadrs.
Next ra Don is Mario Schiflaci, a phvsi-
cist whe recently joined the radiation
dosimerry group. And of course, there
are Bill Inkret und Guthrie Miller, who
organized this meeting and prepared
the dose estimates vou received before
coming here today.

Ted Magel: { can’t speak for all
UPPU members. but in 1971, they de-
vided to bring all 26 of us back to Los
Alamos to do complete physical exami-
nattons and to get whole-body counts.
urine counts. x rayvs, and blood work,
They were using the urine data to mea-
sure the long-time excretion rate of plu-
tonum 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 uplaﬁe,

Theyve also worked very hard to mea-
sure the amount in our lungs and to
monitor our lung performance. They
were looking for any etfect that might
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confirm or dispute the news media
claim that one speck of plutonium wil
kill the population of the Earth. The
media keeps writing that story over and
over to the point that | 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 tweniy-six of us
who've been carrying it around for
decades. and eighteen of us who, after
fifty vears, are still healthy and just get-
ting older.

Nick Dallas: [ 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 [ went to the City Hospi-
tal at Johns Hopkins University 1o have
it removed. Dr. Hempelmann. who was
then at the medical center at Rochester,
cume down especially for the operation.
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The biopsy showed that
the tumor was nonmalig-
nant. [t was what they cali
4 hamantoma, [Aamartoma
is a congenital nonmalig-
nant collection of various
cefl rvpes]. The medical
people claim that those
types of tumors cun grow
on any of your internal or-
gans and are not caused by
rudiation. Dr. Hempel-
mann arranged to have the
lung tissue packed i dry
ice and mailed to Los
Alamos for analysis. He
also sent along a hone
sample, a piece of my b
that they had removed during the opera-
tion, and also a lymph node. I believe
they wanted to see how much plutoniuni
I realiy had in me and to check that
against the amount they'd predictad 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 o
make an autoradiograph. Sure enough,
vou could see a few stars on the Aim.
Those stars were evidence of radia-
tion——they re the alpha tracks emapat-
ing from each small particle of plutoni-
um, and they form what looks like a
star at the spot where each particle s
located [see awtoradiograph. page [32].

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 o the
liver. the lungs. the bone, and so forth.
That information allows them to predict
strictly from the urine samples how
much radioactive material you have 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 vour samples became part of
that swudy.

Nick Dallas: You know. | wasn’'t wold
until after the operation that they'd
taken exira tissue samples. and 1 was
quite upset at first. But Ted calmed me
down, and now I’'m kind ot proud that
["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 ont my organs after I die. I'm
in favor of it. but [ haven't signed the
torm vet because my wife is stll not
sure she wants it to happen. Nick, did
you sign vet?

Nick Dallas: To tell you the truth, my
wite doesn't particularly care tor that
either. and since I've already given
some of my lung tssue, some of my
bone. and my |lymph node. I think
they've got enough data from me.

Los Alamos Science: 7Ted, have vou
had any svmproms associated with vour
hody burden?

Ted Magel: Not that I'm aware of.
I'm in very good health, and ["ve fa-
thered six healthy children, three boys
und three girls.

Nick Dallas: And ['ve had four’
healthy girls.

Los Alamos Science: How about vou,
Bill?

Bill Gibson: ["ve lived fitty vears in
good health, and | have two healthy

childrent. I'm 74 now. and [ don't see
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The image is an autoradiograph of a tra-
cheobroncial lymph node from a tormer
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 [ shouldn’t get to 84 or
494, T don't really have any concerns
about the plutonium in me.

Los Alamos Science: Well, Bill, Ted,
and Nick, all members of the UPPU
club, seem <:mguine about their health
prospects. r mavbe George Voel:,
our resident expert on the epidemiology
of plutoniam workers, would like to 1ell
us what the data savs. George?

George Voelz: Let me begin with a
tew very simple facts. Each one of us
in this room, without considering the
possible effects of occupational expo-
sures. has g 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 4 of
us will probably die of cancer.

Now if vour occupational expaosure is
within the  its set by the Department
of Energy.  even if vour exposure is
well above those limirs. vour increased
risk of getting cancer is not so very

great compared to this basic rate. The
probiem is that it vou do get cancer
you begin to wonder, "Did I get 1t fropy,
the radiation exposure” And there'y
no way to answer thal question because
there’s no way to t2ll whether rudiation
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 peopte were dotag -+ "n
of worrving and studying and thi ~ipg
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 inhalalionvexposures_
because once plutonium gets in the
lung, it may be anywhere from 6
months to several years 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 3()
or 40 years after the exposure. 75 per
cent of the inhaled plutonium is stifl in
the lung.

It's similar for Jim Ledbetter's accident,
His urine count didn’t show anvthing
until several months atter the inhalation.
and then the counts rose for a period of
3 to 5 vears as the material graduaily
got deposited in other parts of the body
and was excreted in proportion to the
amount deposited. We didn’t communi-
cate very well with either Art or Jim,
and I'd like 1o apologize for that.

I think we did much better with the
members of the UPPU club. Tho=e
were the peopie who had unusually
high exposures in the old D Building.
Wright Langham started keeping triack
of those folks in about 1948 and 1949
The first official examinations were
done by physicians in the areas

where they were living in about |952,
It’s been about fifty years since most
of them had their major exposures in
1945, so this is a sort of 2oiden
anniversary for them.

juns
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A« Ted attuded 1o carlier. they 've fared
.pr.cll}" well as a group. OF the original
2. only 7 have died. and the lasi death
4 n 1990, One was a lung-cancer
death. and (40 died of uther causes but
had Jung cancer al the nme of death.

3|} theee were heavy smokers. [n fact,
17 of the original 26 were smokers at
the time they worked in D Building.
smoking was a very social acuvity dur-
ine World Wac Il The military ottered
ree cigarettes. and if you turned some-
ane down when they offered you a cig-
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On the Front Lines

We did a rend analysis that showed the
rate of three cancers (esophagus. brain.
and Hodgkin's disease) correlated sta-
tistically with increasing exposures
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
leukernias. made us conclude that the
significance of the observed tindings
wis indeterminate. We also compared
cancer rates in workers exposed to plu-
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On the Front Lines

can add external doses and internal doses
1o come up with the total dose without
doing any conversions along the way.

The complication with the new sysiem
is that we are computing committed
doses. That computation is simple for
external doses—mwhatever gxposure vou
received 1s the committed dose because
that’s all the dose you will get trom
that saurce. But for internal exposures.
the committed dose is much more com-
pticated. For every additional amount
of material that you retain in your body
in a particular year. the heaith physi-
cists compute the dose you will receive
from that material over the next 50
years. That 30-vear total is called the
committed dose. and 1t is added w your
recorded dose in the vear that the mate-
rial is deposited in the body. That
means that if vou retain. say, one addi-
tional nanocurie [onre billionth of a
curte or about 16 billionths of a gram
of plutonium-239] in a period of less
than a year {which gives you a yearly
dose of about a tenth of a rem), vou
will be taken off the job because your
committed dose increased by about 5
rem, the maximum allowable dose in-
crease per vear. [n terms of risk. this
procedure equates the health risk from
a 50-yeur intermal exposure to a
nanocurie of plutonium with the health
risk from a 5-rem. external. whole-body
£XPOSUre 10 X rays O Samima rays accu-
mulated over one year.

Jerry Taylor: [ used to understand the
numbers when they were expressed in
terms of body burdens. Now that
they've changed the system, I'm really
confused, and it makes me wonder
whether they are telling me evervthing.

Los Alamos Science: Jerry may be
particularly concerned hecause he has
the highest dose in this group. George.
perhaps vou could tell us whether vou
have ever seen a direct effect of pluto-
nium exposure?

George Voelz: The only thing we've
seen is one case of a bone wmor in the
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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 tumer we see result-
ing from animal exposure to higher
amounts of plutonium. But occupation-

Nick Dalfas

You know, I wasn't
told until after the
operation that they’'d
taken extra tissue
samples, and [ 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.

al exposures ure kept so jow in the
United States that E don’t expect we will
be able 10 see any extra risk assoctated
with plutonium exposure, We are be-
ginning to see some things coming out
of the Russian experience. Theyv've had
rather poor working conditions for a
long time, the equivalent of fifty years

of D Building. whereas D Building lag,_
ed only a little over a vear in this coup.
try. There are Russian plutonjum work.
ers with lung disease. breathing
problems. fibrosis. and s0 on. the kings
of things we’ve never seen here. S, tha
Russian experience is likely (o give
some definitive data on which to base
our risk estimates.

Los Alamos Science: Whar have voy
learned from monitoring the UPPL;
club members over the veurs?

George Voelz: [U's been pretty inter-
esting to watch. We've seen their piy.
tonium levels go down to about half of
the original levels over those fifty
years. Up until about 20 vears ago, it
was thought that very life of the pluig-
nivm would come out of the body. We
thought the bone half-time (the time for
the amount of plutonium in the bone o
be reduced in half) was 100 years. b
now we believe the half-time is 50
vears. We thought the liver half-time
was 30 years, and now we believe that
it’s only 20 years. By maonitoring the
UPPU members, we've leamed that
plutonium moves out faster than we
had expected.

Jerry Taylor: ['ve been wonderng
why people like myself who had a lot
more exposure than the UPPU guys are
not being moniiored.

George Voelz: There is no simple an-
swer to that queston, Jerry. The UPPU
Club study was set up in the late 1940s
and early 1950s when knowledge about
the plutonium dosimetry and health
risks was very limited. Dr. Louis
Hempelmann and Wright Langham
thought it was essential 1o follow these
men. most of whom had left Los Alam-
os after the war. They decided 1t wasa
good thing to do. and it was done.
There were no proposal-  r approval
by agencies, no human--... iy review
boards, and no funding problems in
those days. By 1974, other studies
were started that included the more
highly exposed persons to plutoeniuni.

contimited o page 156
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Laboratory Initiates New
Voiuntary Plutonium Monitoring

goundtabie participants Jerry Taytor and Art Beaumont voiced goncem that sev-
oral Qroups of plutenium workers with significant depositions were being followed
by apidemioiogy studies. However,
Jerry and Art were not being fal-
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, aithough naot
necessarlly acceptable. Two groups
are being followed at Los Alamos to
compare their marbidity and martali-
ty to unexposed populiations, and
those groups were identified before
Jerry Tayior's accident occurred and
Art's deposition was identified. Fol-
lowing single individuats would not
yield significant information for an
epidemiology study.

However, the guestion raised by
Jerry and Art brings into focus the
most important aspect of monitening
for plutonium (or any other toxin}—
letting the individual understand
their awn risks so they can make
personal decisions abaut the ac- )
ceptability of those risks, The singie most impertant 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 measurements, such as increased
understanding of risks, are secandary 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
degositions of plutonium or americium but are no ionger employed at the Labora-
tory. The individuals will be encouraged o participate, and they will be provided
with all data, analysis results, and the opportunity to discuss these resuits with
the dosimetry and medical staff at the Laboratory on an annual basis. @
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Jorry Taylor ia being measured at the
Los Alamos In Vivo Measurements Labo-

ratory for the presence of various ra-
diolsotopes. The device, part of which is
being piaced over his chast, has four
separate detectors that work togsther to
meaaure the ensrgles of the photons
being emitted by radloactive materiais.
in this way, tha staff ars abie to identify
the typa and amount of the plutonium,
uranium, americlum-241, and a wide
range of fission products that may be
present in the person’s chast, liver, or
other organs. A wholes-body assassment
can be made as well. Such information
will help workers, past and present, un-
derstand tha type and level of the axpo-
sures they have experienced while work-
ing with radicactive materials at the
Laboratory.




On the Front Lines

continued from poge 134

Again, 1t was just done without outside
approvals, budgets. or funding. The
overall findings (not identified by indi-
vidual results) have all been reponted in
the scientitic literature.

By the 1680s, we had gathered  i2nifi-
cant body of information on plutuium.,
Medical examinations were not giving
us as much information as epidemiologic
studies involving hundreds and thou-
santds of people. By then, we were
duing 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 u small group
of individuals. In fact, the trend now is
going toward pooling data from multiple
studies to get stll larger statistical sam- .
pling. Earlier this year, Los Alamos sci-
entists participated in preparing a paper
that analyzed the combined data on over
953,000 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 Ciub, which has now reached 50
years since exposure, but we have not
initiated new medical follow-up studies
on individuals.

I reulize that this history is not a very
satisfactory answer for an individual
who wants to know how things are
golng 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,
epideminiogical surveys, and the poten-
tizl for doing some additional individ-
ual studies of special merit. It is under
review by an ouwtside agency for u 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
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Dan Perersen

The take-home message
from this experiment is
that radiation injurv is
much more likely 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 jar, do genet-
ic effects of irradiation
show up. With people, it
apparently 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 extremety
pleased that vou. Jerry. have volun-
teered for those studies on several occa-
sions since vou lett the Laboratory.

We hope to keep working with you jp
the future.

Los Alamos Science: Whar ubour the

chance of hereditary effects from inter.
nal exposures? Do plutoninm workerg

need (o worry that they mav affect thej,
potenial offspring through exposure 1
plutonium’?

Don Petersan: The aotion that radia-
tion exposure will lead to genetic ef-
fects goes back to experiments with
fruit flies. There. the populations are
huge, the number of progeny are huge.
and one can follow many successive
genera'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 particutar
experiment with mice, because I think
it may provide vou with some reassur-
ance with regard 1o 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 mice’in which
the matings were restricted 1o 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
vou're a male you have a full turnover
of sperm in about 75 days. If you're a
female, you're borm with all the repro-
ductive cells you are ever going to
have, and so you can sccumulate radia-
tion damage in those egg cells.

In the mouse experiment. the idea was
10 expose members of cach generation
of males to half of a lethal dose of radi-
ation. An exposure of 400 rem kills a
mouse, 50 those males were exposed to
300 rem. After radiation, a wailing pe-
riod was given to atlow new adult
sperm cells to grow in trom the basic
stemn cells. This eliminates any cffects
from direct damage to adult sperm, but
not the mutations induced in stem cells.
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The radiated male mice were then al-
wed 10 breed with nomzlframlated fe-

- As a control. nonirradiated
les were also bred with nonirradiated
cemates. Now the catch in this experi-
qe Wi that 1t started out with only a
coy e {rom 4 single litter. and all the
pasngs i each generalion had to be
hrother-sisier mabngs. Jake and his co-
workers bred these mice through 87
genurdlions. which tn human terms takes
+ou hack to the time of the Prolemies in
Foupt. o Cleopatra and the like, The
woral dose to the germ celt line was 87
ames 200 rad. or 17,400 rad. Now the
prolemies believed that brother-sister
mating was the way ta go; all the
pharachs were martied o their sisters.
Genetically. this practice may get the
famify line into trouble in a hurry. We
have laws against the practice. Howev-
or. the addition ot irradiation to the
mouse reproduction failed to show radi-
ation damage detrimental o the well-
heing or continuance of the species.
There were no gross abnormalities and
the litter sizes and survival rates were
equal in the two populations.

argles:

The take-home message trom this ex-
periment is that radiation injury is

much more likely to cause a lethal
event than to cause a change in the
genes that will be perpetuated through
the generations. Usually. if mutations
vccur. they are rapidly eliminated by
spontaneous abortion. and you don't
~¢e themn survive in the popuiation.
Only in experiments with fruit flies,
hacteria, and molds, where you can get
bitlions of them in a jar. do genetic ef-
fects of irradiation show up. With peo-
ple. it apparently doesn’t show either
because there are simply too few of
them or bad genetic material gets weed-
ed out by natural processes,

Marie Schillaci: Even in the case of
the Japanese atomic-bomb survivors, 4
population of over 80,000 individuals,
some of whom were exposed (o very
large doses. there have been no heredi-
tary effects seen. That null result is
consistent with the extremely low rate
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Merny Schiifac

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: [ particularly appreciate
these comments because my son was
born with cancer. He still survives
now; fie is 435 years old and has his own
business. But at the time he was borm, |
was quite concerned that my radiation
exposure may have affected him.

Ed Hammel: [ have a question regard-
ing the size of doses. Many people are
familiar with the tragedy of the radivm-
dial painters, who ingested quantities of
radium as they sucked on their paint
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On the Front Lines

brushes to make a nice sharp point.
Many of those workers developed radi-
um poisoning and died very horrible
deaths. [ was wondeting 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 ali women,
there were several hundred cases of
bone tumors. Of those. [ believe there
were only two whe received cumula-
tive doses o the bone of less than
20.000 rem.

Now for plutonium. Like radium. plu-
tonium 1s a bone seeker. It is not sur-
prising then that beagles given higﬁ
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 dase,
the higher the excess cancer risk.

The average effective {whole-bodyv)
dose among the members of the UPPU
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 15 esti-
mated to be about 43 rem. Plutonium
deposits initiallv on the surtace of the
bone. which is also the area where the
active bone cells are located. Bone
cancers anse from those cells: thus, the
dose to that specific area is most impor-
tant. In humans. the dose to the bone
surface from ptutonium is about 20
times higher than the dose averaged
over the whaole 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-
tface dose of 3.000 rem. They sound
high. but those doses are much [ess
than even the fowest radium doses that
induced bone tumors.
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The current risk estimate for plutonium
exposure indicates !5 excess bone can-
cers would be expected for each million
person-rem. A million person-rem
could consist of. say. L.OO0 people each
having a dose of 1.000 rem to the bone
surtace. If the risk estumate holds true.
there would be 13 cases of bone canvcer
among the 1,000 persons: each individ-
ual would have a risk of 15/1.000 or 1.5
per cent. As a physician, | like 1o think
of this problem in the reverse. There is
a 98.3-per-cent chance for a person with
a 1.000-rem dose to the bone surface to
escape without an effect.

Los Alamos Science; Ay a result of
Jatlour from armospheric resting, a
lurge fruction of the general population
iy carrying around some plitonitum in
their bodies. How lurge is the dose
fromm that source?

George Voelz: 1 just looked this up re-
cently. About 6 tons. or nearly 6 thou-
sand kilograms of plutonium, felf io 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 taiking about body burdens of mil-
honths of 4 gram. Of course, & great
fraction of the piutonium fallout was
dispersed in the oceans and didn’t get to
any of us. But we know from autopsy
studies of the general population that we

all carry detectable levels of plutonium, -

mostly in the lung, the bone, and the
liver. The main route for intake was in-
halauon 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
Gl tract. Unlike radium, it goes right
through your gut with very little absorp-
ton into the blood stream. So whatever
was retained in the body probabiy en-
tered through inhalation and was initial-
ly deposited in the lung.

The Los Alamos avtopsy studies and
other research show that the 30-year
dose commitment to the lung frem plu-
tontum fallout is about 40 millirem.
That’s for a person who was alive from
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the beginning of nuclear lesting in 1943
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 recerve from natural
background and other man-made
sources over a 30-vear period. To put
it ancther way, the lung now receives
less than 1 milliem per vear trom in-
ternally deposited plutonium, and the
bone receives about 3 per cent of that,

I should mention the
complication of smoking.
Data suggest that the risk

of dving 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 plutonium
workers of the 1940s and
1950s were smokers, it’s
very difficult to separate
out the plutonium risk
from the much greater
smoking risk.

or (.05 millirem per year. an entirely
negligible amount compared to our av-
erage annual radiation dose.

Harold Archuleta: When you have
plutonium i your lung, does it ever get
out? Is it expelled our?

George Voelz: If vou first breathe in
plutonium particles that are fairly [arge,
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 matenial 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 sampies
after an accident involving inhalation.

However, if the particles are very small,
say A micrometer or less in diameter.
which are the size vou get in a fume or 3
small fire, they will travel deeper into the
lung. Their fate then depends on their
sotubility. Nitrates and other soluble
forms will dissolve in the body fluids,
£o into the circulation. and be deposited
primarily in the bone and the {iver.

if the particles are an oxide form pro-
duced at high temperatures, then they
are not very soluble. and they remain
tor very long periods of time in the
lung tissue or the lymph nodes. the fil-
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 33 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 40 years fol-
lowing inhalation. '

Now plutonium, like radon, is an alpha-
particle emitter, and therefore. the accu-
muiation in the lung causes us to worry
about the risk of lung cancer. In fact,
the risks of plutonium exposure are
presently based on radon. on the corre-
lation between tung cancer and radon
exposure in the mining industry. My
feeling, however, is that the risk of luag
cancer from pluionium may tum out 10
be lower because the mechanics of de-
position and difference in half-lives
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oy those OF radon and its products.
fro! ou breathe n radon or its ra-
whet daughters. those nuclei dump
i ac?i\'it_\- very, very quickly.
ives ure very short. on the
yder of 30 miputes. So within 30w
;1” pinutes. they have dumped into the
s of the lung arrways one-half o
vquurters ot all the energy lra@ia-
ity that lhey e ever going emit,
‘-\nd Jung wmors start from the linings
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Plutonium. in contrast. has a very long
hali-tife, 24.000 vears. Iis radioactive
erission i w and steady over many
vears. Morcover, it stayvs only a short
time tn the airways before it's redistrib-
uted in lung tissue and lymph nodes.
areas that are not targets for lung can-
cer. Therefore, [ expect that the pre-
sent estimates. which are based on
radon. may be substantially reduced if
we ever get sufficient data.

I should mention the complication of
smoking., The risk of dying of [ung
cancer from smoking a pack of ciga-
rettes a day 5 20 ttimes greater thun
that of 4 nonsmoker. or the sk in-
creases by 1,900 per cent. In contrasl.
the increased risk of a lung-cancer
death from the maximum atlowed com-
mitted dose from plutonium is only a
small fraction of [ per cent. Since
mast plutonium workers af the 19405
and 19308 were smokers, it's verv difti-
cult to separate out the plutonium risk
from the much greater smoking risk.
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Mario Schillaci: Although there may
not be a direct correlation between
radon and plutonium, | think everyone
nught be interested in 4 new study re-
earding radon in the home and the inct-
dence of lung cancer. In more than
half the counties in the United States..
representing 90 per cent of the popula-
tion. this study found that the incidence
of lung cancer decreased with increas-
ing concentrations of radon. That anti-
correlation between cancer incidence

and radon exposure held up to a radon
concentration that produces a dose
equivalent of 3 to 4 rem per vear (ten
tfimes 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: [ have a question
about the dose calculation you ve done
for me. [t suggests that I got an intake
at a time after [ had stopped working
with piutonium. Can you explain that?

George Voelz: [ mentioned before that
if you have inhaled some plutonium
and if it's in an insoluble form. it wiil
migrate very slowiy 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 vear or two after
the inhalarion. That could explain the
discrepancy between the dose regon-
struction and your experience.

On the Front Lines

Los Alamos Science: As [ think vou
all know, Guthrie Miller and Bill fnkret
i owr Dosimetry Group dre the ones
who prepared the dose informarion that
vou received In preparation for this
meeting. Guthrie, do you want 10 com-
ment on the dose calcwlations?

Guthrie Miller: 1 would like to re-
mind everyone that doses are estimated
from the amount of plutonium in the
urine samples that vou give us. That
data is used along with « 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 originai-
ly taken into the body. This is a diffi-
cult inverse problem. and there are sig-
nificant uncertainties in the results”

George Voelz: In the early days. say
before the mid-fifties. the data had huge
errors. First, there were errors wn the
chermucal separation methods. in the
analytical techniques used to precipiate
ihe plutonium from the urine. Second.
there was the problem of contamina-
tion: the urine sample was otten acci-
dentally contaminated by the sample
botile or by contaminated hands or
clothing or what not. and there was no
way to tell. Some of vou may recall
that around 1946 or 1947, Wright
Langham created the heaith-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 sumples coutd
be collected. [ understand that the
guys got to drink their share ot 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.



On the Front Lines

Opinions about the Plutonium
Injection Experiments

Guthrie Miller: Yoo aif have personal
experiences with pintonivm intakes. 1
think many people would be inrerested
in vour opinion of the plutoninm injec-
Hon experiments that were done in
1945-1947. Recall that Langham and
other people of that era wanted to be
able to determine how much plutonium
a sworker had retained. und at the time,
they had no definitive experiments to
refate the umount of plutoniwm in the
wrine io the amounr in the bodv. They
onfv had data from animal experiments.
Su they decided 10 do an experiment in
which small quantities of plutoniwm
would be injected into the bloodstreum
of same eighteen haspitalized individu-
als. The earliest subjects were diag-
nosed as terminal and a few of them
were glven guantities well above the al-
lowed dose yor pittonium workers in
order that the deposition pattern of plu-
tonium in the bodv could be determined
at autopsy. Most of those individuals
were (ndeed terminal and died of ex-
pected causes. One individual was mis-
diagnosed and lived for many vears.

He apparently never had any symptoms
from the plutonium that had been ad- -
ministered.

A number of nonterminal patients were
also involved. Thev were given a dose
of 3 micrograms, which, based on the
experience of the radium-dial painters,
was considered to be small. Neither
acute wor long-term effects were ex-
pected, nor were any seen, but the dose
wits large enough 1o allow reasonable
measurements of the amount of plutoni-
um excreted in urine and feces. The
idea of the experiment was to measure
the rate ar which the injected plutonium
was excreted in the urine. Those dara
could then be used to interpret the ex-
cretion data of people, such as vour-
sefves, who were working with furge
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guantities of plutoninm and needed 1o
be taken off the job {f the contamination
Lot too large.

There has been a huge onsery about
these experiments. What's vour opin-
ion ahout the experiments, and specifi-
cally. do vou think thae they were
morally wrong?

Bilf Gibson: My personal opinion is
that as long as the people were in-
tormed of the experiments there was no
wrong done. Many of these people
were fatally 1ll anyway and were ex-
pected to die within 4 short period of
time. But if some of the people were
not informed. [ 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 ie 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 thev ~ut it in the news.
The problem is tha( 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 systern.

Ed Hammel: [ 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
tifty years ago. it seems very immoral.
Today™s physicians would not perform

an experiment on any individual with.
out first getting his or her informed
consent in a written document. But
during wartime, many things were dope
thar were just considered urgent under
the circumstances. Bur you can't appiy
a set of moral criteria trom one era 1o 4
completely different era. [t doesn™t
make sense to do that. [ believe thar
the peopie who did those experiments
believed they were doing what was beg
for the country at the time.

Bill Gibson: The same is true of the
bornbings of Hiroshima and Nagasaki.
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: [ believe that if the
people were told what was being done
and if someone explained 1o them what
might happen after being injected. then
the experiment was OK. 1t would have
been up to the individual to decide
whether or not to go through with it.
But if it had been me, [ wouldn’t have
done it.

Michael Montoya; That's the same
way [ feel. If people were told about
it, then things were tine. 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 electric chair, but we see
it happening. Now here’s the word
plutonivm. We who have worked with
it understand what it is. and we accept
the consequences of our mistakes.
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\Js0 1 think the Laboratory has done
.L-\cr)'lhing it could to get the data 1t
peeds 10 keep us from having too much
cmquilmtion, But I think it's immoral
o be fouling around with people who
gon't kaow what the word “plutonium”
eans. And iU's immoral to do some-
hing without letting a person know the
crfevts that might happen.

Art Beaumoiit: | afso feel the same
wav, [ sincerely believe that all the
Pa;plc that participated should have
peen told what was happening and what
(he consequences might be  Otherwise,
it wus immoral,

Jim Ledbetter: Under the circum-
Jances of those times. the doctors and
wentists were probably justified in
what they did. And [ think the benetits
sained were worthwhile. [ don’t know
whether the people were informed or
not. Perhaps, they just didn't under-
«tand. In ATy years. you can forget a
[ot of things. U've had a doctor tell me
about the injection [ was getting. and
event though [ didn't understand totally.
[ ~till accepted his judgment. And
mavbe fifty yvears later. I'll be saying,
“This is really bad news.” So [ believe
the cxpenments were all done under the
highest moerals and with a national need
in mind. [ don’t believe the doctors de-
hberately set out to misrepresent what
they were doing. [ believe the people
knew but just didn™t understand it

Jerry Taylor: Well the experiments
needed o be done. The guestion of
what happens when you get exposed—
that guestion had to be asked as they
started making plutonium. It was a

new material. But nobody has the right
to play God with anybody else. So |
agree with everyone else. The experi-
ments were ail 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. [£'s being
investigated. But vou don't know if the
truth is going o come out. It's like the
OJ Simpson rial. [ don’t know that
we'lb ever know who did what,  And
Sumher 23
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again, | don’t know it you can really
say that the experiments were morally
right or wrong. It's funny to ask that
guestion.  Look at the morals in our
country todav. Instead of fooking at
those, the press and the public are

William C. T. Inkret joined the Laborutory
i F986 an g postdoctoral fellow, and his re-
search included development and apphication of
computer algorithms For analysis of chest-count
duta to Jetect plutonium and americiwm and the
development and application of methods for es-
tmating wiernal dose from gamma-emiting ra-
dionuelides based vn whole-body count. Bill
also led the desian. construction. and Josimetry
of a plutonium-238 alpha-partivle irradiation
<yitem used in rudiation biology studies at the
Laboratory, and later. he assisted Harvard Lor-

versity in building an identical system. In 1991,

Biii hecame team leader of the Radiclogical
Dose Assessment Team. [n [993, he ook over
leadership of the Laboratory's Human Studies
Project and brought the project tw closure. Bl
received his B A in biology m 1979 from Car-
roll College in Montiana, Adter a two-vear tour
as a ski-area wvalanche-control spevialist and a
union laborer in high-rise construction. he
earnied his M.S. in headth phvsics from Col-
orado Stag Uriversity. [n 1986, he earned his
Ph.D. trom Colorado State University. College
of Vawernary Medicine and Bromedical Sct-
ences. Bili serves on several nationai radiatiom
protection committees. including the National
Council on Radiation Protection and Megsure-
ments Scientific Committee on plutomuom- 238
power sources tor space applicutions.  Bill en-
jows vardwork. tending the fumily {arm in Ne-
braska. skiing. finding antigue colflectibles. and
teaching his children about these mitetests.

On the Front Lines

going back tifty veurs and finding
wrong in something that we needed to
do back then. But the bottom line is
that if' the people were not informed
and were being used as human guinea
pigs. then i wasn't right in my eves. &

Guthrie Miller received his B.S. in phy sy
tfrom the Culitornia {nstitute of Technolugy and
eurned his Ph.D. in high energy phy<ies from
Stanford University. His thesis was part ot the
work awarded the Nobel prize for physics in
1443 tto Tasvlor. Friedman, and Kendalty fivr the
first experimental veritication. by elecron ~catter-
inZ. of the quark mode! of the nucleon. He cane
to Loy Alamos National Laboratory i 1974 w0
work in the Centrolled Thermonuglear Research
Division imagnete tusion energy). In 1994,
Canhrie joined the dose-assessment team and
comtinued the research on plutonium intemal
dosimetry of James N. P. Lawrence afer b re-
urement. With William Inkret and Harry Martz,
Guthrie has poneered the use of Bayesian stutis-
tigs in health physics. He currently chairs the
American National Standards commitiee on plu-
tonwum internal dosimerry, Guihrie has two sons.
Geoftrey 16 and Owen 12, His owtside mnterests,
aside from parenting. include wildemess activi-
ties. wo-counseling, dance. and music.
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On the Front Lines

Plutonium Metg]

n 1943. the Manhattan Project was pursuing two routes to a nuclear bomb,

both deminated by the problem of acquiring the necessary nuclear materialg.

One route involved isolating the rare isotope uranium-235 from the abundap,
uranium-238 in sufficient quantity to build a weapon. The two isotopes are ch
ically idenucal and differ in mass by only about | per cent. Somehow the slighy
lighter uranium atoms would have to be teased away from the heavier ones. Sey.
eral separation techniques were under study—gaseous diffusion, electromagnetic
separation. thermal diffusion, and the use of a centrifuge-—but it was very uncey.
tain whether any of them could produce the required kilogram quantities in a reg.
sonable amount of time.

The second route to the bomb involved plutonium-239, an isotope that physicists
predicted would support a auclear-fission chain reaction at least as well as uranj.
um-235. But only insignificant traces of plutonium occur naturally on Earth.
Large quantities would have to be made in a uranium-fueled nuclear reactor.
When the reactor was operating, some of the neutrons from the chain reaction
would be absorbed by uranium-238 10 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.

- Ted Magel

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 con-
struction at Clinton, Tennessee, and the needed kilogram quantities could not be
expected to become avaitable from the production reactors being built at Hanford,
Washington until sometime in 1945. '

In the meantime the metalturgists 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 wouid 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 experiments—.
Nick Dallas  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 technigues to reduce plutoni-
um compounds to pure metal. Compounds of other metals, particularly uranium,
were used as stand-ins in the sxperiments.

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 solve.the 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 Met
Lab by H. L. Baumbach, S. Fried, P. L. Kirk and, R. 5. Rosenfels (Manhattan Project Report CK-1143.
December 1943). it was in the form of 2 few small giobules of silvery metal weighing 1-3 micrograms
each, scarcely large enough to permit any meaningful 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. About a month after their
arrival on February 3. 1944, they produced a shiny 20-milligram button of plutoni-
gm easily visible w the naked eye. and three weeks later they prepared a 520-mil-

ligram button of pure plutonium metai. These were the first amounts of plutonium
metal produced at Los Alamos as well as the {argest single buttons of the new I
element produced anywhere in the worid. The technical .
story of their work is recounted here to illustrate the science i :
and the intense atrnosphere of the early plutonium metatlur- o ThurSdayd )
gv work and also 1o give them long overdue recognition for - '
their contributions. d
One basic reaction for reducing a plutonium or vranium salt
to a metal 15 a metallothermic reaction. For uraniun V- - )

*starting compound is uramium tetraflvonde and ¢ acal

Juction reaction is:

UF, + 2Ca — U + 2CaF,, _ / -

where calcium is the reducing agent. Heating the reagents to "/4 i —
ternperatures in the vicinity of 400 o 500 degrees centigrade ar
initiates the reaction. which proceeds in the direction shown be-
cause fluorine has a much higher aftinity tor 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
high reactvity of the reducing agent. the reaction was run inside gSDAY, MARCH 23, 1944 e
a sealed metal container, which the Manhattan Project researchers a
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 purity 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 finer, 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 (CaF, 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 coajesce
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 piutonium compounds would be very small indeed. The
smaller the scale of the reaction, the worse the stationary-bomb approach couid be
Mumber 23 1995 Les Alamos Science 163




On the Front Lines

expected to work. A smailler bomb has more interior surface area in proportion g
its votume than a larger bomb and is therefore more likely to lose a larger propor.
tion of the reaction heart through the liner and bomb walls to the external envirgn.
ment. The reaction products might solidify before the new metal could flow
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 1nside a graphite centrifuge. The bomb was placed on its side in the
centrifuge and rotated rapidly as it was being heated. The rotation rate could be
adjusted to make the centrifugai force on the molten metal about 50 times larger
than the force of gravity. enough to propel the moiten metal outward to the tip of
the cone-shaped interior of the refractory liner where it woutld cool
into a consolidated mass. The components and operation of their
"het centrifuge™ are shown in the box “The Magel-Dallas ‘Hot Cen-

(o e L et

_ irifuge” Technique.” page 165. By the end of 1943 Magel and Dal-
fﬁ"’%’ A A s las were using thei hni ake 1-¢ b
73 ke g their new technique to make 1-gram buttons of pure
rrntf el S uranium metat from uranium fluoride.
B &ﬁri&‘ / Meanwhile. the Los Alamos efforts in metat reduction. using sta-
Lree!] ; tionary bombs and other methods. were floundering. Baker's
with ~ group tried to prevent the slag from solidifying too quickly by
Stecl He f#f’ using an iodine booster which not only adds heat to the reaction
,y;'rﬁ. {,.,wu but aiso adds reaction products with low-melting points to the
sl e 7 slag. Both effects keep the slag in the liquid state for a longer
S e Be time. The iodine booster improved the results. but the reductions
ng& e on the 1-gram scale still produced finely divided metal mixed

with slag rather than a coherent metal siug. In January 1944,
Baker aiso tried the centrifuge approach. but his efforts were not
successful. Consequently, ]. 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 wranium. 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 essentiaily no effect
on reductions using lithium. Evidently the heat generated by the boosier was of
little value since the slag in lithium reactions had a sufficiently fow 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 (PuF;) 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 expenment
produced a shiny 20-milligram button of plutonium. Aithough the yield of 40
percent was disappointingly low, the result was the first plutenium metal made at

Los Alamos and the first made anywhere in sufficient quantity to see without mag-
continued o puge 106

164 Los Alamos Scivnce Number 23 1995



On the Front Lines

The Magei-Daillas “Hot Centrifuge” Technique

The photograph below shows the components of Magel's and Callas's apparatus for smali-scale metai reductian
of plutonium and uranium compounds. On the paper in front of the centrifuge roter 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 BeQ, forming it in & 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 NaCl,
BaCl,, 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
bomi 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 experimentars
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-frequeancy 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 aiter-
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 800 revolutions per minute, which made the force on the
homb's contents about 5¢ times that of gravity. Magel and Daltas
found that the best procedure for plutonium reduction was to heat
the spinning rotor and bombs to about 1,100 centigrade, which ook
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 cocled 1o room temperatura,
they sawed it open at the top and removed its contents for ex-
amination.

The phcitograph at left show a longitudinal cross section of a
bomb that was fired in the ~raphite centrifuge. |n this particular
specimen, the layer of slag 3 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 part of the cone
is metal mixed with slag, which meant that the yield of pure
metal was low in this particular reduction.
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On the Front Lines

Figure 1, The first gram-scale plece ot
plutonium metal in history. It was made

by Ted Magel and Nick Dallas at Los
Alamos on the night of March 23, 1944
and weighed 520 milligrams.
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nificatton. Many other 50-milligram
runs were made with PuF,. PuF;. and
PuCl,, as well as with other reducing
agents. At this scale the results varied
{about one third of them wete success-
ful).

During the three weeks following the
initial success, Laboratory chemists
prepared in succession two samples of
PuF,. each containing a gram of pluto-
nium. Much to the dismay of Magel
and Dallas. Eric Jette. the leader of ihe
Plutonium Metallurgy Group, and Cvril
Smith decided to give the first I-gram
sampie to Dick Baker tor an attempt at
reduction in the stationary bomb, The
attempt produced only guestionable microscopic‘droplets of plutonium dipersed
in slag.

Ted Mage| |

When the second sample became available, Jette and Smith requested Magel and
Datias to attempt a centrifuge reduction on March 24th in the presence of & num-
ber of dignitanies. Magel decided on the 13rd 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 320-milligram button of
plutoniom. shown in Figure 1. Again the yield was inexplicably low. but the
metal was shiny and soft enough ta cut with pliers: both qualities indicate purity.
The button was immediately used for crucial metallurgical and chemical studies.
Erom April to early June. Magel and Dallas made eight more butions on the one-
gram scale, all of which were successfui, and four of which are shown in Figure
2. In total, they performed about 30§ centrifuge reductions between February and
June; tweaty-five of them were plutonium reguctions.

Buring 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-catled 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 smatl-scale work on purifying
plutonium, especially from light-element contaminants. They set up high-vacu-
um, high-temperature remelting systems o evaporate residual light element impir-
rties 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 systemnatic study of smali-scale, stationary-
bomb reactions. He found that PuCl; was a better starting materiat 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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pervliium oxide crucibles (both of which contributed
nigh levels of light-element impurities 1o the resulting
piu[oniumj. Baker's method turned out to be prefer-

Jhle for production of plutonium in guantities greater

than oné gram.

The availability of gram-scale quantities of plutonium
permilted the Los Alpmos metallurgists to attack in a
multi-faceted and coherent way the so-called variable
density and crystal-structure problems. Puzzling van-
ations in density and crystal structure had been seen
in Jifferent metal spc.imens since the time of pluto-
pium's first production on the microgram scale at the Met Lab. and the possibility
of atlotropism had been raised as early as February 1944 by R. Mooney and W,
H. Zachariasen 4t the Met Lab. Nevertheless. at Los Alamos. the results of spe-
cific attempts 1o settle this issue were ambiguous until June 1944, Research did
finally show that plutenium 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 lighr-element impurity problem sud-
denly became trrelevant: it was discovered that reactor-produced plutonium from
Hantord would contain signiticant 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 abandoen the pun-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 aiso meant that Magel and Dallas were
no longer needed to solve light-element purification problems. and they decided 1o
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 Hamme!’s remelting, ailoying, and casting section. Thus
their work for the Manhattan Project continued even after they left Los Alamos. m

Further Reading
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mate but 4 metallurgist’'s dream. Los Afamos Science 70 142-151. |

£, F. Hammal. Recotlections of Plutonium Metallurgy Work in D-Building, 1943-1945, To be pub-
lished.
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Cambridge Lniversity Press.

C.A Levine and G. T. Seaborg. 1951, The occurrence of plutonium in nature. Physics Review
733078

R. 1. Kathren, 1. B. Gough. and G. T. Benefiel. 1994. The Pluonium Story: The Journals of Profes-
sor Glenn T, Seaborg, 1939 - 1946, Columbus: Baueile Press.

1. W, Kennedy and the C.M. Smith & CM Division Staff. 1944-1945, Monthly progress report for
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Figure 2. Four more plutonium metai
huttons made by Magel and Dailas during
the spring of 1844,

Edward F. Hammel jcined the Laboratory in
1944 a5 a section teader in the Chemistry and
Metallurgy Research Divsion. where his principal
responsiblity was remelting, alloying. and casting
platonium metal. in (943 he was appomted
group leader of the Metal Physics Group, which
was responsible for determining the pyhsical
properties of plutonium. In 1948 Ed became
group leader ot the Low Temperature Physics
and Cryoengineering Group and was responsible
for organizing a program to study hebum-3.
Dunng that vear Ed and his collaborators were
the first to tiquefy helitm-3 and to test its proper-
ties at low temperatures. They searched for su-
perfluid behavior down to (.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 1o his retiremen
in 1979, Ed held management positions in van-
ous energy rekated projects including the study of
superconducting transmission lines and energy
storage. In 1953 Ed was awarded the American
Chemical Society gold medal for his work on he-
lium-3. He received his A.B. in chemistr itom
Dartrnouth College and his Ph.D. in physical
chemistry from Princeton University.
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_through the 1950s and 1960s. The responsibility for fabricating plutonium weapon

The Future Role of

rom the time the first gram of reactor-produced plutonium was shipped 1

Los Alamos in 1944 1o process into pure metal, the Laboratory was calleq

upon to develop the knowledge huse and the technology to handle, procesg,
and utilize this man made material for both wartime and peacetime uses. Now,
over 30 vears later, the Cold War Is over and difficult problems regarding the safe
dismantlement of nuclear warheads and deposition of plutonium are requiring de.
velopment of new technologies. Again the Laboratory is being challenged to fulgy
this responsibifiry.

Leading edge research on special nuclear materials such as plutonium. enciched
uranium. tritium, and others naturally requires specially designed and managed fy.
ctities. It is not an accident that those facilities exist at Los Alamos, nor that they
are configured to meel constantly changing national needs as well as the highest )
safety. health, and environmental standards. In fact TA-33, the modern plutonium
tacility at Los Alamos. is wouted as one of the "Crown Jewels” in the Department
of Energy’s inventory of facilities.

But things didn't seart owt that way. D Building, the first facility at Los Alamos for
handling plutonium. furned out to be less than adequate. It had been specially de-3
signed in the spring of 1943 to minimize contamination of plutonium by light-ele- |
ment impurities, When that need disappeared {see "Plutonium Metal—The First '
Gram"), it became very ciear that the more serious probiem was preventing plutoms
um contamination of the workers. Unfortunately, D Building was not ideally sui
to meet that need. and so very sooa after the building was occupied and plutow
began arriving in larger quantities. plans were made for erecting a new faciliry at
DP Site. The structures were standard prefab metal buildings outfitted with high-
integrity metai gloveboxes and carefully designed ventilation and plumbing sys
to insure material containment and worker safety, at least during normal operation,

DP Site served as the nation's center for plutonium research and development

{

components, which Los Alamos had carried out during WWIIL was transferred in-
stead to the Rocky Flats Plant in north central Colorado starting in the early 1950s.
In May 1969 a tire at the Rocky Flats facility, which was devastating 1o 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 perform
a “critical systems analysis” of the ration’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 well as the health and safety of workers. the public. and the environ-
ment not only under ordinary operations but aiso in the event of extraordinary cir-
cumstances (accidents. natural disasters, terrorist activities, and so on). The end re-
sult of the Commission's study was the deciston by the U.S. Congress in Januury
1971 to build two new muodern plutonium facilities. one to be located at Rocky
Flats for the purposc of making of plutonium weapon components and the other ©
be located at Los Alamos tor performing plutonium research and development,

The new plutonium facility at Loy Alamos, referred 10 as TA-55 «TA suinds tor
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plutonium Technology

v Dana Christensen

1-;;-h'r1it'iﬂ areat. was designed to withstand earthquakes, tornadoes and all manner
of diural disusters. It was also designed to protect workers under extruordinary
prelmslATCes such as power failures. fires, and other accidental vecurrences.

w hen 1t became fully operational in December 1978, the major activities in the fa-
il revolved around support of nuclear weapons research, development. and test-
ine. The materials work included purifving plutonium metal. developing and test-
jné new plutonium alloys, performing mechanical and structural
qrength tests. and making meuasurements of phvsical properties
«ich as the eyuation of state of the various complicated phases of
e metallic form of plutonium, On the fabrication side. research
was done on manutactaring technologies. and the results were di-
rectly applied to the fabrication of components for the new de-
«iuns being tested underground at the Nevada Test Site. Small-
»c;Ie recveling tabout 200 Kilograms per vear) 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
technigues to carry out those recyeling activities, Surface unalysis
and material-aging studies in support of stockpile-lifetime analysis
were also carried out on a4 modest scale.

A
t

.

In addition to weapens-refated work. the facility housed a modest
capability in the design, fabrication. and satety testing for plutoni-
um-238 heat sources. These are very compact. long-lasting power
sources developed especially for space missions (see Figure 1},
Although the heat sources were fabricated and assembled elsewhere. the satety,
design, and fabrication parameters were developed and demonstrated at Los Alam-
os. Finalty there was a modest capability to design. fabricate. and test advanced
nuclear reactor fuels, such as mixed uranivm and plutonium carbides, nitrides. and
oxides. The entire population at TA-35, at the time of start-up in 1978, totaled
less than 150 empiovees. including all of the heaith and safety, and operational
support personnel.

Over the years, this facility, designed in a modular fashion for fexibility and
change. has undergone significant modifications and upgrades in response to new
demands. Some of those demands began (o appear in 1980 when the DOE real-
iced that its new production facility at Rocky Flats would not be on-ling in time to
meel weapon-component production requiremnents. Los Alamos was therefore
Wsked to produce pure plutonium metal o an interim basis. By '1983 when it be-
vame 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 wus also
xked to comtinue providing production assistance so as (o maintain componeni
production.

A formal program tunded by the Departmenr's Office of Production and Surveil-

lance was soon esiablished 10 support these production-assistance activitics.
The new program represented a significant change in direction and an increase in
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Figure 1. Power Source for
Deep-Space Applications

This long-lasting radioactive power
source of plutonlum-238 oxide is very
compact indeed. Its 150-gram mass lits
inte a cylinder having a height and a di-

© ameter of

only 2.75
centimeters,
Tha 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
canverted to alectricity thro'ugh ther-
mal-glectric converters, and the elec-
tricity is then used to power instru-
ments onboard a spacecraft .
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Figure 2. High-Purity

Plutenium 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 electrorefining 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.

i70

the level of activity at the Los Alamos pluwonium facility. Research. deselopy,,
and demonstration of chemical-separation technologies for plutonium recoyep, b:t
came the corperstone actnity. and pure phatonium metal continued to be preptarcdh
at Los Alamos and shipped to the Rocky Flats Plant.

The new plutonium processing misston provided the seeds fop in.
novation and discovery of new and novel separation/purificatigy
techniques. Dozens of patents were issued and an untold Numbe,
of publications were prepared. The population of the facility
grew rapidly o exceed 600 emplovees. Because of the t’aci{itieg
modular design, old technologies were easily removed and re-
piaced by the latest technology available, Also. new healih gng
safety features were easily incorporated as soon as the need wys
identified. As a result. the plutonium facility has been able 1o .
spond to constantly changing operational, and health and <afery
standards. )

- Today the combination of a very flexible facility and a very expe.
tenced staft is proving (o be a tremendous asset in meeting the
new demands on plutonium technology. It may cormie as a Sur-
prise that the demands have become 'more 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 i

accord with recent treaties reguires 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-el-
ficient. waste-free separation of plutonium from weapon components. This project

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 uitimate disposition of the excess plutonium, whether it be transmutation. ea-
ergy conversion, vitrification 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 & definitive evaluation of the various trade-otfs 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 bas also become more chal-
lenging. Since no new production of nuclear weapon components is taking place,
the old approach of discovering manufacturing and materiat flaws it the time a
weapon is retired and then correcting the flaws in the next-generation weapon 15
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 materiuls performance can be anticipated long betore it atfects the
behavior of a weapon component . The plutonium facility has recently taken on
the -sponsibility for the surseillance of all stockpile ptutonium components. The
idea is to implement a centralized cost-effective approach for determining safe and
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Figure 3. Hydride-Dehydride Recycle System—An Elegant Technigue for Nuclear-Warhead Dismantiement

The hydride-dehydride recycle
process for extracting plutoni-
ym fram 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 ot any other

=Hoist
Lifts vacum fange

Hydrogen  ————-

metal. The diagram shows the "Cold zone"
yacuum chamber in which the Uranium

., Pu + Hy ——— PuH,
process lakes place. {The ydrde

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 ¢old zone whera it re-
acts with the plutonium to form
plutonium hydride. The hy-
dride fails 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 the process is complete i3 a sudden rise in the pressure inside the chamber, indicating that all the hydrogen has
bean reieased. The hydregen gas is then pumped out of the chamber and re-absorbed by the uranium-hydride bed.
When the process is complete, 39.9 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-toot glovebox.

¥

Vacuum Hydrogen gas Plutonium ~

I
Pu + Hz - Pqu
i “Hot zone"

Crucible Plutorium remains in crucitle

Standard acid-leach plutonium recovery methods generate hazardous mixed chemical and radicactive waste that are
very difficult kind to dispose of. In contrast, the naw hydride-dehydride recycling methed is essentially a zero-waste
process-—generating no mixed or liquid waste of any kind.

reliable stockpile lifetintes. A comprehensive program involving both destructive
and non-destructive testing of stockpile weapon components and systems 1s being
put in place. Also. new approaches 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 over time as a result of radiation effects on various
materials. ) In addition w surverllance. the factity will also maintain the technolo-
2y base for component fabnication so that, it weapon components need replace-
menL they can be refabricated quickly and efficiently,
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Figure 4. Plutonium-238 -
Powered Deep-Space Probe

This deep-space prabe (right) is typical
of those that are powered by radicisc-
tope thermoelectric generaters. 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 lvaded with 72 of
those heat sources.

"development has now becn-expanded to include the actual production of hey

Plutenium-238 heat-sources are still the best power sources for unmananed deep
space exploration. Recently the plutonium tfacility has been declared the natigyy
center of expertise in that technology. und its historic involvement in research ang

cources. Figure 4 shows elements of the latest project-—the heat sourcas 1o POwer
the deep-space probe to Saturn and the Saturn moon, Titan (Cassini missions.
ture heat-source requirements for similar missions will be supplied out of T4 55

Finally. the end of the Cold War has opened up new opportunities for technica]
exchange and collaboration regarding plutonium technology. Whereas in the pag

the piutonium technology base in each of various codntries was kept secret and
closed. today that knowledge is being more openly discussed. [n particular. the
states of the Former Soviet Union {principally Russia) are beginning to participate
through interactions with the U.S. national laboratories in the contro} 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. stabilized. pack-
aged, and stored. Indeed, most of the weapon preduction facilities of the past ure
no longer needed. and safe decommissioning and dismantlement can now begin.
Those activities. however, require a significantly new technology base. Svientists
at the piutonium facility have been working on those problems and have already
developed several exciting new technologies including plasma and electrolytic
methods for removing plutenium contarnination from solid surfaces tsee Figure ).
Those methods render the equipment free of contamination and theretore dispos-
able through standard industrial routes rather than through transuranic-waste
routes. Another demonstrated approach is liquid waste-stream polishing whereby
liquid wastes can be stripped of plutonium and other noxious contaminant’ s prior
to discharge. That technology is now being demonstrated in treating liquid etiu-
ents from TA-55. '
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The end of the Cold War has opened up opportunities to reduce nuclear arsenals
o 1 minimize the availability of weapons-grade plutonium. It also means that
.-hc counttry and the world must wrestle with decisions on the clean-up ot plutoni-
:un residues, tacihities, and contamination. and on the eventual disposition of 2x-
:-c\“ plutoniunt. Clearly a strong. reliable rechnology base ts essential to imple-
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Figure 5. New Solution to Glovebox Decontamination

This new clean-up technology uses sodium nitrate as an electrolyte to remove plutoni-
um anct other contaminant's from metal gloveboxes. The surface to be cisaned func-
fions as the anode and the cieaning head functions as the cathode, Plutonium ions
and gthar contaminant's are pulled into solution by the 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 unlt 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 guantities of plutonium, Different cleaning heads are used
to accommeodate ditferent 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. Realisticaily. the
country will down-size its investment in nuciear facilities and infrastructure.
which will make the remaining infrastructure even more important tfor future mis-
sions. A stronger investment in science and technology wilk be essential to over-
come the inherent vulnerability associated with reduced production capacity. Tt
will also be essential for solving the problems ot the plutonium disposition and for
making future generations free of this difficuit Cold War legacy.
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Dana €. Christensen is Deputy Division Di-
rector of the Nuctear Muatenals Technology Di-
vision af the Laboratory and i intermationally
known for his work in nuclear matenals man-
dgement, principally pluonivm. Dana joined
the Laboratory i 1979 afrer completing a re-
search associate pesition at Battelie, Pavehc
Nuthwest Laboratory, Since that ime he has
held @ number ol progrant and group Manage-
ment positions within the Laboratory. and has
served on oumerous nattonad and intemuanenai
committees focused on chemical separahens,
waste minimization snd pollution presentuon. as
well as facility design and vperation, and
weapon materials management. Dara has o
tubiished and manages echnology exchangee ac-
tivities in the field of actinide marerials iman-
agement with ather DOE contracton and in
toreign countries. Dana’s research interest in
the pyrochemncal separaton processes for ox-
tracting and punifying actinide elements led him
10 co-found the Actinide Pyrochemical Work-
~hop. pow in its fourteenth vear, Duana re-
cerved his B, S, und fus M. 5. in chemucal engi-
neenng trom New Mexico State Lniversity and
carned a master' s degree in business manuge-
ment trom the University of New Mexico - 4n-
derson Schoob of Management,



Introduction to the

nt January 1994, Laboratory Director Sig

Hecker announced the formation of the

Human Studies Project Team under the
sponsorship of the newly organized Environ-
ment. Safety. and Health Division. The team
was formed in support of the Depurtment of
Energy’s openness initiative and in response (o
the public outcry concerning media stones thy
linked human radiation studies to Los Alamos,
Sig felt it was essential 10 find and release all
celevant documents as quickly as pussible so
that the public could evaluate the vadous iccu-
sations and assess the science and the ethics of
those human radiation expertments tn which
Los Alamos had been involved.

Adan MeMillan, Gary Sanders. Kern Groves, and Michoe! Yesley

The Human Studies Project Team was staffed by a number of Laboratory scientific
and administrative personnel. seme of whom were retirees who had been involved
in the experiments in question. Ethicists Joan Gibson from University of New
Mexico and John Curey from St. John's College were brought in to enhunce the
team’s social and ethical awareness. Representatives from state government 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 experimeniation.

Daennis Erckson

Team members poured cver hundreds of thousands of pages of doecuments trom
the Laberatory’s archives, records center, and report library. Retirees reviewed
personal notes and document collections. Many people expected that we would
find horror stories. 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 1o provide a high
level of safety 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 himsell 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 ot the Manhattan Project, Dr. Hempeimann constantly defended the rights of
the workers o a safe and healthy work environment.

Gearge Voel:

Somewhere in the feverish pace. the piutonium injectees were forgotten by physi-
ctans, scientists, the military, and the politicians. In the sciennfic 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 whalt. it any. consent was involved. and we con-
not hide behind the fact that the experiments were well thought out. and the injected
plutonium caused no harm. [t is evident that people were used and then forgotten.

Clara Safazar,
Cecilier Burrone,
aned Evilerfia

Newton
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Human Studies Project

Willicun C. Inkret

This introduction is not complete without some comments on my predecessors
who also served as leaders of the Human Studies Project Team. During the initial
puhifc outery. Alen McMillan, our nrsi leader. used his considerable communica-
won ~kilis, guined as a federal regulator. to show the world we were very serious
pout our task and were performing it honestly., Gary Sanders. who took over in
the summer of 1994, used a physicist's approach to hone a fine edge on the then
pattle-hardened team, Openness and sensitivity to the nghts of the individual and
the locul communities were Garyv's prime concerns. In the tail of 1994, Ken
Groses. a broadly experienced health physicist. took over as the team began to in-
eract with the President Clinton’s Advisory Committee on Human Radiation Ex-
periments. Ker successfully guided us during the period when a mistake would
hare had major political fallout, Attorney Michuel Yeslev wok 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.

RBiil Inkret

The articles that follow were written by several of the team’s scientist/retirees
who worked on different aspects of radiation studies involving human subjects.
Their stories give some insight into the practices and needs of the period from
(943 w the early 1980s. In light of the many unfounded accusations cast their
way. 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
scientifie 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.

Michae! Yeiley and
Murivsa Cupuin

The individuals in the photos on these two pages were members of the Human
Swdies Project Team with the exception of Duncan Thomas and Marissa Caputo
of the President’s Advisory Committee and Staff and journalist Eileen Welsome.
Altheugh not shown here, team members Lynn Cline, Carmen Gallegos. and Chris
C"de Buca deserve special thanks for maintaining administrative continuity
through the many stages and leadership changes of this unique project.

Ken Groves

Finully. gratetu} acknowledgment is extended to Dennis Erickson, who, as Director
for Environment. Satety. and Health. served as institutional champion for this pro-
Juct throughout its existence. Denny provided unflinching support, demanded rigor
and guality, and always found ways to recognize excellence.m

Clurence Cenirtright

C ol
Meareer Clurk

Evieen Welsonre and Joun (ihson Bill Moss and Duncan Thomas Dan Petersen
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The Human Plutonium Injection Experiments

William Moss and Roger Fckhurdt

he human plutonium injection experiments carried out dunng

and after the Manhattan Project have received tremendous noio-

riety in the past year or so owing to the Pulitzer-prize winning
joumalism of Eileen Welsome in the Albuguerque 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-
tiont 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 if and when it was determined that the he had received an in-
ternal dose that was close to or over the limit considered safe.

Alﬁlﬁ:mof the resuits of the studies were declassified and re-

e

 the seientific literature in the early fifties (and further reports
d' i the seventies), the names of the subjects were not dis-

closed’ Inmumve reporting by Welsome uncovered the identities
. of five of the eighteen subjects and gave details about the cipcum-

stances andd lives of three of them. The secret nature of they studies

- and the fact that the subjects may not have been lnformeﬁabouI what -
- was be.mg done to them has generated outrage and dlstmst in the gen-

eral pubic regarding the practices of the naﬂmw es. Why .
were such experiments done? Whe allowed them: ta-happen? The . .
Secretary of Energy, Hazel O'Leary, equally disturbed pledged an era
of openness in the Department. promising to make avaitable to the
public all information that could be located that was pertinent to those
and similar radiation experiments with humans,



The Human Plutonium Injection Experiments

. This article is intended to tell

the Los Alamos story of these
experiments and their after-
math. The article is based on
memos and other documents

that were collected by one of

the authors (Muoss) and were re-
leased to the pubiic as a result of
Secretary O'Leary’s openness
initative. Los Alamos was nog
directly nvolved in choosing the
subjects for the experiments nor
in carrying out the clinical stud-
ies. Nevertheless. the motivation
tor the experiments arose at Los
Alamos and scientists at Los
Alamos were invalved in planning
the experimental protocols, prepar-
ing the material to be injected in
the subjects. and analyzing the re-
sults. They were involved both at
the time the experiments took place
and vears later when it became clear
that re-analysis was approprate.

Qur intent in reviewing this story is

to give enough scientific and quantita-
tive details o bring out two areas that
are usvally not adequately addressed in
the press and other popular reports.

The Hrst area is the purpose of the stud-
tes. What was to be learned. and how
well did the experiments succeed in ac-
complishing the stated goals? The sec-
ond area is the significance of the re-
suits for the protection of plutonium
workers. How have those results aided
our current understanding of the uptake,
distribution. and retention of plutonium,
and how have the results helped us to
mimmize 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 bleod-
stream. distributes itself in the body.

But first, we examine motivations and
try to reconstruct why things were dong
as they were. For that we need 1o go
back to the atmnosphere of World War
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II and the enormous pressures attendant
on using unknown and uncharacterized
materials to build the first 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-233 and plutenium-239. Each pre-
sented a different ser of production and
health-related problems.

Uranium-235 was present in natural
uranivm in small amounts (0.7 per
cent). Scientists faced the daupting
task of separating kilogram amounts of
uranium-235 from the much more plen-
tiful uranium-238 isotope by taking ad-
vantage of the slight ditfference 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-

branes at rates that differ by
about & parts per thousand.
Similarly, the electromagnetic
method passes a beam of ion-
ized uranium through a mag-
netic field, and the two iso-
topes follow circular paths thar
very gradually diverge.

In 1942, it was problemaltic
whether enough uranium-235
could be separated by such
painstaking technigues o
achieve the goal of having
an atomic bomb by January
1945, [t was deemed neces-
sary o pursie plutonium-
239 as another possible
weapon material. Because
plutonium is chemicaily
different from uranium, it
was thought that it could
be produced in reactors
through neutron absomp-
tion and then separated eusily 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 Plutorium-239"). The phys-
ical properties and the chenustry of plu-
tonium were determined using only mi-
crogram {micro = 10-%) 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
10 gamma-emitting radionuclides, was
not a major concern. In fact, the alpha
activity of these small quantities was
the only means to track and account for
the material.

The discovery of plutonjum led the Of
tice of Scientific Research and Devel-
opment to inaugurate work on plutoni-
um for a weapon design. The work
was lo be directed from the University
of Chicago by Arthur H. Compton
under the classified wartime name of

Fos Afamaos Svience Numoer 23 1995




;e Plutonium Project. In January

(942 Compton conselidated the effors
Wy OVIRE MANY of the separate re-
arch projects to the University of
Chivigo under the cryptic title of the
\Jetallurgicu! Laboratory. The Met
Lab's guals were to demonsirate a pu-
fear chain reaction using natural urani-
umm and 19 develop chemical procedures
for isotating the plutonium that would
e pmduced in the reactor fuel. From
the graup of scientists at Berkeley who

“had worked to discover plutonium (see

~Tne Making of Plutonium-239").
Glenn Seaborg moved from Berkeley to
Chicago in April 1942 to head the plu-
wniem chemical-separation effort,
Joseph Kennedy. Arthur Wahl, and
Emilic Segré continued their research
on the chemistry and nuclear properties
of plutontum at Berkeley and then
ransferred to the Site Y Laboratory at
Los Alamos in carly 1943, Their col-
lcague. Ed McMillan. was already
there. having heiped set up the new
Laboratory,

The Manhattan Project., As the
weapon programs grew in size and
complexity, it was decided that the mil-
ilary should coordinate the effort, in-
chuding spearheading the huge construc-
tion projects needed to supply the raw
weapens materials. In August 1642,
the Army Corps of Engineers formed
ithe Manhattan Engineer District, or
Manhattan Project. and wok over con-
ol of all research on atomic weapons.
In September, General Leslie R. Groves
win assigned to direct the Project.

At that time. even before the demon-
stration of a chain reaction at Chicago,
plans were already being made for con-
struction of larger reactors to produce
plutonium in the kilogram quantities
needed for weapons. A pilot reactor
would be built in Clinton, Tennessee,
and preduction reactors would be built
at the Hanford Engineer Works. a site
in southern Washington adjacent to the
Columbia River. The Clinton and Han-
tord tacilities would also perform chem-
ical separation of “product” | plutonium)
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The Making of Plutonium-239

In 1940, Edwin McMiltan and Philip Abelson demonstrated with the cy-
clotron at the University of California Radiation Laboratery 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, Gienn Seaborg, Joseph Kennedy, Arthur Wahl, and Emilio Segre,
building on the earier work, isolated the daughter of neptunium-239, an el-
ement, aiso 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 undarwent
fission with slow neutrons with a greatar cross-section than uranium-235,
making it a potentially favorable material for an explosive chain reaction.
The new element was named piutonium by ils discoverars in 1942,

The next important step was to demonstrate how to produce plutonium-
239 in the guantities 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 i the fuel would absorb neutrons
from the chain reaction to create uranium-239. This isolope wouid then
decay by two beta emissions to plutonium-239. By December 1942, Enri-
co Fermi achieved a contrclled chain reaction in a graphite-uranium pile
under the west stands of Stagg Field at the University of Chicago, thereby
completing the first goai 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 Seabory's team
at the Met Lab to perfect the chemical technigues that would separate the

plutonium from the uranium fuel and the radioactive fission preducts.

from the reactor fuel pellets: Clinton
would develop the process. Hantord
would use it on a large scaie with auto-
mated state-of-the-art tacilities.

Right from the stan, plutonium was a
secret topic, and the Manhartan Project
used the code words “product” or 49"
o refer to plutonium (497 was arrived
at by taking the final digits in the atom-
ic number, 94, and the atomic mass,
239). During the period from 1941
thrrough 1944, documents discussing
~product” were classified Secret Limit-
ed. Only personnel with authorizaton
to know were permitted knowledge of
plutonium.

In March 1943, the Los Alamos Project

[
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became operational under the direction
of I. Robert Oppenheimer. The respon-
sthility of this laboratory was the de-
sign of the uranium-235 and plutonium-
239 weapons. Two months fater, Los
Alumos was also assigned responsibility
for the final purification of plutonium
and its reduction to metal.

Health protection. To protect the
thousands of workers at the various
sttes who would soon be working to
produce kilogram amounts of this new
glement, a Health Division at Chicagoe
was authorized in July 1942, and a team
of personnel knowledgeable about the
physiological effects of 1onizing radia-
tion was assembled under the direction
of Robert 8. Stone. The intention was

17g
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Manhattan Project Sites Involved with
Human Plutonium Injection Experiment;

; ‘~ Hanford

. {Site W)
Joseph Hamilton Plutonium production
Director of Berkeley reactors
animal and human
plutonium studies

Y . 8 W4

:‘ w Louis Hempelmann Wright Langham
) /”; Director of Los Biochemist whg
. WA Alamos Health analyzed QOak

Group Ridge and

‘@ Di y i . Rochester pluto.
of plutonium pium experimen;.

Birth of nuclear medicine : %8

3

First atomic bomb

LEGEND

Injection of patients with plutonium

Analysis of plutoniuni ection experiments

o develop headth-protection methods Ioxivity OF uraniunt conmpounds, plutenium metal or compounds were ir-
[y ers involved in the productan. haled or ingested. where would they de-
purification, and fabrcation of uramum The chemical toxicity of uramium 1its posit 1o the body! What lunits ~hould
and plutonium. including develepment radivlogical risk was unhnown i wis be set on internal body burdens that

of ways o monitor persennel for expo-  wdentified with heavy-metal poisoning would be safe? What tests would indi-
sires W wonizing radiation by blood refated o deposits i the Krdney and cate when these bods -tolerunve Tinmis
tests. (0 September. research was start- bone. Plutonium. on the other hand. were heing appr ached? A irasuit of
ed to increase informution wbout the was an unknow n health-risk facor. 1 sieh coneerna, cnoorts in health protes-
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Robert Stone
b/ Director of Met Lab
pﬁ?" Health Division

Rochester
Rochester Medical
Project

Ch"cago e _'{
{Met Lab) : ; Stafford Warren
Plutonium Pro;ect K Medical Director of
First nuclear chain~ ' the Manhattan Project
reaction Oak Ridge

(Site X)

Pilot reactor

for plutonium

production

The development of atomic weapons by the Manhattan Project was
carried out during World War Il at a number of universities and secret
lalnratnty sites across the country. The icons represent facets of the
plistiliam injection studies carried out at each site, including both ani-
Mshllﬁes (no background) and human studies (red circle in back-

-ieted the srowth of the nu- the radioactive materials that would re-  bodyy. As larger quantities of the
s research i~ee “The Med- sult from the fixsion process in natural transuratics became available trom the
fers" . uranium piles. These studies. directed Clinton pilot reactor in 1944, the stud-
ty Joseph G. Hamulton. would mitially  jes would focus on the assimilation,
A conttiet was fssned in October 1942 he fimited to the metabolism in rats of - distbution. retention. and excretion in
by the Met Lub e the Universiny of simall quantities of ey clotron-produced rals of peptunium. americium. plutont-
1ia Radianan Laborators at Ession products heir radioiety ity unt as well as larger amounts of s
Bulw iy 10 stady the metdbolism of would trave” their course through the ~lon products.
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When the Manhattan Project ook over
direction of the weapon programs. it set
up its own Medical Office under the di-
rectorship of Swaftord L. Warren. from
the University of Rochester. and this
office started medical. health physics,
and biological research sections at other
centers. in April 1943, the University
of Rochester Project was authorized
based on the extensive experience of
the medical school there 1a conducting
biological studies with cyvclotron-pro-
duced radioisotopes. In contrast to the
Meat Lab and Los Alamos., the
Rochester Project was not directly in-
volved with the design or production of
the atomic bombs. [t was responsible
for studving the biological effects of
vanous radioactive materials. using
animals as the host. Part of that work
included determining the comparative
toxicity of radium. pelonium, 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 siudies 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. Hernpelmann 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 telt was needed.
and the Laboratory extended its activi-
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ties, gradually taking on a role compa-
rable to other sites tor health-protection
research and development on the haz-
ards of plutonium.

The heads of the various health divi-
sions—Statford Warren for the Manhat-
tant Project at Dak Ridge. Robert Stone
at Chicago. Joseph Hamilton in Calitor-
nia, and Louis Hempelmann at Los
Alamos—were destined to play & major
role in the decision o vbtain plutonium
metabolic data from humans (see “The
Medical Researchers™). All four were
medical doctors with strong back-
grounds in radiology, and in 1941,
three of them---3tone, Hamnilton, and
Hempelmann—were working at the Ru-
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 radicactive
materials into humans for biomedical

purposes.

By 1942, Store 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 recetved his med-
ical training). There he was responsible
for programmatic uses of that universi-
ty's cyclotron. By the summer of 1542,
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 plutenium by bom-
barding hundreds of pounds of uranium
nitrate to produce microgram quantities
of plutonium-239. The irradiated urani-
um from St. Louis was seni 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-
dicactive fission products. The urani- -
urm irradiated at Berkelev was
processed at the Radiation Laboratory
under the direction of Art Wzhl and
Joseph Kennedy, and much of that ma-
terial eventually went 10 Los Alamos.

The Berkeley and St. Louis groups each
produced about 4 milligram (a [h()u;;and
micrograms) of plutonium-239 befo,
Junuary 1944, when the first eram
amounts ot reactor-produced plutonyy,
started becoming available from the
Clinton site,

The Los Alamos Health Group, Op-
penheimer, at the recommendation of
John Lawrence at Berkeley's Radiatigy
Lab. asked Hempelmann 1o head up e
Heaith Group at Los Alamos in Marcp
1943. Before coming to Los Alamos,
Hempelmann visited the Met Lab in
Chicago and discussed plans for the g
ganization of the new Health Group,
was the opinion of the Chicago peaple
that changes in blood counts. such as
increased numbers of white blood cells,
would be the most sensitive indicator of
signiticant radiation exposures, If he
was to be the "hematologist-in-chiet™
Los Alamos, Hempelmann wanted o
learnt as much as he could about this
subject from Stone and others.

While in Chicago. Hempelmann also
et with John Manley. who 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- F
go Met Lab was responsible tor pluto-
nium research, and Los Alamos was re- %
sponsible for weapon design. As a

result. Manley did not envisien an ex-
tensive research etfort at Los Alamos
using plutonium. It would not be long
before that wouid change.

Worries About the Heaith
Hazards of Plutonium

Originally, it was intended that mil-
ligram amounts of plutonium would be
generated in reactors al Argonne flwen-
ty miles southwest of Chicago) and
later at Clinton. Tennessee. and that

S
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Stafford Warren was educated at
the University of California at
Berkeley from 1918 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 consuitant to
the Manhattan Project to establish
the Rochester site. By November,
persuaded parly by management
at Eastman Kodak, who were run-
ning the uraniurm processing plant
at Qak Ridge, Warren was made
the medical director of the Manhat-
tan Project with headquarters at
Qak Ridge, Tennessee, and was
commissioned as a colonet in the
Army Medical Corps.

In the mid-thirties, Robert Stena, a
radiologist, and Joseph Hamilton,
an intern with a degree in chem-
istry, 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 cyciotron. One applica-
tiocn was the direct treatment of
cancer and Stone pioneered the
use o 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-
dictreatment of disease. By the
tate thirties, Hamiiton and Stone
were involved with human metabol-
ic and clinical studies using sodi-
um-24, a short-lived radioisatops.
They hoped sodium-24 could re-
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place the long-lived radiym iso-
topes for the internal radiotreatrnent
of certain illnesses. Their studies
wauld invelve using human volun-
teers—patients with leukemia, or
other ilinesses, and normal healthy
subjects—to acquire comparative
data and to test for toxic responses
and evidence of cures. The

The Human Plitonium [njection Experiments

brought him to the Radiation Labo-
ratory at Berkeley in 1941, where
he studied radiobialogy 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, Hamiiton was
doing other research with a varisty

A Radiotracer Experiment in the 1930s.

Josaph Hamifton (left) parforms a tracer experimant in which the volunteer
drinka a solution containing radioactive sodium with his hand (out of sight)
inside a shielded counter that wili detect the arrival of tha radioisotope in

that part of his body.

amounts of the radicisotope admin-
istered to the patients were always
well below what were considered
toxic levels refative to the then rec-
ognized risks from external expo-
sures to x rays and intemal expo-
sures to radium (from the use of
soluble radium sdlts to treat a wide
range of lilnesses).

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, inciuding the cy-
clotron-produced fission product io-
dine-131. 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
medicai treatments of ilinasses, in-
cluding cures. In a 1942 article,
Hempelmann said that “if the cy-
clotron finds no piace in medicine
other than to provide tagged
atoms’ for medical studies, the
medgical profession wil owe Ernest
Lawrence an everlasting debt.” &
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continted from puge (32

material would be processed into metal
at the Chicago Met Lab betore being
sent © Los Alamos. However. in May
1943, a committee appointed by Groves
reviewed the use of plutonium pro-
duced by cvelotrons and reactors and
decided it wus necessary to locate the
final production steps for weapons ma-
terial at the same site that would assem-
ble the bombs. Thus, Los Alamos wus
assigned the responsibility of the final
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 Met Lab would also continue s
innovative reseurch for Los Alamos on
the physical and chemical properties of
plutoniur using, in 1944, milligram
guanatities 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, 1t also
created an important difference in the
tvpe of work at the two sites—the Met
Lab research was mainly “wet chem-
tstry,” 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 1o 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 peopie would
soon be working with gram quantities
of plutonium—perhaps thousands of
people at Hanford alone, Hamilton had
probably informed Seaborg of a 1943
puper 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 potentiaily
similar situation with plutonium. The
Evans paper estimated that as little as !
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or 2 micrograms of radium retained in
a person’s skeleton could cause cancer,
a latent rudiation effect. [t also ex-
plained the reasoning behind the ovcu-
pational tolerance limit ot 0.1 micro-
arams for radium retained 1n the body
i(see "Radivm-—-the Benchmark for In-
ternal Alpha Emitters™ on page 224 for
a tuller discussion of the radium toler-
ance levelsh,

Similarities with radium. That the
health risks tor the intake and rewenton
of plutonium mighe be as dungerous as
those of radium was apparent from a
comparison of their chemical and nu-
clear properties.  Both clements were
heavy metals that were expected to de-
posit in bone. Both had long half-
lives— 1,600 vears for radium-226 and
24,000 years for plutonium-239—and
both decaved by alpha emission. A
comparison ot their speciiic activities (1
microcurie per microgram tor radium-
226 and 0.06 microcurnies per micro-
gram for plutonium-239) and the enet-
gies of their alpha particies, mncluding
those of the daughters of radium. im-
plied that plutonium might be a factor
of 50 times less effective than radium
at causing physiclogical damage. But
because of the tragic deaths of the radi-
um-dial painters {dating trom the use of
radium in 1917 t01918). it was umpera-
tive to obtain metabolic data on pluto-
nium so that a safe tolerance limit
could be estabiished for the Manhattan
Project workers. '

On Jaquary 3, 1944, Seaborg sent a
memo to Stone, expressing his con-
cerns. He oftfered to help set up safety
measures tor handling plutonium and
suggested that “*a program to trace the
course of phitonivm 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 ammals,
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 studieg
can be much more accurate and myeh
more quickly done™ when milligram
quantities were available (sce “Detec.
tion of Internal Plutonium™. He pre.
ferred to wait until then to do the plutg.
nium metabolic studies, undoubtedly
fearing that experiments with smaller
amounts would lead to questionable ra.
sults that would have to be repeated,

On lanuary 15, Seaborg sent a second
memo o Stone.

I um seriowsty worried abour the
health of the people in my section,
Jfor which [ am responsible, since
they will soon handfe such relatively
large amounts of plvorivm. I wop.
der whether some putonium should
be made available o Or. Hamiron
for his distribution sedies sooner
than the couple of months or move
indicated in your memorandum. |
The problem of health hacards as-
Sumes even greater importunce for
Site ¥ [Los Mlamos] where so muck
plutonium will be handled in 50
large a variery of vperations. It is,
of course, also imporrant in connec-
tion with the operations which will
go on at Site W fHanford], partcu-
larty those involved in its final
isolation there.

In response o 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 o 4
grams in March and indicated that the
Plutonium Project was “still in the
fead” in the race with the uranium iso-
tope separation eftort,

Tolerance limits. According to the
minutes of the meeting. Stone provided
the tollowing information on the togict-
ty of plutonium:
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Alpha emitter and is expected 10 be
cored in bones. With Ra, 1 10 2
micrograms sometimes futal. Pu
perhaps less dangerous by fuctor
of 0. Not proven as yet 1o be ac-
cumulative. Radium in body cun
he identified by radon in exhaled
preath or by Geiger counier explo-
ration around body. These meth-
ods da not help for Pu,

Compton added:

For moment should consider Pu as
potentiatiy extremely poisonous.
fnvestigation necessary. Fuctor of
50 probably represents worst case
and [corresponds to] a folerance
level of stored material of about 5
mICrograms.

Stone’s discussion of the “poisonous
nature” of plutonium at the meeting re-
sulted in two actions. In the absence of
plutonivm metabolic data. the manage-
ment of the Plutonium Project adopted
Stone’s recommendation of a 5-micro-
gram tolerance limit for plutonium re-
rained 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 1
production of reactor plutonium trom
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-
20’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 mentionad
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:

Fwenn to 30 micrograms [of plu-
ronium] may possibly be o lethal
dose. Present laboratory floor sur-
Jfaces, desk tops, vencilation, labe-
ratory service [arel inadequaie to
cope with this. Mav decide 1o han-
dle under hoods. like Ra. Should
plan so “at all Pu can be recov-
ered qu..ritatively if accidentally
lost.

The minutes also mentioned an accident
in which an individual 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 vear but was now head of the
Chemisuy and Metallurgy Division at
[Los Alamos) was anticipating delivery
of gram amounts of plutonium trom the
Clinton site and requested information
from Hempelmann about the danger to
personnet from tnhaled or ingesied 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. [n the case of ingestion. he said
that 100 to 300 micrograms would con-
stitute a lethal dose, assuming that ab-
sorption from the intestinal tract and

ol

[l

Lo

subsequent metabolism was the same uy
radium (and applying the estimated fuc-
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
rapidiy. the people responsible for their
health were forced o develop safe pro-
cedures and detection techniques based
on best guesses, estimates from the
properties of other metals, or whatever
useful informatien could be gleaned
from the initial animal studies at Berke-
ley and, later, Chicago. ’

Working With Plutonium

The first shipment of cyclatron-pro-
duced plutonium sent to Los Alamos
arrived in October 1943—630 micro-
grams of plutonium-239 shipped from
Berkeley as a semi-purified, partially
decontaminated plutonium satt.* 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 carried out with
maximum speed.” Several 100-micro-
gram allotments of this plutonium were
committed to study the isotepe’s nu-
clear properties. The remainder was as-
signed to Kennedy's Chemustry and
Metaliurgy Division for research on re-
moval of light-element contaminates.

The first reactor-produced plutoniurm-
239 was shipped from the pilot reactor
in Clinton, Tennessee, in January 1944
as plutonium nitrate. One-and-a-haif
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 Alamos
from the Met Lab for the study of its fission
properties. The plutonium was returned later that
sarne month.
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ing plutogium without first putting on
his respirator and so exposed himself to
p[umnium dust particles. Magel contin-
ged 10 work with plutonium until he

ett Los Alamos a couple of months
ster in August 1944, (A positive urine
assay of a sample obtained from Magel
i 1945 contirmed the nose-swipe evi-
dence of exposure.)

gy the end of August. Los Alamos had
received 31 grams of plutonium. and
«cientists had used the magrial in over
2300 different experiments. In a

memo to Groves, Oppenheimer stated
hat “the overall loss per experiment

has been about | per cent,” and that 36
grams remained. One group at the
Laboratory was dedicated solely 1o 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 itor example, as-
phalt floor tiles in a laberatory spill or a
mass of burned materiat from a furnace
in a2 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
are now tn a position to carry through
the operations necessary for fnai fabri-
cation with a very high vield (99%) and
w recover almost all that is not includ-
ed in the vield.” He felt that the loss of
15 grams of plutonium “will be paid for
many times over by the effectiveness
with which we can deal with produc-
tion lots when they become available.”

There was. of course. great concern
ahout the lost material. In September,
Kennedy wrote o memao expressing that
concern to the people in his division
working with plutonium. Among other
things, he suid, “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 o health.”
He went on (o describe efforts to im-
prove handling and recovery.
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The Human Plutonium Injection Experiments

T~

Metal free in hlood

Fraclon excieted

Mefal fixed in tissue

Days after injection

Figure 1. Dally 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, inte their blood, the material may initially circulate in a rela-
tively “free” form. Eventually, however, materiai 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 lass available to the blood stream. As a result, a lesser amount will be
filtered out by the kidneys and excreted. The two phases (the initlal-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 ligure shows

a theoratical excretion curve.
Plutonium Animal Studies

The quickest way to obtain more realis-
tic information about the toxicity of
plutonium was with animat 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 ifor example. oral
ingestion. ithalation, 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
fsee Figure 1) and how it would be dis-
tributed among the various organs.

When Hamilton started his seres of an-
imal experiments, his guess was that a

ey
P
eF

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 first {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 | 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 fixed 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-
tien of 24-hour urine samples. checked
every 2 weeks will give a fairly good
indication of intake of Pu by un 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.
plutenium would take time to become
fixed in tissue. Thus. an accurate deter-
nunation of a body burden would re-
quire that the measurements be made
alter the plutonium circulating in the
blood wius either excreted or fixed. At
that later time. only plutonium re-enter-
ing the blood from fixed tissue sites
would be circulating, and measurements
of the fraction excreted would more ac-
curately reflect the level of retained
plutonium.

Eleven mulligrams of plutonium were
diverted 1o Hamiiton at the beginning
ot 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
"S-microgram portions of plutonium-
239 compounds 1o rats. using different
plutenium valence states (+3. +4. and
+61 and ditferent methods of introduc-
ing the plutonium (oral, intramuscular,
intravenous. subcutaneous, and intrapul-
monary procedures}.

A Met Lab progress report for February
containing Hamtiton's input stated:

Product studies: - Oral absorption
af all valence states is less than
0.05%; lung rerention high; ad-
sorbed material predominarely in
skefeton: excretion very small in
urine and feces.

And the report for March noted:

L]
Product behaves differentiv in the
three valence states. The plus 4
state is retained to considerable ex-
tent ut 16 davs, the plus 3 is re-
tained to a less degree and the plus
6 to a stifl less degree.

By April. Hempelmann was discussing
Hamilton’s resuils at Los Alamos. say-
ing that “plutonium in all three valence
states is very pootly absorbed when

taken by mouth—Iless than .005%™ and
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“the organ which took up most of the
absorbed piutonium was the bone. with
more than half of the element going to
the skeletal system in each case.”

Additional quantities of plutonium were
made available to Hamilton, und he was
authorized to extend his research to the
uptake of plutonium dust trom the
lungs of rats. He soon learned that
only about 20 per cent of the pluionium
originally inhaled was eventually de-
posited in the skeleton. Almost halt
was trapped in the upper air passages

Joseph Hamilton carried out the ini-
tial metabolic studies of piutonium 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 studies at Berkele,
and Chicago showed that plutonium:§
physiological behavior ditfered signp.
cantly from that of radium. Two facyg
were particularly alarming: there wyg
significant deposition of plutonium iy
the liver. and the overall excretion ryeg
were very low (see Table 1), Neither
of these facts were anticipated when the
rentative S-microgram tolerance limt
for plutonium was adopted garly in
(944, Furthermore. the rate of plutonj.
um elimination in excreta differed he.
tween species of animals by as much g5
a factor of five. Such variation made j
difficult to esttmate what the rate woulg
be for man.

The studies also showed that plutonium
was similar 10 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 depoxited at dif-
ferent locations. Radium isimilar.
chemicaily. o calciumy deposited in
mineralized bone. whereas plutoniom
remained on the surface in the “actively
metabolizing™ portion of the hone. an

area intimately associated with bone

marrow and the production of blood
ceils. (However, because plutonium
deposits on the endosteal surfaces of
the red marrow and the alpha particles
have a limited range, the blood-furming
tissue is not irradiated uniformly.)

The initial antmal excretion rate for
plutoniurn was low (less than 1€ per
cent of what had been introducad ap-
peared in the urine and about 6 per cent
in the feces over the first four days),
which meant the assumptions about
rapid initial elimination and stow “fix-
ing™ of plutonium in the tissue wers not
accurate. After roughly 20 to 30

the excretion rate appeared to becoue
constant, but again, at much lower raies
{(about 0.1 per cent in urine). The
total excretion rate {urinary and tecal)
at 21 days was about 10 times less than
that of radium.

The discovery that absarption ot sotu-
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wle compounds of plutonium through
the guslmin[estinal truct was very low
and essentially no absorption occurred
(hrough the skin meant that the main
routes to lnternal deposition were ab-
.orption [tom contaminated wourds or
jrhalation of dust particles. Such con-
Lderations led Hamilton. on May 3,
jud, 1o suggest treatment for puncture
wounds.

Hamilton informed Stone that in acci-
Jents tnvolving intramuscular injec-
non——such as might oceur if closed
wteras at high temperatures exploded
and shards punctured the worker's
<kin—uabsorption of plutonium would
ke slow. Hamilton felt that “only 4 few
percent [of soluble product] would be
expected to be taken up within a matter
of an hour or 30.7 He reatized “that
analogies are frequently dangerous tfor
the purposes of comparison. but the su-
perficial similarities . . . to snake bite
come to mind.” As a result. he sug-
gested a treatment that included. when
possible. the use of 4 tourniquet. which
“ractlitates the washing out of the mate-
rtal by bleeding and at the same time
retards absorption.”

The Human Plutenium Injection Experiments

Acute effects. By the end of 1945,
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 botuiinus toxiny but tar ex-
ceeded any known chemical hazard of
heavy metals. The clinical picture of
acute plutonium toxicity in dogs was.
superficrally 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 x rays
were absent, weight toss and refusal of

tood and water in the frst davs were

tellowed. around the tenth day. by the
linal “shock™ phase that included a rise
in body temperature. pulse rate. labored
breathing. and vurious 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 Tiys.

The acute lethal dose for animals ap-
peared to be somewhere in the range
from 400 to 4000 micrograms ot pluto-
nium per kilogram of body weight. de

Table 1. The Metabolic Behavior of Radium and Plutonium in Animals

Property Radium - Plutonium
Initial excretion. {rats)
urinary (first day) ~15 % ~0.7 %
fecal {first day) ~16 % ~-2.3 %
Total excretion in 25 days (rats)
urinary ~23 % ~25%
fecat ~32 % -25.0 %
Overall deposition
bone 99 % ~50 %
tiver —_ ~30 %{at first)
Bone deposition within the surface of
minetalized bone “active” bone

Number 23 1995 lLas Alames Science

pending on the species and. 0 u lesser
extent, on the chemical form of the plu-
tonivm. Damage tended to occur more
specifically in the liver, kidneys, and
spleen and to red blood-cell production
in the bone marrow. In rats. abous

6() per cent of the retained plutonium
ended up in the skeleton and 18 per
cent in the liver.

At that time. very little of the experi-
mental work extended over a period of
more than six or seven months, so the
picture of chronic plutonium toxicity
was essentially a guess. A few bone
tumors and one instance of bone thin-
ning had been observed in rats and
mice. It was not at all certain whether
the various effects, including those to
the blood, were progressive or whether
they could be extrapolated to lower
doses.

Certatnly. 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 between
animals and humans. Rats. for exam-
ple. will tolerate quantities of deposited
radium per enit of body weight that
would be lethal to humans. and various
inbred mice are capabie of surviving
huge doses of external gamma radiation
compared to humans. Likewise. any
study involving skin was particularly
suspect because of the very great ditfer-

“ences between human skin and those of

animals. Thus, the animal studies
could oniy be suggestive of what was
expected to happen in humans.

Planning for the Human
Injection Studies

By August 1944, despite the efforts of
a full-time chemist at Los Alamos and
another at Chicago, no satisfactory
method of analyzing excreta that could
consistently detect I-microgram body
burdens had yet been devised (assum-
ing the 0.01-per-cent urinary excretion
rate suggested by the animal expeni-
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ments). An ion-exchange method de-
veloped by the Met Lab was satisfacto-
ry at the 5-microgram level. but
Hempeimann was convinced it way im-
portant to achieve even lower fevels of
detectablility {see “Detection of Internal
Plutonium™).

People in the Chemistry Division at
Los Alamos were concerned “about the
inablity of the Medicai Group to detect
dangerous amounts of plutonium in the
body.” They had already had instances
of significant inhafation exposures and
one accident in which a chemist inad-
vertenily swallowed an unknown, but
small amount of plutonium sojution
{see A Swallow of Plutonium™. In
addition, there had been five accidents
mvolving wound exposures. They
could not afford 10 continue using
guesswork as the basis for transferring
skilled workers who had experienced
plutonium exposures away tfrom 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
muitiplied 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 zbout
balancing priorities. He said. “in view
of the many urgent problems facing the
laboratory, it should be carried out with
as small an investment of personnel as
passible . . . 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-
perimentarion . . . it is desirable if these
can in any way be handled eisewhere
not to undertake them here.” Los
Alamos lacked the appropriate medical
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A Swallow of Plutonium

On August 1, 1944, 3 sealed tube confaining plutonium chiloride solution
ejected part of its contents while being opened.” Gases had built up, most
likety from the dissociation of water by the alpha radiation, and socme 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
warking 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 mitiigrams of the material was lost, mostly on
the walls of the room, with some on Mastick's face and some swallowed.
Although his face was thoroughly scrubbed, tha skin remained contaminated
with about a microgram of plutonium. His mouth was &lso thoroughly
washed, but for many days afterwards, he could blow at an opan-faced ion-
ization chamber across the room and cause the needle to go off-scale—the
tevel of contamination estimated to be about 10 micrograms. (This last fact
suggests that the plutonium sotution may have had other radioactive conta-
minanis in it since it was Jater found not {0 be possible to detect plutonium

deposited in the iungs through ionized air molecules.)

Hempeimann pumped out Mastick's stomach to retrieve much of what had
been swaliowed (anaiysis of the contents for plutonium registered 4098
counts per minute, which corrgsponds to only about 80 nanograms). Since
very littie would have been absorbed through his gastrointestinal tract, Ma-
stick ended up with only a barely measurable body burden. His initial 24-
hour uring assays, when the excretion rate was highest, were only Sto 7
counts per minute, which translates to well below a 1-micragram 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 milfigrams that were ejected in the accident wera not “Los Alamos' entire supply of pluto-
nium,” as raported elsewhere (for sxample. by Eileen Welsomae 1n har 1993 articias in the Aibu-
quergue Tribune and n the October 1995 Final Asport of the President's Advisory Committes on
Human Radiation Experimants). in March the first 1-gram reduction of plutonium to metal had
been perfarmed at Los Alamos, and by the and of August, the Laboratory was warking with over
&0 grams of plutomum {5004 times mare than the amount sprayed at the wall).

research facilities. and Oppenheimer
suggested that Hempelmann and he
“discuss the biologicsl questions with
Colone! Warren at a very early dat:

Warren. of course. had by now been in.

charge of the medical programs tor 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 2 week later. On
August 29, Hempelmann summarized
the program that he. Warren. Kennedy,
and Oppenheimer had dectded upon.
Las Alamos would develop ~“chemical
methods of determining plutonium in
the excreta and in lssués and of loniza-
tion methods of detecting plutonium in
the lungs.” Experiments at Los Alamos

“with animals would be used to check

the detection methods. The third part
of the program would involve “tracer
experiments on humans o determne
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(¢ was stated that “when satisfuctory an-
Jfetical methods have been developed
m'[his laboratory the problem of curry-
ing out turther metabolic studies will be
wned over 10 another medical group.
prghumub]y the Rochester group.” Ini-
tially. Rochester would derermine the
jethal dose in animals using plutonium
«pplied by Los Alamos.

The excretion rate. By February

[943. Los Alamos, the Met Lab, and
the Berkeley groups ail had analytical
methads they telt were adequate for the
analvsis of plutontum in excreta {see
~Detection of Internal Plutonium™),
They could thus turn to the next puzzle.
the ratio of excreted to retained plutoni-
um. Much of the animal daza showed
that a constant daily urinary excretion
rate occurred within two or three weeks
that was (.01 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
microgramm. Concern about this situa-
fton was mounting.

There were other discrepancies and
concerns. Numerous workers with high
nose-swipe counts had no definite sign
of plutontum in their urine. Was this
due 10 hand contamingion of the nose,
insoluble plutonium particles that had
not rcached the circulatory sviem, or
large particles still fodged in the upper
bronchi and nasal passages? The large
viartations in the animal data for the uri-
nary and fecal excretion rates—factors
of 1 1035 in rodents and 1 to 2.in
dogs—-cast doubt on whether or not the
use of an 0.01-per-cent daily urinary
excretion rate tor humans was even ap-
propriate. Animal data showed that
more plutonium was usually excreted in
stools than in urine. Would stool as-
says be more sensitive than urine as-
savs for humans? The only way to ad-
dress these concerns was with further

crnfiited on poge 94
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Detection of Internal Plutonium

In §944, not only were there uncer-
tainties io the animal data. but meth-
ods for measuring the amount of plu-
tonium retained in the bodies of
wortkers were not well defined. 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 .ow 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 simlarly with feces.
The excretion rates then dropped
rapidly for several weeks, finally lev-
eling off, for urine. at only 0.01 per
cent of the injected plutonium.

Although large doses could be inject-
ed into animails to insure good analyt-
ical results, the same could not be
done with humans. If an 0.01-per-
cent daily unnary excretion rate was
rue for humans, a 24-hour urine
sampie from a subject with 5 micro-
grams of retained plutonium would
contain only 0.5 nanograms (nano =
10%) of plutonium (see “Estimates of
the Detection Regime™).

Excreta samples also had the problem
that most of the alpha radiation
would be absorbed by the sample
mass, Thus, analytical techniques
had 1o be developed to reduce the
mass of other material and to concen-
trate the plutonium by dissolving,
evaporating, or ashing the sampie and
by extracting. precipitating, or ptating
the plutonium for measurement of
aipha activity.

lon-exchange. That summer. the
Met Lab’s Health Division developed

a urinalysis procedure for isolating
and detecting ienths of nanograms of
plutonium in urine, The method was
based on direct isolation ot 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 eiuted from the col-
umn and transferred to a counting
plate where the alpha activity was
measured.

[n July 1944, Hempelmann was in-
tormed of th- Met Lab urinalysis
procedure and of the apparent con-
stant 0.01 per cent urinary excretion
rate derived from animal studies.
Several iterns—such as his calcula-
tion for the dose to the tungs from a
1-microgram plutonium dust particle,
early resuits from the animal expen-
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 10 lower levels
than the proposed 3-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 suijtable for
detecting |-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 1-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 aipha 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
titers) through the column overtoaded
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 plutoninm-
239 expected for 5-microgram body
burdens. But detection of body bur-
dens of 1-microgram or iess wouid 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 tn August in which part of a plu-
tonium-chloride solution sprayed into
the mouth of Don Mastick, a voung
chemust (see “A Swallow of Plutoni-
um™). How mnuch 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, 10 avoid further expo-
sures, Mastick was wransferred 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
artacked the problem of detection meth-
ods included Perley, who continued to
investigate the Chicago procedure,
Raobert Fryxell, who studied a method
ot separating plutcnium 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-
pletwa utlined by Arthur Wahl, In
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Estimates of the Detection Regime

Plutonium-238 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 Ci‘g) (10 g/ng) (3.7 x 10'? dss/Ci) (B0 s/min) = 130 d/mining).
However, the Hanford “product” contained small quantities of other plutoniym
isotopes (at the time, it was commoniy referred to as 239-240 Pu), and ac-
counting tor such impurities increases the rate to about 14C disintegrations
per minute per nanogram. ) we want to detect a tolerance limit of 5 micro-
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 & 1-
titer, 24-hour sample of urine will contawn 0.5 nanograms of plutonium, i
only 100 milliliters {10 per cent) is analyzed, the test must be capable of de-
tecting 0.05 nanograms of plutorum. A sample at this level emits about 7
alpha particies 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. i we want to detect a lower tolerance limit of 1 microgram—
one-fifth as large—the counting rate drops te less than 1 count per minute.

September, Roger Kleinschmide joined
the teamn to investigate methods of iso-
fating 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 chernucal re-
covery of spiked urine samples.

Fryxeil consulted with Wright Lang-
ham on the cupferron technique for
plutonium isolation. Langharn 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, anatysis, and evaluation of
plutonium in humans,

Cupferron extraction. By late 1944,
Hempelmann's team had devised a sat-
isfactory technique. using cupferron ex-
traction, tor amalysis of unine contain-
ing tenths of a nanogram of plutonium.
After collection, the samples underwent
a multistep preparation that included
gvaporation to dryness, treatement with

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 fuoride, and this
final precipitate was transferred to a
platinum disc. The activity of the pla-
ed sample was measured by placing the
disc in an alpha counter.

However, analyzing spiked urine sam-
ples—or even samples taken from ant-
mals—in a laboratory envircnment was
one thing. Analyzing samples from
people working with pijutonium on a
daily basis was another thing entirely,
Early assays of workers vielded 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 eicugh 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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pe tested was removed from the work-

jace for forty-eight hours and asked 1o
~wear freshly laundered clothing . . .
and to bathe and wash their hands fre-
quently.” After this period. the worker
wus admitted to the hospital, asked to
Jower, placed in a special room (the
~health pass ward™). and checked for
contamination. He was instructed to
wash his hands and wear white cotton
gloves each tme he urinated, and the
Hask und funnel were placed so they
Jidn’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
average for sampies collected using the
above procedure was only 2.2 counts
per minute! This, external contami-
pates picked up at work made the plu-
tonium excretion rate appear ten times
larger than it actually was,

Other probiems soived by people at the
Met Lab and at Los Alamos were the
maintenance of a laboratory free from
alpha contaminaticn {(including the
reagents used in the analysis), the de-
velopment of a method capable of han-
dling large volumes of urine (1-liter
rather than 100-milliliter samples), and
the development at Chicago of afpha-
counting instruments capable of detect-

The Human Plutonium Injection Experiments

of at least ane 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 (.2 counts per minute.
The five most highly exposed people
had urine samples with an average of
2.2 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 urne
samples used extraction with thio-
phenyitrifluoracetone (TTA). After the
sample was ashed, a lanthan:m-fluonde
precipitation was performed. lowed
by the TTA extraction step. This
method resulted in a negligibie sample
mass and low background counts.

One of the main sources of alpha conta-
munation 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 0.2
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 gach able to acquire highly
satisfactory data using their particular
method. m

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 liguids to a
minimum—one ¢up 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 ana hydrogen peroxide} until & white solid almost com-
pletely free of organic matter remained. The solid was dissolved in hy-
drochlori¢c acid and precipitated as hydroxide. After redissolving the precipi-
tatd 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 soiuble compiex with iran). Choroform was
then used to extract the cupferron complex, separating it from other dis-
solved materials in the agueous 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 perchioric acids. Finally, the piutonium was carried
out of this solution as part of a lanthanurn fluoride precipitate, leaving the
iron behind. The final precipitate was transferred to a platinum foil, dried,
and counted in an alpha-particle detector for thirty minutes. The main rea-
son for these varicus steps was to concentrate the plutonium while minimiz-
ing material that would deposit on the foit and zbsorb part of the alpha radia-
tion. Cantrol urine samples spiked with plutonium analyzed concurrently with
reguiar samples demonstrated an average chemical recovery of 88 per cent
{=11 per cent one standard deviation) and a reagent-contaminate back-
ground of 1 count per minute.

ing less than | alpha count per minute.

By February 1943, 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 amimal rate of Q.01 per cent
per day, the method could detect a

body burden of less than | 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
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The Human Plutonium Injection Experiments
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studies. But time was critical. Many
of the people at Los Alamos were
working seven days a week 10 meet a
schedule for the first test of a plutonium
weapon in July 1945, There was no
time to start another series of animal
experiments. and thus, the researchers
wirned to human sludies.

A fuct impaortant to the planning ot 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 trom 0.032 10 32 micrograms.
and the excretion rate over a S-day pe-
riod was determined for each group.
Wright Langham. a biochemist and the
Biochemical Section Leader under
Hempelmann. reported in Muyv 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 ditferent doses. would be ade-
quate for the study: and second. at a
given time after the injection, the
amount of plutoniom being excreted
wils 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 specific ratio for humans.

Hamilton's oniginal work with rats in
1944 had not developed complete ex-
cretion curves, but rather pooled sam-
ples for chemical analysis at broadly
separated wntervals {days 4. 16, 32, and
64). On the other hand, Langham's
studies with rats had used a daily sam-
pling basis out to 44 days after the in-
jections, Those data. available in July
1945. would have convinced Langham
that excretion could be accurately
“meodeled” using linear plots with the
data collected gaily for only a few
weeks, apparently a key tactor in the
plunning of the human experiments.

Working with the Medical Corps.
On March 26, 1945, Hempelmann and
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others at Los Alamos met with Lt.
Colenel Hyvmer Friedell trom the Man-
hattan Project Medical Section under
Warren. In a memo summarizing the
meeting tor Oppenheiner. Hempelmann
stuted that they had requested the Man-
hattan Project Medical Corps “to help
muke arrangements for 4 human tracer
experiment to determine the percentage
of plutonium excreted daily in the urine
and feces.” They further suggesied that
“a hospital patient at either Rochester
or Chicago be chosen for injection af
[rom one to ten micrograms of matertal
and that the excreta be sent to this labo-
ratory {Los Alamos| 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 development 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-
0s] 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 channeis be
established through which cur problems
can be brought to the attention of those
individuals who plan the research pro-
gram of the Manbartan District.”
Oppenheimer followed up these discus-
sion with a letter to Warren in which he
said:

We ail have the feeling thar at the
present rime the hazards of work-
ers at Site Y are probably very
much more serious than those i
any other branch of the Project,
and that it would be uppropriate
that the medical program of the
Manhartan District consider some
of our problems rather more inten-
sively than thev have in the pasl.

. Although we would have some
ideas of how o pursue all of the
ropics mentioned, we have. as you
know, neither the personnel nor rhe

Sfacilities which would be invg]

. . Leg
in this. ...

It was our iMpregy
i iy
that if other warkers on the Mog.
ival program were berter Wform, ed
abowt what was importany fram ”
ir
poine of view thev swould P!’I’)hqb
be glad to help us onr,

He was reiterating the same point je
had made the year before.

The people at Los Alamos were thyg
ready to move to the third part of the
plan that been had agreed upon in A,
gust 1944, Warren was also ready, 1,
a December 2. 1944, meme foutlining
points for a meeting two days lager), Be
had stated that there was an urgent neeg
both tor experiments to establish “tha
ratios «1 hlood level to urine and fecal
excretion following a single intravengys
injection of radium and product in ras”
and for “[similar} tracer experiments on
humans . . . so that the comparison
(facior) can be made between the rat
datg and human data.” ‘The three peg-
ple he identified in conjunction with
this work were "Dr. [William| 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 1941,
Hamiiton's team injected six patients
who had bone cancer with radioactive
strontium. That metal is also a bone
seeker, and Hamilton was studying 1t as
u possible therapeutic agent for the
treatment of bone cancer.

Other human experiments involved var-
ious toxic heavy-metal radioisotopes
that were either matertals important for
the development of the atomic weapons
(pelenium and uranium} or were part of
a comparative evaluation of health haz-
ards (radium). The polonjum studies
helped to develap techniques for the
simitar but later studies with plutoniom
(see “Polonium Human-Injection
Experiments™).

Los Alamaos Science Numher 23 1943




One of the main problems in the polo-
iyt siudies was contamination. _
working with the material couid easily
coptnmnate laboratory equipment uscd
oy the analvsis. which, 1o wrn. could
byas Tesulls OF @ven contaminute sam-
Lles related o other studies  + was

thus anticipated that analysis procedures
for plutonium would require laborato-
riex that were absolutely free of alpha
contamination. A “clean laboratory™
was established at Los Alamos in Feb-
uary 1943 in the Medical Labs Build-
ing. and the responsibilities in the plu-
ronium study were split. The Medical
Corps or the Rochester Project would
handle the clinical work, and Los
Alamos would analyze the resulting
bivlogical samples.

The First Human Experiments
with Plutonium

Reports issued in 1945 show that three
hurnan plutonium-injection studies were
authortzed tn April 1945—a study by
the Chicago Met Lab Health Group. an-
other by Hamiitens group in Berkeley
and Sun Francisco. and a third study to
be done jointly by Warren at the Army
Medical Corp Hospital in Oak Ridge
tclinical) and the Los Alamos Health
Group (analytical). The three ap-
proaches would allow using plutonium
in two different valence states (+4 and
+0). two different chemical forms (cit-
rate and nitrate). and two different iso-
topes tplutenivm-239 and plutonium-
238). Each group would be responsible
tur 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 thiophenyltrifluorcacetone ex-
traction method at Berkeley).

The plutenium-239 dose decided on for
the Oak Ridge-Los Alamos and the
Chicago studies was 3 micrograms.
That quantity would enable the Chicago
group 10 detect plutonium accurately
using 100-milliliter urine-sampla
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aliguots of 23-hour collections and
would provide appropriate activity lev-
eis tor the Los Alamos method. which
used full 24-hour urine samples. The
Berkeley site. however, would use a
different isotope. plutontum-233. at a
ditferent dose level: the injected mass

At the present time the
hazards of workers at Site
Y are 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 [0 times the ra-
dicactivity. As a result, the excreta
samples at Berkeley would also be ex-
pected to have more than ten times the
activity of corresponding samples trom
the other two studies, increasing the

L i
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accuracy and precision of the alpha
medsurements on the excreta samples.

Oak Ridge. The first human plutonium
injection ocvurred on April i), 1945,
barely two weeks after the meeting in
Los Alamos between Friedell. Hempel-
mann. ang others. The person chosen
tfor the experiment was a 33-vear old
man and a patient at the Manhattan
Project Army Hospital in Oak Ridge,

i Although the man was the first patient
injected with plutonium, he was 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
automebile accident. and bones in his
right forearm. [eft thigh. and right knee
were broken. Some of the tractures
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 10-13
vears this ¢clinical record states this may
have been due to chronic gonorrheal.”
HP-12 had always been emploved as a
cement mixer and was generally in
good health (well developed. well
nourished™.

In a report for a conference on plutoni-
um, held May 14 and 15, 1943, 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 vears be-
fore dying. in 1933, of heart failure.
Late radiation effects. such as cancer.
were not expected to develop tor 2n to
fifteen vears. if at all. For example. the
induction pertod in humans for radium-
induced cancer, especially malignancy
of the bones, was about 10 to 30 vears
after exposure. Despite Langham’s

*Many ol the names of the people who were in-
jected with plutomium have heen pubbshed 2lse-
where. However, we did not want to inkrode far-
ther on the families of those people and so will
only identify the patients by case number.
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statement, we cannot. of course, dis-
count the fact that HP-12 might have
tived 20 or more years: although in
1945, fifty vears of age was considered
to be tairly advanced. Onu the other
hand, the GIs at Los Alamos who were
heavily exposed to pluonium in 1943
while working in D Building under
poor industrial hygiene conditions isee
“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 {(.29 microcuries)
in the chemical form of the +4 citraie
salt. The material had been sent to Dr.
Friedell at Oak Ridge by Wright Lang-
ham. aleng with directions for its use
on a human subject. Langham stated
that citrate was chosen “to produce the
maximum deposition in the bone . . .
[s0 as to| produce an excretion rate
comparable to that of a worker having
absorbed the material at a slow rate.”
Urine sampies were collected almost
continuously for the first 42 days. and
then intermittently untit the 89th day
after injection. Regular stool sampies
were collected as well over a 46-day
pericd. 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 alse reported at the May con-
terence 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.” I[ndeed. 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.
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.source as an initiator of the chain reaction in the atomic bombs, thus making

Polonium Human-injection Experiments

It 1944, in response to concerns for the risk associated with occupational
exposures o polonum, the Army Medical Coms authorized Rochester to yp.
dertake a study of the biological behavior of that element. The program wag
started in August 1944 with animals, and by November, studies with humang
had begun. Eventually, tracer amounts of radioactive polonium-210 were in-
jected into four hospitalized humans and ingested by a fifth.

Polonium, the first element isclated by Marie and Pierre Curie from pitch-
blende in 1898, is an alpha emitter. When alpha panicles from poclonium-
210 collide with beryllium atoms, neutrons are ejected, and polonium-berylk-
um combinations had already served physicists as a convenient source of
neutrons. During the Manhaitan Project, it was decided to use that neutron

poionium (and beryllium) an occupational health hazard for the peopie whe
needed to deveaiop and build the initiators.

in tha Rochester work. the subjects of the excretion studies were volunteers,
The problem had baen outiined to patients at the Rochester Hospital, who
were told that it would involve the intake of tracer amounts of a radioactive
substance followed by anafysis of their excreta. Because polonium was not
classified at that time,” the doctors may have &ven told the patients what
substance they wouid be injected with, From the group of volunteers, four
me&n 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 varisty
of cancers (lymphosarcoma and various teukemias). 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 C.17 to 0.3 microcurie per kilogram of body weight.
The fifth patient drank water containing 18.5 microcuries of polonium chio-
ride, equivalent to 0.19 microcuries per kilogram of body weight. The
amount of polonium axcreted in urine and feces were analyzed, and biood
samples were taken to determine the amount freely circuiating in the blood.
Autopsy lissue sampies were taken from the patient who died to determine
the distribution of polonium throughout the bady.

Polonium-210 has a shert half-iife (138 days) and very high activity (4,490

microcuries per microgram). The high activity meant very small guantities

{of the order of nanograms, a factor of 1000 fess than for piutonium) could
be administered and detected, so concerns of chamical toxicity were mini-

mal. The short half-life maant 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 tninute for pokonium-210.

Such metabolic studies were possible at Rochaster University in 1944 be-
cause polonium was availlable at that time. The research yieided important
information for the Manhattan Project on the hazards of polonium and
helped develop techniques for the similar but later studies of plutonium.

*Poionium was classified in July 1945 and given the code name “posium.™

Los Alamos Science Number 13 |99



one positivc note was the fact that the
excretion rate seemed to have levelad
oif after a couple of weeks at .02 per
cent. rather than the 0.01 per cent pre-
jered from animal data. 1f the true ex-
cretion rate 1n humans was twice as
high as the rate in animals. then earlier
urine assays trom plutonium workers
that had been interpreted using the 0.01-
er-cent exeretion rate had overestimat-
od the body burden by a factor of two.

when HP-12 was operated on for re-
Juction of the fracture in his knee,
hiopsies for analysis were taken from
the kneecap and the top end of the

main bone n the lower teg (tibia) tlose
to the knee. The intent of obtaining
those samples was to see how much
plutonium had been deposited on the
bone in the 96 hours since the injection.
At a later date. fifteen of his teeth were
removed (1 was noted on his initial
physical that “*patient had marked caries
and pyorrhea [an inflammation and dis-
charge of the gums] ") and these also
hecame uvailable for plutonium analy-
sis. Langham reported on the concen-
trations of plutonium in HP-12's bone
and teeth in [930; they were compara-
ble to the levels in tissue samples from
other subjects,

Chicago. Sixteen davs later on April
26. 1943, a second human plutonium
injection took place at Billings Hospital
in Chicago. A sixty-eight-year-old
man. iater identified as CHI-1, was in-
jected with 6.5 micrograms of plutoni-
um (.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
fived another 160 days. An autospy
was performed after his death. and a se-
res of tissue and bone samples were
taken so that the distribution of piutoni-
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 the two subjects were comparable,

{2

Number 23 1995 Lous Alamaos Science

The Human Plutonium Injection Experiments

and after 21 days, the rate appeared (o
level off—at about 0.03 per cent of the
injected dose.

One of the findings of these frst two
human experiments was that the
amount of ptutonium excreted in fecai
matter was considerably lower than in
animals {(compared 10 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 so
analysis of human tecai matter did not
appear to be a more promising way (o
determine plutonium body burdens. as
had been suggested by the animal ex-
periments,

California. On May 4. 1945, 4 third
person. CAL-1, was injected with plu-

tonium at the University of California
Hospital in San Francisco. CAL-1 was
a 58-year-old house painter that had
been diagnosed with stomach carncer
and was thus expected to live only six
more months. Surgery revealed a firm
tumor that extended into the liver and
the tal of the pancreas. confirming the
diagnosis of cancer. and a large part of
his stomach was removed. However,
later microscopic examination of the
temor revealed no evidence of cancer
and indicated that the diagnosis was in-
correct.  After another year or 50 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 21
vears and died in 1966 from heart dis-

A Cross-Check of Analytical Procedures

Several weeks after the first Chicago patient had been injected with ptutoni-
um, the Met Lab sent to Los Alamos selected sets of aliquots of this patient's
uring, including single smal aliguots of the first and third voidings collected
the first day after the injection. Later, they sent five 100-milliliter afiguots
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
diffarent plutonium-axtraction technigues, this agreement provided evidence
of comparable radiochemical proficlency and instrument calibration, at least
when the count rates were high (2935 and 31.0 counts per minute, respec-
tively). (A similar comparison was not done with samples from Berkeley.)

The measuraments for the ten aliquots from days 40 and 41 {with plutonium
concentrations of only about 0.01 per cent of the injectad 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 resuits (0.011 and 0.009 per cent), were suspect because of the
large measurement error. The uncertainty was due to a count rate for the
samples (1 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-smitting impurities. The 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
hecause of an inability to analyze large urine samples. '

n
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ease at the age of 79. Although CAL-I
lived much longer after the tinjection
than expected (based on the original di-
agnosist his reatment, including the
operation nt 1945, was independent of
the injection and was not altered be-
cause of the plutonium experiment.

The plutonium given to CAL-1 was ac-
tually a mixture of plutonium-2349 (.75
micrograms) and plutonium-238 (0.2
micrograms). As noted earlier. Hamii-
ton had proposed using plutonium-238

in metabolic studies because the higher
activity of plutonium-238 made it easier
(o analyze samples. For the sake of
comparison, if plutonium were retained
in the body. say. at the one-microgram
level. urine samples would vield thou-
sands of counts per minute for plutoni-
um-238 compared to 7 vounts per
minute for plutonium-239.

At the same time. of course, the addi-
tional activity ot the plutonium-238 in-
creased the radiation dose o the ussue

for each mass unit of rerained Plutop.
um (the total acuvity of the CaL in.
jecuon was 3.35 microcuries:* the o
tivity of the HP-12 injection wag ahog,
0.3 microcuries). As il tumed out,
cause CAL-1 fived almost 21 moye
years. he received the highest o) Faj.
ation dose of the eighteen patients .
jected with plutonium.  His tota] effg,.
tive dose-equivalent was 6400 feny
which corresponds to about 309 rery

=Recaleulated in 1976 hy Patricia Durbig
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Figure 2. The First Plutonium Urinary Excretion Curves
Thase urinary excretion curves for the first three injection patients, HP-12, CHI-1, and CAL-1, based on the data as originaily ana-
lyzed in 1945, illustrate the main features of urinary excretion: a rapid initial rate, but at values much lower than what had oeen ob-
served for radium, and an apparent leveling off, after about 20 days, at a daily rate somewhere batween 0.02 and 0.005 per cent.
The curves also lllustrate various problems. The initial excretion rate was relatively low for HP-12 (0.1 per cent), which might have
been due 1o his abnormal kidney function. The curve for CAL-1 appears to be consistently lower than the othar two; this could
hava been dus to errors in the injected dose (a possible factar of 2), differences in analytical technigues, or differences in the cham-
ical form of the plutonium. It may have also been an indicatlon that the excretion rate varied significantly from person to person.
There are instances of unexpected variations in the excretion rate, such as the high vaiues for HP-12 after day 50. As it turns out.
the \atter values for HP-12 were obtained when researchers at Los Alamos wers attemnpting to improve their analyticai procedure
and nat all the experiments were successful or the results reliable. (Also, after day 42 there were errors in the days-after-injection
values—thnese sampies were obtained from HP-* ‘ater than shown, going out as far as day 89}. Finally, the long-term data for the
CHI-1 and CAL-1 patiants suggested that the uninary excretion rate actually continued to fall slowly rather than to stabilize at an

0.01-per-cent daily rate.
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per year. of 858 times what the normal
[_'_5.’ CILIZEN TECEIVES DN AVEeTage avery
vear from natural and manmade radia-
Lmn sources (11,36 rem,

The urinary excretion rate for CAL-1
Jqartet at (1.3 per cent. assumed about
the same rate as for the other two pa-
jents for the next 12 days, but then
reached @ constant rate at or below an
001 per cent daily rute from about 15
Jaas onwiard, When dara for all three
patients were viewed beyond 30 to 60
duvs after the injection. it appeared as
if the "constant”™ excretion rate actually
continued to fall off graduaily. For ex-
ample. by 100 days, the CHI-1 patient
had dropped below a daily excretion
rate of GLO1S per cent and. between
days 138 and 135, was averaging (1008
per cent.

Hamilton and his group. in a report re-
jeased a year later on May 3!, 1946,
sated: “The retention of plutonium in
this subject is <o great that the loss of
this material can be considered negligi-
hie. The half time of plutenium excre-
tion is probably greater than fifty

vedrs.”

The May 3 report also stated that four
days after the injection. in the course of
the planned surgery. “specimens of rib,
blood, spleen. tumor, omentum, and
subcutaneous tissue were taken from the
patient.” Analysis of the bone sample
showed that “the major portion of pluto-
nium deposited in the skeleton s to be
found in the bone marrow and trabecu-
tar [fibrous or spongy] bone.” It was
also estmated that “87.2% of the pluto-
mum administered was deposited in the
skeleton, provided the rib sarple is rep-
resentative of the skeleton generally.”

What were some of the main conclu-
sions ot the inital injection studies?
An August 29. 1946. report of the
Chicago work {written by E. R. Russell
and J. J. Nickson) stated that:

The urinary rate of excretion of

plutonium in humans is exceedingly
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low. The best evidence mvuilable
df this rime would indivare thar che
“chronic” (130th davi excrenion
rate does nor exceed L0 percent
per dav of the wmoton fived in the
bendv,

In regard to fecal excretion. the report
stated:

The fecal rate of excre:s.a1 of pluto-
nitm fived in the bodv is lower
than the urinary rate by u facror of
approvimately three, What evi-
dence we have would indicare thar
the rate of fecal excretion does nor
exceed 0.003 percent per dax of
the amount in the body.

The May 31 report of Hamilton's group
concluded:

This high degree of prodonged re-
rention, together with the tendency
of pluronium to become deposited
adjacent to the bone marrow in the
endosteal and trabeculuar regions,
makes the problem of chronic plu-
toniwm paisoning o matter of seri-
ous conrcern for those who come in
contact with this marerial.

Reduction of tolerance limit. On May
14 and 15. 1945, before the results of
the third injection experiment (CAL-1)
were available. most of the people in-

vajved 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, 1943, letter to Friedell.
Wright Langham stated that Los Alam-
os should “adopt a vonservative arbi-
trary limit [of one microgram| for the
maximum tolerance dose and remove
all people from further contact with
material when they have reached rthat
limit.” He agreed with Friedell that
“this is probably much o low.” Nev-
ertheless, “the urgent need . . . tor a
working basis and the failure of the

Chicago Meeting to establish a limit
seems to make it imperative that we
adopt a conservative value and go
ahead.”™ He thought it quite likely thut
further work on the part of ather groups
will evenally establish a legal toler-
ance limiv of at least one microgram.”
hut 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-
ponance, {reduce the chance of] poi-
soning someone in case the material
proves to be more toxic than one would
normally expect.”

Langham also suggested that thev “con-
tinue 10 collect 24-hour urine samples
trom |HP-12]—collecting on every
third day us long as he is uvailable.”
He wanted to test extrapolations of the
excretion time curve and o have actual
samples “with which to try to develop a
simpler method of assaying.” Because
HP-12s kidney function had shown
some abnormalities. he also suggested
repeating “our human study carcfully
on an individual whose kidney function
has been established as normal beyvond
question,”

Toward the end of June 1943, 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 plutoniurn to 1 microgram. {The
Hanferd 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
create recognizable and measurable in-
jury, such as death in 1 cerain number
ot days. was compared. The results of
these studies did not agree with the as-
sumption, based on alpha energy de-
posited in tssue, that plutonium should
be about 50 times less toxic than rad:-

(LY



The Human Plutenium Injection Expenments

-t
. e

%

-
™
2 .

Pl BN

Figure 3. Deposition of Plutonium in the Bone

A neutron-induced autoradiograph (magnified 190 times) of portions of trabecular bone
(B) in dog, showing fission tracks from particles of plutonium deposited on the bone
surface (8). Radium, In contrast, deposits throughout the bone volume {B). (in Aadio-
biofogy of Plutonium. 1972, Betsy J. Staver and Webster S. S. Jee, editors. (Universi-

ty of Utah/Salt 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 5G.

The second type of experimental result
that lead to the reduction in the toler-
ance limit were autoradiographic stud-
1es 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 surtaces, especially those sus-
faces throughout the more biologicalty
active portions of the bone, such as the
bone surtaces 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 ievel of acute toxi-
city than expected in relation to radiom
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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, piutonium concentrated
“in the endosteal layers of bone close to
the marrow and (al least to a greater
extent than radium) in soft tissues.” In
fact, these same studies tound that an-
other heavy-metal radioisotope, pojoni-
um-210. was about 2 to 10 times “as
toxic as plutonium per unit of alpha-ray
energy dissipated in the body,” most
fikely 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 Metaliurgy
Health Handbook 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 10 indicy,
t0 the reader the intensive effop
being made to eliminare radiatiop,
health hazards. hence, the detaiteq
description of monitoring instry.
ments and. as an example, the
chemical assav for 49 {plitonium ]
and polonium in the urine. .. Th,
worker exposed 1o nucledr radiy.
tions is empharically urged to ful.
low the two basic rufes: (1) know
alf the possible radiation hazards
ir u given job, und. 12) see thar
proper protective procedures are
followed in the job.

The handbook included a discussion of
“tolerance” dose, stating that this
“means an upper limii to. the radiation
energy absorbed per day indefinitely
which will be ‘absolutely safe,’ ie.
which will produce no observable 1m-
pairment of any function of a large
number of healthy humans.” The hand.
book went on 1o discuss the fact that a
“safety factor™ was built into the toler-
ance limit, but that this factor could
vary from individual to individual.

{f the average individual stays
within the 1olerance limits he can
be practically certain of suffering
no impairment of anv aof his func-
tions. If he exceeds the tolerance
limits one cannot ulways 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 disabilire may resuit.

The level established for plutonium was
a body burden of one microgram. Ifa
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 Thore counts per minute per 24 hour
sample” (which corresponds to a {-mi-
crogram body burden at an 0.01-per-
cent daily excretion rate and a 50-per-
cent counting efficiency).

Los Alamos Science Number 33 1995
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In relation to plutonium, the handbook
added:

For materials such as 49, for
which there (s not a lurge experi-
ence of long-period hinnar expo-
sure, the tolerance amounts are
necessarily ser with u conservative
view, thits affording the possibility
of addirional safetv factor. Lethal
and chronic effects of 49 and Po
are being studied extensively in
animals. The rate of eliminarion
and the manner of deposition of 49

und Po in risswes of humans is also

heing studied. Ar some later rime
the resudts of experimentarion and
experience mav lead to an upward
revision of the specified tolerance
amounts. At present it s safe for
the worker to proceed with the
presenttv aceepted tolerance
vafues, keeping in his favor unv
safety factors that may vesulr from
consenatism in specifving the
ioferances.

One of the safety factors was the fact
that it took several weeks tor the 0.01
per cent excretion rate to be reached.
For a recent exposure. 7 counts per
minute in urine would correspond to a
body burden lower than { microgram,
Thus. there needed to be a “persistent
excretion” at that rate before a person
wits aciually removed from work with
plutenium,

The handbook aiso discussed most of
what was known about the relative dan-
gers of plutonium and radium. the dit-
ferences in deposition in the body for
these two metals. details of the testing
process (both obtaining the urine sam-
ples and analvzing them). the various
wiys 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 1o the ra-
diosensitive cells of the bone marrow.”

Hempelmann and his group obviously
wanted the people working with pluto-
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nium 1o be uas up-to-date as possible
about the material and ts hazards and
to understand what was being done to
protect them.

Further Human Plutonium
Injection Experiments

By late summer 1945, there were still
senious concerns about the Health
Group's ability to monitor the plutoni-
um workers adequately and about the
type of exposures they w: : receiving.
Hempelmann documentea ine situation
in a memo o Kennedy.

This is 1o confirm our relephone
conversarion of 22 June 1945 dur-
ing which we discussed the recent
high exposure of personnel in the
{Pluwtonium] Recovery Group. Ar-
tached is a list of all urine counts
of the people in this group and of
high nose counts during the past
month. This tndicates, { think, that
the situation seems to be getting
completely out of hand.

The main concern was the fact that. de-
spite “steps to improve their chemical
operations,” it was “a grave medical
probiem.” A1 Kennedy's request.
Hempelmann reported these facts to
Oppenheimer in 2 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 inhaia-
tion exposure and then. further, on
whether the form of the plutonium was
soluble or insoluble.

Likewise, there were questions about
the data trom the first three studies,

The excretion data for CAL-1 appeared
consistently lower than the others: HP-
1275 data were in doubt because ot his
abnormal kidney tunction: it was far
from certain at what value the excretion
rute leveled off, or even if it did; and
no autopsy tissue samples had been ob-
tained (CHI-{ would die early in Octo-
ber from his diagnosed cancery. More
research was needed—such as a care-
tully cantrolled study vusing about 10
patients in which excretion samples
were obtained daily for about three
weeks.

On September 5. 1945, Langham and
Warren mo: in Rochester with athers 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 aver three six-week pe-
riods, ten patients would bé admitted to
the metabolism ward at Rochester for
the purpose of plutonium injections.
The first two weeks of each six-week
period would be a control perod used
to “determine the degree of normaicy
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 radicactivily content”
of the patient due to elements such as
uranivm, thorium, and radium that are
normally ingested in food.

At the end of the control peried, each
subject would “be given five micro-
grams of product in a single intra-
venous injection, For the next 24 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
aroup [Los Alamos].” In other words,
blood. uripe, and fecal samples taken
both during the control period and atter
the imjections woui} be sent to Los
Alamos for determination of plutonium
content (or normal radicactivity).
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Louis Hampelmann {right) with George
Voelz looking on.

The stated purpose of the experiment
was “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
teces. and the variations of the  ove
with time.” Such data would provide
~a statistical basis for disgnosing body
internal contamination rom the analysis
of urine or feces. the obvious purpose
of which is to retire workers before
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Louis H. Hempelmann—1914-1993

Louis Hempelmann became interested in the use of the cyclotron in medicing a
biclogy in 1941, and this interest set the stage for an iliustrious career in thg
ical field of raciology, health physics, and epidemiology. His work ranged from
study of radiation effects among piutonium workers at Los Alamos to a Monym,
foliow-up study of thyroid cancer amang infants given radiotherapy.

Born in St. Louis on March 5. 1914, Hempeimann followed his father, an mwmm
into medicine. His undergraduate and medical degrees were eamed from Wagy,
ingten University in St. Louis. where he also completed an internship in pathg;
In 1941, Hempelmann spent four months as & Commonwealth Fellow with Jonp
Lawrence at the Radiation Laboratory in Berkeley, honing skills i1t the use of the
cyclotron for radictherapy.

Shortly after the war broke out, J. Robert Oppenheimer, Director of the La:. ity
at Los Alames, petitioned John Lawrence for candidates to oversee the heaith a4,
pects of employees at Los Alamos. Cppenheimer envisioned an urgent neeq for
safety measures for the radiation werk being done and had even specified blggg
tests be taken before there were "any extra neutrons on the Hill.” Lawrence Sug-
gested Hempeimann. who arrived at Los Alamos in March of 1843, and assumeq
responsibility for the safety of all technical cperations and for directing the Heaith
Group. After the war, Stafford Warren wrote a memo to the Director of the Log
Alamos Laboratory, Norris Bradbury, in which he praised Hempeimann:

He has done an exceedingly good job. Many men owe their lives to Dr,
Hempeimann's socund judgrment and the practices which he instituted in a
endeavor. There are no men trained in the field nor even in industrial mads-
cine by which to replace him if he is perrnitted 1o resign.

While at Los Alamos, Hempelmann started the work for which he was best kno
he looked for radiation effects among twenty-seven workers at Los Alamos who
had received exposures of plutonium and foliowed them throughout his career.
George Voslz, his collaborator, continues this study.

In 1949, Hempelmann published a paper on the danger of using flucroscopes to
children’s shoes. Shoe-fitting flucroscopes soon disappeared. In 1950, Hempel-
mann joined the facutty at the University of Rochester as an Associate Professor

ipants at the Rochester meeting “more
or less agreed that the subjects might be
chronic arthritics or carcinonta patients
without primary involvement of bone.
liver. blood or kidneys.” It was impor-
tant that “the subjects have relatively
normal kidney and liver tunction. us it
is desirable to obtain a metabolic pic-
ture comparable to thut of an active f
worker.”

they have received harmful amounts of
the material.” Data would be collected
for 25 days. a time timit that focused
the study dn the early excretion rate
when it wias at its highest level. The
early rate, of course. was important to
the immediate evaluation of workers
who had expenenced acaidental expo-
sures (o plutonium.

Selection of patients. The plan lett the
selection of subjects “entirely up 1o the
Rochester group.” However, the partic-

Thought was given to the types of chini
cal testing that should precede and fii- 4

. . LY
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Expefime”ta[ Radiology and served as Chairman of the Department af Radiaiogy
from 0 through 1971, Buring this period. Benedict Duffy published a paper on
1 case-series of twenty-eight children who had develogsd thyroid cancer. Surpris-
ingly. ten of the children had received thymic radiotherapy as infants. Soon after.
empelmann began his now-famous study of infants who had been given radio-
sherapy for thymic enlargement. Foilow-up surveys of these children, conducted
hroughout his career, found an advancing excess of thyroid cancers, excessive
penign tumars, and possible immunological abnormalities. Such research required
apilities in scientific design and the organization of farge amounts of data tecause
wme work was initiated before standard chronic-disease epidemiciegy techr.gues
nad emerged. The finished study is considered a masterpiece by health physi-
csts. and today, is being continued by Roy E. Shore of New York University.

in 1967, Hempeimann suggested to Fred Mettier, 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 26 years earlier. They found
that among 606 women, there were 13 cases of breast cancer when oniy 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 19605, Hempelmann's laboratory did studies of cellular destruction and protein
breakdown induced by exposure (o x rays, the effect of ionizing radiatiorn on the
deoxyribenuclease activities of body fluids, the effect of x-ray expasure 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 weare written by Hempelmann and Kurt Altman
during this time.

Hempelmann authored or co-authored numerous scientific papers throughout his
career. The iast report, which appeared in 1986, updated his three career-long in-
teresis: the plutonium workers, thyroid cancer atter 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. m

by Langham at Los Alamos as plutoni-
um nitrate (in the +4 oxidation state).
and one of the Rochester doctors would
use aliquots of this stock solution w
prepare injection solutions of the pluto-
nium complexed with citrate. Before
each injection. an assay would he per-
formed with an alpha counter o make
sure that there were approximately §
micrograms of plutonitm in every half
rmilliliter of solution.

low the plutonium injection. For exam-
ple, hernatological tests were needed to
~ee 1t radiation damage from the pluto-
mum would be obvious in the biood.
Other tests might detect changes in
bone. liver. and kidney function.. Such
clinical testing was the responsibility of
the Rochester group.

The patients would each “receive a sin-
gle intravenous injection of “product™
containing 3 micrograms of plutonium.

The stock solutions were 1o be prepared [t was also stated in the plan that

Suntber 13 (995 Los Afumes Scrence
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Col. Warren proposed Li. Valen-
tine as the one to do the injeciions.
Dr, Fink is to be present at all in-
Jections to supervise the caltbration
rests.

The calibration tests included five
“dummy injections” into volumetric
Hasks using the same sclutien 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

203



The Human Plutonium Injection Experiments

description of the injection technigue™
would be sent 10 Langham <o that Fur-
ther assavs could be performad us a
check on the dosage.

Although it was telt that the injected
dose wis very small. tests that might
reveal any changes Jue to radiation
were (0 be carried out on a regular
busis after the injection. For example.
the report stutes: “Though it is extreme-
[v untikely that such a small dosage
will produce any climeal symptoms,
those obsersations thut the medical
group consider necessary should be
continued throughout the experimental
period.”  Also. any clinical chemistry
tests of interest could be made even
though it was “doubtful as to whether
or net such small amounts of radiation
fwould] produce effects in these organs
[bone. Kidney. spleen. and hiver] that
can be detected by chermicul means.”

The animal duta had shown that the ex-
cretion rate for plutonium was higher at
first. As a result. the report suggested
“ir would be interesting to ake two |12
hour samples the first dav after which a
straight 24 hour sampling schedule is to
be maintained tor the next 23 dayvs.™ Tt
was also siressed that “the tinung of the
[urine| sampiing begin at [the tme of
the injection].”

[ndividual stools were ta be “collected
and unalvzed separately during the first
four-tlay period.”™ JAfter that. “feces
will be pouled in four-day periods.”
Lven though analysis of feces had been
ruled out as @ way o menitor the pluto-
nium workers, the fecal sumples col-
lected from the patients would allow a
determination of the total amount of
plutonium being climinated. Such in-
formation was needed tor accurate eval-
uations of plutonium concentrations re-
sulting from accidental exposures.
icluding inhalution und wounds.

It was alse decided that because all duta
“eweept the product” content of blood.
wrine and feces samples will originate
at Rochester . -ty s the logical
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place 1o keep the complete record.”
Thus. Las Alamos would periodically
report their analvtival results 1o the
Rochester site.

Choice of the size of the dose. What
can be suid about the Rochester experi-
ments and the choice fo continue with
S-microgram plutoniom injections de-
spite the fuct that the tolerance linut for
workers had been reduced w1 micro-
gram? A vear or (wo after the study.
an undated dratt report of the work swas
written {most likely in tate 1947 or
early 1948 by Dr. Samuel Bassett at the
University of Rochester. even though
buth Bas<ett and Langham are listed as
authors). A section in this report enti-
tled “Choice of size ol dose™ states:

There tre no altogether sutisfacto-
Y ocriteria ab present for estinaring
the tolerunce dose of 94 Pul3o,
The problem mav be upprogached
.. frewm several points of view.
None of these s free from some

criticism since cerfain assumptions
have to be made without sipport of

experimental evidence.

This section recounts the usual compar-
ison of radium and plutonium aipha en-
ergies (resulting in an estimate ot a
4.47-microgram tolerance dosel but
then goes on (o say that there was “an-
pther and highly practical considera-
tion,” namely that “there was every rea-
son 10 believe on the basis of animal
experiments and one human case. that
injected plutonium would be largely re-
tained . . . [and] if the gquantity injected
was too small. the absolute amount
eliminated would Ibe less] than could
he meusured with reasonable accuracy
by current analytical procedures.” One
of the sources of such concern, in 1945,
was most likely the spread in urine as-
says, including especially those of
CAL-1, which were consistent]ly lower
than those of HP-12 and CHI-1 by
about a factor of two. (A review of the
CAL-] cxeretion duta suggesis that the
recorded dose administerad to this pa-
tient may have been in error on the low

side by a factor of 2. Correction py,
this factor makes the data af CAp ) an.
pear consistent with the data of 4 he
other injected subjects.)

The smd_vl heing envisioned for further
human injections would involve eqpgh,
lishing “on a statistical number of .y,
jeets the refatonship existing amone
such tuctors as the amount excrctecrin
urtne and feces and the variations of the
above with time.”  In addition. blggg
samples and. on accasion. 0ssue sam.
ples would be analyzed when they wes
ohtained at autopsy. Thus. it seemed
appropriate that the studies should ip.
volve 24-hour urine samples. plutoniyy,
doses ar the 3-micogram Tevel. and g
least [ sets of data callected aver g
23-dav period atter the injection.

The draft report wnitten by Langham
and Bassett in 1947 or 1948 added thy
“the dilemma of possible late radistion
hizard was met by the [welection] of
subjects believed to huve short life 2x-
peclancies.” They concludad:

The several inponderables men-
tioned in the preceding paragraphs
fof their report] huve been u
source of concern 1o those who
were responsible for the pursiit of
this experiment. The duta submit-
ted in Section IV supply partial an-
swers to rares of excretion and tis-
sue distribusion but leave unan-
swered the fundamental guestion of
tolerance.

[n a footnote. they mentioned the provi-
sional 1.O-microgram body-burden jimi
set for the workers by the Manhattan
District.

The Rochester Patients. Eleven pa-
tients tHP-1 through HP-11 in Tuble 2.
page 208) were injected with plutonium
al the Rochester site during a period
irom QOctober 1945 through July 1946,
The patients included seven men and
four women who ranged in age trom =1
through 68, with the esception ot vne
Is-vear-old. None of the patients were
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Lpronic arthrtlics or carcinoma patients,
powerer. they had various afflictions.
renging front a horntonal deficrent dis-
sase tAddison™s) o aleoholism, that re-
guired hospitalization.

{n ihe andated 1947 or 194%) dratt re-
pott of Bassert and Langham. 1 wus
-.1L1[L'l_1',

Preferenie was given o those who
arfght reasonabiy vain from contin-
aed restdence i the Traspital for
urentet o more. Special treatments
aited viber therapy thought e e of
Deneftr o the patients were careied
o Pa-

rtents with mialignant disease wery

ot i the wsteal manier,

Cerdtitted frome the growp on the
graunds that their metabolism
niieht be affecied tnoan unkrown
sicotiter, . Ay« rede, the subjecr
chosen wuas past 43 vears of uge
and sulfering from o clironic disor-
der such thar ¢hance of survival for
reap YEAFS oF Blore was oiprobable.

These last criteria. it wus hoped, would
avoid “late radiation effects [such as
cuneer|” and present the opportunity, in
aime cases, t oblain post mortem ma-
wrial,” There were exceptions 1o the
“rube”™ three of the Rochester patients
were younger than 43 185, 41, and 34,
dlthough the 18-vear-old was <eriously
dhiCustiing™s syndrome) and only lived
another sear and a halt.

Ten of the 11 patients were cared for in
the ~peuiad metabolic ward of Strong
Memarial Hospnal in Rochester ithe
eleventh was i the hospital but his
cortdiiont was so seriogs he was nol
mosed 1ato the ward;, The control pe-
hod Jasted about 1 day s during which
tie the patient was imstrugted inthe
quantitative coltection of urine and fecal
samples and the necessary adjustments
were Mmiade 1o the ward routine and the
paticnt’s diet. After the putient had
proven capable of cooperation, a series
af controb wrine and tecul samples were
vollected und physical and laboratory
cxamimuions were conducted.
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Estimating Effects of the Injebtion Dose

Several methods were used 1o astimate the potential effects of the amount of
plutonium bemng injected into the human subjects. Thase methods were out-
fned in the various documents written at the time or published later in the
fifties. and here, we summarnze two of these.

Acute toxicity. An accepted approach, especially for chemical toxicity, was
1o determine the acute-toxic LD50 dose for animais (the amount that caused
death in 50 per cent of the animais} and then set the safe level for humans at
least 10 times tower. Plutorium 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 800 micrograms caused half to die in
150 days: and 10 micrograms caused no deaths after 420 days. The "sg'z”
acute-toxicity dose would thus appear to be 20 to 80 micrograms per kilo-
gram of body weight (1500 to 4600 micrograms total for a 170-pound per-
son). Using acute toxicity is most applicatie 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 cbserved 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 dese was about 2.5 micrograms per kilogram of body weight, still 4
times lower than the nc-effects dose in rats and about 10 times lower than
the "safe” acute-toxicity dose. The Chicago scientisis were thus able 1o con-
clude in a report discussing CHI-1 and CHI-2 that “insofar as can be deter-
mined the clinical caurse 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
plutenium 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, “radicautographs 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 distingt possibility.”
They estimated that, in the regions where the plutonium concentrated. a 5-mi-
crogram body burden could resuit in a dose to tissue that was ten times high-
er than the accepled 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
stao] samples were collected over a pe-
riod ranging from 22 to 63 davs. Urine
was collected us 24-hour samples. ex-

cept on the first day when two | 2-hour

samples were faken, Fecal sumples
were collected datly for the Airst fow
days. then generally pooled at 4-das m-
tervals, Blood samples were obtaired
“frequent intervals™ after the injectien,

N
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By March [946. Langham had excre-
tton data from HP-12 at Oak Ridge for
89 days atter the injection and from the
first seven Rochester patients for some
25 days. After reviewing these data,
Langham informed Bassert on March
13 that

The work here is coming along
nicelv. I ent over some of pur
deta with our medical physicist
{Joseph G. Hoffman]. We tried to
extrapolate our excretion curves
and derive a mathematical expres-
ston for calcularing the amount of
material remaining in the body ar
ren and fifteen veurs. He was
alarmed and disappointed that we
had not followed the excretion fur-
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Wright Haskell Langham—1911-1972

As you can see, | have not madae any great contributions lo science. | have neye,
been a scientific bride—so to speak——but | have been a bridesmaid at some of the
biggest and most interesting scientific weddings in history.

Wright Langham penciled those words on note paper during an interview regarding
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, iy
fact, one of the great pioreers in what became the modern field of health physics,

Born in Winsburro, Texas, May 21, 1911, and raised in a nonacademic, nonprofes.
sional environment, Langham put himself through every measure of his schooling
by hard work. He attended Panhandie A.&M. Coilege (B.S., chemistry, 1534), Ok-
lahoma A.&M. College (M.S., chemistry, 1935), and the University of Colorado
{Ph.D., bicchemistry, 1943). After receiving his doctorate, Langham joined the Ply.
tonium Project at the Met Lab in Chicago, and in 1844, he came to Los Alamos,
Eventually, he went on 0 become Associate Division Leader for Biomedical Ae-
search before his untimely death in a local air-commuter crash in 1972,

Although educated in biochemistry, Langham’s major contributions were mada in
the fields of radiation biology and radiation toxicology. As discussed at langth in
the main article, Langham helped deveiop, 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 eguation” for
plutonium excretion. He was active in stimulating and correlating nearly all of the
toxicological work on piutonium and related elements for Los Alamos, Argonne,
Rochester, and later, the programs at Utah and other laberatories. He took an ac.
tive part in detarmining the values for the maximum permissible body burden of
plutonium and derived allowable air and water congentrations for exposure to pluto-
niurn, figures that stand essentially unchanged today. There is no major wark in
the field of plutonium toxicology that does not bear the hallmark aof his work and

ther in each case. It is hix opinion  side. and when the data were trans-

that the result showld be followed
to 244 davs in order that an accu-
rate mathematical interpretation
can be mude, This emphasizes to
me the necessity of our trying 10
get each patient back into the hos-
pital tor an vccasional studv if it Is
possible from vour point of view.

In fact, additional urine and fecal sam-
ples had been collected in Rochester
from three of the patients (HP-2, HP-4,
and HP-7) about 80 days atter their in-
jections, although Langham did not re-
alize this because of a tabulation emror.
(The analvses were done it a secure
area—"behind the fence”—whereas
Langham worked in the “rat lab” out-

ferred, the final compilation made them
appear to be a continuation of the earki-
er sequentiai data after day 25.1 In re-
sponse 10 Langham’s letter, additional
urine and fecal samples were collected
for HP-8 continuously out to day 63
after the infection and for HP-9 and
HP-10 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-3. a 56-year-old man
with Lou Gebhrig's disease who died of
bronchopneumonia: HP-9. a 6d-veur-vi
male with dermatomyositis (an inflem-
matory reaction of unknown cause
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ideas. either by direct contribution or by reference to his publications. No major in-
cigent involving plutonium contamination went without the benefit of his direct par-
ficipation or consultation. He was in constant demand by both the military and the
tederal government in nearly every biomedical phase of the development of nuclear

gnergy.

{angham may well be identified with his piutonium toxicology work, but it must also
pe 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 i an intensive program on the biological effectiveness of diverse types
of radiation in a variety of animal species. That wark evantually led him to consid-
er the radiobiological problems of manned space flight and similar work for NASA
and the Natiohal Academy of Sciences Space Science Board. Under the auspices
of the Space Science Board, he wrote the definitive vofume on radiohiological fac-
tors in manned space flight.

Langham authored or coauthored numercus scientific papers and reviews and held
positions of leadership on many committees, among them the first Chairman of the
National Council on Radiation Protection SubCommittee on Relative Biological Ef-
tectiveness from 1957 to 1960. He was a member of the Heaith Physics Society
and served on the board of directors {1958-61} 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 iin-
eage. As told by those who knew him, he would aiways champion the safety and
heaith of the workers respoensible for handling the new-age metal, plutonium. m

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
(1.6 rem (for HP-LL. who lived 6 days]
to 1000 rem (for HP-8, who lived al-
most 30 more years).

invelving degencrative changes of skin
and uscley who also died of bron-
chopneumenia: and HP-11. an 69-yvear-
obd man suftering from alcoholism,
malnutrition, dyspnequ, und abdominal
swelling who was moribund at the time
ot the injection und lived only 6 more
dayy. These tissue samples were ana-
Ivzed to help determine the distribution
of plutonium in the body.

Two more Chicago patients. Halfway
through the Rochester injection experi-
ments. the Chicago Health Division. on
December 27, 1945, authonzed the in-
Jjection of two additional patients with
plutonium. Both patienrs were consid-
ered terminal: one was a 56-yr-old
woman with metastasized breast cancer
who was close to death: the other was a
young adult male whe maost likely had
Hodgkin's disease. These two patients.

The injection doses for the | patients
ranged from 4.6 0 6.5 micrograms of
plutonium-239, resulting in ctfective
dose-equivalents that ranged from about
24 1o 43 rem per year. or about 67 to
120 times the U.S. average annual et-
fective dose-equivalent from nagural
and munmade radiation sources. The
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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-
dicactivity) injected into any of the
cighteen plutenium-injection patients.
Because of the short survival times
after injection {17 days and about t70
days, respectively). these patients did
not receive the highest total doses.

Less than a month after the moribund
patient |HP-11} at Rochester had been
injected with 5 micrograms of plutoni-
um (on March 13). Langham had writ-
ten 1o Bassctt, saying:
Your letter of Febriary 27 revetrd-
ing Hp {1 was startling, 1o sav the
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Table 2. The Eighteen Patients Injected With Plutenium

Case number and Date Date Survivail Age at Cause of
description Injected” of death time death* death
HP-12 Aprit 10, 1945 Apr. 13, 1953 2.925 days 63 heart failure
55-yr-old man (8.0 yrs)
CHI-1 April 26, 1945 Cct. 3, 1845 160 days 68 cancer of chin, lungs
68-yr-old man (5.2 manths)

T m——
CAL-1 May 14, 1945 Jan. 9, 1966 7,545 days 79 hean disease
58-yr-old man (2Q.7 yrs}
HP-1 Cct. 16, 1945 Jan. 12, 1960 5201 days a1 pronchopneumaonia
67-yr-old man {14.2 yrs)
HP-2 QOct. 23, 1845 Apr. 4, 1948 "894 days 50 brain disease
48-yr-old man (2.4 yrs)
HP-3 Nov. 27, 1945 Jan. 24, 1983 13,571 days 8BS 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, 1546 150 days 57 bronchopneumonia
56-yr-old man {4.9 months)
CHI-2 Dec. 27, 1945 Jan. 13, 1946 17 days - 58 breast cancer
56-yr-old woman
CHI-3 Dec. 27, 1945 June 1946 about 170 days not probably
young aduft 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 {(3B.2 yrs}
MP-7 Feb. 8, 1946 Oct. 27, 1946 261 days 60 pulmonary faiiure
59-yr-old woman (8.5 months}
HP-11 Feb. 20, 1946 Feb. 26, 1646 6 days 69 bronchopneumonia
658-yr-old man’ -
HF-8 ] March 9, 1946 Nov. 22, 1975 10.850 days ™ unknown
41-yr-olc woman (29.7 yrs)
HP-g April 3, 1946 July 2, 1847 455 days 65 bronchopneumania
B4-yr-old man {1.2 yrs)
CAL-2 April 26, 1946 Jan. 6, 1947 255 days 5 bone cancer
4-yr, 10-month-old boy (8.4 months)
HP-10 July 16, 1946 June 2, 1957 3,974 days 63 heart disease
52-yr-old man {10.9 yrs)
CAL-3 Juiy 18, 1947 June 30, 1921 16,050 days 80 respiratory failure,
36-yr-okd man {44.0 yrs) prigumaonia

“The ages at injection and at death are based on ihe known dates of birth as determined by Pat Durtin; they differ in a few casss from the ages given by

Langham. st. al, in LA-115), Some of tha dates of death are based on information lound by Eiteen Welsoma.
*The injection dose gives an upper limit for the patient’s body burden. For exampls, it 1s now estimated that after 27 years, about 82.4 per cent of the injected
doge wouid stll ramain in tha bady.
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. : The Human Plutonium Injection Experiments

weight ot Activity Total Dose to Ailments, tissue samples,
injected of Pu-238 effective background and remarks
Pu-239 (png)** (nCi) dose (rem)! ratio¥
47 290 230 80 auto accident victim at Oak Ridge Hospital; bone
sample taken in surgery. teeth obtained later
8.5 400 19 120 cancer of chin, metastasis to lungs; near death
when injected; autospy samples taken
0.75 {239) 46 {238) 6400 858 gastric neoplasm; misdiagnosed with stomach
0.20 (238) 3,500 (238) cancer; tumor and other tissue taken in surgery
46 280 380 74 duodenal ulcer, severe
gastrointestinal hemorrhage
5.1 310 80 92 hemophilia and heart disease
4.9 300 880 66 rash, hepatitis, and hypobroteinemia
49 300 46 30 Cushing's syndrome, a metabolic disarder
5.1 310 14 95 Lou Gebhrig's disease;
autopsy samples taken
94.9 5,900 23 1730 breast cancer that had metastasized;
autospy samples taken
549 5,900 300 1780 Hodgkin's disease
53 330 990 72 Addison’s disease, a hormonal deficiency disease
6.3 390 30 117 rheumatic heart disease
8.5 400 0.6 100 : chronic mainutrition, alcoholism, cirrhosis of liver;
- - moribund at injection; autespy samples taken
8.5 400 10C0 g4 scleroderma, a chronic skin disease,
and duodenal ulcer
6.3 390 52 116 generalized dermititis and weakness;
' ' autospy samples taken
2.7 iplus radic- 169 13 52 ostecgenic sarcoma, a rare form of bone cancer:
cerum & yttrumj bone samples taken
B.1 380 410 104 acute congestive heart failure
0.006 {238) 95 : 155 10 purpartedly bone cancer in left knee; leg

amputation removed half the plutonium; bone
samples taken; injection was intramuscular

The total effective dosa was calcuiated using biokinetic modsls recommended by the Intamatonal Commisgion on Radiwlogical Protection, ICRP Publication 30,
and all the values represent the dase received by each individual over tha penod trom the time of injection to the hme of death.

t"!'he dose to background ratio was calculated by taking tha ratio of the patisnt's total etfective dose to the estimated dose for an average U.S. citizen over the
periog from the time of njection to the time of death {where the average annual U.S. effective dose eguivalent was taken to be 0.360 rem).
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The Human Plutonium Injection Experiments

coatinued from page 207

least. The specimens have already
arrived and I am making prepara-
tions to qhalvze them. . .. In case
vou showld decide to do another
terminal case, I suggest vou use 50
micrograms instead of 5. This
would permit the analysis of much
smailer samples and would make
my wark considerably easier. |
have just received word that
Chicago is performing two termi-
nal experiments using 95 micro-
grams each. [ feel reasonably cer-
rain there would be no harm in
using larger amounts of marerial if
YOI are sure the case is a terminal
one.

On March 27, Bassett replied, saying
that “this case did tum out to be termi-
nal, but at the time I started the expedi-
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 carry 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 aiso studied the
gastrointestinal absorption of piutonium
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 10 improve the interpretation
of plutontum exposure and bioassay
data collected from occupationally ex-
posed workers.

More California patients. On April
26, 1946. Hamilton and his group at the
University ¢ lifornia Hospital in
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San Francisco continued their studies,
injecting 2.7 micrograms of plutonium-
239 intravenously (n a 4-year-old boy
suffering from terminal bone cancer
(CAL-2). The injection solution also
contained radioactive cenum and ytiri-
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
mixtare of plutonium-238 and tracer
amounts of other radioisotopes. That
injection was done intramuscutarly,
rather than intravenousty, and after his
leg was amputated at mid-thigh, che 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 plutorium. Again. pant of
the patient’s {eg was amputated and tis-
sue samples were analyzed. Both these
expedments may alsc 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 Manharttan 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 ,
study, Langham and Bassett. as well o
Payne Harris and Robert Carter from
Los Alamos, wrote a classified repon
(LA-1151) that summarized much of
what had been learned from the elevey
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 ceny)
was deposited in the liver. Thus, “the
skeletal systern and liver are the tissyes
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=g X7

where Y is the amount of piutonium
(expressed as a per cent of injected
dose) excreted in a single day. X is the
time of cbservation in days after the in-
jection, and a and b are constants de-
nved from the observable data by the
method of feast squares.” This equa-
tion was what they had been striving
for—a general formula describing the
amount excreted as a function ot time
that could be extrapolated back to the
amount originally taken in by the
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body——and il became known as the
[angham power-function model.

They were able to fit the mean daily
excretion data from fifteen patients to
this type of expression for (38 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 {-1.0 rather than -0.77). They

The Human Plutonium Injection Experiments

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 bevond 138 days
Lo the greatest possible extent.” Asa
resuls, 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 Scientiflc 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 1o the clearance of the injected plu-
tonium trom the blood during this early
period after injection.”™ Thus, if a
worker was receiving chronic but vari-
able exposures o plutonium. an initial
screening assay could be used to deter-
mine il 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 initiaily
higher excretion rates for any recenl ex-
posures would no longer be masking
the lower excretion rates of the less re-
cent exposures, and the assays would
reflect the uctual amount accumulated
in the body,

Nwmber 231995 Loy Alamas Selence

urine samples from two of the
Rochester patients (four consecutive
daily urine saraples froma 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
vears 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

| 236810

data. Between 1944 and 1930, over
6000 urine analyses were made on
workers, and of these men. 27 excreted
measurable amounts of plutonivm. For
this latter group, the exposures had all
oceurred in the early work between
1944 and {946, 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 maodel, 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.)

Ome of the sources of concern to
Hempelmann and Langham was the
lact that. for some of the men, there
was & poor correlation between an ap-
parent inhalation ¢xposure, 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-
¢luded that the nose-swipe data should
be treated as supplementary information
o the urine assavs and moved ahead
with their anatysis, 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
aver an indefinite period rather than a
single, measured exposure, the chronic
exposure could be treated in terms of
an effective single dose given at some
effective time during the period the
worker was exposed in 1945, The [38-
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Figure 5. Piutonium Excretion for 1750 Days

These plutonium excretion data, as presented in the original Los Alamos Scientific Lab-
oratory Report LA-1151 and reproduced [n a 1980 Health Physics article, inciude the
additional long-term points for the plutonium injeciees HP-3 and HP-& {circles) and data
for three Los Alamos plutonium workers {triangles). The top curve represents totai
{urinary plus fecalj 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 o
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 3). The urinary-excretion equation
derived from these data through 1750
days (almost 5 years) was:

Y, =020 X707

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 tew ob-
servations of fecal excretion at later
times, indicated that roughly equal
amounts of plutonivm 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
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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 [2.7 per cent in 20 vears. This
very slow rate of elimination led the
authors to conclude that it would take
about 118 years for the body to elimi-
naie half of the piutonium (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 plutoniurn, 11 died less than
10 years later, before any long-term ef-
fects should have been seen. Eight of
those 11 died within two vears of the
injection: a ninth died about 2.5 years

after the injection. The 8 people wiy
lived much tonger survived for times
ranging from 10.9 years to 38.2 year
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 g4,
tributed fo the piutonium injections
(one cause of death is unknown). Tey
af the patients died from the disease for
which they were admitted to the hospi.
tal pricr to their injection (or from con.
plications related to that disease), Of
the others, there 1s evidence that severa|
of them benefited from their stav in the
hospital. For example, the patient with
Addison’s Disease (HP-6). the resnlt of
insufficient steroid hormones. had ac-
cess in the clinic to steriods and the
close observation necded to achieve
proper regulation of a harmene-suppie-
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 hosphal may have helped her be-
cause she apparently recovered and
tived 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 statf were
commandeered late in 1945 to study the
effects of the atomic bembings 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, und both
Bassett and Warren eventually went to
the University of California in Los An-
geles. The attention of the researchers
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was (hus diverted away from the injec-

ot studies.

(a addition. the transfer, in fanuvary
1947, of the Manhattan Project to the
pewly formed Atomic Energy Commis-
sion caused the injection studies to be
viewed in a different light—a senstive,
potemial]y embarrassing cne. As a re-
qult of these various forces, no one fol-
1owed up the ten remaining piutonium
injection patients, the only people with
welt-characterized plutonium doses, to
de;ermihc the impact of plutonium on
their bealth. Likewise. the eventual
jong-term study of Los Alamos plutoni-
um workers with significant body bur-
dens was not started untii 1952,

" The impact on workers. What was
the impact of the injection studies on
the people working with plutonium at
Los Alamos? In July 1943, five Los
Alamos plutonium workers were judged
1o have body burdens equal to or above
the 1-microgram tolerance limit {calcu-
lated by applying the 0.01-per-cent ex-
cretron model to their urine assays).
These workers were removed from fur-
ther work with plutonium. When
World War 1! ended in August 1945,
all plutonium-related research at Los
Alamos was discontinued pending com-
pletion of a new plutoninm laboragory
then under construction (see “Middie
Years— 19352 to 1978 at DP Site.” page
134). The new facility was fully occu-
pied by November 19453, and the im-
proved working conditions reduced the
prebability of serious acecidental expo-
sures.  After that, very tew workers re-
ceived significam plutonium exposures,
especially those involving inhalation.

Meanwhile, the 0.01-per-cent excretion
mode} continued as a straightforward
wiy 1o estimate a4 worker's accumuiated
ptutonium burden (firmly established by
2 1946 summary of the human injection
data by Russell and Nixen}, For exam-
ple. several editions of the General
Handbook for Radiation Monitoring
published by Los Alamos (LA-1833)
after the war stated that measuring 14
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distntegrations per minute for pluteni-
um-239 in a 24-hour urine sample col-
lected about a month after exposure
would correspond approximately to a
permissible bady burden. That activity
was equivalent, for a (LO1-per-cent ex-
cretion rate, to a 1-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 inte the
body of a fraction of the plutonium that
had buill up in the lung. Delermining
hody burdens for this latter type of ex-
posure was more complicated because
the total excreted plutenium 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
accuraie one for plutonium workers.

On December 30, 1958, an accident oc-
curred in the plutonium processing fa-
cility at Los Alames in which an expe-
rienced chemical operator, Cecil Kelley,
recetved a sudden burst of intense neu-
tron and gamma radiation. 1L was later
estimated that Kelley received a total
dose to his body of 4000 w0 5000 rad
faround 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 trom 1946 to
1949 and, again, for three-and-a-halt
years from 19353 through 1938, 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 nose-swipe

Lo

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 peried, reg-
ular urine assays had been performed
that usuaily 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 sumples
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 tound 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 Ling-
ham, and Bill Moss) felt that such dif-
terences might have been a result of
ditferences in the chemical and physical
nuiure 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
Lo .29 micrograms of plutonium-239).

Changes in production methods be-
rween 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 exposures,
allowed them to distinguish semewhat
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:

. continnied on poage 216
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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 cannct 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.

Cne fact is almost certain—the patients
ware not toid 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, piutonium was referred to with
the code words “48" 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 o 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.

's informed consent still possible if the

~ patients are nof toid that the material
under study is radicactive piutonium?
Many experis 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-
aver, 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-
valved 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:

214 o
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Each of you will be injected with a
material that will circulate through
your body and then be siowly excret-
ed. Blood and cther 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 an
animals have given us an idea of the
acute toxicity of the material, and
what you receive will be hundreds of
times fower. 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 mare, as well as to supmit 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
neriod required for the study, patients
that would bensfit 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 1850
after the war, states:

The general problem was outlined to
a number of hospital patients with no
previous or probable fulure contact
with polonium. Of the group who
volunteered as subjects, four men

and one woman were selecled for
the excretion studies . . .

Taking these statements at face value
establishes a precedent for the manner iy
which patients at Rochester were treated,
There is no reason why the investigators
could not have continued the same prac.
tice with the piutonium injectees.
Whether they did or not is not clear.

A 1946 memo. We now turn to evi-
dence that supports the possibility that ng
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
Atornic Energy Comrnission, 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, Califomia, 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 Drs.
[Robert] Stone and [Eari] Miller [Stone
came to San Francisco after the warl”
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-
jectians 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 Coongy
[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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cooney, signed a letter to the Area Engi-
neer in the Berkeley Area in regard to
she infravenous administration of certain
Manhattan District products to human
subjects” that bluntly stated:

it is therefore deemed advisable by
this office not only to recommend
against work on human subjects but
afse o deny authorily 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 piutonium injections
that took place in 1845 and 1946. [f con-
sent had been obtained throughout the
program of earlier plutonium experiments,
it seems unlkely that the practice would
have suddenly been discontinued for the
studies proposed in the mema. Stone
was head of the Chicago medical effort
during these 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 tock place at all the Manhattan
Project sites. Thus, the 1346 memo is
indirect evidence that consent was not
abtained from the piutonium injectees.

What research was taking piace in the
Berkeley area at this time? In a docu-
ment entitled "Scope of Research Pro-
grams M. E. D. As of 1 December 1948,"
the research items tisted 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 plutcnium
injection tock place at the University of
California Medical School in San Francis-
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co after the date of the 1846 memo—on
July 18, 1847, Thus, some observers
feel the iast injection was actually not
part of the Manhattan Project work but
was, instead, a continuation of research
Gy Hamiiton's group to locate a radicac-
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 injecticn 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 radioachve
material. [Waterhouse] is of the
opinion that to tefl them at this late
date would do no good but might
very likely do them subslantial psy-
chological damage.

This statement does not rule out the idea
of congent 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
radicactive substance.

Durbin visited Langham in December
1971 to discuss the information summa-
rized in LA-1151, which had béen classi-
fied for many vears following the war.
After her visit, Durbin reported:

Ciassification {prolonged) and the
passage of many years before aven
classified publication of the findings
led to fLangham's] eventual respon-
sibifity for analysis and publication of
the results. He is, | balieve, dis-
tressed by this and other aspects of

the study ftself—particularly the fact

that the injected people in the HP

series were unaware that they were -

the subjects of an expenment. . . .
Dr. Langham has been associated in
the minds of many in the radiation
protection field with only this one as-
pect of the subject . . . | believe he

[Wef}
{0

grew very weary of altending meet-
ings and conferences at which he
was expected to discuss this maten-
al over and over again. . . . {Lang-
ham felt] the information to be
gained {from access to the early
data] would be of great value, but he
did nat wish to be responsible for lo-
cating it. | think this sums up the
matler, although my prose can hard-
ly do justice to what are obviously
deeply heild doubls about the study
itself and to my strong impression
that he justitiably resents the perva-
sive influence on his whole profes-
sional life of Pu in general and the
human study in particular.

in QOctober 1935, 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 io be used in
nontherapeutic experiments, But the
picture’that emerges suggests other-
wise. . . . With one exception [CAL-
3}, the historical record suggests thal
these patients-subjects were not told
that they were 10 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 decumented evidence that con-
sent was given. Few axperiments from
that era documented what was said to
the patients or what level of consert, 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
procass and the statement that the sub-
jects were injected without their consent
or knowledge. 1t 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. m
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continted from page 243

{The] observations suggest {a)
relatively rapid clearance rate for
plutanium in the lungs, compared
to that in bone and lvmph nodes:
and (h) that a relatively smatf per-
centage of the materiat deposited
in the lungs must migrate to the
futter tissues. . .. fAlso, ] the rate
of clearance from the fungs to the
liver must be relatively fast and the
retention time in the liver must be
longer than in the lungs.

The bedy 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 Ajamos Health Physics Group
{sce A Computer Analysis of Plutoni-
um Excretion”), a body burden was cal-
culated for Kelley of |9 nanocuries
(equivalent to 0.30 micrograms of plu-
tonium-239). This value was extremely
close to the autopsy estimate of 18
nanacuries (or 16 nanocuries if the 10
per cent in the lungs was subtracted).
I the discussion, Foreman, Langham.
and Moss concluded that “the . . .
agreement between body burden from
tissue analyses and estimated burden
from urine assays 18 so very satisfactory
that it is undoubtedly fortuitous.” Nev-
ertheless. the agreement wus a very
sLi'()ng 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 fuly (945 the provisional tolerance
limit for plutonium was lowered from 5
micrograms to | 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
al Chalk River, Cunada, 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 resulis prompled the Conference
to recommend lowering the maximum
permissible body burden to 0.1 micro-
gram. Langham later reporied that
“this value placed an extremely strin-
gent restraint on air tolerance in such
facilities us Loy Alamos.”™ 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 un atomic
bomb., and arguments were building for
deveiopment of the hvdrogen bomb,
which would need plutonium for its
“fission-homb trigger.”

After the conference at Chalk River,
Brues pointed out two mitigating fac-
tors. First. the 15 to 1 oxicity ratio for
plutonivm 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 radinm decay was re-
lained in man versus only 15 10 20 per
cent in rodents, which meant the ratio
should be reduced hy at least another
factor of 2. The combined factor of 6
meant that the fixed bodv-burden limit
for humans should be set at 0.6 micro-
gram rather than 0.1 microgram.

On the other hand. Langham’s analysis
had shown that only 8.7 per cent of a
plutonium body burden was excreted
after § vears and 12.7 per cent after 20
vears. Those results supported the ac-
ceptance of a lower tolerance dose for
plutonium.

Early n 1950, the Atomic Energy
Commission avthorized an otficial max-
imum perntissible body burden of 0.5

microgram {32 nanocuries) for plutop;.
um-239. In 1951, the Internations)
Committee on Radiological Protectig,
(1ICRP) recommended 0.6 microgray,
(400 panocuries), and by 1953, both 5,
tional and international committeey
were recommending this limit, The
main doubts about this limit concemeg
use of the maximum permissible hogy
burden for radium-226 as the comer.
stone for calculating the plutonium hy,.
den. Although the critical organ for .
dium was the skeleton, 1hat might ngt
be the case for plutonium—especialiy
when the main exposure route for '
workers was chronic inhalation. Tha
type of exposure appeared to result in
higher concentrations in the respiratory
tymph nodes, lung tissue, and liver th;n
in the skeleton.

In 1962, Langham. Lawrence, Jean Me-
Clelland, and Hempeimann published
data on the analysis of autopsy samples
from eight Los Alamos plutenium
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 O to 20 nanocuries (0.0 to
0.3 microgram of plutenium-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 tew sam-
ples had been obtained.

In regard (o distribution of plutonium in
the bady. the tissue samples, ranked in
the most trequent order of descending
plutonium concentrations, were respira-
tory lymph nodes. lungs, liver. and
bone. In the two cases where urine as-
says detinitely indicated a significant
positive exposure and analyses of both
lymph nodes and bone were possible.
the lymph nodes had plutonium concen-
trations 30 times higher per gram of tis-
sue than the bone. Thus, inhalation ex-
posures resulted in the entry of
plutonium into the respiratory lymph
nedes, a phenomenon that should obvi-
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ously not kave been scen (and was not
«een) it Lhe injection studies. (For a
.ummary af what has been {earned

from autopsy studies, see "A Frue Mea-
sure of Exposure—the Human Tissue
Analysis Program at Los Alames.™)

Additional Data from the
Plutonium Patients

[n 1969. Patricia Durbin, o biophysicist
at the University of California, Berke-
ley. was involved with metabolic work
on various radioisotopes. including
americium. that led her o the pubiished
work on plutonium. Wanting to learn
more. she began investigating the
records and dara on the plutonium
humai mjeciions and trying to locate
further information about the patients.
In a letter, dated April 23. 1969, to Dr.
lohn Howard, an administrator at the
University of Calitornia Medical Center
in Sun Franciscao, she said:

Most of the patients injected with
Pit were studied at other hospitals
around the country, and alrhough
most were elderly and expected 1o
huve short life expectuncies at the
time of injection, some were misdi-
agrnased, Because of this, there
was an understandably great up-
rocr when the civiliun A E.C. took
over from the Manhattun Engineer
District. As a resudt, the himan
dera thus obrained wax clussified
“Secret”, and so it rematned for
some vears, All efforts to folfow
wp on those persons who had been
injecred ceased abruptly, and no
other human being has been delib-
erately injected with Py since.
Gradually the classification was
downgraded, and the bulk of the
data now appear in the open litera-
tire, Unforwmnately, the mmaterial
from three of the four parients in-
Jected by D, Bamifton JCAL-2,
CAL-3, and the patient injected
with americiumf has never been
made available w aivone. |
Toduy. the production of Pu iy
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A Computer Analysis of Plutonium Excretion

One of the problems in appiying the Langham power-function medel 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-levei
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
alt 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 1860, James N. P. Lawrence at Los Alamos devised a compuier program
(calted PUQFUA), based on the pluionium 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 separale exposure incident.
Using the Langham power function, the dese for that interval was calcuiated
from the observed increase of plutonium in the urine over what was expected
from previous exposures. I there was no increase, the exposure for that in-
terval was set 1o zero, and if there was a decrease from what was expected,
the previous data peint 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 piutonium at any given time
was the sum of all the criginal exposures corrected for excretion losses.

One advantage of the PUQFUA method was that essentially all the urine data
were used to calculate a body hurden 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 physiotogical changes). Lawrence's approach weightad all but the rejected
assays egually and, thus, was more likely 0 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 piutonium that had entered the blood
stream and could be excreted by the kidneys. The program could, thus, cak
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.
Cnly when such piutonium had worked its way into the biood 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
1844 and 1846 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 overestimale is
due to long-term urinary excretion that is truly higher than what is predicted by
the Langham modal. When a modified version of the PUQFUA code is used
that property accounts for long-term data (10,000 days), the predicted body
burdens are consistent with the values obtained from tissue analysis stugies.
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enormeous, and all indications are
that i will increase. More people
in the nuclear energy field are
heing exposed 10 Pu and move ave
expected to be world-wide. Still—
all of our knowledge about Pu be-
havipr in mun resis on the sketchy
results [off the patients infecred in
the early davs. None of the
records are complete.

Durbin feit that, meager as they were,
the human plutonium data, gathered 23
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 1971, 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, o
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
hody.

In 1972, Durhin 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
cquations that were a sum of exponen-
tials, 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
ifor example, 8.8 per cent versus 6.3
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per cent after a vear). Durbin attributed
the increase mainly to the fact that she
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 as follows:

Pu initialiy present it soft tissues
other than fiver is cleared rapidhv:
the major fraction is redisiributed
to bone and Iver, and a small frac-
tion is excreted, Pu deposited in
the skeleton is mobilized in the nor-
mal course of bone remodeling:
some is redeposited in bone, some
is deposited in liver, and a small
fraction is excrered. Pu deposited
fit liver is evenmually transformed
Sfrom relatively soluble forms in he-
patic cells into inseluble hemo-
siderin deposits and sequestered in
reticuloendothelial cells. There-
fore, fiver Pu is likely 1o be lost as
slowly as, or more siowly than.
bone Pu . .. The loss rate from
the liver may eventuallv become the
rate-timiting process for Pu disap-
pearance from the whole 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-vear excretion data. In
1973, John Rundo at the Argonne Na-
tional Laboratory in Chicago. working
with additional long-term urine und
fecal samples obtained by Durbin from
two of the Rochester subjects (HP-3
and HP-6), developed new equations
for the excretton data. The new data.
taken about 10,000 days (27 yeuars)
after the plutoniwm injections. did not
agree with predicted values—both the
urinary and fecal excretion rates were
more than a fuctor of ten higher than

those predicted by the models. [y Faey
when data on the plutonium workers
Los Alamos were included. the valye,
not only appeared 1o be higher thay

predicted but the curve turned upwarg
{the values at 10,000 days were highe,
than at 1600 days). which raised ques.
tions about the validity of the models,

Deviations from the original equationg
proposed by Langham were. in one
sense, not surprising. The main aim of
the original human-injection studies
was to gather enaugh short-term daca o
interpret urine assays a few weeks al
the most after an accident and decide ¢
plutonium workers had signficant inter.
nal doses of plutonium. Trving to
apply equations describing short-term
data out to almost 30 years went wel]
beyond reasonable expectations. Not
only were such data very meager, bug
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-
crs—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 leamed 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 injeclion.
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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iion interval for a radium-induced bone
mor. Using known cases ol bone tu-
mors from radium, Rowland and
Durbin estimated that “the lowest aver-
qoe endosteal [bone surface] dose at
‘;hjch plutenium might induce bone tu-
mors in man to be of the order of 600
rad.” Four of the paticnts injected with
plutonium had considerably higher en-
dosten] doses (7420, 1280, 1790, and
973 rad): the other four had significant
fractions of that dose (141 1o 448 rad).
Although. one to three cases of bone
cancer were possible in the group. none
had appeared (which might indicate
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 ong 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 thal no liver tu-
mors had appeared.

A Recent Analysis of the
Excretion Data

One outcome ol the openness inititative
pledged by the Department of Energy
and the subseyuent review of docu-
ments was a re-analysis of the plutoni-
um injection data by onc of the authors
(Moss) and Gary Tietjen. A careful re-
view of the original notebooks at Los
Alamos has revealed some errors in the
urinary excretion data for the Rochester
paticnts.  Some of those errors were
mistakes, others were simply needed
adjustments for chemical recovery and
elupsed collection time. For exumple,
failure in the Rochester metabolic ward
1o properly time the urine sampling
from the time of injection led to uncer-
lainties in the initial excretion raies.
Likewise, some of the data were not
corrected for the analytically measured
per cent recovery of plutonium, includ-
ing an &8-per-cent recovery rate ot plu-
tonium for ail the Rochester urine dutq,
When there was insufficient information
to check the values, Moss and Tietjen
discarded the data. In many cases.
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however, carefu! documention allowed
the original data 10 be corrected and in-
cluded in the subsequent analysis.
PAfter 1956, a different urinalysis pro-
cedure. based on a nuclear-track
method developed at Hanford, was im-
plemented at Los Alamos. and data
trom that time onward are much more
accurate and consistent. Today™s ana-
Ivtical methods routinely deteet body

Bifl Mooy and Eileen Welvome

burdens at the 0.1-microgram level.)

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 has.

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, [or
some unknown reason Langham may
not have been awure of them: they were
not used in his analysis even though
they were consistent with the duta he
did use (the 500-day data obtained trom
HP-6).

in addition to corrections, new data
have hecome available from a recent

sstudy. Talbot, Newton, and Wirner in

England injected plutonium-237 into

two healthy male volunteers and ana-
ly7ed 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 cmitted 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 10 ¢limi-
nate other plutonivm isotopes with long
halt-lives, In this case, the researchers
were able 1o use a variable-energy cy-
clotron at Harwell and adjust the condi-
tions of the irradiation of uranium-235
with helium ions 1o make relatively
pure plutonium-237.

Moss and Tietjen used the new excre-
tion data together with the corrections
to the original plutonium-239 data 1o do
anuther analysis of plutonium urinary
excretion. Based solely on empirical
grounds. they expanded Langham’s
original power function by adding &
second term. The urine data for the
two plutonium-237 subjects from day 3
through day 15 are remarkably linear
on 2 log-log plot. whereas the data for
days | through 4 are more variable.
Thus. only the duta for days 5 through
14 were used to obtain the first power-
function term. When they compared
the siope for that term to the slopes for
ten of the Rochester patients {HP-1
through HP-10), the comparison, tor the
maost part. was very close,

Moss and Tietjen next used the sparse
“late” data {80. 300, 400, 300, 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 fog-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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1.0 would be excreted over the long term
(see Table 3). and it turns out thy, thi
Pu from blaod reservoir is more than twice the amount of Wha;l
/ , had been estimated earlier with Lang.
ham’s single-term power function. For
example, after 10,000 days (27.4 Yearg
a total of 32.0 percent of internal pjyy,,.
Pu from bone reservoir nium will have been excreted COMpareq ‘
to the 12,1 per cent estimated from :
Langham’s tunction. This fact helpg '.
explain why body-burden values de. :
rived from autopsy studies of plutoniyy, '
workers tend to be less than thar provi-
ously estimated from the urine datg,
However, because 68.0 per cent of the
0.0001 10 100 1000 o000 plutonium remains {versus 88.9 per

anmal tha mmmabhaeiaen nhoat eaeeas?

g1y

0011 Langham maodel

0.001r

Per cent of injected dose excreted
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Figure 7. The Four-day Peak for Red Blood Cells

Many of the urinary excretion curves for the human plutonium injectlon studies show a
smail 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 hiood 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-
5% 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
home. To be excreted, it has to be me-
labolized and returned to the blood. 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 o describe
the full excretion behavior tor radium.

Although our two-term power function
fits the general trend of the initiad ex-
creticr of plutenium, there has always
been some variability in the first four
days, which. as it turns out, has a phys-
iological basis. Typically. there is an
increase in the excretion rale at about
four days (Figure 7) corresponding to a
mover in red blood cells. Soluble
plutonium has been shown to combine
with the iron-trunsport protein in the
blood. transterrin. where it is incorpo-
raled inlo developing red blood cells.
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However, after four days. cataboliza-
tion, or destruction, of about 10 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-
oghizing why a peak occurs at the four-
day mark is a satisfytng 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
sepsitivity and. thus. the importance
and relevance of that fifty-yeur-old
data.

Additionally, the iron-transport bound
plutonium that is released back into the
blond is not incorporated into mature
red blood cells. Some fraction of this
plutoniidm s cxcreted and the rest iy re-
deposited in tissue. A cycle ol this sort
continues on and on. which gradually

PZabaces

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
datu have been endlessly analyzed, dis-
cussed, and re-analvzed by the commu-
nity of health physicists concerned with
the protection of plutonium workers.
What has been learned and what impact
has this knowledge had on heahh 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 o
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 bloodstrearn.
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 yieided consider-
able data that were applicable 1o the
calculation of the time-dependent distri-
bution of plutonium in the body. Urine
assays of plutonium workers, again
coupled with occasional aulopsy results.
increased that knowledge.

The usuval 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 first 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 transkite urine
assays to a realistic estimate ol the
amount of intake, and then the com-
plete biokinetic model is used to deter-
mine the distribution of that plutenium
throughout the body, which. in turn,
serves as the basis tor 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 iabout how to caleulate the ac-
twal dose from this deposition. Pluto-
nium that is directly on top of the sur-
tace will impart a much higher dose to
the osteocytes (bone cells) than plutoni-
um that is buried in the bone matrix,
even it only by a few hundred microm-
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 vears
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 mn the Los Alamos Health Division
published a study of the Los Alamos
plutonium workers. which discussed the
fact that one of the radiation ettects of
radium poisoniing was the develeopment
of osteogenic sarcoma. a rare bone can-
cer. He stated that “the age adjusted
death rate in the LS. from all bone -
mors. including osteesarcoma. is only
about | per 100,000 persons per vear.™
The appearance ot 2 bone sarcomas in
15 cases of radium poisoning was cvi-
dence that the sarcomas were. indeed. a
result of the radiation. In 1989, one of

it
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the 26 Los Alamos workers. exposed to
plutonium tn 1945 and 1946, had an vs-
teogenic sarcoma. Bone sarcomas had
been observed in plutontum studies
with animals, including inhalation stud-
les at plutonium levels comparable 10
the maximurmn permissible lung dose for
workers. In a 1991 paper by Voelz and
Lawrence, il was stated that the “dose
estimate for our case . . . 1s similar to
the lowest range of doses tor 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 1s the only possiblity to
date of o plutonium-induced cancer.
Most of the workers have lived longer
than average. It would seem important
ty 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 radiom
tragedy in mind, which resulted in prac-
tices and standards being adopted that
made it much more unlikely that the
threshold for wimors would be reached
wilh plutenium. 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 peint of
view. the number of cases on which
conclusions cun 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 vun-
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 cquipment be-
came available. As soon as it wus fea-
sible, the work was moved mto a high-
iy contrelled environment in which the

safest procedures available were Drac.
ticed and in which the eguipment,
analysis techniques, and work proca.
dures were constantly upgraded ug they
became available.

A great deal has been learned from th,
haman plutonium injection studies, by,
much is left to be learned. However,
the carly studies were valuable enough
10 enable our country to perform its
weapons research and production at ihe
end of World War 1l und into the colq
war with confidence that the workers
doing the work were being protected
and that the estimates of their pluton;-
um doses would be accurate. The po-
tentially tragic consequences of work-
ing with a new and unknown substance
never came to he. For this, we are
greatly indebted to the radiologists con-
cerned with insuring safely during the
Mahattan Project and are even more -
debted 1o the patients who were injact-
ed with platonium (see *"Ethical Harm'
and the Plutonium [njection Experi-
ments” on page 280, &
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Radium-the Benchmari

hAS ELEC TR\C\T ver the past fifty years. thousands of workers in the Unigeg
S A SUBSTITLIE roR foR EVERY BISEASE States have handied plutonium. Of those workers, only ahgy
TADIUM A WD AS A POSITIVE (U gt 10 e fifty. all from the nuclear-weapons complex. have been expogy
, ) :.:f:‘:‘r\:::\?"‘ to plutonium at levels above the maximum permissible dose. Becayge

wadetini s :_;?"‘ e toers PO few peopie have bigh-dose exposures, we have little direct inform,.

.. ﬂ--':m":m',‘; tion about the risk of plutonium in man. This leads to the ironic sjy,
ot T tion that the better we protect our workers, the less we know aboyt
their risk. What then do we use to base our decisions about the rigk of
plutonium and the precautions we need to wke 10 safeguard workers
) against that risk?
Much of our understanding of
_ - the health risk posed by plutoni
- um is based on another clemen
R Adium radium. Like plutonium. radigm ;
' Ri!th-‘“; ;  is an alpha-emitting radioisotope,
e T "Vm but it is created naturally as a

He:]h‘ h decay product, or daughter. of
uranium. As described below,
thousands of people were exposed

~ to radium before 1932, und the ef.

: A ‘ _ fects of the many high-dose expo-

RAD I U ‘\! sures became apparent afler just a

few years. That grievous situation

143 I'e?ﬂn’f(’s rry " none-the-less provided scientists
_ ' with a group of people who were ex-
""""" . posed inlernally to an alpha-smitting

radioisatope, and who could be ob-
served, evajuated. and studied. In 1944, the risk associated with the
new manmade element plutontum was therefore estimated by scal-
ing the risks associated with radium. That initial estimate was soon
modified o take into account new animal data on the comparative
toxicity and distribution in the bone of radium versus plutonium.
But even today. much of our understanding of the risk of plutonium
to humans and much of the public’s perceptions about the dangers of radioactive
materials are grounded in the story of radium.

o o7 P TI APOT

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 radicactive 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 Curics were able to separate only 100
milligrams of the pure element (roughly equivalent in volunie to the the head of a
match) from several ons of uranium ore. It was therefore very expensive, and 2
late as 1924, one gram of radium cost $100,000. However, the extraordinary at-
tributes of radium made it worth the cost. The half-life of radium is 1600 years.
as opposed 10 only 138 days for polonium and 4.5 billion years for uranium {see
“lonizing Radiation—It"s Everywhere!" puges 23-23, for a discussion of radiouc-
tive half-life). Radium was thus a stable source of radiation for hundreds of years

224 . . Los Alamoy Seienee Number 23 1993

| 2
LW
[
Ly
o



v

The Human Plutonium Injection Experiments

for Alpha Emitters

with an intensity three-thousand times greater than an equal amount of uraninm.
[n other words. radium combined a long life with radivactive intensity far betier
than the other known radicactive ma-
erials, and it was eagerly pul 10 a
great number of uses.

Cancer treatment was among the ear-
liest and most beneficial applicaticns
ol radium. The idea derived rom an
incident that occurred in 1901 in
which Becquerel, cager to carry out
some imprompty demonstrations, car-
ried 4 twbe of radium that was loaned
to im by the Curies in his shirt
pocket for six 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 alfect skin tissue, and
that perhaps, like x rays, such emana-
tions could be vsed as a treatment for
caneer.

and in 1906, the Biological Laborato-
ry of Paris for the practice of “radium
therapy" was cstablished. Applica-
tors containing radium salts were ap-
plied direetly to the surface of benign
and malignant tumors to shrink or
chminate them. Such use of radium
dramatically improved the quality of
many lives (see Figure 1} and helped
found the modern medical tield of ra-
diotherapy. However. the radiation
that penetrated the applicators were mainly gamma rays from the radioactive
daughters of radium decay. Once other gamma-ray-emitting radioisotopes, such 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
cnded. '

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
lascinating, and it was celebrated in Europe and America.  Audiences drew
around storyiellers describing the danger of radium’s emanations, while at the
same time, i1 was touted as a miracle cure for many diseases. The young in-
dulged themselves with radium-laced candics and sodas. Women sought youthtul
beuauty in radium-containing facial creams. while the fatigued restored their vigor

Number 23 1995 Los Admos Seience i|

Marle Curie {(1867-1934),
photo taken circa 1920.

tnset: Pierre Curie (1859-19086).
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Figure 1. A Miracle Cure
Brought about through Radium
Treatments

These three photographs show tha
miraculous results that were obtained
using radium applicators. The flrst
image is a haby girl immediately be-
fore radium treatment in December
1923. The next two photographs show
the young gif! 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.j

in radium baths, For the early part of the 20th centory. radium enjoyed 4 tren
. . . Th-
dous, albeit curious, popularity. n

But that popularity gradually turned 1o disdain. In 1925, a man frauduleny litleg
“Dr.” Willimn Bailey patented und promoted a nostrum of radium-laced wate,
called Radithor. Bailey seems to have been motivated by a desire for easy Mone
as well as a personal obsey.
sion with radioactivity,
oral medication, a solutigy
containing the two radium iso.
topes radium-226 and radiyp,
228 (the latter called mesothg,
rivm), was touled as a cyre
for “dyspepsia. high blond
pressure, impotence, and mgyg
than 150 other “endocrinolog.
ic' maladies.” Whatever iy
lay in those claims, Radithgg
in large guantities proved
lethal. In 1927. Eben Byers, 4
millienaire socuilite and amy-
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 10 1500 bot-
tes 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 dzath brought the danger of inter-
nal deposits of radium to the attention of the general public. It also inspired the
Food and Drug Administration o campaign for broader jurisdiction over the uses
of radium. Although that outcome was a very positive result from Byers' death, il
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, yel crucial episode. in the development of radioactive risk
assessment.

During World War [ paint conaining radium was widely used 10 make sclf-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
Usited States by about 1913, This “self-fuminous compound,” as it was frequent-
ly called. contained fine crystals of zinc sutfide mixed with radium saits. 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 Orarige, 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 ou-
merals. As a result. many women inadvertently ingested small but signiticant
quantities of radium. From (922 to 1924, nine young dial painters. most of whom

Las Alamny Seience Number 231993




Y

238

-Uranium
4.5 % 10°
years

{Five dTghters)

226

Radium
1620 years

222

Radon
382 days

. :

The Hurman Plutonium Injection Experiments

Radium and Mesothorium

The radioactive water sold by William

Bailey, Radithor, contained a mixture of

two radium isotopes, the comman,
long-lived isotope radium-226 (haif-life
of 1800 years), but also the shon-lived,
and therefore highly active, radium-228
{(half-life of 8.7 years). At that time, ra-
dium-226 was called radium, and radi-
um-228 was called mescthorium. Al-
though radium and mesothorium were

isotapic, and thersfore had identical
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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 tharium-232 and decayed with
a 8.7 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 glow-in-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-
partion 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 attempis
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. Ccnsequentiy,
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
1850s, 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, dieq ,
and painful deaths. eary '
That ominous coincidence prompted a very quiet. factory—managcmem-gponsmed
investigation in 1924, In 1925. a second (though this time not so quiet) inveg;
tion was conducted by Dr. E. L. Hoffman. a physician working on behalf of the i
New Jersey Consumers’ League.  Hoffman suggested that the deaths signgjeg a
new occupattonal disease probably caused by the radioactive malerials in the painy

Young women in the radium-diat
painting industry in the 1920s.

D, Harrison S. Mariland, the local county’s chief medical examiner. began an in-
dependent investigation of Hoffman’s hypothesis. He examined two youny dial
painters with jaw necrosis and scvere anemia, and when they died some months
later, Martiand performed the autopsies. He found radioactivily in both bodies.
Martlund 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
tindings of the three investigations were published in 1923, and all came 1w the
same conclusion: The ingestion of radioactive materials in the luminous paint was
the probable cause of 4 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 ¢i-
ther the inhalation or ingestion of radium compeunds. The habit of licking the
brushes was forbidden. and other practices at the dial-painting plants were suffi-
ciently modificd such that very few new cases of occupational radium poisoning
occutred after 1930. '

Dr. Martland. in his 1925 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 wavel about 30
microns. or about 5 to 10 cell diameters. and deposit their energy within the celis
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ihrough ionization processes. The resulting damage can result either in direct cel-
|ular death (necrosis). or possibiy in the generatton of genetic mutations that initi-
ate the development of cancer or tumor formation. (Alpha particles are not much
of a hiomedical threat if the radium or other radioactive source is outside the body.
Barriers such as our clothing or the outer dead layers of our skin are effective
chields against alpha bombardment.) When radium is ingested. the majority of
material is rapidly excreted. However, since radium is chemically similar to calei-
um. @ significant fraction is absorbed into the blocdstream 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 continuad 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 feil into
wo distinet groups: those acute cases in which symptoms appeared relatively soon
after the exposure and ended in 4 rapid death and those cases in which the disease
seemed 10 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 blond cells). Patients exhibited
those symptoms anywhere from 1 to 7 vears after having worked steadily in the
industry for at least one vear. and death came within mouths of the appearance of
the symptoms. Acute radium poisoning was associated with body burdens (mosuy
deposited in the skeleten) of from 10 te 100 micrograms of radium and nesothori-
um. The body burdens ot those tatal 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 1930s, were identified as suffering from chronic radium poisoning. Thosc dial
painters appeared to be in good health for about 3 to 15 vears afier 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 frunk 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 tranma, that healed very
stowly. 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 latz 1920s the diagnosis of radium poisening 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 nert gases are produced in
the skeleton by the decay of radium-226 and radium-228 {mesothorium), respec-
tively (see “Radivm and Mesothorium™). From the bone, the gases diffuse into the
blogdstream where they are transported to the lung and exhaled. Martland used
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
10 quaintitatively assess the amouat of radium inside the patient.

A sensitive quantitative means for measuring the radium body burden was not de-
veloped until Robiey D. Evans entered the nascent field of radium toxicology. In
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Robley Evans in his
laboratary at MIT.

1932. Evans was a graduate student in physics under the famous Robert Millilun
at Caltech. His thesis work involved. among other things, the development of
highly sensitive accurale techniques for measuring radium and radon in geophys;-
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 eccurrences in California. was referred to Evans.

Evans became interested in the uptake, metabolism, and excretion of radium in liv.
ing persons and realized that the key to studying those problems would be the
ability to accurately meusure the amount of radium present in the living body.
However. the alpha purticles 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 10 measure what became known as
the iz vive 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 ragium (see “fn Vive Measuremnents of Radium”™). Evans de-
veloped the technigque in 1934 at MIT. [t was many times more sensitive than pre-
vious techniques, allowing measurement of body burdens as small as 3.t micro-
gram. [t was also easy to apply and was eventually used by all those involved in
clinical studies of radium poisoning, ncluding, of course, Dr. Martland.

Toward the end of 1940, the Unired Srates was gearing up for World War 11, and
radium-dial instruments were being produced in large quantities. Evans ways 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 und insisted
that he either provide the Navy with safety standards for radium-dial painters or
tace being inducted 1nto the service where he would be forced to produce them.}
Evans became part ol ninc-member comniittee formed by the National Burcau of
Standards. Alse on that committee were Martland and two other rgsearchers who
had done quantitative work on radiom toxiecity.

By Tebruary 1941, the commiuee had collected accurate information on the resid-
ual bady burdens of 27 persons as well as their stae of health. The 20 persons

with radium body burdens in the range of 1.2 to 23 microcuries of activity, or 1.2
to 23 micrograms by weight thy definition. | gram of radium has an activity of |
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in Vivo Measurements of Radium

The technique by which Evans measured the in vivo radium body burden required
jwo measurements, ong 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.

Radon, the first daughter of radium, is an inert gas. As such, it tends to diffuse
from the skeleton inic the bicodstream where it is transported to the fung and ex-
haled. Since one gram of radium is known to produce 2.1 x 10°¢ 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 technigue 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 twe gamma-emitting radicisotopes, lead-214 and
bismuth-214. Because gamma rays are penetrating, they are easily detected out-
side the body. Evans used a “homemade, copper-screen-cathode” Geiger-Maller
counter to measure the intensity of the gamma-ray emissions from the whoie 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 totai
in vivo radium body burden was deduced.
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The photograph above shows the
braathalyzer test used by Evans to
measura the amount of radon being ex-
haled per second. That amount turned
out to be about 50 per cent of the total
radon produced per second and thus
reflectod about 50 per cent of the total
radium body burden.

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 1 meter from the fore-
hoad, shoulder, abdomen, knees, and
toes. The detector measured the
gamma rays smanating 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 chaln. Thus, thay
originated from radon that decayed be-
fare reaching the lungs.
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. missible bady burden at the time of intake. The initial body burdens of the gy),.

curie), showed various degrees of injury, whereas the 7 persons with body byrg.. 3
less than 0.5 microcurie showed no ill effects at all. Evans proposed to the com
mittee that the tolerance level for the radium bedy burden in radium-dia) Paimer; ]
be set "at such a level that we would feel perfectly comfortable if our owy Wife o §
daughter were the subject.” With that thought in mind, the nine members nan 4
mously decided to set the tolerance level at a factor of 10 below the leve] g whicg
effects were seen, or 0.1 microcuric. On May 2, 1941, the standard for radjyp,. 4
226 was adopted it the National Bureau of Standards Handbook. seven monp,
before Pearl Harbor and two months afier the then secret discovery of Plutoninp, 5

Although the tolerance level of {).1 microcurie was based on residual body burdon
measured 15 to 20 vears after intake, in practice it was used as the maximum per,

jects in Evans’ study were typically about 10 to 100 times larger than the resigyy 1
burdens he measured. Therefore, an additional safety factor of about L0 1o 10p
was built into the standard. In 1981, 40 years afier the standard was set, Evapg
reported that no exception to the standard kad been found among some 2000 op-
served radium patients. That is, no symptoms were ever observed for persons
with body burdens of (.1 microgram or less. That conclusions still holds taday.

In 1944, when plutonium began to be produced in kilogram quantities, the experi-
ences with radium forewarned scientists about plutonium’s probable toxic eftects
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, 4
Those included the difference in their radioactivities and that of their danghters
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 differemly, and more dangerously, than radium. Thus, the ¢
maximum permissible body burden for plutonium was set at | microgram. That
limit was chosen to protect plutonium workers from the disasters that had befalien

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 permissibie body burden.
Since then, no further changes have been made, in part because no it 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. Censequently, 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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jnteresting in that they appear o
have @ threshold—nae bone cancers
exist below a cumulative skeletal
dose of 1000 rad, or 20,000 rem,
which weuld be the 50-year dose
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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-
fon for the induction of bene and head
cancers. Because the latency period
seems to increase with decreasing .
duse, Evans suggested that this resuit
be interpreted as a “practical thresh-
old”"—at lower doses the jatency period
might be (onger 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

A TRUE MEASURE OF EXPOSURE

the human tissue analysis program at Los Alamos

he human tissue analysis pro-

gram, a 33-year-long research

program at Los Alamos, has
peen scrutinized by the local and na-
tjonal news media and, more recently,
hy the President's Advisory Commitiee
oﬁ Human Radiation Experiments. Al-
though this program does not technical-
1y fall under the description of "human
éxpcrimemation," 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 inciuded 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, [ will take this op-
portunity to review the motivations, the
manner of obtaining tissue samples, and
the most important findings of what the
gencral 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—aur 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.
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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 traction 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
piutonium retained in the body of a liv-
ing person from the amount excreted in
the urine. Those models were crucial
becavse they were the most commonly
used means for estimating the body
burden and the uitimate 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 tssues 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 models 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
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by James F. Mclnroy

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-
Iy 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
Metaholism

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-
tonjum might pose a sertous 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. [nternal deposits of
radium had produced fatal anemias and
bone cancers in the radium dial painters
of the 19205, and there was great con-
cern that internal exposure 1o plutenium
and its compounds might be at least as
dangerous.

By January 29, 1944, 11 milligrams of
plutonium (a tair share of the world's
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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 gquantifying 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
pluonium into the bicodstream, and
small tissue specimens from those sub-
jects who were terminally il} were ana-
lyzed for plutonium following their
death. A number of important observa-
tions tollowed: 1) 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 w0 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 tor
whole body in hurans was much ionger
than in iaboratory animals; and 5} the
excretion pattern in humans was differ-
ent, especially that a much lower frac-
rion was eliminated in human feces
compared to animal feces.

Wright Langham. a radiobiclogist in the
Health Group at Los Alamos who had
planned the analytical protocols for the
human injection experiments. used the
excretion data to ereate a model relating
the amount of plutonium injected into
the bloodsiream to the amount excreted
in the urine, Thus, the Langham model
became the first basis tor estimating the
amount of plutonium retained in the
body as a function of time following an
accidental intake ot an anknown quanti-
ty. By the late 1950s. James N. P.
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Lawrence of Los Alamos had modified
the Langham model to take into account
long-time excretion data from a selected
group of Los Alamos workers who had
experienced accidental intakes during
the Manhattan Project and who had
been tollowed as part of an epidemio-
logical study (some of those men tell
their stories in the roundtable "On the
Front Lines"y. But many uncertaintics
remained. Most worker exposures were
the result of inhaling tiny airborne parti-
cles of plutonium into the lung. How
did that mode of exposure compire to
the igjection of plutonium directly into
the bloodstream? 1t 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 1o
check the conjectures. It was also ex-

- pected that the dose and the ultimate

risk of exposure wouid be uftected by
the particular chemical form and particle
size of the material taken in, the time
since exposure, the duration of expe-
sure, and the etfecis of individual bio-
logical variation,

The Beginnings and the Philosophy
of the Los Alamos Tissue Progiram

QOur human tissue analysis began spon-
tanecusly 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 pathoiogist Dr.
Clarence C. Lushbaugh callected 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 sciep.
tist at the Laboratory, decided to senq
several of the organs and bones to the
Laboratory for radiochemical analysis
to determine the piutonium content.

Kelley had worked with plutonium for
a number of vears prior to his death
and was carrying in his body a measyy-
able plutonium "burden,” which pre-
sumably had becn 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 () From Urine Assays) code,
was 18 nanocuries, a litle 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 plutenium content prior to
death and thus to check the predictive
power of the urine excretion models
against real data, It was also an oppot-
tunity to measure the real efficacy of
the industrial hygiene and health
physics measures that had been taken w©
reduce airborne plutonium contamina-
tion in the work environment. Those
respensible for industrial hygiene at
Los Alamos, incleding Wright Lang-
ham, Donald Petersen, and Dr. Lush-
baugh, felt it was incumbent on them o
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 tymph 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 eftort
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-
gols. The hope was to quantify all the
variables affeeting the distribution and
retention of plutonium and then use the
data to improve the in vive estimates of
internial plutonium exposures.

The most important sources of tissues
were the many workers involved with
the handling of plutonium in the 1940s
and 1930s when most of the serious ex-
posures accurred, Those individuals
were tairly young at the time and
proved (o be a very healthy group. As
a result, the collection of human tissues
from autoepsy or surgery hus procegded
slowly.

The plan to include unexposed people
as controls eventually grew into o 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 1o nuclear weapons
testing and from accidental reicase to
the eavironment from nuclear facilities.
The results from the general populution
study are presented in the last section
of this article.

The tissue program has also included
the sudy of americium, uranium, thori-
um. and neprunium, however, the vast
majority of the analyses performed on
tissues at Los Alamos were for plutoni-
um and americium. As mentioned
ahove. plutonium in the bloodstream
wus found to be deposited preferentially
in the liver and skeleton. If the expo-
sure was from inhalation, the lung and
assactated lymph nodes would also re-
1ain deposited plutonium. If the expo-
sure was through ingestion. the conse-
quences would be reduced because the
gastrointestinal tract allows only about
oneg plutonium atom out of ten thousand
to pass through the intestinal walls and
enter the blood stream. That knowl-
edge of the primary depaosition sites led
the early researchers to collect tissue
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specimens from the lung. tracheo-
bronchial lvmph nodes. liver, kidney
and bone specimens. Later. interest in
minor deposition sites and possible con-
sequences, such as potential genetic ef-
fects 1f the radioactive clements were 1o
deposit in gonadal tissue, led to the col-

lection of several additianal tissues.

The ethics of our tissue coilection
process has commanded the most atten-
tion during the recent re-examination of
the rissue program by the President's
Advisory Committee. Cur own exami-
nation of procedures has shown that for
all normnal deaths (that is. not involving
accidents, suicide, homicide, and so
forthy, tissue collection was done anly
after obtaining appropriate authority
through a written consent form. For
cxample. during the 19505 and 1960s
consent for autopsy and tissue collec-
tion were obtlained in writing from the
next of kin by the tloor 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 Reseurch.
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
mote recent times to obtain consent and
to collect tissues.

* The Los Alamos Medical Center was operated
hy the AFC until 1964, after which it was pur-

chased by the Lutheran Health Systems of Fargo.
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Studies of Occupationally
Exposed Workers

Los Alamos Donors. From 1939 to
1978 tssues from 116 former employ-
ees of the Laboratory were analyzed.
Not all had been exposed to plutonium:
many were suppart personnel such as
secretaries, janitors, firemen, truck dri-
vers. and others who hud volunteered to
be part of the program.

Since our association with the USTUR
in 1971, ussues from 60 additional Los
Alamos workers with known or sus-
pected exposure to plutonium have
been analyzed. including six whale
bodies. As of October 1993, there are
42 living members of the Registry from
Los Alamos whe have given their con-
sent for radiochemical analyses tollow-
ing death; seven of them are whole-
body donors. A total of 25 highly
exposed warkers 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 0 plutonium? During the early
days of the Laberatory'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 efliciently as they are today.
The higher levels of contamination pre-
sent at that time were clearly refiected
in the tissues we anaiyzed from a secre-
tary who worked in the original pluto-
miurm 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-

conninied on page 241
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Authorization and Collection of Tissues

he charge of “body snatching” by the news media opens up the issye of Wherg

and how the Los Alamos tissue analysis program obtained sampies for Study
During the first twelve years of the program, from 1959 to 1971, ait samples w.eré
obtained from individuals who had died and/or were given autopsies at the [ 5
Alamos Medical Center. As described in the main text, the first case was g
Kellay, 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 collecy g,
sue samples from Kelley and have them anaiyzed for plutonium content by the big-
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 piutonium anaiyses a routine part of all autopsies performeq
at the Medical Center. That practice was quite acceptable sincs, in those days_ ;.
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 trax.
ments, and, of course, to determine the cause of death, especially in the cases of
unattended deaths, Also, autopsy programs measuring plutonium in human tissyeg
were being conducted at other sites in the U.S. and in féreign 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 ather parts of the country. Of course
autopsies had to be perfomed on a certain percentage of persons dying in the hos-
pital each year in crder 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 coptribution of themselves in the interest of science. '

For routing deaths, the floor nursing supervisor of 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 deceden,
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-rautine deaths (accidents, unattended deaths, suicides, homicides, and
s0 on) fell under the authority of the coroner, and se the coroner was asked and
would grant consent for the retention and analysis of tissues. In all the cases men-
tioned abave, the next of kin were not necessarily made aware that tissues were
being retained specifically for the analysis of plutonium content

Farmal consent from occupationally exposed workers. Procedures for obtaining
consent became more formal and more explicit in 1968 when the United States
Atomic Energy Commissian (AEC) established the National Plutonium Registry t
function as a national center for the collection of medical, exposure, and work histo-
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 Richiand, Washington and continued to collect tissues at autopsy pro-
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 n&
tional focus for acquisition and dissemination of the newest and best intormation
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relative to the effects of the transuranium elements on peaple.” In 197Q, the name
of the Registry was changed to the United States Transuranium Registry (USTR}
put the mission did not change, and by June 1974, 5843 transuranium workers had
peen 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, Washingten. In 1971, the Los Alamos Laboratory was added to the
list of "approved” laboratories. The Battelle and Los Aiamos 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), successar to the AEC, directed that the Los Alam-
ps tissue analyses laboratory become the lead labaratory 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
gither known 0 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
gvery 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.

Potentiai 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 U.5. Transuranium Registry. The card
gave a telephona number to be called if death was imminent or had occurred.
Once the Registry was notified, they alerted our tissue anaiysis laboratory, and we
sent instructions and shipping containers to the hospitat where the autopsy was to
take ptace. Following the autopsy, tissue specimens were individually packaged
in plastic bags, frozen, packed in Dry |ce, and shipped to Los Alames 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 complate dissection.
The skin, muscle, and bones were then shipped 10 Los Alamos for analyses. Be-
cause identification cards in wallets were sometimes overlooked, whole-body
donors had the additional option of carrying Medic Alert bracetets or medallions so
that there would be na delay in.notifying the Registry of their death. The fact that
the Registry often knew of an individuai's death within a matter of minutas follow-
ing the event, or sometimes prior to death, has fed 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.” B

*In 1978, the Energy Research and Development Agency funded the establishment of the
United States Uranium Registry {USUR). In 1992, the USTHR 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 &l in referance 12.
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Layman's View of An Autopsy

The author, during the course of his 21 years in the Tissue Anaiysis Prp.
gram at Los Alamios, attended numerous autopsies. He is aware thaf
many peogle do not know what happens at an autopsy, and thought it
would be interasting to offer the following lay description.

Generally, a medical assistant for the pathologist prepares the bady by cuyt.
ting a "Y" shaped incision in the skin and muscle covering the chest and ap-
domen. The skin is cut back 1o reveal the muscles and ribs of the thorax
(chest} and the opening the abdomen. The cartilage conhecting the ribs tg
the sternum (breastbone) is easily cut with a scalpel, and the sternum along
with the connected costal cartilage from the ribs are removed tc reveal the
lungs and heart. The opening in the abdomen accesses the visceral organs,
tha 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 thern for obvious abnor-

Lungs from an occupationally exposed malities. They then remove small sections of tissue from suspicious areas
worker inflated with dry nitrogen to ap- and preserve them in a special fixative so that the tigssues can later be ex-
proximately normal size found in the amined microscopically. To observe the interior of large organs such as
human chest. The ratio of plutonium to the lungs and iiver, thay often "bread-boarg” them. That is, they make par-
americium was measured in the Los allel siices about 1/2 inch thick throughout the organ and continually lock
Alamos lung counter and compared with for abnarmalities. Any suspected areas are snipped out and preserved for
measurements made beforg death. microscopic examination. In this manner, all internal crgans 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 piastic
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-

A cross section of a lung that had been gether to restore the body to its' "normal* shape so that the mortician can
inflated with nitrogen and frozen to retain  prepare the body for viewing and burial. When prepared by a competent
its natural shape. The dark area in the mortician, persons viewing the body are completely unaware that an autop-
center is an enlarged pulmonary lymph sy has been performed on the deceased.

node.

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 bonz 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 inte 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. m
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continned from page 237

gjon and the general population (sec
Figure 1). The liver was selected be-
cause it 1s a major deposition site for
plutonium once plutonium has entered
the blood stream and because all or a
majot 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
concenirations 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 rematning third fell naturally into
three distinct groups. The two groups
with the highest liver concentrations

" {above B0 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 adequatety
protecied from exposure o plutonium.

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-
tects sec On the Front Lines.™)

Our study was not designed to answer
afl these questions. It was not an cpi-
demiclogy study where frequency of
discase. causes of death, and life short-
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cning are evaluated. However, we can
answer some of the questions and reter
to other related studies carried out at
l.os Alamos for answers to some of the
others.

Until recently, radiation protection stun-
dards for internal exposures were given
in terms of the recommended maximum
permissible body burden (MPBB) spec-
itied in terms of mass (micrograms) or
activity {nanocuries). [1 nanocurie =
2,220 disintegrations per minute {dpm}]
For plutonium, the MPBB for nuclear
industery workers was (.65 microgram
or 40 nanocuries. The MPBB far
americium is also 40 nanocuries. The
highest depositions measured at the
time of death by our program was
about 83 nanocuries of plutonivm in a
former Los Alamos worker, 120
nanocuries of americium in a worker at
the Lawrence Livermore 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 4,600 nanocuries) of
americium in a Hanford Site worker.
Did the exposures contribute w their
deaths? The Los Alamos worker died
at the age of 78 from a heart atlack.
The Livermore worker died at age 49
of a malignant melanoma. However, it
ts not believed that americivm exposure
results in melanoma. The individual
from the Hanford Site dicd 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 {dpmdkg), which is within the range
observed in the U.S. general population
exposed only to fallout. Individuals hawv-
ing liver concentrations ranging from 5.3
to 80.1 dpm/kg included mainly support
personnel {firemen, custodians, health
physlcs monitors, security guards, and
s0 forth) that may have received minor
exposures incidental to their job assign-
ments. Indlviduals with liver concentra-
tions greater than 80 dpm/kg were physi-
cists, chemists, heaith physics monitors,
and metallurgists, all of whom had well
documented plutonium exposures.
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Endosteal layer

Compact bone

Figure 2. Spongy versus Compact
Bone

This drawing shows a portion of a bone
from which the marrow has been re-
meved. Bone is composed of two kinds
of tissue. Cne is dense in texture like
ivory and is termed compact bone; the
other consists of stender spicules, tra-
heculae, 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 262),

Trabecula

Perinsteal layer

Blood vessel

trom cardiovascular disease. 1 all the
cases analyzed by this program and/or
followed by the Los Alamaos plutonium
epidemiology studies, only one is
thought to possibly have died from the
effects of their plulonium exposure.

That individual, a chentist at Los Alam-

o5 during the Manhattan Project. died
in 1990 at age 66 of an ostecsurcoma
{bone cancer). The primary site of the
cancer was the sacrum, Osteosarcomas
of the sacrum are not common in man
but have been ohserved in animals
(heagle dogs) exposed to piutonium,
Keep in mind, however, that this is o
single case and must be evaluated cau-
tivusly. There seems to be scant hard
cvidence that exposure to plutonium
and/or americium at the levels reported
above has caused any significant life
shortening or diseuase.

Quantitative resuilts 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 10 measure quantitatively the
total body burden. or deposition. of plu-
tonium in i person so that models pre-
dicting this deposition trom urine
analyses could be validated and im-
proved. This can be accomplished by

chemically measuring the piutoniym,
content in the major deposition sitey.
that ts. the lungs and associated Ivmph
nodes. the liver, and the skeleton,
These threg orguans contain ahout 9 Per
cent or more of the retained plutonjyy,
Petermining the lung. and liver congeny,
iy straight forward, since these organg
are easily obtained at autopsy and gre
smadl enough o be analyzed in toy),

The skeletul content is much more diff.
cult to determine. but is a critical mey-
surement since aboul half of the sys.
temic burden (internal to the body angd
exclusive of the lungs) is in the skele-
ton. Obvicusly, the entire skeleton s
not casily obtained at autopsy, A nb, 3
vertebral wedge (a block ot one 1o three
vertebral bodies removed trom withip
the body cavity), and the stemum were
the bones most often removed by the
pathclogist for our study. That choice
was dictated in part by aesthetics—re-
moval of these specimens does not dis-
figure the body when it s prepared for
a funeral and burial. In the carly part
of the study, the bene specimens werg
analyzed for plutoniwm. and the resulis
were exlrapolated to represent the
whole skeleton under the assumption
that plutonium s uniformly distributed
in all bones. The average weight of the
skeleton in a young (25 to 33 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 cnrollment of the USTUR. 09
per cent of the donors are age 65 or
older. (Eighty-five percent are older
than age 35.) Body weight proportions
change significantly with age. The as-
sumption of a 10-kilogram skeleton. or
cven a skeletal weight based upon |4
per cent of the body weight. is there-
fore very uncertain.

An even more important complication,
in estimating the skeletal content ot plu-
tontum waus the discovery that. unlike
radium, which is distributed somewhat
uniformly throughout the bone mineral.
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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 ptutonium is higher at those ends.

plutoniunm is deposited on the bone sur-
fave. Autoradiographs made from ani-
mals given large injections of plutonium
citrate demenstrate that phenomenon
guite clearty. That means that the con-
ventration of plutonium is greatest
where there 15 u iarge amount of bone
surfuce compared s bone volume,

IFigure 2 shows that the bone is com-
posed oF two general types of structure:
a very dense structure like ivory on the
outside. termed "conmipact” bone: and g
spongy stucture on the inside consisting
ot sicnder spicules, trabectiae, and
lamellae. The cavities of the bone are
filled with bone marrow. Yellow mar-
row s found 10 the large cavities of the
long bones. It consists, for the most
part. of fat ceils and a tew primitive
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blood cells. Red marrow is the site for
the production of the red bloed 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, stermuwm, and vertebral bodies.

The relative quantity of compact versus
spongy bone varies among difterent
bones, and in dilferent parts of the same
bone, according to functional require-
ments. Because plulonium deposits on
the bone surfaces. and spongy hone has
a high surface area, the distribution of
plutonium within a bonc s proportional
to the disttibution of the spongy bone,
Figure 3. showing the distribution of
plutonium in the large thigh bone called
the femur, illustrates this very well.
Most of the plutenium s locaied ar the

two ends of the temur. which contain
mast of the spongy tissue.

Ciiven this pattern of deposition. the pri-
mary carcinogenic risk from plutoninm
int the skeleton is associated with the
hematopoietic stem cells iblood-lorming
cells)y ol the bone marrow. which {ills
the spongy structure. und osteublasts
ibone-forming cells) close o the bone
surfaces. Plutonium in or ncar the bone
marrow sright lead to levkemia, where-
a5 plutomium on the bone surface might
lead 1o vslcosarcoma.

Returning to the problem of estimating
the amount deposited in the skeleton

from the samples taken during autopsy.
we note that the ribs, sternwm. and ver-
tebral bodies usually sampled at autop-
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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
tour 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 mus-
cle is higher than that of plutenium. The large error bars are indicative of individual
biological variation and possible variation in exposure parameters.

sy have relatively high proportions ol
spengy bong and therelore have a rela-
tively higher concentration of plutoni-
um than the eatire skeletion. Theretore
carly estimates of skeletal content de-
rived fram analvses ol those bone typey
could casily have overestimated the
skeletal content if uniform distribution
had been wssuined.

Wisely. the USTUR instituted a whole-
body donot program in 1979 so that the
distnibution of the actinides ¢ould be
determined for the entire skeleton and
also for the less frequently sampled soft
tissues. As of October 1995, 47 indi-
viduals have since consented (o become
whale body donors. To date, 23 of
those individuids gave died. Twelve

whole bodies have been analyzed in our
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lahoratory at Los Alamos lor one or
more of the following elements: pluto-
nium. americiom, uranium, and thori-
unt. Six of the twelve analyzed had
worked and received their exposurces at
Los Alamos. Twenty-four donors are
still living, and ten bodies are awaiting
anatvses at the Regisinies’ newly estab-
lished laboratory at Washington State
University in Puflman,WA. One body
was not analyzed because the person
tested pesitive tor hepatitus-B at the
time of death. and we did not want

to expose our analysts o that deadly
disease.

Detailed data from six whole bodies
have been published. Figure 4 shows
the relative distributions of plutonium
and americium in tour of the bodies.

F.()I‘ tl*.c.mhalm?o'n CUSES, Sregter Propey.
tions of plutonium-239 yngd 4mericiyy,
241 are found in the FESPIratory fry,
than are predicted by the Interngtiog,,
Commission on Radiologicu] Prowcaévr
{1CRP publications 30 and 48, Euml '
models based upon animal daty hyy
proposed a S00-day hidf-time for g,
retention of plutoniom in the lungs,
The datw in Figure 4. derived trom ingi
viduals who died approsimately 3
years following their exposure, shay
very ¢learly that the half-time in e
fungs of humans is much longer. Ap.
other finding is that americium iy
cleared much more l'upidl);' from the
fiver than is plutonium. whereas eygly
ntodels used the same ¢learance lim-k:
for both elements. The liver-clearne,
halt-time for americium is two w three
vears whereas the liver-clearanee hylf-
time for plutontivem 15 20 vears | [CRE
publication 48).  After long-termm expo.
sure, significant fractiony of the <y«
temic plutonivm-239 and americium-
241 are found in muscle and other sof

* tissue, which suggests that those tissues

lunction us a long-term depot for those
nuclides.

How do the boedy burdens measured
from our radiochemical analyses of
whole-hodies compare 1o the body bur-
dens predicted by applying biokinctic
models 10 excretion data? Table | pre-
sents i comparison that Ron Kathren
and [ published in 19910, Measurements
of the systemic deposition (all organs
except the lung) und the whole-body
deposition ol plutonium-239 in four
whole bodies are shown in red. Also
listed are 13 different theoretical esti-
mates of the deposition. Each theoret-
cal extimate was calculated by applying
a different biokinetic model to the uri-
nary excretion data obtained during the
lives of those four individuals.

Tuble | shows that the plutonium bur-
dens estimated from the older binkinet-
ic modals were many times greater than
the measured values. The results of
two models are within a factor of wo
of the tissue analysis resulls for all four
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Table 1. Tissue Results on Whole Bodies Compared with Estimates of Biokinetic Models

Biokinetic Model
Langham

Healy

Durbin

Rundo et. al.
Parkinson & Henley
Leggett

Jones

Leggett & Eckerman

Revised Langham per
Legett & Eckerman

PUQFUA
Tissue Analysis

Tissue Analysis (whole body)

Systemic Burden of Plutonium-239° (nanocuries)

Date Case 193 Case 208 Case 213 Case 242
1950 27.0 56.5 55.9 84.6
1956 232 40.¢ 43.0 80.0
1972 13.0 305 61.1 47.8
1976 3.0 10.0 59 151
1981 8.9 316 17.8 424
1984 3.8 4.0 11.6 29.7
1985 57 1.9 8.1 20.0
1887 4.9 8.4 8.8 | 11.6
1987 3.2 59 8.1 16.2
(7.3) (15.5) {13.5) (23.3)
1988 3.1 3.8 . 5.7 243
(6.6) (8.1) (8.2) (75.7)

"Systemic burdens refer to the content of all organs excluding the lungs, whereas whale-body burdens include the Iung content.

cases: the Langham power tunction
model as moditied by Leggert and Eck-
ermag and the (we component exponen-
tial model proposed in [CRP publica-
tons 19 and 30. [n all four cases in
Table |, exposure was primarily by in-
halation, Jim Lawrence's PUQFUA
code is also a modification of the Lang-
ham equution and was used at Los
Alumos for many years. The code esti-
mated the whole-body deposition in-
cluding the lung. and therefore. the
PUQEUA resulis should be compared
with the radiochemical estimate of
whole-body contents shown in paren-
theses. Lawrence continuously used
the tissue analvsis estimates of plutoni-
um deposition in deceased workers over
the years w verify and improve his
model.

One of the other new studies done on
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the whole bodies was an investigation
of the amount of plutonium in the bone
marrow. Animal studies had shown
that myeloid {eukemia 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 was 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 Lhe bone marrow
from mineral bong, 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. A§ 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: ity 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 twmors is
several tmes greater risk than the risk
ot 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-
dividuais 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 4lso interested in deter-
mining whether or not any plutonium
had been released from the Laboratory
angd 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 11,000
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
4 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
accidentaliv when, in 1968, tissues
from 36 individuals from New York
City (unclaimed bodies) were sent to
Los Alamos and. at the request of the
AEC's Heaith and Safety Laboratory,
analyzed for fallout plutonium. In
1979, the Colorado Department of
Health wanted to evaluate the extent of
off-site plutonium contamination that
was suspected 1o have occurred as the
result of a major fire in 1969 at the
Rocky Flats ptutonium 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 origln of the 1187 individuals from the general population
trom whom tissues were collecied and analyzed over the course of the Los Alamos tjg-
sus analysis project. Major collection sites were near the DOE nuclaar facilities at Log
Alamos, the Rocky Flats Facility in Colorade, the Savannah River Facifity, and the Han.
tord Facility in Washington State. Control populations were collected from areas not
near nuclaar facilities in Pennsylvania, \llinois, 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-
rommental platonium and evaluate the
possible release of plutonium from the
Savannah River Plant. Realizing the
samples collected from the Los Alam-
0s, Rocky Flats, and Savannah River
areas may have been contaminated by
local releases from these nuclear facili-
ties, we sought contrel populations
from areas far away from existing nu-
clear tfacilities. As a result, we added
the Tllinois-area residents 1o the study

in 1973 and the Pennsylvania-area in
1974.

Before setting up those programs, we
investigated the legality of having
pathelogists send tissues to Los Alamos
and found it to be within the limitations
inciuded 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 Antopsy” 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
“Farm 44 in "Medico-legal Forms with Legul

Analysis® (American Medical Association,
Chicago, filinois, 19613
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Table 2. Results of Hypothesis Testing for Geographic Differences

1974-75
Kidney PA LA CO GA NM
(0.114) {0.108) (0.081) {0.075) {0.063)
Liver LA NM GA IL PA CO
(2.399) ~ (2.123) {1.942) (1.461} (1.398) (1.276)
Lung NM LA GA co PA AL
{0.535) (0.447) {0.316) (0.301} {(0.271) {0.104)
Lymph Node LA NM cO PA
(6.553) {6.500) (2.917) {1.923)
Rib LA NM PA
(1.125)  (0.966)  (0.460)
Vertebrae N cO GA PA LA
{0.673) (0,831} {0.400) {0.363}) (0.213)
Female Gonad co PA LA
(2.769)  (1.000}  {0.867)
Male Gonad LA PA co NM GA
(0.568} {0.319) (0.063) {0.053) {0.042)
Spleen LA PA GA NM Co
(0.350) {0.164) (0.160) {0.147) (0.101)
Thyroid LA PA co IL NM GA
(1.303) {0.749) (0.363) {0.288) {0.00) (-0.184)
1967-68
Liver LA NM NY
{1.823) {1.730) {1.500)
Lung LA NM NY
(1.272)  (1.165)  (0.668)
Vertebrae 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 tlssue 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 arg
guite small, on the order of 1 dpm per
kilogram of tissue, so that the measured
differances probably have no practical
consequence.

In the analysis, we tried to eliminata the
dependence on age at death and year of
death by consldering 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 salected because they
included the major portion of the data
and hecause they were the only periods
where data was available from certaln
geographical locations. A Kruskal-Wal-
lis non-parametrlc test of significance of
among-region differences at the o = 0.05
level was used, If this test indicated
overall significance, Mann-Whitney tests
were performed for all pairwise compar-
isons of the geographic regions (at the o
= 0.05 leval). f the Kruskal-Wallis 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 kin were told
specifically about our plutenium analy-
ses of the donated tissues.) Patholo-
gists were generally reimbursed a smail
amount ($25 to $100) 10 cover their
cost of collecting the tissues, packaging
each tissue individually, freezing them
for storage, packing them in Dry Ice,
und 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 [985 samples were
coliected 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 cach 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-
ers to the U.S. Transuranium and Ura-
nium Registries. At that time our
general population study had te be dis-
continued because of funding con-
straints. By then, one or more tissues
had been unalyzed from 1,254 of the .
individuals who had coatributed autop-
sy spectmens. Results from approxi-
mately 900 individuals (approximately
4,400 tissuesy were reported in the open
literature through three major reports.
Unfortunately, in 199G, a freczer 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 these 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 tissve de-
position of plutonium between males
and fernales 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 cestain short
time period and we subtracted ous the
age trends found in that time period.
For the time span [967-68, the data
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showed no geographic ditferences in
any of the tissue concentrations of plu-
tonium. For the time span 1974-78, 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. lLymph node, rib, male
gonad and thyroid),

How have the data been used? The
1981 report "Deposition and Retention
of Plutonium in the United States Gen-
cral Population” evaluated the data as a
tunction of time and compared the re-
sults with the predicted organ concentra-
tions estimated using the ICRP lung
moedet and the annual air concentrations
of fallout plutonium measured by DOE's
Environmental Measurements Laborato-
ry in New York City (formerly AECs
Health and Safety Laboratory). Accord-
ing 1o 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 measurcd 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 jung-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 tymph nodes. and are
more consisient with human data.

These findings emphasize the need for
careful extrapelation of animal data to
predict human metabolism.”

Based to a large extent en the Los
Atamos general population tissue study
program {the ICRP referenced four
major Los Alamos reports and one per-
sonal comrmunication from me in their
Publication 48). the ICRP has recom-
mended changes in their lung model
that reduce the retention parameters for

plutonium in [ung 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 livey
and the 100-year half-time for plutoni-
um in the skeleton recommended in
ICRP Publication 19 (ICRP72} and em-
ploved in iICRP Publication 30 (Part 1),
(ICRP79), are too long. Values of 20.
and 50-years for retention limes 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
animais, and on the behavior of inhiled
particles in man [from the Los Alamos
Tissue Studyl, is not always consistent
with the assumptions of the ICRP Lung
Model. These discrepancies are being
considered by the Task Group on Res-
piratory Tract Models.”

The ICRP further stated that "Since the
appearance of [CRP Publication 19,
much mare 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 fail-out plutonium in
autopsy material .. " w
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The Cecil Kelley Criticality Accident

n December 3G, 1958, an acci-

dent occurred in the Los Alam-

os plutonium-processing facili-
tv. where plutonium was chemically
separated, or “‘recovered.” from various
compounds. In this facility, plutonium
compounds were dissolved and mixed
in a large tunk with chemical reagents
o concenteate and purify the plutonium.
On the day of the accident. Cecil Ket-
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
srams 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 lay"cr 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 liguid in the tank formed a vor-
tex. or whirlpool. The lower, aqueous
layer was pushed cutward 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 fool
ladder peering inte the tank through a
viewing window, fell or was knocked tw
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 o the operators was, “I'm
burning up! ['m burning up!™ Assum-
ing he'd had a chemical accident. the
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wo 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 statf
were all on the scene. Kelley was evi-
dently in shock and virtually uncon-
scious. but rather innocently. the nurse
noted that Kelley had “u nice pink
skin.” Because the nature of the acci-
dent was unknown at the time, i was
not understood until later that Kelley’s
pink skin was erythema (a redness of
the skin, like that from a sunburmn)
caused by his radiation exposure.

The possibility of a criticality accident
had been considered so remorte 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-
uvity. 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 statf 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 {s 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

surrourded by hot water bottles. Hig
blood pressure and pulse were at fipg
unobtainable. He had shaking chills,
and the uncontroled movement of hig
extremilizs and torso necessitated re-
straint by the nursing staff. Keiley's
anxiety and restlessness were eased only
by Demerol. After about ten minutes,
the nurses were able 10 measure Kel-
ley’s pulse (160 beats per minute} and
his blood pressure (80/40). His body
emitted a small but measureable amoung
of gamma rays, and his vomit and feces
were sutticiently radioactive o give a
positive reading on the detector.

One hour and forty minutes after the ac-
ctdent. Kelley entered the third stage.
which was both the longest and mosl
encouraging, Kelley regained coher-
ence, and although he complained of se-
verc abdominal cramps and occasionaily
retched and vomuited., 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 sedivm and other light metals
in his blood were “activated.” or trans-
formed inte radioisotopes such as sodi-
um-24. His average whole-body dose
was first estimated by measuring the ra-
diogctivity of his blood. 1t appeared 1o
have been massive—in the range of 900
rad from fast neutrons and 2.700 rad
from gamna rays, giving a total of
3,600 rad—and certainly lethal.'

Six hours after the accident, the lym-
phocytes virally disappeared trom
Kelley's peripheral circulation, which

L After his death, Kelley's radiation dose was bet-
ter estimated, again using biological indicators of
the neutron dose and inferring the gamma dose.
The results were somewhat greater than the esti-
nrate made during Kelley's period at the hospital:
908 rad lrom fast newtrons and 3,000 1 40K} rad
from gamma rays. giving 3,900 10 50 rad.
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The origin of the Los Alamos Human Tissue Analysis Program

wis taken as a grave sign. Twenty-four
hours after the accident, a stemal bone
marrow biopsy was performed. The
marrow appeared watery, rather than
bloody, and no excessive bleeding oc-
curred. The marrow was almost com-
pletely acellular, edematous. hemorrhag-
ic futty tissve. From that observation,
along with the rapid onset of lymphope-
nia {depression of the lymphocyies in
the bloodstream overally, it was clear
that Kelley would not survive long.

During the second evening afiter the ac-
cident. Kelley entered the fourth stage.
The pain in his abdomen became diffi-
cult to control.  He became increasingly
restless despite medication—so much so
that the intravenous infusions were inad-
vertantly interrupted. He began to
sweal profuscly, his color hecame
ashen, and his pulse irregular. About
35 nours 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 [958),
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 tactors crucial to the protection of
workers. By analyzing the tissues of his
body. researchers could determine Kel-
ley’s total plutonium body burder 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.
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Kelley's exposure record included 18
instances of high nose-swipe counts and
10} instances of minor exposures. such
as being involved in the cleanup ot a
plutonium spill or getting a slight lacer-
ation. Urine assays taken during thaut
period usually showed slight amounts of
phutonium. Analysis of those assays in-
dicated that Kelley's piutonium body
burden was 19 nanocuries (see “The
Human Plutonium Injection Experi-
ments”). Kelley's records showed that
afl of his exposures occurred during his
euarly plutonium work (1946-1949} and
it was very likely that most of his pluto-
nium burden was accumulated during
this period from chrenic 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 fortitous.” In addi-
tion, it was found that about 3¢ per cent
of the plutonium was in the liver, 36 per
cent in the skeleton, |0 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 distnbution: 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 plutenium (the
experiments used a soluble salt of pluto-
nium whereas Kelley inhaled piutonium
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 tirst and sec-
ond stints as a plutonium worker had
considerably increased the ratio of pluto-
nium-238 o 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™ plute-
rium and. thus. to race qualitatively the
movement of plutonium from the lungs
to other ergans. They found that pluw-
niun cleared relatively rapidly trom 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 t 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 Mec-
Clelland and Bill Moss. chemists in the
Heulth Division, prescnted the results of
Keiley's tissue analysis. Those results
showed that plutonivm was retained in
the lungs and pulmonary lymph nodes
much, much longer than contemporary
modeis had predicted. Because this was
unexpected, it was decided to collect tis-
sues from other expesed 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-

- 0s tissuc analysis program was begun, |

Further Readings

T. L. Shipman, C. C. Lushbaugh. T>. F. Petersen,
W. H. Langham, £. 5. Hams. apd I NP,
Lawrence. 1961, Acute radiation death resulting
from an accidental nuelear eritical excursion.
Jornal of Occupearional Medicine: Special Sup-
pesent, (March 1961 145-192.
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A True Measure of Exposure

After her death,
organs from Silkwood’s
body were analysed as
part of the Los Alamos

lissue 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
burdens.
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The Karen Silkwood Story

aren Silkwood died on November 13, 1974 in a fatal one-car crash. Singe
B then, her story has acheived worldwide fame as the subject of many

books, magazine and newspaper articles, and even & major motion picture,
Silkwood was a chemical technician at the Kerr-McGee's plutonium fueis 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 safery,
During the week prior to her death, Silkwood was reportedly gathering evidence
for the Union to support her claim that Kerr-MeGee 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 ipvolving recent ex-
posure to plotonium. 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-MeGee plant
- and the subsequent analysis of her tissues at Los Alamos.

In the evening of November 3, plutonium-239 was found on Karen Silkwood's
hands. Silkwood had been working in a glovebox in the metailography 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 wiih 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
whare 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-
tons per mipute, a modest positive result.

The two gloves in the glovehox 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 filier pa-
pers from the (wo air monitors in the room showed that there was no significam
plutonium in the air. By 2:00 P.M.. Sitkwood'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 piutonium measurements, She re-
turned to the laboratory and worked until 1:10 AM., but did ao further work in
the glove boxes. As she left the plant, she monitored herselt 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 10 attend a meeting. Although she had not worked at the
glovebox that morning, the detector registered atpha activity on her hands. Health

U1 nanocure = 2.220 disintegrations per minute
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physics staff members found further activity on her right forearm and the right
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. Sifkwood reported to the Health Physics Office at about 7:30 in
the morning with her bioassay kit containing four urine samples and one fecal
sarople. A nusal 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 huad been almost completely blocked siace a childhood accident, Other
parts ot her body also showed significant alpha activity (1,000 1o 4,000 dpm on
her hands. artn, chest, neck. and right ear). A preliminary examinagion of her
bivassuy samples showed extremely high levels of activity (30,000 to 40,000
coums per minute in the fecal sample). Her locker and antomobile were checked
again. and essentially no alpha activity was found.

Following her cleanup, the Kerr-McGee health physicists accompanied her 10 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 und kitchen, and lower levels of activity were found in other rooms. 1n the
bathroom. 100,000 dpm were found on the toilet seat, 40.000 dpm on the foor
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 Aoor, 25.000 dpm on the stove sides, and 6,000 dpm on

a package of chicken. In the bedroom, between 500 and 1060 dpm were detect- .

cd on the pillow cases and between 500 and 2.0(H) dpm on Lhe bed sheets. How-
ever, the AEC estimated that the iotal amount of plutonium in Silkwood's apan-
ment was no more than 300 micrograms. No plutonium was tound outside the
apartment. Ellis was found 1o 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 alctivity got into her apartment, Silkwood said that
when she produced a urine sample that morning. she had spiiled some of the
urine. She wiped off the container and the bathroom tloor with tissue and dis-
posed of the tissue in the commode. Furthermore, she had taken a packuge of
bologna from the refrigerator. intending 10 make a sandwich for her lunch, but
then carricd the bologna into the bathroom and laid it on the closed 1oilet scat.
She remembered that she had part of her lunch from November 3 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 Sitkwood had collected at home
(33,000 to 1.600,000 dpm), whereas those that were collected at the Kerr-MceGee
plant or Los Alamos contained very small amounts of plutonium if any at all.

The amount ot plutonium at Sitkwood's apurtment raised concern. Therefore.
Kerr-McGee arranged for Silkwood, Ellis, and Silkwood's boyfriend. Drew
Stephens. who had spent time at their apartment. to go 10 Los Alamos for testing.
On Monday, November 11, the trie met with Dr. George Voelz, the teader of the
Laboratory Health Division. He explained that all of their urine and feces would
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A True Measure of Exposure

Dr. Voelz reassured
Silkwood that, based
upon his experience with
workers that had much
larger amounts of plutoni-
um in their bodies, she
should not be concerned
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.
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A True Measure of Exposure '

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. Voeelz informed Ellis and Siephens that their tests showed 4
small but insignificant amount of plutonium in their bodies. Silkwood. on the
other hand, had 0.34 nanocuries ol americium-241 {a gamma-emiiting davghter of
plutonium-241} in her lungs. Based on the amount of americium, Dr. Voelz esy-
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 poisening. 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.

At the request
of the AEC and the

Oklahoma State Silkwood. Ellis, and Stephens returned to the Oklahoma City on November 12.
Medical Examiner Silkwood and Ellis reported tor work the next d?y. but they were rest.rictcd from
’ ’ further radiation work. After work that night, Silkwood went to a union meeting
Dr A. Jay Chapman, in Crescent, Okluhoma. At the end of the meeting. at about 7 P.M., she left alone
who was concerned about in her car. At 8:05, the Oklahoma State Highway Patrol was notified of a single
. car acctdent 7 miles south of Cresent. The driver. Karen Silkwood. wus dead at
performmg an autopsy the scene from multiple injuries. An Oklahoma State Trooper who investigated
on sormeone rgpon‘e(ﬂy the accident reported that Silkwood's death was the result of a classic, one-car,
. . o sleeping-driver accident. Later, blood tests performed as part of the autopsy
LOH{CIMIH(HEd with shmicdcthal Silkwood had 0.35 milligram ()F methaqua]on[; (Quaalude) per 100
pluf{)nlum, a team from milliliters of blood at the time of her death. That amount is almost twice the rec-
Los Alamos was sent ommended dosage for inducing drowsiness. About 50 milligrams of undissolved
_ . methaqualone remained in her stomach.
to make radiation
measurements and assist At the request of the AEC and the Oklahoma State Medical Examiner, Dr. A, Jay
in the autopsy. Chapman,‘ who was Concern.ed about perf_{)rming an autopsy on SOmeone rep()neFl-
- Iy contaminated with plutonium, a team trom Los Alamos was sent to make radia-
tion measurements and assist in the aatopsy. Dr. Yoelz, 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 tor the autopsy over the telephone. The autopsy was performed
November 14, 1974, at the University 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 piutonium content.
Because Silkwood had been exposed to pilutonium and had undergone in vive plu-
tonium measurements. her tissue was also used in the Los Alamos Tissue Analy-
sis Program o determine her actual plutonium body burden, the distribution of the
plutoniwm between different organs of her body, and the distribution within her
lung. On November 15, 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 messurements agreed
well with the in vive measuremens 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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A True Measure of Exposure

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 nanocurie/gram in the duodenum and 0.02
nanocurig/gram in- g small fecal sample taken from the large intestine}. This
demeonstrated 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 analyscs
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 mn 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 vive measurements made prior to her death,
As expected, without the ribs und asso-

ctated muscle attenuating the x rays

Table 1. f Plutonium-239 in the O f Silk d
from the americium-241, the results for Fable 1. Amounts of Plu on.lum In the Torgans of stfkwaen

the left lung measured postmortem were

ahout 50 per cent higher, but not incon- Organ Plutonium-239 Concentrations
sistent with the in vive result. (nanocuries) {picocuries/gram}
lung (whole} 4.5 4.6
Some of the most interesting observa- parenchyma 4.5 16
tons nf&dﬂ during Sa]k.wot')d s tissue pleura 001 0.004
analysis were: 1) the distribution of plu- liver 19 54
. L ¥ RIS -
tonium-239 within her lung and 2) the
lyrph nodes {TBLN) .02 0,80

concentration of plutonivm in the tung

relative 10 that in the tracheobranchial bone ~ ~ 0

lymph nodes (TBLN). After the trozen

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 (parenchymaj.
The plulonium 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-
si5 Program in which the concentration in the cuter part of the lung was 22.3
times higher than that in the inner part. That difference was an indication that
Silkwood had probably been exposed within 30 days prior te her death, whereas
the other case had been exposed years prior to death. Furthermeore. the concentra-
tion of plutonium in Silkwood’s lung was about & times greater than that in the
Iymph nodes. whereas in typical cases that ratio would be about 0.1. Both of
those results indicated that Sitkwood had received very recent exposure and sup-
ported the view that the plutonium tends to migrate from the inner part (0 the
outer part of the lung and to the lymph nodes over time.

The saga of Karen Silkwood cominued for years after her death. Her estae filed a
civil suit against Kerr-McGee for alleged inadequate health and safety program
that led to Silkwood’s exposure. The first wial 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 $35000 for the persanal property she lost during the cleanup
of her apartment. In 1986, twelve years after Silkwood’s death. the suit was head-
ed tor retrial when it was finally settled out of court for $1.3 million. The Kerr-
McGee nuclear fuels plant closed in 1975, m
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Tracer Studies at Los Alamos
and the birth (gf'rzu(*lear medicine
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~He had mie put my hand around « Geiger counter,” recalled Oppenhetmern, “and quve me «
g‘f(.-.s'.s" of water in which part of the salt had radioactive sodivm in it. For the first half
aiite all was quider. b abouat Iifry seconds after Tdrank, there was a greuat cluirering of the
Geteer cownter. This was supposed to show that in at least one complex physiochemical sys-
tent, the sadt had diffused prom oy mouth throwgh iy bloodstreant 1o the tip of my fingers
and that the time scale for this was fifiv seconds.”
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Figure 1. A Radiosodium Experiment at Berkeley
in the late 1930s, as Lawrence's cyclotron began to produce
new. biologically-important radioisotopes. many physicians
doubhted the wisdom of using these radioisctopes in medi-
cine. However. the pioneer-physicians whe either worked or
trained at l.awrence's laboratery learned o use radiciso-
topes safely as powerful tools. This picture shows Dr.
Joseph Hamilton {right) starting a timer as Robhert 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 fram
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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Tracer Studies at Los Alamos

The Origins of Nuclear Medicine

he birth of nuclear medicine, it is

often said, dates back to August,
1946 when the U.S. national laborato-
ries began to distribute manmade ra-
divisotopes to private researchers and
physicians., However, as important as
this distribution pregram 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 “trac-
er pringiple.” Like many great ideas,
Hevesy's tracer principle was born of
failure. Rutherford, for whom Hevesy
worked in England, challenged Hevasy
to “separate radium-D from ail that nui-
sance lead.,” Hevesy soon tealized that
the tools of chemistry wera quite inade-
quate for the task and conciluded that
radiurm-D, now known as the radiviso-
tope lead-210, and ordinary lead are
more or iess chemically identical.

Soon thereafter, Hevesy conceived of
the “tracer principle,” which states that,
because radioactive isotopes are insep-
arable from their stable counterparls,
they may be used to trace the progress
of stable materials even as they under-
go chamical change. In 1923 Hevesy
performed the first biclogical tracer ex-
periment, using thorium-B, anather 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-E to rabbits and then tracked the
movement of the radioactivity through

be used to build the first utomic bomb.
Although tracer amounts of radioiso-
lopes. 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,

= P2oturs

the digestive tract to the bone and finai-
ly into the urine.

It was not long before "radiotracers,” as
they are called, were applied to chart

George de Havesy won the 1943 Nobel
Prize in Chamlstry for his invention of the
radiotracer technique, the basis of nu-
ciear medicine diagnostics.

the course of stable atoms and mole-
cules through the human bedy. In
1928, Drs. Herrmann L. Biumgart,
Soma Weiss, and Ofto C. Yens at Har-
vard Medical School were the first to
administer radioctracers to humans. In
their experiment, bismuth-214 was ad-
ministerad 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 so that
overexposure could be avoided.

The work on internal exposures natural-
iy involved collaboration among physi-

riously limited by the narrow range of
properties of the naturally occurring ra-
dioisotopes.

In February, 1934, this all changed
when frene and Frederic Joliot-Curia
discoverad “artificial radicactivity.” The
Joliot-Curies bombarded certain light
metals, boron, aluminum, and magne-
sium, with aipha particles emitted by
their modest supply of pelonium. While
the polonium was present, the metals
were observed to emit beta particies,
When they removed the polonium, the
light metals continued to emit beta par-
ticles, but the intensity of the activity
decayed exporentially with time, just
like natural radioisofopes. As the Jojiot-
Curies surmised, the nuclei of the
poron, aluminum, and magnesium cap-
tured the alpha particles and re-emitted
a neutron to become the beta-emitting
radicisotopes, nitrogen-13, phasphorus-
30 and silicon-27, respectively.

When they heard the news, Emest O.
Lawrence, who invented the cyclotron
in 1931, and his colleagusas at Berkelsy
had to kick themselves. Unbeknownst
to them, the cyclotron had been produc-
ing artificiai 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 radicactivity was never
observed. !mmediately after they read

cians, physicists, chernists, and others
ta 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 radicisotope were ad-
ministered 1o volunteers internally. By
tracing the progress of the radicisotopes
as they moved through the body, Los

Los Alamos Science Number 231995




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-12
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-13. One month later, Lawrence's
cyclotron began to produce artificial ra-
dioisotopes of great value to biomedical
science—sodium-24, potassium-42, ic-
dine-128, iron-58, chlorine-34, phospho-
rus-32, and bromine-82.

During the 1330s, human radiotracer
experiments performed with the cy-
clotron’s new radioisotopes yielded
breakthroughs in diagnostic and thera-
peutic nuclear medicing. At Berkelay,
Drs. John Lawrence {Ernest Lawrence’s
brather) 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 far the disease poly-
cythemia vera. The MIT cyclotron pro-
vided radiciodine that Rabley Evans
and his colleagues used for the diagno-
sis and therapy of thyreid disease, And
Dr. Hahn and his associates at the- Uni-
versity of Rochester used radiairon to
change our basic understanding of iron
matabolism. Yet. as thrilling as this
prograss 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 intorma-
lion, they calculated for cach of the ra-
dioisotopes studied the infernal radia-
tion dose that would be recerved from a
given amount retained, and, tfrom that,
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topes were produced in such small

quantities that they were simply too
rare to support continrued 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 Chicage, and sgon
thereafter, radioisotopes were produced
in abundance. Because the United
States was at war, these cheap, plenti-
ful radioisotopes were not distributed
for private use untit 1946 when the
Atomic Energy Act created the radioiso-
tope distribution
ptogram, launch-
ing the modern
field of nuclear
medicine.

The national labo-
ratories, however,
were not mereiy
the sponsors of
modem nuciear
medicine. In fact,
because the health
divisions of the na-
tional laboratories
were populated
with scientists and
medicat personnel wha 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

the maximum amount that could be roi-
erated in the body without harm.

The human radiotracer experiments per-
formed at Los Alamos can be catego-
rized in three parts: the tritium expeni-
ments. the fallout and metabolic
experiments, and the medical diagnostic
experiments, all of which took place
hetween 1930 and the early 1960s, The
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natiocnal laboratories remained in the
foretfront of nuclear and biomedical re-
search for many years after the war. Al
L.os Alamos during the war years, Dr.
Louis Hempeimann, who had trained at
the Berkeley cyclotron in 1941, was
recommended to Oppenheimer by John
tawrence 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 Richmend, and C.
C. Lushbaugh ta perform extensive
studies at Los Alamos of radivisotopes
in humans. m

Ernest Lawrence stands by the 27-inch

cyclotron. It was modified to become the
37-Inch cyclotron, which was used to pro-
duce artificlal radioisotopes for medicine

and research during the late 1930s. '

tritium experiments were performed to
determine the behavior of that radiciso-
tope in the body and to set safety stan-
dards Tor Los Alamos workers. the fall-
out experiments were performed to
assess the impact of world-wide fallout
from atmaospheric nuclear weapons
icsts, and the diagnostic experiments
were performed for the development of
diagnostics for nuclear medicine.
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Although the human plutonium injec-
tjon experiments. which took place be-
tween 1945 and 1947, were the first
human experiments performed in the
interesl of protecting workers at Los
Alamos. those experiments were not
performed at Los Alames and therefore
are presented in g separate article (see
“The Human Plutenium Injection Ex-
penmeants’ ),

The radiotracer studies performed at
Los Alamos, although initially motivat-
¢d by radiation protection concerns.
made a significant contribution o the
fields of biology and medicine. Not
only did the safety limits established at
Los Alamos for internal radioisotopes
enahle physicians to safely administer
radioisotopes to humans for research,
diagnosis and therapy. but also, the Los
Alamos experiments yvielded hiological
and diagnosiic information of funda-
mentat interest. Furthermore, in the
course of the tritium cxperiments, Los
Alameos researchers developed a sensi-
tive and encrmously convenient detec-
tor for measuring low-energy beta parti-
cles in samples of blood, urine. and
uther bedy fluids (see “Los Alaumos Ra-
diation Detectors for Biology and Med-
icine™). Because carbon-14, tritium, and
phosphorus-32 are beta emitters and are
alse the most important radiotracers in
biology. the impact of the new beta de-
tector was to revolutionize i virre bio-
chemical research. Today commercial
versions of the detector continue to be
used at the foretront of research in bio-
chemistry and genetics.

And as tor cthics. the Los Alamos
hunian experiments were always con-
ducted with informed velunleers who
were either the rescarchers themselves.
employees of the lab and their family
members. members of the community,
or patients from neighboering cities who
were in need of diagnostic exams. Al
participated consensually, and no one
way 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
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the stdebar “Child Volunieers: One
Dad Tells the Story.™

Tritium

Soon after the Sovicts detonated their
first atomic weapon in August 1949,
Los Alamos began intensive work on
the devefopment of the hyvdrogen bomb.
Along with this work, however. came a
new hazard, hy-

ditticult to detect in hiological sampleg
that little was known in 1930 aboul itg
behavior in humans. Therefore, o pre.
vide radiation protection for its work-
ers, Los Alamos had to start from
scraich. They had o develop adaquate
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

drogen-3. Com- 10
monly known as

“tritiwm,” this ra- =
dioisotope emits

low-energy beta 8-

particles upon
decay. Because

low-energy beta i
particles are easily
stopped by clothes
or skin. tritium 6

150t 4 serious
threat as long as it
remains outside

—

9.3 13.0

the body. Butin
the Los Alamos
Health Division,
scientists were
concemed that the 4 {—
tritiurm might es-
cape into the
workplace and
find its way inside

Concentration of tritium in urine

2

oncentration
reduced by 1/2

the body. They
knew that if tri-
tium were to es-
cape into the work environment, it
would, like hyvdrogen, form a gas.

Mast of the tritium would Torm “tritium
gas.” HT (where T stands for tritium),
while the rest would oxidize to form
“tritiated water,” HTO. which could he
inhaled, ingested or absorbed through
the skin. Once in the bloodsireum, 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
19350, and although tritium had been
discovered u decade earher. it was so

1l |
5 10 15 20
Time (days)

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 piot of the concentration (ar-
bitrarily normaiized 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 abtde 1o reduce his tritium
hiological halftime from an initial value of
12.5 to only 4.8 days. When this scientist
resumed normal water intake, his biclagi-
cal halftime increased to roughly 14.3
days.
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of workers, a challenge that was 1aken
by Drs. Ernest C. Anderson and Ernesi
A. Pinson of the Los Alamos Health
Division. '

In March 1930, Anderson and Pinson
were just finishing their new meusure-
ment apparaius when six physicists uc-
cidemially inhaled some tritium gas
while repairing a leaking tritium target
at the Van de Gralf acceierator. {One
ol the exposed scientists, Harold
Agnew, became the Laboratory Direc-
tor during the 1970s . . . evidence that
radiation respects no onely Although
Anderson and Pinson had intended 10
perform thelr measurements on mice
and rars. they rapidly changed their
plans. Fortunately. none of the scien-
tists were hurmftully exposed, and the
occasion was simply 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
cager as the investigators 10 proceed,
the six scientists quickly volunteered 1o
become the subjects of the first human
tracer cxperiment performed at Los
Alamos.  After a brief verbal explana-
tion of the tests to be performed, these
~ix men readily agreed to provide sam-
ples of urine, biood. 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
called a “vibraning reed clectromeler™
for measuring the ion current. The pro-
cedure was not easy,  First. the urine
wits distilled to extract the watar com-
ponent that contained the tritium. This
witter was vaporized and passed over u
“reducing agent.” powdered zinc. The
zine readily combined with the oxygen
in the water vapor and left hyvdrogen
gits us a by-product. To the degree that
the urine contained tritium, this hydro-
seil gas contained HT. The beta activi-
ry of the tritiwn gas cansed a cascade
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of lons in the 10n chamber and the ion
current was measured by Lhe electrome-
er. The magnitude of the current indi-
cated how much fritium was present in
the urine.

Anderson and Pinson used (his arduous
lechnique to determine many features
of tritium metabolism, and tor that mal-
ter. the metabolism of normal water.
They determined that the rate of excre-
ton of titium was fairly constant tor a
given individual but that it varied wide-
lv between individuals., For five of the
six subjects. they estimated the “hiolog-
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 vadue, and their results
ranged from 9 to nearty 13 days. Fora
certain period, the sixth subject drank
as much water as he could during the
course of his normal activitics and
thereby reduced his biological halt-time
from 12.5 days to less than 5. This
technique, cailed “forcing fuids.” is
used to this day to reduce the dose
from significant accidental intakes of
tritium.  With this information. ‘Ander-
son and Pinson were able o determing
a safety standard for tritium. In a mat-
ter of weeks, their preliminary but fun-
damenlally important work was docu-
mented in a laboratory report
(LAMS-1099), which wus 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 investigaiors
themselves. Not only did this work
provide the information required for tri-
tium protection at the lab. but it also
determined many fucts of biological in-
terest. In one expeniment. the three
men inhaled some HT gas. They dis-
covered that the HT is oxidized into
HTO inside the lung betore i i trans-
ferred across the lung into the blood-
stream.  The oxidation rate is so slow
that anly about 0.004 per cent of the
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total activity of the inhaled HT is trans-
ferred o the body fluid: the rest 15 sim-
ply exhaled. On the other hand. anmh-
er cxperiment showed that about 99 per
cent ot inspired HTO enters the body
fluids. and consequently, this mode of
cxposure poses the greatest hazard to
workers.

They also investigaled the absorption of
trittated water through the skin and the
gut. ln one experiment. a man’s arm
wis immersed up io the elbow in water
containing some HTQ, and the rate al
which the water entered the man's
binodstream through his skin was deter-
mined to be about the same rate as that
of insensible perspiration (exchuange of
water through the skin when the sweat
glands are inoperative). A quick calcus
lation showed that this rate was so
small that a man woeuld have to be en-
tirely submerged in pure HTO for a
month for this means of exposure to be
any senious hazard.

In the ¢ourse 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 W be absorbed
through the stomach into the blood-
stream after 2 1o 9 minutes and was
completely absorbed after 40 to 45
minuies. 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 teitium studies performed at Los
Alamos served as Lhe basis of the tri-
tiwm standard established by the Inter-
national Commission on Radiolpgical
Protection in 19536, and in {957, the
studies were compiled in the review
paper “Physiology and Toxicology of
Tritium in Man™ (Pinson and Langham.
(937, Jowrnal of Applied Phyvsiology. .
This classic work was reprinted 0 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-cnergy beta
particles, the Los Alamos Coincidence-
Anticoincidence Model 530 Liquid
Scintillation Counter {see “Los Alamos
Radiation Detectors tor Biology and
Medicine”).

Fallout and Other Metabaolic
Studies

Hundreds of atmospheric nuclear
weapons ests have been performed by
the United States, the Soviet Union,
Great Britain, France and China, mainly
in the period from 1943 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 radipactive 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 wits of the atmosphere, fallout ra-
dionuclides can be carried a great dis-
tance trom the original test site before
they (all back to earth, Sometimes they
fall on grazing or crop land where the
radionuclides stick to the vegetation or
arce 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
toods derived from plants, fallout ra-
dionuclides become incorporated into
our bodies.

*The same honor was given to two other Los
Alamos reports: “Distribution and Excrelion of
Plutomium Administered Intravenously 1o Man™
fWright [angham. eral. 19500 LAMS-1151)
amd “Retention and Excretion of Radignuoelides
of the Alkali Metals by Five Mammalian
Species” (. R, Richmond, 1958, LAMS-
22070
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Figure 3. An Auspicious Guest Is Measured for Fallout

The study of the worldwide distribution of faillout at Los Alamos benefited from the par-
ticipation of the pumerous laboratory visitors. in this picture, a smiling Prince Ali Khan,
son of Aga Khan \l, slides into HUMCO | 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 eatly 1950s, when nuclear
fallout became the subject of an intense
worldwide debate. scientists began o
undertake research to predict its long-
term impact and to determince how
much fallou! is too much. Fairly quick-
lv, the radioisotopes iodine-131, stron-
tium-90, strontium-89, and cesium-137
were identified as some of the most im-
pottant potential hazards. At Los
Alamos, two types of human studies
were pertormed to address the question
of tallout, both of which were made
passible by two highly sensitive and
convenient whele-body radiation detec-
tors developed at Los Alamos,
HUMCO [ and II (see “Los Alamos
Radiation Detectors far 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 tor these
experiments were examined in the sen-
sitive whole-body radiation detectors.,
HUMCO T and L to determine the
amount of cesium- 137 present in their
bodies. Because the procedure was
simple and nonintrusive. volunleers for
this study were easy to find. In fact,
nearly fifteen hundred persons {rom
around the world participated in the
study of the distribution of worldwide
tallout, including prominent tigures
such as the Pringe Badouin of Belgium,
Prince Ali Khan, son of the Aga Khan,
spiritual leader of the Shia Ismaili Mus-
lims (see Figure 3}, and the U.S. 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 Calitornia-
Arizona region had the lowest level of
fallout, whereas the Northeast and
Northwest had the highest.

Frequent measurements of the failout
radionuclide cesium-§37. present in
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Figure 4. The Rise and Fall of Fallout

1860
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Date

To determine the varlation 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 atmosph#ric nuclear
weapaons testing actlvity, this graph and others llke it prompted the USSR, Great
Britain, and the United States to ban atmospheric weapons testing in 1963.
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New Mexico residents between 1935
and 1963, demonstraled the change in
fallout cotamination with time {see
Figure 4). The results of this work
showed that by the end of 1960, only

three vears after the 1958 moratorinm
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

Figure 5. The Human Counter
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broke the test ban. In part because of
studies such as this cne, the United
States. the United Kingdom and the So-
viet Union agreed to an atmospheric
test ban in 1963, the effects of which
hegan to show in 1965,

The second type of human studies were
performed to determine the radiation
dose 4 given amount of tallout radionu-
clide would deliver to the body. In
these experiments, small amounts of
radicisotope were administered o
human subjects who were then “count-
ed” in the whole-body radiation detec-
tors, HUMCO I and 1. In this proce-
dure, the subject would first slide into
the detector {see Figure 5). The
gamma rays that were both emitied by
the internal radioisotape 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 1o deter-
mine how much of the radioisetope
was absorbed by the body and how
fong it was retained. This information
enabled researchers to calculate the
dose deiivered by each of the different
radionuclides. Because they were so
sensitive, HUMCO [ and 1T enabled

HUMCO consisted of a cylindrical container filled with 140 gallans of liquid scintillator
and surrounded by 108 photomuitiplier tubes. The person being measured was placed
in a slide and pushed into the detector. Gamma rays emitted by the naturally occurring
radivisotope, potassium-40, or the fallout radicisotope, cesium-137, far 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

radicisotope inside the persomn.
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Table 1. Examples ot Los Alamos Metabolic Studies of Radionuclides

Radionuclide Mode of exposure Average uptake
{per cent}

cesium-132 intravenous 100

cesium-137 oral ~ 100

tritiated hydrogen, HT inhalation < 1.6
tritiated water, HTO inhalation and oral 98
iodine-131 oral 15
iodine-131 skin a1

rubidium-86 oral ~ 100
strantium-85 skin 0.4
zZinc-65 oral 75

scientists to perform these experiment
with very small, very safe quantities of
radioisotope.

[n 1963. M. A. Van Diila and M. J.
Fulwyler perfortned un cxperiment to
accurately determine the absorption and
retention of todine-131 in the thyroid.
They held a sodium-fodide detector as
close as possible w the front of the
neck and measured the intensity of the
camma rays emitted by the iodine-131
in the thyroid. This measurement was
used o calculate the amount of the io-
dine-i31 that was absorbed. By repeat-
ing the measurement over time. they
also determined how long the icdine-
131 was retatned.

However, there was one difficulty.
Because the gumma rays were partially
absorbed by the neck and because the
measurement was very sensitive o the
location of the thyroid relative 1o the
detector, they needed o measure the
depth of the thyroid in the neck. Van
Dilla and Fulwyler solved this problem
by administering nve radioisctopes of
indine, 1odine-125 and iodine-131, that
emit photons of different energics. Be-
vause the low-energy x rays trom io-
dine-125 are more readily absorbed by
the neck tissue than the high-energy
gamma rays from lodine-131, van Dilla
and Fulwyler were able to accurately
determine the depth of the thyroid by
comparing attenuations.
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Milk is the main pathway by which io-
dine-131 in falloat 1s introduced 1o our
badies. Therefore. it was feared thal
children, who drink the most milk,
might be more seriously atfected by
this radicisotope than adults. To ad-
dress this concern. Van Dilla and Ful-
wyler pertormed 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™). Euch child drank a glass of
water containing 11 panocuries of io-
dine-125 and 15 nanocuries of iodine-
131, only a small percentage of the
amount given today in radioiodine diag-
nostic tests, The results. which showed
that, for a given intake, the absorplion
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-
L3} in tallout.

Chester Richmond and his colleagues at
Los Alamos performed experiments to
catalog the bivlogical behavior of a
wide variety of radioisotopes in the
human body, many ot which were rele-
vant to the issue of fallout. This long-
lerm project. sometimes described as
“chewing through the periodic table,”
included experiments to determine the
biotogical half-times of cestum-132. ce-
sium-134, cesium-137. tritium gas, triti-
ated water, iodine-131. rubidium-86.

Average biological hatf-time
(days)

88
135
1.5

- 100
~ 100
80
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sodium-22 and sodium-24, strontium-835
and zinc-63 (see Table 1). In one ex-
periment. two volunteers from the Lab-
oratory’s staff ingested about one mi-
crocurie of cesium-137 and two others
ingested cesium-134. The four were
then counted in HUMCO [ once every
week or two. One volunteer was
counted for only 15 wecks, another was

‘counted for more than 2.3 vears, The

hiological half-time for the four sub-
Jjeets ranged from 116 to 147 days with
an average of 135, Because of this rel-
atively short biological half-time, ce-
sium-137 is much less dungerous than
another fallout radionuclide, strontium-
90. which remains essemially perma-
nently in the bone.

Richmond alse made an “interspecics
comparison” in which he showed that
animal dala can be used to predict the
retention of radionuclides in humans
when extrapolated by body weight,
Studies were made with cesium- 137,
lodine-131, rubidium-86, sodium-22.
tritiated water. and zinc-83. 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 radionuctides
through the skin. The cutuneous db-
sorption of strontium-83 was measured
in two volunteers, sodium-24 in one
volunteer. and iodine-131 in one volun-
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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
shown to be oo slow to be important.

Lastly, Los Alamos researchers ex-
plored the effect of diet and drugs on

the retention of deposited radionuclides.

For one volunieer, 1en milligrams ot
stable zinc were observed to increase
the rate of cxcrelion of zinc-65 by a
fuctor of three during the first 10 days
atier exposure. [n another, two grams
of nonradioactive Prussian Blue (lerric
ferrocyunide) per day were observed to
reduce the hiological haif-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-131 0 20 days.
rather than 55. These treatments are
still used today to reduce exposure to
zine-63, cesium-137. and iodine-131.
[n 1987, for instance. when forty-six
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people were seriously contaminated
with cesium-137 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 treatmeant.

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-131. These radiotracer digg-
nostics had been developed years be-
fore (see "The Origins of Nuclear Med-
icine”), but because they required
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specialized training and equipment,
they were not yet common in hospitals
around the country. With the lahorato-
ry’s radintion detectors and radioiso-
topes. the physicians at Los Alumos
were well prepared to perform these di-
agnostic tests, and as certain medical
needs arose. they responded as they
uniguely could. Panents were referred
to Los Alamos from miles around 10
take advantage of these tests. which
provided diagnostic information thu
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-
nigue that was first applied in 1924 by
Blumgart and his colleagues at Harvard
Medicul School using radium-C (bis-
muth-214). Typically, sodium-24 was
injected into the patient’s right arm
after which it traveled in the blood
plastua to the patient’s left arm. A
Geiger-Miiller counter held next o 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-131 wus used to cxamine thyroid
function, a technique developed by
Joseph Hamilton during the late 1930s
at Berkeley. In this diagnostic, the pa-
ticnt was asked to drink a glass of
water containing iodine-131, 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-Miiller
counter near the thyroid o examine
both the amount of iodine-13! taken vp
by the thyroid and its distribution, TIf
the thyroid ook up too much, the diag-
niosis was hyperthyroidism, whereas too
little could mean hypothyroidism or
thyroid cancer (see “A Successful
Diagnosis™)

contbrured on page 269
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Child Volunteers: One Dad Tells the Story

by

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. Responsibility for the children who participated was taken by the parents. Dr.

a former deputy leader of the Health Division and biochemist at the lab, was one of
three parents who invited their children to participate in this experiment. Here is his story.

Imost immediately alter the Sec-
Aond World War, the scientific

community split into two groups
on the issue of radioactive fallout from
atmospheric nuclear weapons testing.
One said, "We've got to stop. We're
geing 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 teally clarified the de-
bate was Willard Libby.
Libby realized that neither
the people who said,
“Wa've got to stop,” nor the
people who said, "We've
got to do this regardless,”
had any quantitative infor-
mation. Se, in 1951, as
Atomic Energy Commission-
er, he started Project Sun-
shine,

Under Project Sunshing, the
Atomic Energy Commission
funded the varicus nationai
laboratories to study fallout.

it emits bata particles and gamma rays.
_The beta particles deposit most of their

energy in cnly a few tenths of a mil-
limeter and so are very effeclive at
damaging the thyroid. On the other

hand, the gamma rays are highly pene-

Dennis the Menace provided thé incentive for this child to sit still in
front of the sodium-iodide detector in Van Dilla’s and Fuiwyler's ra-

Along with strontium-20 and dioiodine experiment.

cesium-137, iodine-131

ended up being one of the most studied
fallout radicnuclides 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 icdine-131 decays,
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trating and many of them pass right
through the thyroid and surrounding
neck tissue. That makes in vivo detec-

tion of iodine-131 rather easy .

The iodine-131 in fallout was a problem

for children in particular. You see, the

radicactive iodine produced by nuclear
weapons falls on pastures, cows eat
the iodine, the indine is concentrated in
the cow's milk, and then people drink
the milk. Because the thyroid picks up
iodine preferentially, the radioactive ig-
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 anhance the risk
for children.

A lot of information had
been gathered over the
years during the devei-
opment of medical diag-

tion of indine in the
thyroids of adults. But.
because the amount oi
jodine-131 that could be
detected by existing
technigues was iarge enough to be of
concern, there was fittle information on
children. By 1963, however, measure-
ment fechniques had been developed
that were able to detect ioding-131 at
the level of only 50 picocuries. There-
fore, it became safe to pedform these

Los Alamoes Seience Nunmher 13 W3

nostic tests on the reten-
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experiments on children, and two Los
Alamos researchers, Mary van Dilla and
Mack Fulwyler, decided to do so.

To make the absorption and retention
measurements, they had to administer
the iodine-131 and then measure the
intensity of the gamma-rays by placing
.a large sodium-iodide detector right up
tlose to the thyroid. This measurement
was repeated periodically to determine
how long the radicactive iodine re-
mained in the thyroid. Of course, hold-
ing still in front of a large detector for
any penod of tima without fidgeting is
very tough for a small child. But the
real uncertainty in this experiment was
the depth of the thyroid in the neck.
The tissue that overlays the thyroid at-
tenuates the gamma rays. Thus, the
thickness of this layer must be known
to determine the amount of attenuation
and, thereby, the actual amount of io-
din2-131 present in the thyroid. It
doesn't take much of a mistake to
make a factor of two difference in the
calculated radiation dose to the thyroid,
which may be enough to conclude erro-
necusly that the child is or is not at risk.

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
detarmination of iodine uptake [see
main article, p. 264]. 1t was a very
neat measurement that could only be
dohe 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 nanocuries, 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 totat dose was very low, about
160 millirem to the thyroid. Once
they had worked out the details, Mary
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-
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is one of three Los Alamos
dads whose children participated in a Los
Alamos human radiation experiment.

dioactive materials on a daily basis in
our labs. When we saw the size of the
dose, we realized that it was far below
the level at which we would expect any
consequences. Convinced that
the radiation risk was negligible,
the parents went to their chil-
dren and asked them if they
were interested in participating.

Tracer Studies at Los Alamos

Van Cilla and Fulwyler made sure that
the kids whao were interasted would be
available for the length of the study be-
cause you wouldn't want the children to
ieave in the middle of the experiment 1o
gao on vacation. In the end, four of ane
of the investigator's kids, two of my
kids, and two of someone else’s kids
participated. My children were quite
young, ages five and seven, so therg
was no point in trying to explain to
them, in physical terms, about radiation.
| just described the kind of physical en-
vironment they would be in, that they
would have to go into a dark room and
sit very, very still for a substantiaf peri-
od of time, like 15 or 20 minutes. Be-
cause the doses were 50 low, van Dilla
and Fulwyler couldn’t get a good count,
a statistically significant count, uniess
the children sat for a fairly protracted
period. The children would then come
back three or four timas, spaced about
eight days apart, since eight days is the
physical half-time of iodine-131.

3,
h
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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 measuremeants of
iodine absorption in children, not only
faliout 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 chiidren, whose thyroids are
smaller than those of aduits, receive a
higher dose for a given amount of io-
dine-131 intake.

The children who participated ware “sub-
jected” to certain amenities. For exam-
ple, their daddies didn’t drive them over
o be counted—instead they got picked
up at the front deor of their house by a
Zia taxi. There was also a really neat
technigue 1o keep them still—a little
Sony television sitting right on top of the
sodium-iodide detector. !t togk 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 alder two,
who were 5 and 7 at the time, participat-
ed. The youngest one just didn’t want
to hold stil and so she said no. She
was kind of an arnery little kid at the
time anyway!

Yet, as much as | fes! that participation
in this experiment was completely safe
and approptiate for my children, | am
not sure how to deal with the strong
FEPRER
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feelings of the general public or our
Human Studies Committee here at Los
Alamos or the Prasident’s Advisory
Committee. When | 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. | remember those times,
and | remember the attitudes of the
pecple involved in the experiment. As
in the Hippocratic Qath, which says do
no harm, everybody performing these
experiments performed them with
ground ryles that said, “We're not going
to hurt anybody.” Everyone was trying

to help. In pariicular, the studies that
were performed at Los Alamos were al-
ways driven in the direction of reducing
doses and minimizing risk.

| am ¢oncerned that in the 1890s peso-
ple are beginning 10 equate the Kinds of
biomedical activities that took place in
this country immaediately following World
War )l 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 mare aware of the Nurem-
berg Code. As ( recall, nobady involved
in tracer studies at Los Alamos saw
even the remotest connection betwaen
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. Cur work was done
from the premise that we would huit 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, | wouldn't
have allowed them to take part in the
iodine experiments. !t is true that high
radiation doses ¢an cause sevare con-
sequences including cancer and subse-
quent death. But the doses required
are thousands of times Jarger 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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conrinted from page 263

With the success of these early radio-
racer 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
conducied 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 technigue.
Dr. C. C. Lushbaugh and Dorothy 8.
Hale developed an advantageous whaole-
body counting technique for the diagno-
sis of thyroid disease using iodine-131,
Their technique was both more sensi-
tive and more accurate than the earlier
method using the Geiger-Miiller

Tracer Studies at Los Alamos

A Successtul Diagnosis

In 1954, when the Los A.'a_”j‘os information phone number was publicized
as part of the openness initiative of the DOE, a woman called 1o 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 1o
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-131,
and she was diagncsed with thyroid cancer. Surgery successfully cured
her cancer and now, 46 years later, she is the mother of two heaithy
daughters, Aithough 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 tima when physicians would personally chauffeur their patients two
hundred miles for a diagnostic test.

counter. In addition to measuring thy- and hypothyroidism, 0 assess the
roid function. they used their technique  completeness of thyroidectomy, and
to determine the effectiveness of van- to watch for the recurrence of thyroid
ous therapeutic drugs for both hvper- cancer.

100
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[ron is an essential part of hemoglobin,
Theretore, Lushbaugh and Hale used
iran-39 to study the formation rate of

ron deficiency - child 1 year red blood cells in people with disease

and in healthy people. They measured

20

Iron deficiency - woman

—~ — the retention of iron-539 in 66 volun-

teers, some of whom were healthy. oth-
ers of whom were patients sulfering
anenia, various cancers, traumatic or
" surgical blood loss. and a variety of

o~ 0

Per cent retention of iron-59

Normal

- © other conditions. The absorption of the

Acute blood loss - 500 milliliters iron differed significantly among the

volunteers {see Figure 7). The vuria-
tion in the absorption of iron-39 with
different amounts of dietary iron was

L i alsu examined in healthy volumeers 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

1 L |

menstrual flow) absorb and lose iron al-

30 40 50 80 . !
most ten times as quickly.

Time {days)

Figure 7. Anemia and tron Retention

[n contrast with iron, which is only ab-
sorbed by the youngest members of the

The retention of iron-53 can be used to differentlate between healthy and diseased red-blood-cell population, chromium
states. This graph shows the typical patterns of iron retention for a healthy man, a is present in red cells of all ages.
man after giving 500 milliliters of blood, a moderately anemic woman, and a severely Therefore, chromivm-51 is useful in

anemic child,
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Figure 8. Muscle Mass by Age and Sex

Because potassium congentrates in muscie, the amount of potassium in the human
body is proportional to the body’s muscle mass. In 1958, Wright Langham and Ernest
Anderson measured the amount of potassium-40, a naturally-occurring gamtma-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 piotted 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 bload cells were removed
trom each of a group of volunteers,
tagged with chromium-51, and injected
back into the subject. The reteation of
chromium-51 was measured with the
whale-body counter and urine samples
were taken to determine the excretion
rate. Red blood cells were shown to
live approximately 120 days in healthy
subiects,

Potassium concentrates in the muscle of
the body, so potassium-40, a naturally-
occurring 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 |
ta 79 vears {see Figure 8). Those mea-
surements demonstrated that muscle
mass increases steeply before puberty

] i t oo
270 250

and then declines steadily beyond the
age of 20. Potassiom-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. lo-
dine-131 was used as a radioactive
tabel 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 labeied vitamin, and the scientists
measured the amount of radioactive

cobalt in the patient’s blood. The
amount turned out o be miniscule,
demonstrating that the patient absorbeg
very litile of the vitamin B-12 through
the gastrointestinal tract. For treatmen;,
the patient was injected with large
amounis of vitamin B-12, and before
the doctor’s very eyes, the patient re-
vived and went on to live in good
health for anether 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 ont-
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-
itons within the molecule for use within
the bipmedical community. This work
culminated in the comprehensive text
Organic Svntheses With Isotopes, by
Arthur Murray, III, 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 Trujille conducted one study
that focused on EDTA, a chelating
agent used to remove deposited ac-
tinides, such as plutonium, front the
body during the forties and fiftics. 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, {rene
Boone focused on a drug called isoni-
azid, which, in conjunction with antibi-
otics, virtually eliminated tberculosis
in the late 1940s. In this study, 1soni-
azid was labeled in specific positions 10
determine how a certain compound,
para-arinosalycilate. affected drug in-
teraction with the wbercle bacilius.

Loy Alamos Science Number 23 (995




The third study was performed jointly
between Gordon Gould at Los Alamos
and researchers at the University of
Chicago. These scientists used tritium-
labeled cholesterol and car-
bon-14-labeled acetate to
study the cause of atheroscle-
rosis, a disease commonly
known as hardening of the ar-
teries. The patients ingested
the cholesterol and acetate
after which the lesions of
their arteries were exumined.
Interestingly, they discovered
that the vast majority of the
cholesterol found in the le-
sions was labeled with car-
hon-14, whereas a minor
amount contained tritium. An
interpretation made a decade
later was that the cholesterol
in the lesions was synthesized
in the patient’s liver from the
carbon-14-labeled acetate
whereas dietary cholesterol
played only a minor role in the disease.

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. Neurly 1500 were simply
“counted” to measure the radicactive
fallout in their bodies, approximately
40G were referred patients seeking med-
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 1o

the cthical 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
themnselves. These volunteers under-
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stood the experimental objectives as
well as the biological effecis of fonizing
radiation. It is interesting to note that
many Laboratory employees willingly

Figure 9. Peering Into HUMCOC |
HUMCO | was not designed with the comfort of the claustrophabic
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 emplayees 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
prompted the volunteers from oulside
the lab to ask many questions and their
consent was contingent upon thorough
explanation of the experimenial proce-
dures. When children were involved,
the experiment was explained to the
parents and usuvally to the children as
well. On the basis of the explanation,
parents consented to let their children
participate only it their children were
interested and willing. Unlike today,
obtaining the volunteer's consent in the
19505 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-
tory standards.

FETREN

Tracer Studies at Los Alamos

Certainly, the personal rapport between
the investigators and the volunteers
made a difference. Furthermore. the
volunteers were treated with considera-
tion. For example, vohun-
teers for the fallout studies
were instructed in the use
of the “panic button™ be-
fore entering the smali cen-
tral compartment of the de-
tector (see Figure 9).

At Los Alamos, proposals
for human experiments
were always reviewed in-
ternally by the director of
the Los Alumos Health Di-
vision, Dr. Thomas Ship-
man. Today, that safe-
guard has been replaced by
an Institutional Review
Bourd according to the re-
quirements of federal poli-
cy for the protection of
human research subjects.
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 faken, no hurman ex-
periment performed at Los Alamos vio-
tuted this guideline, even those per-
tormed prior to 1956.

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
totlow-up studies of the volunteers’
heaith 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 Hve representative Los Alamos cx-
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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
af radionuclides administered in the
various studies according to published
reports.  The results are listed in Table
2. For tritium. Inkret hus calculated the
range of cumulative doses trom all of
the tritium studies, which involved only
three volunteers.

Because the vast majority of the dose
from iodine-131 goes 1o 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-
131 experiments, 13,000 millirem, is
comparable to that of thyroid diagnostic
lests in the 19305, Of all the people
wha have had thyvroid diagnostic tests,
ne dewrinmental elfects have been ob-

Table 2. Radiation Doses 1o Volunteers

Nuclides Number of
volunteers
hydrogen-3 {tritium;} 3
cesium-137 4
iodine-131 117
zZinc-65 4
sodium-22 3
rubidium-86 3

*effective doses

Doses (mrem)*

200 - 900
50 - 70
1 - 400t
10
1-10
1-10

fthe thyraid doses range from about 30 millirem to 13,000 miltirern

The doses given in Table 2 are “etfec-
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
buckground radiation. The tJ.S. nation-
al average of the natural background ra-
diation is about 300 millirem per vear.
Out of ail 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
1o 4 small fraction of one vear 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. ln light of this, the answer to
the valunteers' question is still “none.”

In Retrospect

Locking back over the hundreds of re-

ports and publications pertaining te 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 experti-
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 1o care-
fully review experimental procedures.

It has also shown the benefit of obtain-

ing consent fram volunieers in a formy
setting in which the volunteer feels
comfortable to ask plenty of questiong,

Learning from the past is only natura
and those changes are not intended to
be confused with regrets. There is no
doubt that the use of humun volunteers
in medical and biological research hay
been a valuable and well-justified re-
Source,

As for the volunteers, the fact of the
matter is that people want to be helptul,
sometimes to help themselves, bul also
to help others. This is a wonderful”
quality of our humar 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 Afties
and sixties at Los Alamos. m
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George Voelz. a naive of Wisconsin, received
his M.D. degreg in 1950 from the University of
Wisconsin Medical School followed by an in-
temship st the University of Oregon Medical
School Hospital and Clinies. In [951 George
completed an Atomic Energy Commission Fel-
lowship in Occupational Medicine al the Keter-
ing Laberatary of the Cniversity of Cincinnat
and in 1952 completed a Fellowship at the Los
Alamos Scientific Laboratory. From 1957 to
1970, George was the Medical Theector at the
National Reactor Testing Station for the U.S.
Atomic Energy Commission, dalio Operations
(ffice. where in 1967, he organized and hecame
Director of the Health Services Laboratory.
George returned to Los Alamos in 1970 10 serve
as Health Division Leader untit 1982, For the
next five vears, George served as Assistant Divi-
sioty Leader of the Health Division, pomarily in
administeation of research programs. From
1987- 1900 he led the epidemiclogy section in
the Occupational Medicine Group. Since then
he has continued his studies on the health of
workers in the noclear industry with a speeial
interest ik the cffects of plutonium exposure,
George has been certified as a diplomar of the
Americun Board of Preventive Medicine since
1930 and has served on pumerous committees
including a lifetime Honorary Council Member
vl the National Council wi Radiation Protection
and Measurements. He has served as o commit-
tee member for the Intermational Commission on
Radiodogical Protection, and in 1994, participat-
ed as a member of the Luboratory’s Human
Study Propect Team. George retired from the
Laboratary in [990 but has actively continued

his research as a Luboratory Associate.
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Danald Petersent was born und raised 1in South

Dakota. He received his Ph.D. from the Univer-
sity of Chicago in 1954 and remained on the fac-
ulty in the Department of Pharmacology Tor two
vears, [n 1956 he became o stalf member of the
Biemedical Research Group H-4 1o the Los
Alamos Scientific Laboratory™s Health Division.
In 1963 he became section leader of a new etfort
in cell biology and remaingd involved in research
on the regulation of cell growth and division
until 1970, When the Celular and Muolecular Bi-
alogy Group was tormed in 197 he became the
Giroup Leader and continued o expand the cell-
cycle studies and investigations of chromosomes
in normal and malignant celis. tle hecame
Deputy Heaith Division Leader in 1974 with re-
sponsibilty for the Laboratory's Blomedical Re-
search Program runging from very basic studies
uf cell-cycle regulation to the carcinogenesis of
plutonium particles and penetic effccts of rudia-
tion. When the Health Division was split in
1979, he organized the Life Scicnces Division
and served as the Division Leader until 1982,
From 1982 unnl kis revirement in 19589, he was
the Program Manager for Department of Detense
Health Effects Programs and a member of the
Advanced Concepts Group. He has served on
cditorial boards, commitiees and advisory panels
on radiation etfects, radiotherapy, and other in-
terests of the 1.5, Aemy Medical Research und
Development Command. In 1994, he became a
memnber of the Laboratory’s Homan Studies Pro-
ject and actively continued his involvement in re-

seurch related to military health issues.
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Tracer Studics at Los Alamos
Los Alamos Radiation Detectors

In 1940, Outa Frisch and Rudoelph Peierls wrote a memorandum to the British
government warning of the possibitity 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 warmed from entering
it.” Ewven as Frisch and Peierls made the first serious consideration of an atomie
bomb, they were mindful of the need for radiation detectors 10 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 buill the atomic bomb.

Radiation detectors were needed at Los Alamos to delimit safe and dangerous
areas and, even more challenging. to monitor internal exposures 10 plutonium and
other radioisotopes. In 1943, when Los Alamos first opened, Los Alamos scien-
tists were preoceupied with research on the atomic bomb and. therefore, relied
upon the Chicago Metailurgical Laboratory 0 supply the radiation detectors need-
ed to monitor wranium and piutonium in the work environment. Yet, despite
heated correspendence between Los Alamos and the Met Lab. the detectars 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 torefront of this work was Richard Watts of the Elec-
tronics Group in the Physics Division who developed a number of alpha-particie
detectors—culminating 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 ut Los Alamos and set the stage for later work.
After the war, Los Alamos began the development of some very special radiation
detectors for menitoring 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 o produce detectors that not only
provided radiation protection but also had a great impact in the ficlds of biology

——— T

Figure 1. Supersnoop and nuclear medicine.

This early alpha-particle deteétor, called :

Supersnoop, was produced at the Chica- During- the late 1940s, while Los Alamos was busy maintaining its newly ac-

go Metallurgical Laboratory and distrib- quired nuclear capability. a number of discoveries led to the rebirth of a promis- i
uted ta places such as Los Alamos for ing class of detectors called seimtillation counters. [n 1903, scintillation counting |
the detection of ptutonlum, uranium, and was first used by Sir William Crookes to detect alpha particles emitted by radium. |
polanium in the work environment. How- Every time an aipha particle struck the scintillator, zinc sulphide. the scintillator :
ever, because of the shortage of instru- would emit a flash of light. With his eye, Crookes counted the flashes and, with a

ments like this one, Los Alamos began a pen. he recorded the tally. Because this technique was so laborious and uncenain,
detector development program of its own. scintillation counters fell into disuse in the 1930s as Geiger-Miiller counters and

By 1945, the program ylelded a sensitive ion chambers, which produced electronic cutput, took their place. Two events re-

light hand-held alpha detector called vived scintillaion counling in the forties and fittes: the development of the pho-

Pee Wee. tomultiplier twbe (an instrument that converts light into an efectrical puise) and

the discovery of a variety of new types of scintillators. liquid and solid, organic
and inorganic, each with their particular advantage. Scintillation counting devel-
oped through the 19505 to produce the most versatile, sensitive, and convenient
detectory of the time.

Los Alamos scientists became involved in these developments in the early 19505
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for Biology and Medicine

Donald Petersern

as they began intensified rescarch on the hydrogen bomb and boosted fission
bombs. This work involved tritium, the radioactive isotope of hydrogen. As gy
result the Los Alamos Health Division began to develop techniques o monitor
internal exposures to this low-cnergy beta-ematting isotope. Unlike gamma rays.
low-gnergy beta particles cannot penetrate the body. and therefore internal tritium
exposures must be monitored by measuring the tritium in samples of body fluids
<uch as blood and urine. The beta particles are hard o detect even in the body

- fluids because they tend to be “self-absorbed™ betore they reach the detector.
Consequently each sample had to be prepared in many tedious steps. including
compiete distiliation or combustion followed by vaporizazion und reduction {se¢
“Tracer Studies at Los Alamos™. before 1ts tritium content could be measured
with a standard detector, either an ion chamber or Geiger-Miiller counter. Fur-
thermore. those standard detectors were fairly ineflicient at measuring the very
low-cnergy (less than 18 keV) beta partictes emitted by tritivm.

Once discovered, it was immediately clear that liquid organic scintiflators would
climinate many of the problems associated with tritfum detection in biologicad
samples. Self-absorption would not be 4 problem because the blood or urine was
directly mixed into the liguid scintillator such that the trittium beta particles
would immediately collide with scintillator molecules. Depending on the energy.
the beta particles would excite thousands or possibly millions of scintillator mol-
ccules. The excited molecules would quickly re-emit the ubsorbed energy in the
form of photons. which would travel freely through the transparent scintillator to
a photomuitiplier wbe where they would be converted into an clectrical pulse.
The scintiliation counter was also highly cfficient.

Wright Langham, who had been an investigator in the tritium human studies. was
well aware of the advantages of liquid seintillation and decided 10 put the excep-
tional ralents of his scientific staff to work on a liguid 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, und
Iim Perrings—who were familiar with the difficalties of low-energy beta detee-
tiom from their work with Willard Libby and Jim Amold at the University of
Chicago on radiocarhon dating—did the instrumentation.

Cven the carliest liguid scimillation counters were several limes more efficient
than the fon chamber and very convenient. requiring miaimatl preparation.  Yet,
for all these advantages, there was one serious problem: the false signal, or
“notse.” produced by the photomultiplier tube. This noise was so large that it
could easily overwhelm the signal from a typical biological sample. Richard
Hiebert und Wans, the experienced detector physicist who developed the much
necded alphe detectors during World War 1, were the first to rectify this prob-
lem. Instead of using only one photomultiplier twbe to detect the light critted
by the scinlillator, they used two and created 4 “coincidence circuit”™ to eliminate
background noise. Signals that appeared in both photomuitiplier tubes at the
suimg tme were counted, whereas signals thal ocewrred in only one photomuiti-
plier tube were thrown away. (O course, accasionally the false signal {from the
two photomultiplier wbes would oceur at the same time and be counted in the
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Figure 2. The Early Version . . .

As big as a refrigerator, the early Packard

TriCarb Liquid Scintillation Counter of
1554 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.

. . and the RNew Version

Figure 3.
Sleek and computerized, the modern
Packard Liquid Scintillation Counter stifl
uses the original basic design developed
at Los Alamos. This detector, or a detec-
tor like it, can be found in virtually every
hiochemistry or genetics laboratory
around the world.
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Figure 4. The Neuirino Detector
This top view of the giant Hanford neutri-
noc detector shows the interlor of the ten-
cubic-foot vat for the liquid scintillator
and the 950 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.

™2
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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 536 Liquid Scintillation Counter.

As has s0 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 atheresclerosis. or
hardening of the arteries. Cholesterol and one of its building blocks. acetate, were
fabelled at Los Alamos with tritium and carbon-14, bolh low-energy beta emiiters,
Although they did not use the liquid scintillation counter in this siudy, 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 10
build him ane of these detectors. This interaction result-
ed in the lirst 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-
ern equivalent is found in every biochemistry or genetics
laboratory 10 this day (see "DNA Repair and the Scintil-
lation Counter” for examples of how these counters were
used o make major discoveries in molecular biology).

At more or less the same time that the Model 530 scin-
tillation counter was being developed, an clusive particle
cailed the neutrino brought about the development of a4
second branch of liguid scintillation counters al Los
Alamaos: the whole-body counters, HUMCO [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 o
test Pauli's theory. Because neutrinos interact exwremely weakly with other mat-
ter. they needed to build a colossal, high-density detector and put it near a nuclear
reactor, where the flux of neutrinos was cxpected to be high. Liquid scintillators,
which are quite dense and can be produced in large quantiites, 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, 10 cubic feet in volume, and filled it with
liguid scintillator. They surrounded the vat with 90 photomultiplier tubes, con-
nected them to a coincidence circuit, and placed the detector beside the Hantord
nuclear reactor. This work produced a tentative confirmation of Pauli’s neutrino
in 1933 and in 1956, after some modifications on the original detector. the first
positive observation ot the neutrino (see Figure 4).

The neutrino detector was developed out of pure academic interest. yet it yielded
the practical rewards of HUMCO 1 and L. [n the course of their work on the neu-
trino detector, Reines and Cowan decided to determine the degree 1o which the
natural gamma ray activity of the materials used to shield the neutnne detector
would add noise to the experiment. They built a large “top hat™ about 23 cen-
umeters in diameter and 73 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 wp hat. enter the scintillating material, produce photons, and be detected.

contined o puge 278
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DNA Repair and the Scintillation Counter

Before the invention of the liquid
scintiltatiors counter, there seemed
to be a conspiracy in nature
against the biochemist, that tritium
and carbon-14, two of the mast im-
portant radioisotapes to the study
of biology, were also some of the
hardest to measure. The scintilla-
tion ceunter, 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
phospharus-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. B. Setlow and W. L.
Carrier at Oak Hidge 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 uitraviolet 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 1o pyrimiding dimers in a
culture of bacterial cells.

The celld were grown in & 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,

v
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which were analyzed by process
called "paper chromatography.” In
this process, bases and dimers
separate anto different focations on
a piece of paper by virtue of their
different solubilities. The paper
was cut into segments containing
single bases and others cantaining
dimers, and the segments were
tossed 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, aven 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 ceils 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-
cleatide excision repair.”

In 1964, David Pettijohn and Philip
Hanawalt at Stanford University
demonstrated the second step of
the repair, the reptacement of the
excised piece of DNA. in this ex-
periment, two iabets were used:
carbon-14-iabeled thymine and a
higher-density, tritium-labeled
thymine analag. The cells were
grown in the presence of the first
label, irradiated, and allowed ta in-
cubate in the presence of the sec-
ond label. The DNA was broken
into fragments of simitar length and
separated in a centrifuge by densi-
ty. Then the DNA was dried on fil-
ter paper and put it into a scintitia-
tion counter, They observed that

the higher-density thymine analog
was incorporated into the TNA 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 1o produce the first evi- -
dence that cells repair "single-
strand breaks,” or breaks in one
side of the DNA double-hetix,
caused by ionizing radiation. The
cells ware grown in tritium-labeled
thymidine and irradiated with x
rays. The celis were divided info
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 smalt disks
of fiter paper which were then
thrown into the scintillation counter.
McGrath and Williams observed
that the DNA from the cefls that
were aliowed to incubate was in
large pieces, not very unlike the
DNA of unirradiated ceills, 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 re-
mains as important today as when
it first became available in the
1950s. B
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Figure 5. Getting Down to Work
Wearing his characteristic tie, Wiight
Langham was the oniy one small enough
to be lowered into the “top hat” inside the
neutrino detector. Fred Reines (left) and
Kiko Harrisen do the honors.

Figure 6. A Captive Audience
Wright Langbham lectures on the uses of
Remab (left) and Remcal in the callbra-
tion of the whole-body counters, HUMCO
I and il. These plastic “phantoms” en-
abled the researchers to perform
“human™ experiments to determine the
efficiency of the detectors.

I 4 - . .

continbed from puge 270

Schuch was the one who suggested
making a Iafger sert, 51 centimeters
in diameter, so that they could put a
small person inside and use the detee-
tor 10 measure the gamma activity of
people. Before trving it out with a per-
son. a dog was lowered into the insert
and counted hefore and after injection
of a solution containing 1077 curies of
radium. It was concluded that a radi-
um body burden of about 5 x 107
curies could be detected, an immediate
improvement by a factor of about 100
on the sensitivity of Robley Evany’
early instrument for measuring the
body burden of the radiom dial
painters (see “Radium—the Benchmark
for Alpha Emitters”).

By crouching. a small person could
also fit into the top hat-and Langham.
as the smallest one around. was the
first person 1o try {see Figure 3j. He
wus counted twice, once with an exter-
nal 0.1 millicurie radium source and
once without. Later, a water “human
phantom™ (see Figure 6 was made and
radicactive potassivm salt was dis-
solved in it. With this phantom. the
scientists determined that the detector
efficiency for potassium-40 was 10 per
cent. That was very useful becuuse
potassium-40 is a naturally-occurring
gamma-emitiing radioisolope which is
found in humans. A number of people
were counted 1o determine the amount
ot potassium-40 in their bodies. and
given the ten per cent efficiency of the detector, these measurements agrecd well
with expected resualts.

This prefiminary 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-, otherwise known us
the “dog counter.” This detector wus used to perform radiation experimertts 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 1L & whole-body
gamma detector for people. Because it was highly sensitive, this detector made it
possible to measure the amount of potassium-40 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 potassivm-44} con-
centration had been measured in 1590 men and wornen from the ages of 1 to 79.

Because potassium-40 restdes largely in muscle. the amount of potassium-44) in
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PRIVACY ACT MATERIAL REMOVED

the body is proportional 1o the body’s lean mass, The
measurements were mainly for the benefit of the pub.
lic. bur they also revealed the tundamental facts about
the evolution of muscle mass with age for men and
wornen {see “Tracer Studics at Los Alamos.” page
27(h. At the same time, under Project Sunshine,
HUMCO was used to study the worldwide distribu-
tion of fallout and the change of fallout with time.
The concentration of gamma-emilling fallout radionu-
clides wus measured in dried milk from three New
Mexico dairies as well as in New Mexico residents
and laboratory visttors. The sensitivity of the whole-
body counter not oaly made those measurements
guick and accurate, it alse enabled medical tests and
biological experiments 10 be performed on people
using very small amounts of radicnuclide—sa small
in tact that diagnostic tests could be performed safely

even on newborns. In 1962, HUMCO [ was superceded by HUMCO 1., which Figure 7. A Young Volunteer
had nearly ten-fold greater sensitivity and therefore made measurements that much  Many New Maxlcan residents were moni-
sitfer and quicker, tored for the level of fallout radionu-

. clides in their body. Here, a young resi-
This story is a good illustration of the benefits of the interdisciplinary upproach to dent enters the cylindrical opening of

problem solving that was common at Los Alamos at the time. I an investigator HUMCO | under the supervision of the at-
had an interesting idea, he was not required lo seek permission from his superior tendant, Annie Hargett. Several young
or consult him to see if the idea was worthwhile. He would simply talk to scien- volunteers wera counted weekiy to deter-
tists in the felds that related to his idea, perhaps perform a preliminary experi- mine their cesium-137 body burden.

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 stories
such as this one about the Los Alamos liquid scintillation counters, it proved quite
successful.
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uring the 1940s researchers in

the United States injected plu-

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 [993 a series of news
articles identified five of the patients
and drew more attention to the plutoni-
um injections. DOE Secretary O Leary
pubficly questioned the ethics of the re-
search. Subsequent news anticles de-
scribed additional studies that had ex-
posed human subjects to radiation
without their informed consent. Public
concerni 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 radialion
experiments and to evaluate whether
the experiments met those standards.
After reviewing a mass of information,
conducting hearings. and deliberating at
manthly meetings for 2 year and a half,
the Advisory Committee issued its
Finul 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 [njection Ex-
pertments” in this volume. -

As first recounted in the news, the plu-
tonium injections scemed disturbingly
similar to the experiments for which
several Nuzi doctors were imprisoned
or executed after trials at Nuremberg.
The scientists in the United States had
oppoertunistically used hospital patients
as unwilting subjects in non therapeutic

“Ethical Harm” and the

illnesses, some survived for decades
after the plutonivm injections. Their
survival intensified questions about the
eftects of the experiments.

Clarification of the news was soon
forthcoming. Radiation scientists ta-
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 injecied plutonium with
the amount of plutonium excreted by
the patients enabled the researchers to
develop a model for estimating occupa-
tionai 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, howeaver,
that the patients “were not 10ld 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 consenied
to this use of their person.” The failore
to inform the patients might be attrib-
uted to the difficulty of discussing a
substance whose very existence was
classifred, and o the customs of med-
ical research at the time. The Commis-
tee determined that “it was not uncom-
mon in the 1940s for physicians 1o use
paticnts as subjects i experiments

4 .

Thus, some have argued. the plutonium
injectees sutfered 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 eti-
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
s0, 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 injections. however, there
were no regulation or protéssional 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
10 government rules and professional
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time. These fundamental principles,
which include obligations 1o respect
self-determination and not treat people
as means to others’ ends or deceive
them. provide an ethical framework far
judging past aciions,

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 1o
predominate: respect for the individual
is a fundamenral, virally unquestioned
value in western society. But informed
consent serves practical goals us well,
including the encouragement of rational
decision-making. enhancement of the
physician-patient relationship, and re-
duction of unfavorable public reaction.
Clearly. oblaining informed consent 10
the plutenium injections would have
served 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 hospitat patients
retain the ability to give informed con-
senl, 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 [0 ra-
diation above certain levels will have
severe consequences. but the Advisory
Committee found no evidence that the
fow doses of the hospital patients
caused harm.
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Snll. the low risk of the plutonium in-
jections and the importani national secu-
rity interests served by the research did
not justfy the failure 1o obtain informed
consent. It the eighteen hospital pa-
tienis had been asked, most of therm—or
athers in their place—would probably
have consented o the plutonium injec-
iions. They would have been 10ld the
research posed littde risk to them and
was important to assure the safery of
workers invelved in protecting national
security. During the post-war period
when the plutenium rescarch wus con-
ducted, the patients’ response to this pa-
tricnic appeal would likely have been
positive, Although they would have
bascd their decisions (o 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-determination
and not treat people as
means to others’ ends or
deceive them, provide
an ethical framework for
judging past actions.

consent would have been recognized in
later veurs. Their story in the 1990s
would not have been about cxploitation,
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-
ctuded that the plutonium experiment
wis unethical. Using patients us meuans
to the ends of the researchers and de-
ceiving the paiients about the nature of
the procedures violated basic moral
principles without justification. The
necdless failure o obtain informed con-
sent. net the research methodology,
drew the Committee’s condemnation,
“Only extruordinary circumstances ¢an

justity deception and the vse of people

as mere means by government otficials
and physicians in the conduct of re-
search in the conduct of rescarch in-
volving human subjects. . . . [W]e sce
no reason that the laudable goals of the
research could not have been pursued
in o morally acceptable fashion.”

Furthermore. the Comiuiitee was dis-
mayed that the government kept the
identity of the plutonium subjects secret
for many vears, not for national sccurity
purposes, but apparently out of concérn
for public relations and legal fiability.
The Comumittee concluded that the scere-
¢y deprived the subjects and their fami-
lics 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 fellowed
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 tol-
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-
sonably 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 und inter-
ests of human subjects”™ in nonthera-
peutic research. But “to the extent the
rescarch was thought to pose little or
no risk, government officials and
hiomedical professionals are Iess
hlameworthy™. '

CompenSation and
other remedies

The Advisory Conmmiltee was not
specitically asked 1o make recommen-
dations about compensation, but this
topic was unavaidable. It received
much attention at the Commitsee’s
meetings, particularly in testimony by
individuals who were exposed to radia-
tion in occupational, cnvironmental, and
research settings. Those exposed
persons face many legal obstacles to se-
curing compensation, including govern-
ment immunity, the difficulty of prov-
ing that illness or death was caused by
radiation exposure, and, for those wha
were not physically harmed, the ab-
sence of a legal remedy solely for an
infringement of cights.

The Committee adopted a position that
distinguishes ethics trom law, holding
that “people whe were used as research
subjects without their consent were
FLon
258045
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Thus, the plutonium
research subjects—
or their families, since
the subjects are all
dead—are due an apology
from the governnient.
In addition, the
Committee found that
the governments
self-protective policy
of secrecy for many years
following the plutonium
research had denied
subjects and their families
' the opportunity
fo pursue potential
grievances, thereby
compounding the original
wrong in a manner that
could have had material
effect. Accordingly,
the Committee recom-
mended that financial
compensation be provided
to the families of the
plutonium research
subjects—a remedy that
may require legislation.

wronged evea if they were not
harmed”. However, the Commiitee
also concluded that tinancial compensa-
lion 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 Irom the

vy

eovernment. [n addition, the Commit-
tee found that the government’s self-
protective pelicy of secrecy for many
years following the plutonium research
had denied subjects and their families
the opporiunity to pursue potential
gricvances, thereby compounding the
ariginal wrong in a manner that could
have had material ettect.  Accordingly,
the Comunittee recommended thut
financial compensation be provided to
the furnilies of the plutonium research
subjects——a remedy thal may require
legisiation.

Lessons for the future

What lessons can be gained from the
human radiation experiments? Mem-
bers of the Advisory Commitiee 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.

[n 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
studies 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
age: the Committee’s interviews

with many subjects revealed they did
not know they were patticipating in
research, although they had signed in-
farmed consent statements. The legal
niceties of the consent process had been )
observed and the signed forms pro- 1
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The Advisory Committee
was not specifically
asked to make recommen-
dations about compensa-
tion, but this topic was
unavoidable. It received
much attention at the
Committee’s meetings,
particularly in testimony
by individuals who
were exposed to radiation
in occupational, environ-
mental, and research
settings. Those exposed
persons face many legal
obstacles to securing
compensation, including
government immunity,
the difficulty 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 rescarch subjects were
stll 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 (13 focus on more-than-
minimal-risk experiments: {2) assure
thal consent forms clearly distinguish
research frem treatment, identify the
sponsors and purposes of the research,
and specify the financial implications
of participating or not participating in
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the research: und ¢3) assure that partici-
pation in research docs not diminish
the subjects” opportunity for medical
benefits thar would be available to
nonparticipants.

“Ethical harm”

The cttects of the plutonium injcetions
were not as domaging o the subjects as

the carly news stories paintad. nor were ;
they so inconsequential as many scien- ¢

tists. then and now, believe. Our soci-
ety demands that human subjects of cx-
perimentation not be treated merely as
means to the researchers” end. [n ret-
rospect, the greatest harm of the pluto-
nium injections may be the erosion of
public trust in the institutions of sci-
ence and government for having appro-
priated decisions thut helong o individ-
uals. m

Further Reading

Advisory Committee on Human Radiation Exper-
iments, 1995 Final Kepore. 1.8, Government
Printing Office {Ovtober 1995,

1258485
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